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ABSTRACT OF THE DISSERTATION

ONE-LOOP MAXIMALLY SUPERSYMMETRIC
YANG-MILLS SCATTERING AMPLITUDES TO ALL
ORDERS IN THE SPACETIME DIMENSION

by ROBERT MORTON SCHABINGER

Dissertation Director: Matthew J. Strassler

In this thesis we discuss in detail computational methods and new results for one-loop
virtual corrections to N’ = 4 super Yang-Mills scattering amplitudes calculated to all
orders in €, the dimensional regularization parameter. It is often the case that one-loop
gauge theory computations are carried out to O(€”), since higher order in € contributions
vanish in the € — 0 limit. We will show, however, that the higher order contributions
are actually quite useful. In the context of maximally supersymmetric Yang-Mills,
we consider two examples in detail to illustrate our point. First we will concentrate on
computations with gluonic external states and argue that AV = 4 supersymmetry implies
a simple relation between all-orders-in-e¢ one-loop N’ = 4 super Yang-Mills amplitudes
and the first and second stringy corrections to analogous tree-level N’ = 4 amplitudes.
For our second example we will derive a new result for the all-orders-in-¢ one-loop
superamplitude for planar six-particle NMHYV scattering, an object which allows one
to easily obtain six-point NMHV amplitudes with arbitrary external states. To make
the presentation as self-contained as possible, we extensively review the prerequisites

necessary to understand the main results of this thesis.
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Chapter 1

Overview

In recent years, tremendous progress has been made towards a more complete under-
standing of the scattering amplitudes in N' = 4 super Yang-Mills theory [1] (hereafter
simply N' = 4). Lovingly referred to as the “harmonic oscillator” of quantum field
theory, N'' = 4 has more symmetry than any other gauge theory, especially in its
so-called planar limit [2, 3]. Although the theory’s S-matrix has been under investi-
gation for nearly 30 years [4], the last five have been particularly exciting. Numerous
ground-breaking discoveries have been made (like the application of the AdS/CFT cor-
respondence [3] to gluon scattering at strong coupling [5], a hidden dual superconformal
symmetry of the planar theory [6], and a dual description of the S-matrix as an integral
over periods in a Grassmann manifold [7] to name just a few) and there is no reason to
believe that we have learned everything A/ = 4 has to teach us.

One of our main goals in this thesis is to further develop existing tools for the calcu-
lation of one-loop N' = 4 amplitudes to all orders in the dimensional regularization [8]
parameter. This parameter, ¢, is introduced to cut off the IR divergences that appear in
massless gauge theory calculations (we encourage readers less familiar with the struc-
ture of IR divergences in gauge theory to peruse Appendix A). We will illustrate our
methods by considering examples where our results find useful application. At times
we will develop aspects of A' = 4 S-matrix theory that appear to be of purely academic
interest, but, in fact, a significant part of the computational machinery discussed in this
thesis can be applied to calculations in any quantum field theory. When techniques are
applicable only in N' = 4 we will try to emphasize this. Before delving into the details

of the problems we want to solve, a few words of historical introduction are in order.



N = 4 SYM is a very special four dimensional quantum field theory and its S-
matrix has a number of unusual properties, many of which were unknown until very
recently. We begin by reviewing some of its better-known features. The field content
of the model consists of a gauge field A, four Majorana fermions ;, three real scalars
Xp, and three real pseudo-scalars Y;. All fields are in the adjoint representation of a

compact gauge group, G. The Lagrange density of N' = 4 is given by [9]!

1 ;
L = tr{ = S Fu PP+ Gl + DX, DX + DMY,D,Y, (1.1)
—igiial;[Xp, 5] + givs 85 [Yq, vy

2
+% <[Xz, Xi][Xo, Xi] + [Y2, Ve[V, Yi] + 2[ X0, Yi][ X, Yk]) },

where the 4 x 4 matrices a” and 39 are given by 2

109 0 0 —o 0 o3
ol = , o= , b= , (1.2)
0 o9 o1 0 —o3 0
lﬁl _ —i02 0 BZ _ 0 —iO‘g 53 _ 0 g0
0 109 —1i09 0 —og O

Once the gauge group and coupling constant g are fixed, the theory is uniquely specified.
It turns out that in scattering amplitude calculations it is more convenient to pair up
the scalars and pseudoscalars and work with three complex scalar fields. The presence
of four supercharges means that there is an SU(4) R-symmetry acting on the fields.
This symmetry acts on the state space as well and dictates selection rules for N’ = 4
scattering amplitudes.

One of the first remarkable discoveries made about the N' = 4 model is that the
superconformal symmetry of the classical Lagrange density (1.1) (see Appendix B for a
brief discussion of the ' = 4 superconformal group) remains a symmetry at the quan-
tum level [11]. This implies that the 5 function vanishes to all orders in perturbation

theory. It follows [12, 13, 14, 15, 16] that the theory is UV finite in perturbation theory

"Here we use the conventions of [10] for the Lagrange density, which differ somewhat from the
conventions of [9].

200 is the 2 x 2 identity matrix.



(it turns out that the § function remains zero non-perturbatively as well, but this is
trickier to prove [17]).

Most of the work on N/ = 4 scattering amplitudes focuses on the massless, super-
conformal N' = 4 model described above but we note in passing that it is also possible
to construct an AN/ = 4 model with both massive and massless fields [18]. One can
give some of the scalar fields in (1.1) vacuum expectation values (VEVs) at the cost of
superconformal invariance and some of the generators of G. Formally, the fact that the
six scalar fields can acquire VEVs without breaking supersymmetry implies that the
theory has a six-dimensional moduli space of vacua. The N' = 4 model where some, but
not all, of the gauge group generators are broken by scalar VEVs is called the Coulomb
phase of the theory. While most of the literature has focused on the massless, confor-
mal phase of the theory, the Coulomb phase is also quite interesting and is starting to
attract the attention it deserves [9, 19, 20, 21, 22]. Unfortunately, a proper discussion
of the Coulomb phase is beyond the scope of this thesis and we focus our attention
exclusively on the S-matrix in the conformal phase of the theory, using dimensional
regularization to regulate the IR divergences.

To better understand what makes N' = 4 so much simpler than garden-variety
quantum field theories, it is instructive to compare the form of the one-loop virtual
corrections in N = 4 to, say, those in ordinary Yang-Mills theory. To be concrete,
consider the four-gluon scattering amplitude in both models. Naively, one might think
that the final results in the N/ = 4 model are naturally expressed in terms of the
Feynman integral basis for pure Yang-Mills, modulo UV divergent contributions. In
fact, the basis of Feynman integrals that one needs for one-loop N/ = 4 calculations
form an even smaller subset. To understand this point, we must take a closer look at
the integral basis for four-point scattering in pure Yang-Mills theory [23].

There are scalar box integrals, triangle integrals, and bubble integrals. For instance,

iy o . d4—2€p 1
0 | G 2 e b P TR (13)

is a box integral and

‘ . d4—2€ 1
_7,(47r)2 / (27.‘.)4—];5 p2(p y— k3)2 (1.4)



is a bubble integral. After a moment’s thought it is clear that the bubble integrals are
UV divergent and the triangle and box integrals are UV finite (let us stress that they
are NOT IR finite (see e.g. Appendix A)).

If we follow the above line of reasoning, we would conclude that the one-loop four-
gluon amplitude in N/ = 4 is built out of triangles and boxes, but not bubbles. Remark-
ably, this turns out not to be the case; the one-loop four-gluon A/ = 4 amplitude is built
out of box integrals only. What is even more remarkable is that, with the caveat that
we drop contributions O(e) and higher, this conclusion holds [24] for n-gluon scattering
amplitudes>.

For our purposes, the result in the above paragraph will not suffice; we are interested
in studying N/ = 4 amplitudes to all orders in € and we therefore need to modify the
integral basis. Actually, this is not too hard. It has been clear at least since the work
of [25] that all one has to do is add scalar pentagon integrals to the basis. Then one
can express any one-loop N = 4 scattering amplitude in terms of pentagons and boxes
to all orders in €. These ideas will be explained in much more detail in Section 2 after
the necessary framework has been developed.

Another main theme of this thesis is a novel relation between one-loop scattering
amplitudes in N = 4 gauge theory and tree-level scattering amplitudes in open super-
string theory?. With a bit of inspiration, the relationships to be discussed can be derived
from the existing string theory literature. To the best of our knowledge, however, they
are unknown at the time of this writing. We shall test our relationship explicitly in the
simplest non-trivial case to establish confidence that it is correct.

What do we mean by “the simplest non-trivial case?” It turns out that there is a
natural organizing principle for the S-matrix of N' = 4. If we label all external momenta
as outgoing, as is conventional, then N' = 4 amplitudes can be organized according to
a natural isomorphism between their little-group transformation properties and their

SU(4)r transformation properties. In particular, we can assign a set of SU(4)g indices

3As we will be clear later, it is now known that this conclusion holds for one-loop N = 4 scattering
amplitudes with arbitrary external states.

4Tree-level amplitudes of massless particles in open superstring constructions compactified to four
dimensions have a universal form [26].



to each external state according to whether it is a positive helicity gluon, negative
helicity fermion etc. Then there is a natural map [6, 27, 28] from each external state of
the theory to a subset® of {1,2,3,4}. In what follows g*(p;) is a positive or negative
helicity gluon of momentum p;, ¢ (p;) is a positive or negative helicity fermion of flavor
a and momentum p;, and S (p;) is a complex scalar of flavor @ and momentum p;. A
scalar has no helicity so the assignment of “+” and “—” is arbitrary (but useful) for

scalar particles.

gt (pi) < pi
¢f (pi) < p} o3 (i) &P ¢35 (pi) < p} o1 (pi) < p;
St (pi) < pi” Sy (pi) < p° Sy (pi) < p;°
Sy (pi) < b Sy (pi) ¢ i’ S5 (pi) ¢ pi?
o1 (pi) <> pi>° oy (pi) <P o5 (pi) > PP o5 (pi) < pi'?
g~ (pi) & pi*** (1.5)

The only a priori non-zero scattering amplitudes are those that respect the R-symmetry;
it must be possible to collect k& complete copies of {1,2,3,4}, where k is a non-negative
integer.

To make this rather abstract discussion more concrete, we consider examples for
k=0, 1, and 2. For £ = 0 we have, for example, the all-positive helicity amplitude
A (p1,p2,p3,p1). For k = 1 a good example is the four-positive helicity fermion am-
plitude A (p%,pg,pg,pﬁ). Finally, an example for k = 2 is the four-point amplitude
with a positive-negative helicity gluon pair and a positive-negative helicity fermion pair
A (p1,p%234,p§,pi34). In fact, it turns out that supersymmetry forces all scattering
amplitudes with £ = 0 or 1 to be equal to zero (see Appendix C for a discussion of the
supersymmetric Ward identities responsible for this). This implies that the first non-
zero amplitudes have k = 2. Such amplitudes are called MHV amplitudes for historical

reasons6 .

®The map given in (1.5) is obviously not unique. Any consistent permutation of the flavor and
SU(4)r labels for a given type of field would define an equally valid map.

SMHYV stands for maximally helicity violating. The n-point MHV amplitude describes, for example,



At the outset of the author’s investigations, Stieberger and Taylor had recently
discovered [26] a relation between the one-loop gluon N'=4 MHV amplitudes and the
tree-level gluon open superstring MHV amplitudes for which they had no explanation.
Our work demystifies the relation they found and generalizes it as much as possible.
Since Stieberger and Taylor showed explicitly that all MHV amplitudes satisfy the
relation, it is of some interest to look at the simplest uncalculated example as an
explicit test of our proposed generalization of the simpler Stieberger-Taylor relation.
In other words, we ought to calculate the all-orders-in-e one-loop six-gluon’ next-to-
MHV (NMHV) amplitudes in N' = 4. Fortunately, Stieberger and Taylor have already
tabulated all independent six-gluon NMHV amplitudes in open superstring theory [29]
compactified to four dimensions. The existence of these results will make it significantly
easier to check our proposed relations. Furthermore, our relations shed some light in
a non-obvious way on an old result in pure Yang-Mills. In a nutshell, we are able to
explain why Aij}ﬁ%(kl, ka,- -+ ,ky) vanishes when n > 4 and three of the gluons are
replaced by photons.

The precise statement of our relations between gauge and string theory is somewhat
technical and we postpone further discussion of it to Section 4. Suffice it to say that
the gauge theory side of our relation requires one-loop N’ = 4 amplitudes calculated
to all orders in €. At the outset of our investigations, it was not clear precisely what
computational strategy was most appropriate. Therefore the entirety of Section 3 and
part of Section 5 will be devoted to the explicit calculation of all-orders-in-¢ one-loop
amplitudes in A = 4.

Before we can discuss what is perhaps our nicest result for all-order one-loop N = 4
amplitudes, we have to review several exciting recent developments in the theory of
N = 4 scattering amplitudes. For what follows the planar limit of the N’ = 4 theory

will be indispensable. The planar limit will be defined more carefully in Section 2, but

a scattering experiment where two negative helicity gluons go in and n —4 positive helicity gluons and 2
negative helicity gluons come out. Such an outcome violates helicity as much as is possible at tree-level
in QCD.

It is straightforward to check that at least six external particles need to participate in order to get
an NMHV amplitude.



for now we discuss the simple example of four-gluon scattering to get across the main
idea and to illustrate why taking this limit simplifies the S-matrix. We remind the
reader that the building blocks for one-loop four-point scattering amplitudes in N’ = 4
are the three independent box integrals. Only the first of the three can be drawn in
a plane without self-intersections. Operationally, the planar limit is reached if one
computes the complete N' = 4 amplitude and then throws away all basis integrals that
cannot be drawn in a plane without self-intersections. The reduction in the number
of basis integrals (three to one) is modest at the one-loop four-point level. However,
as you add more loops and legs, working in the planar limit dramatically reduces the
complexity of the final results.

We now specialize to the planar limit and discuss some of the remarkable features
of the N = 4 S-matrix in this limit. Particularly exciting is the fact that, in the planar
limit, it is possible to completely solve the perturbative S-matrix (up to momentum
independent pieces) for the scattering of either four gluons or five gluons (and, by
N = 4 supersymmetry, all four- and five-point amplitudes). Starting from the work
of [30], Bern, Dixon, and Smirnov (BDS) made an all-loop, all-multiplicity proposal for
the finite part of the MHV amplitudes in N’ = 4. In this paper [31], BDS explicitly
demonstrated that their ansatz was valid for the four-point amplitude through three
loops. Subsequent work demonstrated that the BDS ansatz holds for the five-point
amplitude through two-loops [32] and that the strong coupling form of the four-point
amplitude calculated via the AdS/CFT correspondence (the unfamiliar reader should
consult Appendix D for a brief description of this important result) has precisely the
form predicted by BDS [5].

In fact, [5] sparked a significant parallel development. Motivated by the fact that
the strong coupling calculation proceeded by relating the four-point gluon amplitude
to a particular four-sided light-like Wilson loop, the authors of [33] were able to show
that the finite part of the four-point light-like Wilson loop at one-loop matches the
finite part of the planar one-loop four-gluon scattering amplitude. The focus of [33]
was on the planar four-gluon MHV amplitude, but it was shown in [34] that this MHV

amplitude/light-like Wilson loop correspondence holds for all one-loop MHV amplitudes



in V' = 4. As will be made clear in Section 6, an arbitrary n-gluon light-like Wilson loop
should be conformally invariant in position space.® What was not at all obvious before
the discovery of the amplitude/Wilson loop correspondence is that N = 4 scattering
amplitudes must be (dual) conformally invariant in momentum space.

It turns out that this hidden symmetry (referred to hereafter as dual conformal in-
variance) has non-trivial consequences for the N’ = 4 S-matrix. Assuming that the MHV
amplitude/light-like Wilson loop correspondence holds to all loop orders, the authors
of [35] were able to prove that dual conformal invariance fixes the (non-perturbative)
form of all the four- and five- point gluon helicity amplitudes (recall that non-MHV
amplitudes first enter at the six-point level) in A/ = 4. Up to trivial factors, they
showed that the functional form of the (dual) conformal anomaly coincides with that of
the BDS ansatz. Subsequently, work was done at strong coupling [36, 37] that provides
evidence for the assumption made in [35] that the MHV amplitude/light-like Wilson
loop correspondence holds to all orders in perturbation theory. Quite recently, the
symmetry responsible for the correspondence was understood from a perspective that
bears on the results seen at weak coupling as well [38].

The idea is that, due to the fact that non-trivial conformal cross-ratios can first be
formed at the six-point level, one would naively expect the four- and five-point am-
plitudes to be momentum-independent constants to all orders in perturbation theory.
It is well-known, however, that gluon loop amplitudes have IR divergences. These IR
divergences explicitly break the dual conformal symmetry and it is precisely this break-
ing which allows four- and five- gluon loop amplitudes to have non-trivial momentum
dependence. In fact, the arguments of [35] allowed the authors to predict the precise
form that the answer should take and they found (up to trivial constants) complete
agreement with the BDS ansatz to all orders in perturbation theory.

At this stage, it was unclear whether the appropriate hexagon Wilson loop would

still be dual to the six-point MHV amplitude at the two-loop level. This question was

8Strictly speaking, the conformal symmetry is anomalous due to the presence of divergences at the
cusps in the Wilson loop. If one regulates these divergences and subtracts the conformal anomaly, then
the finite part of what remains will be conformally invariant.



decisively settled in the affirmative by the work of [39] on the scattering amplitude side
and [40] on the Wilson loop side. Another issue settled by the authors of [39] and [40]
was the question of whether the BDS ansatz fails at two loops and six points. It had
already been pointed out by Alday and Maldacena in [41] that the BDS ansatz must
fail to describe the analytic form of the L-loop n-gluon MHV amplitude for sufficiently
large L and n, but it had not yet been conclusively proven until the appearance of [39]
and [40] that L = 2 and n = 6 was the simplest possible example of BDS ansatz
violation. The difference between the full answer and the BDS ansatz is called the
remainder function and it is invariant under the dual conformal symmetry.

Since full two-loop six-point calculations are extremely arduous, one might hope
that there is a smoother route to proving the above fact. In fact, Bartels, Lipatov, and
Sabio Vera [42] derived an approximate formula for the imaginary part of the two-loop
remainder function in a particular region of phase-space and multi-Regge kinematics.
For some time, this formula was the subject of controversy, due to subtleties associ-
ated with analytical continuation of two-loop amplitudes. In [43] the present author
confirmed the controversial result of BLSV for the imaginary part of the remainder by
explicitly continuing the full results of [40] into the Minkowski region of phase-space in
question.

The authors of [40], Drummond, Henn, Korchemsky, and Sokatchev, recently dis-
covered an even larger symmetry of the planar S-matrix. In [6] DHKS found that there
is actually a full dual N' = 4 superconformal symmetry acting in momentum space,
which they appropriately christened dual superconformal symmetry. One of the main
ideas utilized in [6] is that all of the scattering amplitudes with the same value of
n are absorbed into a bigger object called an on-shell N' = 4 superamplitude. This
superamplitude can be further expanded into k-charge sectors and we will often re-
fer to the k-charge sectors of a given superamplitude as superamplitudes as well. For

example, the n = 6, k = 2 superamplitude would contain component amplitudes like

A (1%, p5**, p3, pa, 5, p6) and A (p1,p3***, p3*!, pa, ps, ps) among others.

In [6] DHKS made an intriguing conjecture for the ratio of the k¥ = 3 and k = 2

six-point superamplitudes. They argued that the k = 3 superamplitude is naturally
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written as the k = 2 superamplitude times a function invariant under the dual super-
conformal symmetry. DHKS explicitly demonstrated that their proposal holds in the
one-loop approximation. This ratio function has recently been the subject of intensive
investigation and there are strong arguments in favor of it [44]. Nevertheless, it would
be nice to see explicitly that the two-loop ratio function is invariant under dual super-
conformal symmetry and this is being investigated by David Kosower, Radu Roiban,
and Cristian Vergu. It turns out that the all-orders-in-e one-loop six-point N' = 4
NMHYV superamplitude is necessary to explicitly test the dual superconformal invari-
ance of the ratio function at two loops in dimensional regularization. In Section 6 we
review the dual superconformal symmetry and explain how the all-orders-in-e¢ one-loop
formula we present in Section 5 can be rewritten to manifest this hidden symmetry as
much as possible.

To summarize, the structure of this thesis is as follows. In Section 2 we review
the modern computational techniques prerequisite to the topics discussed later in the
thesis. In Section 3 we discuss a new, efficient approach to the calculation of all-orders-
in-e¢ one-loop N' = 4 amplitudes, with the one-loop six-point gluon NMHV amplitude
as our main non-trivial example. In Section 4 we discuss a novel relation between
one-loop N = 4 gauge theory and tree-level open superstring theory and illustrate its
usefulness by solving an old puzzle in pure Yang-Mills. In Section 5 we discuss N' = 4
on-shell supersymmetry and extend our results for all-orders-in-e¢ one-loop six-gluon
NMHYV amplitudes to the full one-loop N' = 4 NMHV superamplitude. In Section 6
we elaborate on the light-like Wilson loop/MHV amplitude correspondence, on dual
superconformal invariance and on the relevance of the results of Section 5 to testing the
dual superconformal invariance of the two-loop ratio function. Finally, in Section 7, we
summarize the main results of the thesis. In addition, we provide several appendices
where we discuss important topics that deserve some attention but would be awkward
to include in the main text. In Appendix A we discuss dimensional regularization, its
usefulness in the regularization of IR divergences, and the structure of these divergences
in planar N' = 4 gauge theory at the one-loop level. In Appendix B we give a brief

introduction to the N' = 4 superconformal group. In Appendix C we give a brief
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introduction to the supersymmetric Ward identities, consequences of supersymmetry
for the S-matrix that result in linear relations between many of the components of N’ = 4
superamplitudes. Finally, in Appendix D, we explain the AdS/CFT correspondence in
general terms and then apply it to the calculation of the strong coupling form of the

four-gluon amplitude in N = 4.
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Chapter 2

Review of Computational Technology

In this section we review some of the tools that make state-of-the-art gauge theory
computations possible. In 2.1 we discuss color decompositions, useful procedures that
allow one to isolate the independent color structures that appear in the final results
at the very beginning of a calculation. In 2.2 we define the planar limit of Yang-Mills
theory. In 2.3 we introduce the spinor helicity formalism, a very convenient way of
dealing with the external wave-functions of fermions and gauge bosons. In 2.4 we
introduce the BCFW recursion relation and discuss its main applications. In 2.5 we
introduce the four dimensional generalized unitarity method at the one-loop level in
the context of N = 4 and discuss the integral basis, valid through O(€), needed to use
it. Finally, in 2.6 we generalize the results of 2.5 to 4 — 2¢ dimensional spacetime (D

dimensional generalized unitarity).

2.1 Color Decompositions

In non-Abelian gauge theories one has to deal with the color, helicity, and kinematic
degrees of freedom separately. Otherwise the resulting expressions for loop-level virtual
corrections in scattering processes become much too complicated. In this thesis, we will
only need to deal with color adjoints (all fields in N' = 4 live in the adjoint representation
of the gauge group, which we take to be SU(N,)) and therefore restrict ourselves to
discussing methods applicable to the situation where all of the external particles are
in the adjoint representation. This should be contrasted to the situation in QCD.
There one needs to deal with external particles that are color fundamentals as well
(the fermions). Decoupling the color degrees of freedom in QCD is possible as well (see

e.g. [45] for an example at the one-loop level). The resulting decomposition, however,



13

is much less simple.
To begin, we illustrate the concept of color decomposition by analyzing a contribu-
tion to four-gluon scattering at tree-level. In what follows, we deviate from the standard

normalization (described in textbooks like [10]) and replace

5ab
Te{T°T"} = -

with
Te{T°T"} = 59 .

If this alternative normalization convention is not adopted the color decomposition
results in objects that have an annoying 2" out front for an n-point scattering process
(see e.g. [46] for some sample calculations with the standard conventions). We will see
that the usual Feynman rules can be split up into simpler rules that only contribute
to specific color structures. As a first example, we consider the s-channel Feynman
diagram for the four-point scattering process. For this diagram we need only the gluon
propagator and the three-gluon vertex and we work in 't Hooft-Feynman gauge using
the conventions of [10].

Denote the s-channel graph by Ag. We then have

AS _ <gfa1a2b [Ehl (kl) . €h2 (kQ)(/ﬁ _ ]€2)H +€Zz (k,2)€h1 (k'l) . (2k2 + kl)

—igM be

X (gfa?’““c[fhg(k?») <&M (k) (k3 — ka)y

el (ka)e™ (ks) - (2ka + ks) + € (k3)e" (ka) - (—2k3 — k4)]> , o (2.1)

where we have kept the polarizations of the gluons arbitrary. For now we ignore the

dependence of Ag on everything except color. This leaves us with
fa1a2bfa3a4b (22)

To push further, we exploit a few simple facts about the Lie algebra of SU(N.). The

structure constants of the group can be written as

Fabe — —%Tr{T“TbTC — ToT°T?} (2.3)
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and the structure constants with one index contracted up with a fundamental repre-
sentation generator matrix can be rewritten by using the algebra itself:

V2

These relations allow us to write (2.2) completely in terms of the 7*. After massaging

(7%, T = fobere. (2.4)

the color factors into the desired form
falagbfa3a4b — _\}éTr{Tal T(IQTb _ T TbTaz}fa3a4b
= —lTlr{T‘“Ta2 [T93, T — T [T, T T*}
2 b) )
= —lTlr{T‘“TaQT‘”Ta4 — v aaas
2
—TNTWTUT? 4 TUTUTBT?2Y (2.5)

we can now go back to eq. (2.1)

As = ig?Te{TN TR T T% — TR U _ PO a2 4 Ta s az)

8 % [ (k1) - €2 (ka) (k1 — ko) + €2 (k)e™ () - (2k2 + ki)
et (kn)e™ (ka) - (—2k1 — k)] (klg—:l;cgﬂ (3 (k) - €M (ka) (k3 — k),
el (ky)eh (k3) - (2ka + ks) + €l (k3)e™ (ka) - (—2ks — k)] (2.6)

and we see explicitly that we’ve achieved our goal. This amplitude contributes to four
different color structures and four different color-ordered partial amplitudes. A color-
ordered partial amplitude is defined as the collection of all terms from all the different
diagrams that have the same color structure. The reason that this decomposition is so
useful in practice is that the color structures are independent and therefore, by con-
struction, each color-ordered partial amplitude must be gauge invariant. Since a color
structure is only defined up to cyclic permutations (because the trace is cyclicly sym-
metric), we choose representatives for them with the convention that 7! is always the
first generator matrix to appear in any trace structure. To make sure that the notation
is clear, we remind the reader that a; denotes the color label, valued in {1, -, N},
of the first gluon. However, due to cyclic symmetry, what we decide to call the first
gluon is completely arbitrary. Finally, we note that this technique can easily be used

to expand the color factors of the four-gluon vertex as well.
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Although the n-point generalization of the above tree-level color decomposition is
typically explained in a field theory context, for us it is useful to follow the route
that was taken historically. In [47, 48] it was pointed out that an elegant way to
derive color decomposition formulae in field theory is to first derive the formulae in
an open superstring theory and then take a particular limit (the infinite string tension
limit) in which the unwanted modes in the superstring theory decouple and N = 4
gauge theory falls out. This approach benefits us because we will need the tree-level
color decomposition for open superstring theory in Section 4 when we discuss our non-
trivial relations between one-loop N’ = 4 amplitudes and tree-level open superstring
amplitudes.

It has been known since the early days of superstring theory, that one can write a

open superstring theory amplitude as

A?;e (kill’ k;u? T an) =

S T oz LA (. . e i)
O'ESn/Zn

+0(a'?), (2.7)

where partial amplitudes are associated to appropriate Chan-Paton factors and one

1

sums over all distinguishable permutations®. In the infinite string tension limit, the

formula above reduces to an analogous one for U(N.) N = 4 gauge theory:

Atree (k{bl’ k:gQ’ e k;ltn) — (2.8)
B he ho ho(n
g2 Z Te{T% )T %@ ...T%m]}Alree (ka(S), kg(2(§>a SR kg(£)>> :
c€Sn/Zn

At this stage, the alert reader may be wondering whether the U(N.) written above
should really be SU(N.). Actually, this is not the case. Locally, one can always write
U(N.) ~ SU(N.) x U(1) and, since U(1) is Abelian, we are effectively in SU(N,)
because any partial amplitude containing the U(1) particle (photon) must vanish. This

cancellation is simply due to the fact that such a particle has no way to couple to states

!String amplitudes can be expressed as a power series in the inverse string tension, o, and (2.7)
is the zeroth order term. More discussion of the perturbation theory of the massless modes in open
superstring is given in 4.
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that live in the adjoint of SU(N,). In fact, this vanishing yields the following identity

0 = Atree (k?lv k;lQu T kzn) +AtT€e <k327 k?la M) an>

4. Atree (]{7;7'2, kél37 e ki“) (2_9)

for the partial amplitudes, commonly referred to as the photon decoupling identity. Eq.
(2.9) is nothing but the expression for an (vanishing) amplitude with a photon with
momentum k; and helicity hy and n—1 SU(N,) adjoint particles. The reason that there
is a sum with ki“ inserted in all possible positions is that the photon is not ordered with
respect to the n — 1 adjoint particles and therefore we have to symmetrize with respect
to the insertion of the photon. Finally, we remark that there is another feature of (2.9)
that should bother the alert reader: it looks like there are (n — 1)! independent partial
amplitudes that need to be computed to determine the full amplitude. In practice, the
situation is much better; recently, the authors of [49] showed that, in fact, there are
really only (n — 3)! independent partial amplitudes.

To summarize, the claim is that, at tree-level, N' = 4 amplitudes® organized in
terms of their color structures look identical to open superstring amplitudes organized
in terms of their Chan-Paton [50] factors. It is also very important to note that all
we had to assume about the superstring construction to get this to work at tree-level
is that it approaches N = 4 field theory in a particular limit. In a nutshell, this is
why the tree-level S-matrix of massless modes in superstring theory is model indepen-
dent. This model independence disappears at loop level and one has to work much
harder. Nevertheless an analogous program can be carried out at one-loop [51] and it
has been shown that one can use string constructions to derive useful one-loop color
decomposition formulae in field theory. It is to this topic that we now turn.

Unfortunately, there are many more color structures at one-loop than at tree-level
and this complicates things. Since a description of the necessary heterotic string con-
struction would take us much too far afield, we refer the interested reader to [51] and

simply state the main result of their work. In A/ = 4, one-loop scattering amplitudes

2All that we have really assumed is that our gauge group is SU(N.) and that all of the fields
transform in the adjoint representation.
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can be decomposed into color-ordered partial amplitudes using the formula

2 2€ ,—YEe€
1-loop (1.h1 . hn) _ n*QQJVCL
AN:4 (kl ; ) kn ) =9 (47.‘.)(2—6)
St oz AL (K ) +
0ESH/Zn
[3]+1
2, 2, ,—vyge ‘2
—29 lu € o o(m—
m=2 \o€ Sp/(Zm-1XZn—m+1)
XTI'{TaU(m) . T(lo.(n)}Al—IOOp (kho'(l) . kha(n)) ) (2 ].0)
2% N=4 \Fo1) " Yo(n) ’ '
where
[g} = Floor (g) . (2.11)

In this thesis we will very often use the notation Ai_l‘mp as a somewhat abbreviated
version of A}j}ﬁz. The appearance of e~72¢/(47)%~¢ in (2.10) is necessary for technical
reasons and will be explained in Subsection 2.5. The factor ;%¢, the unit of mass, is
explained in Appendix A and is important in theories where the interesting observables
are infrared finite. Also, in contrast to what happened at tree-level, we have both
single-trace color structures and double-trace color structures. Actually, as we will see
in the next subsection, the double-trace structures will be irrelevant for us because
they are sub-leading in the number of colors, N.. In any case, at one-loop, there are
analogs of the photon decoupling relations at tree-level and these allow one to express
the coefficients of the double-trace color structures in terms of the coefficients of the
single-trace color structures [51]. The coefficients of the single-trace structures are

commonly referred to as the leading color-ordered partial amplitudes, again because of

their dominance at large N,.

2.2 Planar Limit

Long ago, 't Hooft observed that non-Abelian gauge theories simplify dramatically [2]
in a particular limit, in which one fixes the combination A = 2N, ¢2, eliminates g in
favor of N, and A, and then takes N, to infinity (A is referred to as the 't Hooft coupling

in his honor). One thing 't Hooft conjectured was that large N, gauge theory ought to
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have a stringy description. This idea was given new life by Maldacena in his ground-
breaking work [3] on the near-horizon geometry of AdSs x S; (see Appendix D). In
brief, Maldacena showed that type IIB superstring theory in an AdS5 x S5 background is
dual to a N’ =4 SYM gauge theory. Maldacena’s duality was incredibly novel because
it related planar N' = 4 at strong coupling to classical type IIB superstring theory at
weak coupling. In this thesis, we will see that unexpected simplicity also emerges in
the planar limit of weakly coupled N = 4.

For our purposes, the advantage of working in the planar limit is that the simple
tree-level color decomposition formula of eq. (2.9) actually generalizes to multi-loop
amplitudes. This is not hard to guess at the one-loop level from the decomposition
formula (2.10). In this formula, the single-trace color structures have an explicit factor
of N, out front that the double-trace structures do not. It follows that the single-
trace structures dominate in the large N, limit. To be explicit, the planar L-loop color

decomposition formula is

L-loop [ ;he1)y ;ho2) ho)\
Al (kl pe® ke =

2 2e ,—YE€ L
g2 chM—;_E Z Te(T% W T %) . T%m) x
(47) € /7

x AL~loop (kf“”,ké‘“”, ...,ka’<”>) . (2.12)

Clearly, this is going to be much easier to work with than a full L-loop color decompo-
sition.

Although N = 4 supersymmetry by itself is very powerful and puts highly non-
trivial constraints on the perturbative S-matrix, N' = 4 supersymmetry together with
the planar limit is even more powerful. In section 6 we will discuss a so-called hidden
symmetry of the N/ = 4 S-matrix that emerges in the large A limit. This symmetry,
called dual superconformal invariance is like a copy of the ordinary superconformal

invariance of the N = 4 that acts in momentum space>.

3The Lagrange density of N' = 4 is manifestly superconformally invariant in position space. We
encourage the reader unfamiliar with superconformal symmetry to peruse Appendix B.
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2.3 Spinor Helicity Formalism

In this subsection we review the spinor helicity formalism, a computational frame-
work suitable for research-level helicity amplitude computations in non-Abelian gauge
theories. Although the formalism has been fully developed for more than twenty
years [52, 53, 54, 55, 56, 57], it has only recently begun to replace the traditional
techniques in mainstream textbooks (see e.g. [58]). The underlying assumption of the
method is that the correct way to deal with the S-matrix is to compute helicity am-
plitudes. This is a useful approach in practice because many helicity amplitudes are
protected by supersymmetry or related by discrete symmetries (entering either from
parity invariance or the color decomposition).

The spinor helicity formalism is designed to streamline the computation of helicity
amplitudes and to allow one to express the results obtained in as simple a form as
possible. In the spinor helicity formalism, everything that enters into the computation
of a helicity amplitude is expressed in terms of the same set of building blocks. For
example, all dot products involving the polarization vectors of the gluons (or photons)
in the scattering process under consideration are expressed in terms of spinor products.
This is also true for invariants built out of scalar products of external four-momenta.
Another nice feature of the method is directly related to the way in which external
polarization vectors are dealt with in the spinor helicity framework. In a moment,
we will see that on-shell gauge invariance is built into the spinor helicity polarization
vectors and this can be exploited to cancel numerous terms at the beginning of the
calculation. In this subsection we closely follow [59], though we will ultimately rewrite
everything in more modern notation.

Consider free particle solutions to the massless Dirac equation. The positive and
negative energy solutions, u™(p) and vT(p) are equivalent up to phase conventions [58].
In particular, it is possible to make a choice where v¥(p) = u®(p) and we can eliminate
vT(p) in favor of u*(p). In this language, a momentum invariant, s;; = (p; + p;)?, is

easily expressed in terms of spinor products as

sij = (pi)u't(pj)at(pj)u (pi) . (2.13)
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The above identity can be verified by turning the right-hand side of (2.13)into a trace
over gamma matrices and projection operators (see e.g. [10] if unfamiliar). The polar-

ization vectors €' (p;) and €~ (p;) are expressed as

by () (i)
)= B e o) =
e (o) = = P (@) (2.15)

V2 @ (pi)u(a:)
where the four-momentum g; is called the reference momentum associated to p;. Though
it not yet clear where egs. (2.14) and (2.15) come from, it should at least seem plausi-
ble that one can build a (1/2,1/2) wavefunction out of a (1/2,0) wavefunction and a
(0,1/2) wavefunction?. In fact, it is straightforward to show [58] that eqs. (2.14) and
(2.15) are compatible with the most general wavefunctions for positively and negatively
polarized gluons (with the convention that the momentum of the gluon is always out-
going). The reference momentum associated to p; is present because the polarization
vector of a gluon state is only defined up to a term proportional to p;; it is always per-
missible to add a term a p,, to Eff (p) since the Ward identities of gauge theory guarantee
that any such term will drop out of gauge invariant quantities.

The arbitrariness introduced into the definitions of the polarization vectors (¢*(p;) =

e¥(pi, q;)) by the ¢; can be effectively exploited because of the following identities:
@t (pj)¢ (pivps) = w ()¢ (pirpj) = 0
¢ (pinpi)u’ (ps) = ¢~ (pi,pi)u” (pj) =0
et (pi,ps) e (P, 0) =€ (piv@) - (py,pi) =0
e (pia) e (P a) =< (pi,a) € (pj,0) =
e (pivg)-a=¢"(pig)-q=0. (2.16)

Thankfully, the traditional, clunky notation for spinors is no longer used. It makes

much more sense to define

utp) =li)  wp) =] @)=kl @ (p) =il (2.17)

“Here we are using the representation theory of SU(2) x SU(2) to label the states of definite helicity.
This is possible because the complexified proper orthochronous Lorentz group and SU(2) x SU(2) have
isomorphic Lie algebras. The complexification is necessary to obtain the desired isomorphism between
the Lie algebras but doesn’t affect the labeling of representations. See e.g. [60] for more details.
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Then the egs. (2.13), (2.14), and (2.15) discussed above can be rewritten as

sij = (i3)[j ] (2.18)
€+ N — <Qi‘7/t’i]

i (pi) VI (2.19)
e, (pi) = (il Jai] (2.20)

V2[ig]
It is also conventional to suppress explicit slashes: pé-‘ (1) vy |2] is written as (1]7 2]

Finally, for reference, we translate the Fierz identity, the Schouten identity, and the

identity > | k; = 0 (in an n particle scattering process) into modern spinor language:

([ " 151 (kv €] = 2[5 K] (L)

(i3) (k&) + (k) (L5) + (i) (G k) =0

n

> (k) =0 (2.21)

i=1
To gain some familiarity with the ideas of this subsection, we calculate the tree-level
four-gluon amplitude, A'¢® (k}234, ka234 ks, k4). We started evaluating the s-channel
diagram in (2.6). Actually, this is the only diagram we have to evaluate since the
t-channel and contact diagrams are identically zero if we choose ¢1 = ¢2 = k4 and
g3 = q4 = k1, as can easily be verified using eqs. (2.16). This is a remarkable feature
of the spinor helicity formalism. Many terms that would be present in a traditional
calculation vanish if one makes a judicious choice for the reference momenta. In fact, it
is now known (and will be made clear in the next subsection) that one never needs to
deal with four-gluon vertices in the evaluation of gluonic tree amplitudes. Continuing
with our computation, we evaluate the s-channel diagram using egs. (2.18), (2.19), and
(2.20) and rewrite all invariants in spinor language
v
2
+e,, (ko)e™ (k1) - (2ka + k1) + ¢, (k1)e™ (k) - (—2k1 — k:g)]

Alree (k1% k3% ks, ka) = = [e7 (k1) - e (ko) (k1 — ka)p
gt
(k1 + k2)?

[ (ks) - & (ka) (ks — k) + 5 (ka)e™ (ks) - (2 + k)

+5j(k‘3)€+(k4) . (—2]{?3 — ]{:4)]
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= m [e7 (k1) -7 (k2)e™ (k3) - €7 (ka) (k1 — k) - (k3 — ka)
e (k) - e (ko) (k1 — ko) - £ (k) (ks + 2ks) - e (k3)
e (k1) - e (ko) (k1 — ko) - e+ (k) (—2ks — ka) - ¥ (ka)
et (ks) - et (ko) (ko + kr) - e~ (k1) (ks — ka) - e~ (ko)
e (ke) - e (ka) (2o + k1) - & (ky) (2ka + kg) - e (k3)
e (ko) - e (ks) (2ka + k1) - e (k1) (—2ks — k) - £ (ky)
+eT (k) - €T (ka)(—2k1 — ko) - €7 (ko) (ks — ka) - £ (k1)
e (kr) - et (k) (=2k1 — ko) - e (ko) (2ka + k3) - £ (k3)
e (k) - e (ks) (—2k1 — ko) - e (ko) (—2ks — ka) - e (ka)]

= <12 [ — de™ (ko) - ¥ (k3)ko - e~ (K1)ks - €+(k4)]

2(12)[21]
_ i 20 4] (U7 [3] (LI214] (1]3]4] (2.29)
2(12)[21] | v2[24] v2(13) V2[14]vV2(14)] '

In the above, all but one ( €~ (kg) - €1 (k3) ) of the dot products of polarization vectors
vanished as a consequence of our choice of reference momenta. Using egs. (2.21), we
arrive at the final result

i(12)%

Atree (11234 91234 73 ) — (12)(23)(34)(41)

(2.23)

In fact, this result generalizes to arbitrarily many gluons [61] and we take this oppor-
tunity to define the n-gluon tree-level MHV amplitude (Parke-Taylor formula):

(ij)!

AMHV _Atree 1. .. -1234 ) -1234 )
(185 (12)(23)...(n1)

i) = 3 n) = (2.24)

The identities of eqs. (2.21) are useful in simple situations (like the calculation above)
but, in practice, it usually makes more sense to simplify spinor strings using complex
deformations of spinor variables and the analyticity properties of scattering amplitudes.

This will be discussed more in the next subsection.
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2.4 BCFW Recursion

In this subsection we review the recursion relation of Britto, Cachazo, Feng, and Witten
(BCFW recursion), a powerful tool used primarily for the calculation of tree-level helic-
ity amplitudes in massless gauge theories. Shortly after BCFW recursion was developed
in [62] it was realized, probably by the authors of [63] and perhaps also by the authors of
the original paper, that BCFW recursion is also useful when confronted with the prob-
lem of simplifying messy linear combinations of rational functions of spinor products.
This is because, in many situations of practical interest, physical linear combinations
of spinor products are tightly constrained by their singularity structure.

Although, it is possible [27, 64] to write down a manifestly N/ = 4 supersymmetric
version of BCFW recursion, we present the recursion relation in its original incarnation.
Suppose that all tree-level (n— 1) and lower-point gluon helicity amplitudes are known.
Britto, Cachazo, Feng, and Witten showed that one can write any n-gluon tree ampli-
tude in terms of particular deformations of the known lower-point gluon amplitudes.
The algorithm will be easy to understand once we explain the concept.

The main idea is that scattering amplitudes are analytic functions of all their inputs.
To exploit this analyticity it makes sense to complexify all four-momenta in the problem
before going any further. Now, imagine factorizing the amplitude we wish to calculate
on a collinear or multi-particle pole®, say the one associated to the invariant K? =

(ki+---+ k‘i_;,_j)Q:

¢ h hy hiyj h\ K2— 0
ATee<k11""’kiz""’ki—;-j]"”’knn) S
tree h; Ritj h —1 tree —h g.hitj hn 1.h1 hi—1
34 (k:k:ﬂK 5 A (KR R R R
h

(2.25)

This is the picture that one should have in mind. Intuitively, BCFW recursion is
based on the observation that the set of all such limits of a particular n-point gluon
tree amplitude actually carry all the information necessary to reconstruct the complete

tree amplitude. In general, one should only expect this approach to work for tree

PIf these notions are not familiar, see [59] for an elementary discussion.
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amplitudes; we shall see later that factorization properties are typically not sufficient
to fix the analytical structure of amplitudes at the one-loop level and higher.

To try and realize this intuitive picture of reversing collinear and multi-particle
factorization limits more concretely, BCFW found it convenient to consider a particular
analytical continuation applicable to general gluon tree amplitudes (under appropriate
assumptions). Consider the following deformation of the holomorphic spinor associated

to kg and the anti-holomorphic spinor associated to ky,:

by, — )\g(Z) =M+ 2Ap

A = Am(2) = A — 2), (2.26)

where z is a complex parameter. At the level of spinors it is not even obvious that this

complex deformation is well-defined. The corresponding relations for k, and k,,

z
Ko ) = RS (ml 1

kH

m m

(2) = kpp, — 5 (m| " 4] (2.27)

make it clear that the BCFW shift (eq. (2.26)) preserves overall momentum conserva-
tion

d ki=0 (2.28)

ko(2)* = km(2)? = 0. (2.29)

So the BCFW deformation is well-defined after all.

We now evaluate the integral

) Atree (kilI’ ’]{;ﬁl’"(z),"' ,k’gz(z);"' )kfin)

— ¢ d 2.30
omi . ©° 2 (2:30)

in two different ways, assuming that C is a very large circle in the complex z-plane that

encloses all poles of the integrand. Of course, we know the answer must be zero

=0 (2.31)

1 f Atree <kh1’... 7]{;21"1(2),"‘ ,k’ge(z)f" 7]{:271)
z
C

21 z



25

by virtue of the choice of contour and Cauchy’s theorem. On the other hand®, we can

write

. Atree (k,ill’ ’kﬁnm(z),-" ,k’éw(z)f" 7k‘7}in)
% dz
211 C

Atree (kiu’... Ehm ... 715?2’... ,k-hn>

z

) m n

Atree <kill7 . ’kilnm(z)’ - ’kgf(z)’ - 7]{}Zn)
(2.32)

+ za: Res.=, { o

where « is indexing the poles of the amplitude in z induced in particular factorization

channels by the BCFW shift. Though it is not at all obvious, it can be shown [62] that
it is always possible to find some shift (and associated pair (K, k?")) for which (2.32)
is valid (we focus on pure glue for now). Combining eqs. (2.31) and (2.32), we see that
the amplitude at the origin of z-space (which is what we want) is given by a sum of

residues of the shifted amplitude divided by z:

Atree (kill’ khm “"k;?Z’”.’kiLLn):

s vim

Atree (k?l, C 7]{7]}’{"(2), s ,k‘?e(z), t 7k7}1ln)
. (2.33)

— ; Res,—,, { .

Since the physical poles that amplitudes can develop must all be of the form

1
(ki + -+ kH_j)Q

(2.34)

for various ¢ and j, it is possible to develop a recursive algorithm based on egs. (2.25)
and (2.33).

Specifically, an n-point gluon amplitude can be expressed as a sum over factorization
channels such that k,, and k, are not both on the same side of the intermediate state’
in (2.25). Each factorization channel should be evaluated after the chosen BCFW shift
has been made, with the value of z fixed by solving the equation (k;+- - -+k;4;)?(z) = 0.

The technique is best illustrated through a simple example.

SHere we can proceed only under the assumption that the integrand goes to zero fast enough that
C can be safely taken to infinity. This assumption is justified for a large class of shifts [62].

"This is because no residue in z can arise unless there is non-trivial z dependence in (k;+- - - +kiy;)>.
The fact that BCFW shifts respect momentum conservation makes such non-trivial z dependence
impossible if both shifted particles are on the same side of the intermediate state.
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As such, we derive the six-gluon tree amplitude A¢¢ (k%234, k1234, k§234, ky, ks, k:g)

using the deformation

)\4(2) =X+ 223

A3(2) = Az — 20\ (2.35)

Possible contributions for this choice of shift are in the so3, s45, and s123 channels.
Clearly the multi-particle channel gives zero contribution, due to the fact that gluon
amplitudes with zero or one negative helicity (and all the rest positive) are protected
by supersymmetry (see Appendix C for a discussion). The s93 and s45 channel graphs
are non-zero and, if we label them A; and A, we have

—1

A = ZAtree <k%234a key®4(2), — (ko + ks)_h(2)> (ka + k3)? X

h
X AT (e + ki) (2), (=), K, i, K125
—_ Atree (k%234, k§234(z), —Kgg(z)) ;ZAtree (K213234(Z), k‘4(22), k‘5, k@a ]{2%234)
523
i(23)* —i i(Ko31)*

= — . — _ (2.36)
<2 3><3 — K23><—K23 2> 523 <K23 4)(4 5><5 6><6 1)(1 K23>

and

—1

Ay — ZAtree (k‘4(2),k’57 — (kg + k‘5)_h(z)) m %

h
« Atree ((k:4 i k:5)h(z), ke, k1234 11234 k§234(z))
— Atree (/{?4(2), k5, —Ki5234(z)) ;ZAtree (K45(Z), kﬁa k%234, k‘%234, k§234(2))
545
i[4 5] —i i[ K45 6]*

= = A SR . (2.37)
[4 5] [5 — K45][—K45 4] S45 [K45 6] [6 1”1 2] [2 3] [3 K45]

In the above, a hatted spinor variable reminds us which spinors have been shifted. At
this stage, we see why complexified momenta are necessary; if we worked with real
momenta the three-point amplitudes AT (k3*3*, k3234 (2), —Ky3(2)) and

Alree (ky(z), ks, —K423*(2)) in the above would vanish identically. In order to further

simplify the above equations we need

. _ la|Kasl4]
<a K23> = 7[1%23 4} d
[Ki5b] = (3] s 0] (2.38)

(3 Ky3)
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together with the solutions of (ko + k3)?(z) = 0 and (k4 + k5)?(2) = 0:

zZ23 = 523 and
(3214]
545
25 = — : (2.39)
(315 /4]

It may concern the reader that we are not able to express all quantities appearing in A;
and As explicitly in terms of unshifted spinors. Actually, this will turn out not to be
a problem; all factors of [Ka34] and (3 Ka3) cancel out of the final result as can easily
be verified by counting how many times they will appear in the numerator and in the
denominator of each expression. Applying identities (2.38) to .A; and Ay, we finally

obtain
i(23)* y

(23)((45) 4 223(35))(56)(6 1)s23

(1] K3 |4]*
3| Koz [4] (2] Ko3 [4] ((4] K23 [4] + 223 (3] Ka3 [4]) (1] K23 |4]

i[4 5)*

[45](123] — zas24])[6 L[ 2sas

(3] Kas [6]*
3| K5 [5] (3] Kas [4] ((3] K5 [3] — 245 (3] K5 [4]) (3] K5 |6]

A1 =

1

o (2.40)

and
Alree (1238 Jy3 kg kg, ks, kg) = A1 + Ay (2.41)

which can be confirmed (numerically using e.g. SQ@M [65]) by comparing to the result
given in [66].

Before moving on to loop-level calculations, we need to say a few words about the
application of BCFW recursion to the simplification of messy rational linear combi-
nations of spinor products. This works well when there is reason to believe that an
expression for which you have an ugly formula naturally collapses down to a single
term. BCFW then allows you to systematically guess the form of the allegedly simple
common denominator. To better understand this we consider the following thought
experiment. Suppose that instead of choosing ¢ = ¢ = k4 and g3 = q4 = k1 to eval-
uate Afree (k%234, k1234 ks, k4) in eq. (2.22) we instead made an unintelligent choice of
reference momenta that resulted in more than one Feynman diagram making a non-

zero contribution to the amplitude. Now imagine making a table of all possible BCFW
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shifts, numerically evaluated at a randomly chosen non-degenerate phase-space point.
Initially, we would find that all shifts produce several poles in z. We could deduce that
everything should be put over the common denominator (12)(23)(34)(41) by system-
atically multiplying the unsimplified expression for Aree (k%234,k%234,k3, k4) by each
invariant in the problem and then checking to see if our table of all BCFW shifts has

a simpler z-pole structure or not. In short order, we would be able to deduce that

C
(12)(23)(34)(41) "

Atree (1234 1234 g, gy = (2.42)

This is powerful because evaluating BCFW shifts numerically is a lot less labor inten-
sive than attempting an analytic simplification. Once the denominator is determined,
it is then a simple matter to use dimensional analysis and the known little group rescal-
ing properties® of the amplitude to fix C = (12)*. This thought experiment might
seem somewhat contrived, but, at least in N/ = 4, many loop-level calculations result
in objects that are naturally put over a single denominator. While more non-trivial
amplitudes have constituents like (2|5 + 3|6] and (6|4 4+ 5|2+ 3|1), it is straightforward
to try a large number of guesses in a fraction of a second using a computer. Once
the denominator is determined, it is typically possible to apply the dual constraints of
little group covariance and correct dimensionality to great effect. All new results in this
thesis were simplified using some variant of this technique.

Finally, we should emphasize that arbitrary tree-level scattering processes in N' = 4
can be generated using BCFW recursion [27, 64] provided that the above discussion
is supersymmetrized and described in the language of the N' = 4 on-shell superspace

introduced in Section 5.

2.5 Generalized Unitarity in Four Dimensions

We now turn to loop-level calculations. Most of the calculations in this thesis are at the

one-loop level, but the ideas reviewed in this subsection and the next, with appropriate

8The little group of the Lorentz group in four dimensions for a massless external state is SO(2).
Keeping in mind k; = A\; A;, we expect scattering amplitudes to transform covariantly under the rescaling
i = LA, A — ti_l)\i. The precise transformation law of course depends on the helicities of the massless

external particles in the scattering process: we have A(t; s, t-_lj\i; hi) = ( " t_%i) AN, 5\; hs).

i i=1"1
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modifications, have been applied to multi-loop calculations as well. The program of
generalized unitarity pioneered by Bern, Dixon, Dunbar, and Kosower [67, 68] was
developed to replace the traditional Feynman diagram based approach to loop-level
calculations. For most loop-level applications it is much more efficient to use generalized
unitarity diagrams because they are built out of on-shell tree amplitudes and the number
of contributions scales roughly like number of topologies times the number of particle
species allowed to run in the loop. This is a already a big improvement over the usual
Feynman diagram expansion. As will be made clear, once you take into account the
fact that each diagram is also easier to compute, the generalized unitarity approach is
even more attractive.

As was made clear in the introduction, any one-loop planar N' = 4 amplitude can
be written as

ALTooR (b ey = 57 G 4 O(e), (2.43)

where « labels the specific kinematic structure of the box integral (more on our labeling
scheme below) and each box integral is evaluated through O(e). Much of the power of
the generalized unitarity technique comes from (2.43), so it is worth spending some time
trying to understand it. It turns out that (2.43) is very special to N'= 4. An equation
similar to (2.43) would hold for generic N' =2 and N/ = 1 gauge theories, except that
triangle and bubble integrals (discussed briefly in the introduction) would have to be
added to the box integrals on the right-hand side [24, 67]. Less supersymmetry (i.e.
N =1 super Yang-Mills) makes such a relation less powerful and a little more difficult
to work with (see e.g. [69]). For N’ = 0 it becomes harder still and we really need ideas
from the next subsection to make an analogous construction.

Before we start, we need a convenient way to enumerate the box topologies for
a planar n-particle scattering process. Consider, as usual, a regular n-gon with one
external line attached at each vertex. In an approach based on Feynman diagrams

this would be the highest-point Feynman integral that could possibly appear prior to
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integral reduction. There are

n |
S L (2.44)

n— 4 (n —4)4!

ways to collapse this n-gon down to a box. Consequently, it is natural to label each box
in the integral basis by an n — 4-tuple of integers corresponding to the internal lines
that need to be erased to produce the box in question”. In this thesis we will mostly
be interested in n = 6 for which (2.44) gives 15 boxes.

This formula gives the largest number of boxes that could possibly appear. De-
pending on the helicity configuration, certain classes of boxes may make no contri-
bution to the sum in (2.43). To be less cryptic, we write (2.43) out explicitly for
A%floop (k:%234, @234’ ks, kq, ks, k6) and A%floop (14/,%2347 k%234, k§234, ky, ks, k‘6)310

AMHV
A%—loop (k%234, @234, ks, ke, ks, k6) _ n72<1 2) < _ 3334I£1’2) _ 34351'4&2’3) _ 353614&374)

—8186]£475) — Slsgff’ﬁ) — 82831i1’6) + (8386 — tth)IilA) + (8184 — t1t3)1i2’5)

+(5255 — tltg)ff’ﬁ) + O(E)) (2.45)

Ai—loop (k%234, k234, k§2347 Ky ks, k6) _ _% %
(12)(23)[45][56] (3] (1 +2) [6] (1] (2 +3) [4] t?( (2,3) (5,6) (3.5)
b I~ t11,”
x s1525485(t1ta — s255)(t1ts — 5154) sassly T Sisaly A setly

+s3t1

I(z,e>) _ i<<<1l (2+3) |4]>4<23><34>[56][6 1] (4](2+3) 1] (2[ (3 +4) |5] £5

4 2 t2 52535556(t2t3 — 8386)(t2t1 — 5235)

90ur convention will be to start counting with the propagator connecting the 1st and nth vertices.

107 eqs. (2.45) and (2.46) s; = sii+1 and t; = S;i414+2, where indices are mod 6. We will frequently
use this notation in our discussions of six-point scattering. The notation can, of course, be generalized to
describe a basis of kinematic invariants for arbitrary n. For instance, at the eight-point level, invariants
like w1 = (kl + ko + ks + k4)2 will enter.
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+<<2 3)[5 61)4[2 3)[34)(5.6)(6 1) (1] (2 + 3) 4] (5] (3 + 4) |2] t%> (ssse1"

to $2535556(tats — s356)(tat1 — s255)

(311 +2)]6]\*
boasal® 4 sita L 4 sl () _;((M) y
3

(61)(12)[34][45] (2] (64 1) |5] (6] (1 +2)[3] 3 (12)[45]\*
% se515354(t3t1 — s154)(t3ta — s653) o < > 8
[61][12](34)(45) (5] (6 +1)[2] (3] (1 +2) 6] t%) <

t3

X

(4,5) (1,2)
seS11, + 83841
56515354 (t3t1 — 5154)(t3ta — s653) 4 4

+82t3]£1’5) + S5t3[§2’4)) + 0(6) . (2.46)

In the six-point MHV amplitude, all of the boxes with two adjacent external masses
enter with zero coefficient and in the six-point NMHV amplitude all of the boxes with
two diametrically opposed external masses enter with zero coefficient. Boxes with two
external masses are special in that they have different analytic structures depending on
whether the two external masses are adjacent or diametrically opposed. For historical
reasons, two mass box integrals with adjacent external masses are called two mass hard
and two mass box integrals with diametrically opposed external masses are called two
mass easy.

Explicit formulae for these box integral functions will be provided shortly, but first
let us say a few more words about (2.43). Clearly, the zero mass box will only appear
for the special case of four particle scattering. For general n, planar A' = 4 MHV ampli-
tudes are built out of one mass and two mass easy boxes [67] and planar N' = 4 NMHV
amplitudes are built out of one mass, two mass easy, two mass hard, and three mass
boxes [63]; four mass boxes don’t appear until the eight-point N2MHV level. In particu-
lar, the absence of two mass easy basis integrals in ATIOOP (k}234, ki34, l{::)l)234, ky, ks, kg)
does not generalize to higher n NMHV amplitudes.

Before going further, we need to carefully define the one-loop Feynman integrals
which enter into our perturbative calculations. In general, the Feynman integrals that
enter into calculations in massless gauge theories have severe IR divergences that need
to be regulated. In dimensional regularization [8] one regulates the IR divergences by
analytically continuing the scattering amplitude under consideration from D = 4 to

D = 4 — 2¢ and then computing its Laurent expansion about € = 0 (see Appendix A
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for background). We make the definition

d4—26p 1

D=4-2 _ . n+1 2—e
o _— _ . d4p d_2€,u 1
- e e S )2~ u?)

The prefactor i(—1)"+1(47)2~¢ cancels a factor of i(—1)"(47r)~2 that always arises in
the calculation of one-loop Feynman integrals and on the second line we have explicitly
separated out the integrations into four dimensional and —2e dimensional pieces. This
second form will be useful in the next subsection and later on in this thesis. In what
follows, we give explicit results for a representative sample of basis integrals that enter
into planar one-loop N/ = 4 scattering amplitudes. For our representative of each
integral species, we shall use the kinematics of the point at which the basis integral
first enters into the sum in eq. (2.43). For example, we use five-point kinematics for
the one mass box because this integral first appears in planar one-loop five-point MHV
amplitudes. A technical point to be aware of is that, in expanding an L-loop Feynman
integral in ¢, a factor of e"2¢% is expanded with the Feynman integral in order to
prevent a proliferation of factors of v that would otherwise occur. This remark and
definition (2.48) explain why the prefactors in eq. (2.10) have the form that they do.

Following [68] (and checking against the more recent article [63]) we have:

(S e o] (3) ) e

If) = _221((12—;811—2(216)_ 6){ a ;2 [(_81)_6 + (—s2) ¢ — (_84)_6}
4 Li <1 - Z) 4 Liy (1 -~ z> + %1112 (_2) + 7:} , (249
0« G e

[V —

+ Liy (1 _ 1) + Li, (1 _ 51) T Li, (1 _ 5’4>
1 i3 t1

. 54 . 5154 1. 5 (-t
L 1-—)—-L 1—— —1 — 2.50
i 12( t 12( t1t3>+2 ) (—t?,)}’ (2:50)



I£2’4)

Ii37577)

I£2,4,6,8)

where
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—2T(1 + e)T2(1 —¢) 1
s5t3 T'(1 — 2¢) 2¢2

[(=55) 7+ 2(—tg) ™ = (=51) ™ = (—s58) ]

~T(1+ %1 —¢)

(1
T wwsp I'(1 - 2e) { —Liz <2(1 — At A P)) (2.53)

. 1 ) 1
— Liy (—2)\(1 — A1 — Ay — p)> + Lisy <—2>\1(1 — A1 — Ay +p)>

. (1 1 A1 1+ —Xa+p
Lig (=(1-M+Xo—p)) —=In(2)1
* 12(2( A p)> 2 n(A%) n(1+>\1—)\2—p ’

p=1/1-2M — 20 + A2 200 + 3, (2.54)
A o= A% (2.55)

wi1ws
Ny = 2T (2.56)

wiws

We will never need to use these results directly to compute our amplitudes. By

combining a power variant of the optical theorem for Feynman diagrams (if unfamiliar

see e.g. [10]), the fact that the above integrals form a complete basis for one-loop planar

N = 4 scattering amplitudes through O(e?), and the fact that the above integrals are

uniquely determined by how they develop residues when viewed as contour integrals

in C* (there is a canonical choice for the contours which shall be discussed shortly),

we can deduce all of the coefficients in the sum of eq. (2.43) for any given amplitude

without explicitly evaluating a single Feynman integral [67, 70]. This is the power of the
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generalized unitarity technique in the context of planar N' = 4.'1 This is a remarkable
claim, so we examine it in detail. First let us be clear about one subtle point, in the
above formulae all of the basis integrals were evaluated in the Euclidean region after
Wick rotation because this is technically easier; in the Euclidean region the Laurent
expansions of Feynman loop integrals have real coefficients. In what follows we deal
with Feynman integrals before Wick rotation and therefore it makes sense to ignore the
prefactor of i(—1)""1(47)2~¢ until we actually have our final answer and are ready to
Wick rotate from Minkowski space to Euclidean space. At that point it can be trivially
restored. In general, it is useful to think about loop calculations in two phases, the
first being the determination of the coefficients in eq. (2.43) and the second being the
actual analytical evaluation of the basis integrals.

To better understand how generalized unitarity is superior to Feynman diagrams,
we compare the two approaches for the simple example of the five-point amplitude
A%_IOOP(k%Z?"l, k1?34 ks, k4, ks). This exercise is perfect for us because the actual answer
is well-known and it fits on a page even if written out in gory detail:

A%floop(kizm’ 1324 kg, ka, ks) =

AMHV
Z% (828314&1) + S3S4I£2) + $4S5Ii3) + S5Sl[£4) + 8182L§5) + O(e)) : (2.57)

1—loop;.1234 1,1234

Ay (k12%, k™% kg, ka, ks) =
MHV

Ay

:(12) <5253/ d4=2p 1
2 (2m)4=2¢ (p — k1)%(p — k1 — k2)2(p + Fa + k5)2(p + k5)?

4—2¢
P 1
+
8384/ (2m)4 2 p2(p — k1 — k2)2(p + ka + ks5)%(p + k5)?

N / d4726p 1
Sq4S
) @m) 2 p2(p — k1)2(p + ka+ ks)2(p + k)2

4—2€p 1
+8551 / (2m)4=2¢ p2(p — k1)2(p — k1 — k2)2(p + k5 )2

d4—26p 1
@) . 2.58
s [ T Ty T ey iy T ey “)) (2:58)

We now argue that, by complexifying the loop momentum, p, and changing the contour

from the usual one over all R to a particular 4-torus 7% =2 S x St x S x S embedded

11 As mentioned before, similar arguments can be used to greatly simplify calculations in theories with
less supersymmetry. However, such calculations are usually harder because the ansatz for the amplitude
(right-hand side of (2.43)) will be less tightly constrained and may contain many more terms.
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in C*, we can isolate a single coefficient, say islsgAlg/;[g;g /2, on the right-hand side of
(2.58).

To obtain a meaningful relation, we will of course be interested in somehow per-
forming the same sequence of operations on the left-hand side of (2.58). This is less
obvious and is where the optical theorem for Feynman diagrams comes into play. Ul-
timately, the left-hand side will be evaluated using a variant of the optical theorem,
generalized unitarity, a name coined by in Eden, Landshoff, Olive, and Polkinghorne
in their classic text [71].1? For now, one should simply remember that we must at
some point return to the question of how to make sense of the “raw” expression for the
amplitude (that delivered directly from Feynman diagrams) with respect to whatever
contours of integration we introduce on the right-hand side of (2.58).

The idea proposed above is well-motivated. One of the main reasons loop-level
computations (even in UV finite theories like N' = 4) are hard is that one has to worry
about regulating divergences in the momentum integrals over all p-space. It would be
nice if there was some meaningful IR-finite data that one could extract by considering
the amplitude on contours in C* other than R'3. We now show how this is realized in

the present example. We consider eq. (2.58) on a contour I';, defined by
Lp={peC": |p’| <6, |(p—k1)*| <4, [(p—h1—k2)’| <0, [(p+haths)’| <8} (2.59)

for sufficiently small §. On this contour, we can evaluate the right-hand side of eq.

(2.58),
AMHV .
< / 27” (p—k1)2(p — k1 — k2)2(p + Fka + k5)%(p + k5)?
1
+5354/ 2772 2(p— k1 — k2)2(p + ka + ks)2(p + k5)2
1
+5485 / 27rz p kl) (p + kg + k5)2(p + k5)2
1
+5551/ 2772 p k;l) (p—Fk1 — k2)2(p+ k5)2
p 1
o /Fp 2mi)4 p?(p — k1)?(p — k1 — k2)?(p + ka + k5)2> ) (2.60)

12We should point out that most of the formalism reviewed in this subsection was developed in [72].
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using a multidimensional generalization of Cauchy’s residue theorem. Note that we
have set € to zero. Very soon we will see that, on I'y, eq. (2.58) is perfectly well-defined
in D = 4. T', is a product of four tiny circles that wrap all of the singularities of the

integrand
1

P2(p—k1)2(p — k1 — k2)%(p + ka + ks)?

in C* and, furthermore, fail to wrap all four of the singularities of any of the other four

integrands. The so-called global residue theorem [73] allows us to evaluate (2.60) in an
incredibly straightforward fashion. The first four terms in (2.60) give zero contribution
because a non-zero contribution can only arise if all singularities of the integrand are

wrapped by the contour. The final term,

AMHV

502 / d'p 1
2 r, (2m0)4 p2(p — k1)2(p — k1 — k2)*(p + ko + k5)?

evaluates to
MHV
o{12)

2

0

g : 2.61
o (2.61)

Pu=Dpj,

s159det™! ( (p— Kz)2>

where the new factor is just the Jacobian that results if one changes the integration
variables from the p, to the propagator denominators, (p — K;)?, themselves. This
Jacobian is evaluated on the solution of the four equations (p* — K;)? = 0. Thus, it
appears that our strategy to isolate the integral coefficient 2'81821415\/;[&;3 /2 was almost
successful. The only problem is that the definition of I', does not specify a unique
contour of integration; the system (p* — K;)? = 0 has two solutions, p*(M and p* @,
The question of which contour is the “right” one to use is an important technical one
that we return to later; it will be much easier to address this point once we’ve explained
how to interpret the left-hand side of eq. (2.58) evaluated on I').

The optical theorem for Feynman diagrams is usually presented in text books (see
e.g. [10]) for individual Feynman diagrams. In its simplest incarnation, it relates the
product of two tree-level diagrams integrated over an appropriate Lorentz invariant
phase-space (of the external lines of the two tree amplitudes that depend on p) to the
imaginary part of the one-loop Feynman diagram built by gluing together the two tree

diagrams in the kinematic channel under consideration (called the channel “being cut”).
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Technically speaking, a cut can be implemented by replacing of a set of propagators by
delta functions that force the momenta carried by the replaced propagators on-shell.

From this point of view, the optical theorem is only useful as a cross-check on indi-
vidual Feynman diagrams, not as a calculational tool. However, the generalized version
of the optical theorem is much more powerful because it relates on-shell tree amplitudes
integrated over an appropriate Lorentz invariant phase-space to the imaginary parts of
pieces of complete one-loop amplitudes. Furthermore, one might hope that N' =4 is a
theory where the integral basis is such that the analytic structure of each basis element
can be deduced from its imaginary part without any ambiguities. Indeed, as was shown
in [67], N =4 is in the class of so-called cut-constructible theories. One might guess
that this is the case by looking at the explicit formulae of eqgs. (2.48)-(2.54).

To better understand this discussion, we introduce our variant of the optical theorem
and apply it to the If) topology of ATlOOp(k}Z?"l, k1?34 k3, k4, ks). Consider the com-
plete set of Feynman diagrams that have gluons running in the loop'? and the topology
of I f’). It is worth pointing out that the set of Feynman diagrams contributing will
be smaller if we work in background field gauge. It was first understood in [67] that
there are enormous practical advantages to working in background field gauge when one
is faced with the task of computing a one-loop N/ = 4 scattering amplitude in which
all the external states are gluons. The reason for this is that the use of background
field gauge reduces the degree of the loop momentum polynomial in the numerator of
each Feynman integrand. In the calculation of an n-point scattering amplitude, one
expects a loop momentum polynomial of degree n — 4 in the numerator of an n-point
contribution to the amplitude. For us, this means that the use of background field
gauge will allow us to express Ai_lmp(kﬁ%‘l, k3?34 ks, ky, ks) in such a way that there
will be at most one power of the loop momentum in any given term in the numerator

of the Feynman integral with five propagator denominators (pentagon topology) and

13In the particular case of Aiflo‘)p(k‘}%‘l, k3234 ks, Ky, ks), it turns out that, once internal lines are put
on-shell, the SU(4)r symmetry does not allow non-zero contributions from fermions or scalars. This
is a general phenomenon that will occur in pure-glue one-loop N' = 4 amplitudes whenever multiple
external lines are attached to a corner of a generalized unitarity diagram and all of these lines are
positive (or negative) helicity gluons.
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no powers of the loop momentum in the numerators of the five daughter integrals (the
notion of daughter integral is explained in A.3) with four propagator denominators (box
topology).

First let’s think about the pentagon diagram. It is possible to exploit that fact that
there is at most one power of the loop momentum in the numerator of the pentagon
diagram to reduce the pentagon diagram to a sum over boxes. We can see this directly
from results derived in [25] truncated to O(e?). If we Feynman parametrize the loop
momentum in the pentagon diagram using Feynman parameters x;, the following two

formulas can be used to write the pentagon diagram as a sum of scalar box integrals:

5
1 .
Iy = 5ZCJ-LE”HQ(E) (2.62)
j=1
1L :
L] = 525512%0@) (2.63)
j=1

In A.3 we derive these formulae and carefully define the functions C; and S;;. The
important point is that there is a piece of the pentagon diagram that has the same
topology as the other two true box diagrams that contribute and it is this piece that
should be grouped together with those diagrams.

At last, we are set up to explain the principle of generalized unitarity. Suppose
we cut through, say, propagators one and three in the two true box diagrams and
the relevant piece of the reduced pentagon. The claim is that, if we add up all three
pieces, the fact that they share the same topology (and we have added up all possible
contributions) guarantees that the sum will be a product of two on-shell tree amplitudes,
one with external momenta —p, ki, ko, and p — k1 — k9 and one with external momenta
—p+k1+ ko, k3, k4, k5 and p , integrated over the appropriate Lorentz invariant phase-
space. Since N/ = 4 is cut-constructible, we can easily invert this process and deduce
complete one-loop integrands of a particular topology by calculating two appropriate
on-shell tree amplitudes and tacking on a couple of missing propagator denominators.
In fact, this discussion motivates replacing Feynman diagrams completely in favor of
what we’ll call generalized unitarity diagrams.

Using generalized unitarity with double cuts is already very powerful, but we want
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to do even better. We would like to use the principle of generalized unitarity in a way
that meshes well with our earlier discussion of multidimensional contour integrals and
the right-hand side of eq. (2.58). What this amounts to is cutting all the propagators in
all contributions with a particular box topology. In other words, we can reconstruct the
integrand of the piece of the one-loop amplitude ATIOOP(HQS‘L, k3234 k3, ky, ks) (with
gluons running in the loop) and topology I f) by first multiplying four appropriate tree
amplitudes together (three three-point amplitudes and one four-point amplitude) and

then tacking on the missing propagator denominators:

Ai—loop (K123 k124 kg oy, kis) = (2.64)
4
d4p Atree (_ 11234 _ e ) 1234 gtree ((_ k) gl234 o o1
(27_”-)4 ( b, Ry 7(p 1) ) (( D+ 1)7 2 P 1 2) X
XAt’r‘ee ((_p+ kl + k2)1234,k3,p+ k’4 + k5) At’r‘ee ((_p o k‘4 o k5)1234,k4, /{5,}?1234) %
1

P2(p—k1)%2(p — k1 — k2)%(p + ka + ks)?
+/ d'p Atree (—p 1234 g ) %

(2mi)4 e !
XAtree ((_p+ k1)1234,k%234,p o kl o kz) Atree ((_p+ kl + k2)1234, kg,p—i— k4 + k5) %

1
p2(p — k1)%(p — k1 — k2)?(p + ka + k5)?

In this example, there are just two consistent assignments of the internal SU(4) r indices

XAtree ((_p —ky — k5)1234, k‘4, ]{75,])1234)

that would not obviously give a vanishing result by virtue of the SUSY Ward identities
A(k1, ko, ky) = 0 and A(k{?* ks,--- ,k,) = 0 or their parity conjugates'*. In
general, one should sum over all the internal configurations allowed by the SU(4)g
symmetry.'® There is, however, a more subtle constraint which forces the first term in
eq. (2.65) to zero. It turns out that when there are configurations with two on-shell
three-point amplitudes next to each other, the adjacent three-point amplitudes must

have different SU(4)r index structures or they vanish [74]. Therefore, the product
A (—p kI, (p — k) M) AT (= 4 k) P p— ko — o)

Atree ((_p+ kl + k2)1234,k3,p—|— k4 + k}5) Atree ((_p _ k‘4 _ k5)1234,k4, k:5,p1234)

MParity acts on scattering amplitudes as complex conjugation (interchange of angle and square
brackets in spinor products).

15Tn component language, what we mean is that, usually, the four Majorana fermions running in the
loop and the three complex scalars running in the loop would give non-vanishing contributions.
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must vanish because A" ((—p + k1), k3***, p — k1 — k2) and
Afree ((—p + ki + k2)'?34 ks, p + ks + ks) have the same SU(4)g index structure.

All the hard work is now done and we can evaluate the reconstructed one-loop
integrand of eq. (2.65) as a contour integral (with I', as the contour) in exactly the
same way that we evaluated the right-hand side of eq. (2.60). We find that eq. (2.65)

gives

Atree (_p’ ]{:}234’]9 _ kl) At’/‘ee ((_p+ k1)1234,k‘%234,p _ kl _ kZ) %

XAtree ((_p_|_ kl 4 k2)1234,k3,p—|— k4 + k5> Atree ((_p _ k4 _ k5)1234,]€4, k‘5,p1234) %

xdet_l <ai (p - Kl)2)
"

where p* () represents either of the two solutions of (p* — K;)? = 0. Finally, we can put

, (2.65)

Pu=Dp},

together the left- and right-hand sides of (2.58) evaluated on I'y:

Atree (_p7 k%234,p _ kl) Atree ((_p + k1)1234, k%234,p . k'l _ kg) >

X A ((—p + k1 + k)" kg, p + ka + ks) X

AMHV
X AT ((—p — kg — k)3 Ky, k5, p'234) - i%slw ’ (2.66)

Pu=Pp},
where we have cancelled a Jacobian factor from both sides. The only loose end to tie
up is what to do about the fact that there are actual two distinct contours specified by
I'p. There is no natural reason to chose one solution of (p* — K;)* = 0 over the other
and, to make matters worse, it appears that the equations defined by (2.66) are not
consistent. On one solution to (p* — K;)? = 0, p* (1) = kf' +1/2(23) (1|4 |2] /(13), the
product of trees on the left-hand side of (2.66) is islsgAg/;[g;g and on the other solution,

p* @ =kl 4+ 1/2(23] (2|v*|1] /[13], the product of trees is 0. To summarize, our two

equations read

.5152
0 = ZTAQ% (2.67)

. 518
zslsgAlg/;[g;/) = Z%Ag/[g;g (2.68)

The reason for the lack of consistency is that we truncated our basis at O(e?). As we

will see in the next section, adding a massless pentagon integral to the basis of Feynman
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integrals fixes this apparent inconsistency in a very nice way. For now, we appeal to
symmetry to fix our problem [70]. Our two solutions, p* ) and p* @, are related by
parity symmetry (complex conjugation of the spinor products). We want our final
answer to be parity invariant and one way to ensure this is to simply add eqgs. (2.67)
and (2.68). If we do this we find that the left-hand side is equal to the right-hand side,
which implies that this procedure works, at least for A}_IOOP(k%ZM, k%234, ks, kq, ks). It
turns out that this ad hoc prescription will work for general one-loop amplitudes if one
doesn’t care about the higher order in € pieces of the amplitude. For general multi-loop
amplitudes, however, such sloppy analysis is simply not sufficient. We will also need
something better for our all-orders-in-e computations at the one-loop level. It is to this

that we turn in the next subsection.

2.6 Generalized Unitarity in D Dimensions

The great thing about generalized unitarity is that it works in very general situations
(the unitarity of the S-matrix is a consequence of probability conservation in quantum
mechanics). In particular, generalized unitarity is compatible with dimensional regu-
larization because dimensional regularization preserves unitarity. As was shown shortly
after the seminal papers on the generalized unitarity technique were published, there
is no inherent restriction to O(e"); if desired, one can compute amplitudes to all orders
in € by working a little harder. [75] We explain how this works in the context of the
example of the last subsection and, in the process, explain how one needs to modify
the basis of planar one-loop box integrals used so far if one is interested in computing
planar A/ = 4 amplitudes to all orders in the dimensional regularization parameter.
At the five-point level, there is an obvious candidate integral that one could try
adding to the basis of scalar boxes: the massless pentagon. Let us try to prove that
there is a non-vanishing pentagon contribution to A%_lo‘)p(k%%‘l, k3?34 ks, ky, ks) that
we ignored in the last subsection. Our experience in 2.5 has taught us that it is a
bad idea to try and think of the pentagon integrals in the problem as reductive box

contributions from the start. Rather, we should make the most general ansatz of scalar

basis integrals that makes sense and let the amplitude decide how it wants to be written.
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To this end, we perform the same generalized unitarity analysis on the left-hand side of
(2.58) that we did in the last subsection but this time make an ansatz ), A; If) +BI;
for the right-hand side. As before, we can get a non-zero contribution from A4l f) but

now we will also have a non-zero contribution from B I5:

d* 1
B / 1‘)4 2 2 2 2 2 (269)
r, (2mi)4 p2(p — k1)2(p — k1 — k2)?(p + ka + k5)?(p + ks)

0

- B—— _det™? < ~K;)?
(p+/€5)2 ¢ ap,u (p )

Pu=Dp},

This makes all the difference. Instead of egs. (2.67) and (2.68) we now have the system

iSlSQAg/;[g;/; = A4 + B m (271)

which is consistent and solvable. We will follow [70] and refer to this technique as the
leading singularity method (the leading singularities being the left-hand sides of the

above equations). We find

where
(L @R s (25)[23]\
55‘<1+<13>[151> ’ 55‘(”<15>[13]) | (273)

The formula for A4 bears no resemblance to islsgAlg/;[gég /2 and, indeed, one can check
numerically (using e.g. SQM [65]) that they are not equal. At first sight, it appears
that the leading singularity method fails to reproduce the known result. In actuality
there is no contradiction because, secretly, the result obtained in the previous subsection
was expressed in terms of a different basis with 4 — 2¢ dimensional boxes and 6 — 2¢
dimensional pentagon integrals as opposed to the 4 — 2¢ dimensional box and pentagon

integrals we used above. The connection between these two bases is the reduction

formula derived in A.3 using traditional techniques:'6
1] :
P=2 = [Z O P72 426Gy ID=07%] (2.74)
2| &

“Note that eq. (2.74) employs the original conventions of definition (2.48).
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The answer looks much nicer in this basis (employed in the last subsection) because, in
that basis, the higher order in € terms are more cleanly separated from those that are
present through O(e?). This is related to the fact that there will always be an explicit
e out front of 127572 and IP=67%¢ is both UV and IR finite [25]. In this thesis, we
will refer to the basis with all elements expanded about D = 4 as the geometric basis
and the basis with Iéj =6=2¢ pentagons as the dual conformal basis (this notation will
be motivated in Section 6). Simplifying (2.72) after projecting the geometric basis onto

the dual conformal basis using (2.74), we find that

~ S1S
Ay = —172/12?3; (2.75)
as before and
B=ee(1,2,3,4) A0 , (2.76)

where we have made the useful definition

e(i, g, m, n) = dieppo ki KK,k = [151(Gm)[mnl(ni) — (i j)[Fm](mn)(ni). (2.77)

Ii5), D=4—2¢

In above eq. (2.75) is the coefficient of and eq. (2.76) is the coefficient of

IP=572¢ in the conventions of definition (2.48).

What we have learned is that, in the case of AflOOp(k}Q?A, k3?34 ks, ky, ks), we are
able to learn all about the higher-order in € pieces of the amplitude without ever leaving
four dimensions. It would be great if the leading singularity method gave us all of the
pentagon coefficients for arbitrary n but, unfortunately, life is not so simple. In fact, as
we shall see in the next subsection, one needs to develop more machinery to calculate
the pentagon integrals already at the six-point level. In a nutshell, what we need to do
is to further develop the D dimensional unitarity technique of Bern and Morgan [75]
to reconstruct one-loop integrands in A/ = 4 without dropping any higher order in ¢
pieces.

We now review the Bern-Morgan approach to D-dimensional integrand reconstruc-
tion to prepare the reader for the next section where we discuss simple extensions of
their results. As an illustration, we consider the amplitude Ai_x?i%(kl, ko, ks, kq) in

pure Yang-Mills theory. Following [75], the remind the reader of the second form for
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1 f =4=2¢ where we split up the integral over the loop momentum into four dimensional

and —2¢ dimensional pieces:

IP=472¢ — _j(4m)?=¢ x (2.78)
/ d4p d_2€pt 1
(2m)* (2m) =2 (p? = p?)((p — k1)? — p?)((p — k1 — k2)? — p2)((p + ka)? — pi2)

If we consider an s-channel cut of the above zero mass box integral, we find the on-shell

conditions
p? = u? (p— k1 — k2)? = p?. (2.79)

It follows that, to reconstruct the complete one-loop integrand in D dimensions using
the principle of generalized unitarity, one should simply imagine that the lines of the
tree amplitudes on either side of the unitarity cut(s) (external lines of the trees that
have p-dependent momenta) have a mass p. Actually, the procedure of gluing trees
together to form loops is a little more complicated in D dimensions because there is (so
far) no analog of the spinor helicity framework in —2e dimensions. Consequently, the
whole process is more closely related to traditional perturbation theory. In particular,
summing over internal degrees of freedom inside the loop being reconstructed is much
more labor intensive than it is in four dimensions. One trick to try and avoid tedious
algebra, which works better in some situations than in others, is to perform a super-
symmetric decomposition of the amplitude. For example, if we rewrite a loop of gluons

in the following way:
Ay = (Ag +4A5 +34A5) — 4(Af + As) + As

We see that the contribution from a loop of gluons (i.e. pure Yang-Mills theory) can be
derived by summing the answer in A/ = 4 and the contribution from a loop of complex
scalars and then subtracting off the contribution from four N' = 1 chiral multiplets.
For the present application this works beautifully because the first two terms on the
right-hand side of the above equation are protected by supersymmetry and vanish (see

Appendix C). It follows that

Ai:/{/(?ig(kla k?, k3a k4) = AlflOOp (kla k27 k3’ k;4) (280)

1;scalar
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and, in this particular case, we can avoid some numerator algebra by calculating

A 1-loop (i, ka2, k3, k4) instead of Aijﬁiﬁ(k‘l, ko, k3, ks).

1;scalar

Generalized unitarity applied to Al 1P (k1, ko, ks, kq) gives

1; scalar

1
s AP (K, K, ks, ) =

(47.[.) 1; scalar
dip d*p i )
Alree ((Zp)y Ky, ko, (p — k1 — ko)s
/(27r)4 (2m) =2 <P2—M2 wt " (P)s b oy (0= 2))(P—k1—k2)2—M2 -

(3
X AL ((=p + k1 + ka)s, ks, ka, ps) + —5— 2 ALEE ((=p)s, K, ka, (p =k — k2)s) X
« 1
(p— k1 — k2)? —

The massive scalar amplitudes AZ;ee ((—=p)s, k1, k2, (p — k1 — ko)5) and

A (p R +k2>§,k3,k4,ps>) | (2581)

Afffe ((=p)s, k1, k2, (p — k1 — k2)s) are equal, as are Affzee ((=p + k1 + k2)s, k3, ka, ps)
and AZ;“ ((—p + k1 + ko)s, k3, k4, ps). Using

Atr2ee ((_p)87 kl? k27 (p - kl - k2)§) = Zu2[1 2}2 2 and (282)
m (12)((p— k1)% — 12)
i12[3 4
ATEE (=p+ k1 + ko), ks, haps) = w34 , (2.:83)

(B4)((p+ ka)? — 1?)

which can be derived from Feynman diagrams, we find

L e 1 2012)[34
(471-)276 Ai;slcalar(kl’ ko, ks, ka) = (47‘1’)276 <£ 2>]<[3 4>] 8
/- d4p d—QEM /1,4
(2m)* (2m) 2 (p? = p2)((p = k1)? = p2)((p — k1 — k2)? — p2)((p + ka)? — %)
1 2i[12][34] P42 (2.84)

- (4m)re (12)(34)

oo oo 2i[12][3 4 )
Ai;/i/:g(k17k2,k37k4) = Ai;slcalgr(klvk27k37k4) <[>2;[))4>]ID Y. (28D)

A basis integral with some power of ;2 inserted in the numerator is usually referred to
as a pu-term and such terms will play a central role in this thesis. It is often convenient to
rewrite pu-terms in terms of dimensionally shifted integrals. This is easily accomplished
by manipulating the —2e dimensional part of the integration measure in eq. (2.48).

Written out, the —2e dimensional integral is

A7, e d€d 2. —2e—1
[t = [ Gy [ )
- . / Mo / A2 (u2) = f ()., (2.86)
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where, as usual,
27~ €
dQ_9e = ——. 2.87
J =5 (250
Now, if we replace f(u?) with u?" we can absorb the extract factors of y? into the

integration measure:

d=%p 0V [dQ. [ d22
/ (2m)" G ) = f)dszfgr_gez / <2w)2rf§ef () (2.88)
d27"—2€

- _e<1_e><2_e>...<r_1_e><4ﬂ>r/Mw).

If r is a natural number, this analysis leads to
ID=A72¢ 2 = —e(1—€)(2—€) -+ (r — 1 — ) [D=2rH472¢ (2.89)

relating p-terms and dimensionally-shifted integrals. Now, a very interesting phe-
nomenon can occur, which we illustrate by applying eq. (2.89) to our result for

Ab{?ﬁ%(lﬁ, ko, ks, ky). We first rewrite the answer

2i[12][34] , p—y—»c

<12><34> I 4] — 2e (1 76) [ ][34]ID 8—2¢ (290)

Al—loopk ko ka. ki) = —
1. =0 (ks k2, k3, ka) (12)(34)

[

and then Feynman parametrize it:

_ 2e(1 — €)i[12][34]
(12><34>

Yy 2o

Remarkably, the e expansion of the above starts at O(e). Explicitly, we find

— 2 12 34 l-z l—z—y
A%;/&?EIE)(kl?k?vk?nk‘L) = Z / / dy/ dz—i—(’) )
4

_ [1 2][3 )
- 30 ><34>+(f)(). (2.93)

At first sight, this result might seem rather puzzling since, without the y* in the numer-

AT (e, Ko, kg, o) = T(e) x (2.91)

ator, the integral [ 4D =472¢ j5 UV finite and IR divergent. What has happened is that,
in shifting to D = 8 — 2¢, we have induced a UV divergence (the integral now has the
same number of powers of the loop momenta in the measure of integration as it has in
the denominator) and the IR divergences effectively got regulated by the u? factors in

the propagator denominators. The explicit € in the numerator coming from eq. (2.89)
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is canceling the induced UV pole, which is why the € expansion of A%j}ﬁ%(kzl, ko, ks, k4)
starts at O(eY).

Although we have been focusing on scalars running in the loop we could equally well
have performed the above analysis for a loop of fermions with one obvious additional
complication: the need to sum over internal spin states in a Lorentz covariant way.
Typical tree amplitudes with a pair of massive fermions will be built out of a string
beginning with % (p) and ending with u*(p). In order to fuse together two such tree

amplitudes across a unitarity cut, we simply use the spin sum identity
> u(p)at(p) = p+ p (2.94)
S

heavily used in traditional perturbation theory [10]. In 3.1, we treat a gluon running in
the loop as well. Due to the fact there is no straightforward massive counterpart (with
two spin states) to the massless gluon, treating an internal gluon line requires a little
more thinking. Perhaps this is why nobody bothered to treat such contributions until
fairly recently [76, 77, 78, 79].

Also, we wish to remark that there is no reason for us to restrict ourselves to double
cuts; as we shall see in the next section, we can profit enormously by using quintuple
cuts in D dimensions to determine individual pentagon coefficients one at a time. The
idea is conceptually similar to what we did with quadruple cuts and box coefficients
in 2.5, though it is a bit more complicated. It turns out that the leading singularity
method supplemented by D dimensional quintuple cuts allows one to efficiently calculate

all-orders-in-e one-loop N/ = 4 amplitudes.
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Chapter 3

Efficient Computation and New Results For One-Loop
N =4 Gluon Amplitudes Calculated To All Orders in ¢

3.1 Efficient Computation Via D Dimensional Unitarity

In order to harness the power of D-dimensional unitarity for the application at hand, we
have to extend the results of Bern and Morgan to treat cut internal gluon lines. To be
clear, many other authors have thought about extending the Bern-Morgan approach to
integrand reconstruction (see e.g. [76, 77, 78, 79]). All of them either focus on a getting
numerical results or isolate terms that would be missed by four dimensional generalized
unitarity. There are obviously many applications where it makes sense to follow one
of these strategies. In this thesis, however, we have a different goal. We develop the
Bern-Morgan approach to the point where non-trivial (read higher than four-point)
reconstructions of complete D-dimensional integrands can be made analytically. In
fact, we expect that our approach will mesh well with the spinor integration reduction
technique of [80, 81], which is applicable to general field theory amplitudes at one-
loop. Although the authors of the works cited in the last sentence analyzed a variety
of processes, they relied on the work of others for input integrands except in the well-
understood case of complex scalars running in the loop. In other words, the important
problem of reconstructing general one-loop integrands in D dimensions analytically
directly from tree amplitudes was beyond the scope of their investigations. Although
the ideas we discuss in this section will probably be clear to the experts, to the best of
our knowledge several of them have not appeared in print so far.

Now, to illustrate our approach to D-dimensional unitarity, we offer an alternative

derivation of the massless pentagon coefficient of eq. (2.76) associated to



49

A%_IOOP(k%234,k%234,k3,k:4,k:5). All we really need to do right now is extend Bern-
Morgan to the case of purely gluonic external states with a massless vector running in
the loop. Later in this thesis we will also think about the case where some of the external
gluons are replaced by fermions. It seems likely that so far most researchers have found
it expedient to side-step the question of how to properly treat a gluon running in the
loop by exploiting supersymmetry decompositions as was done in Subsection 2.6. We
argue that it is no more difficult to calculate directly.

We warm up by repeating the analysis of the last subsection, but for the pentagon
coefficient of A}_IOOp(k%QM,k%%‘l,kg, k4, ks) using quintuple cuts. Using the massive

scalar three-point vertices [82],

ALE (=p)s, k1, (p— kr)s) = —iV2p-et (ki) and (3.1)
ATEC ((=p)ss k1P (0 = Ra)s) = —iV2p-e (k) (32)

and quintuple D dimensional generalized unitarity cuts we can deduce the pentagon
integral coefficient for the scalar loop contribution to the five-point MHV amplitude.
In the above, the polarization vectors can be evaluated using eqgs. (2.14) and (2.15)
because we are implicitly using the four dimensional helicity scheme (see A.2) where the
external polarization vectors are kept in four dimensions. The result of this calculation

is

1—loop (71234 11234
Al;scalar (kl ’ k2 ) k?n k4, k5)

= AZQBE ((71)*)8’ k%234, (ps — k’l)g) X

XALTQee ((_p* + k1)57 k%2347 (p* _ kl — kz)g) X

I5

foffe ((=ps + K1+ ka)s, kg, (P + ks + k5)5) ¥

X AUEE ((=ps — ka — ks )s, ka, (pa + Kis)s) AYEE ((=ps — ks)so B, (i)s) » - (3.3)

where p¥ solves the on-shell conditions:
pi— =0 (P —k1)? —p® =0 (3.4)
(p*—k1—k2)2—,u2:0 (p*+k4+k5)2 —,u2:0 (p*+k5)2—u2:0.

It turns out that, in this case, the solution is unique and is given by [81] expanding the

four dimensional, massive loop momentum with respect to a basis K1, Ko, K3, and K4
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of four-vectors:

p” = LlKi/ + LQKQV + LgKg + L4KZ (35)

and then solving a system of linear equations for the L; coefficients. It makes sense to

choose the K’s to be the four-vectors in the problem; in the present example we set
Ky =k + ko Ky =k K3 =—k4— k5 Ky = —ks. (36)

Explicitly, we have

-1

Ly K? K Ky K K3 K;-K4 K?
Ly 1 Ky K1 K2 Ky K3 Ky Ky K2 57)
L 21 Ky Ky Ky Ky K2 K3 K K2
Ly Ky Ky Ky-Ky Ky Kz K} K2

Now that we are warmed up, we are ready to try the quintuple cut of the fermion loop
contribution. The only reason that the fermion loop contribution is more complicated
is that we have to sum over internal fermion spin states using eq. (2.94); the net result
of the sum over internal states for the scalar loop contribution is just an overall factor
of two. Although Bern and Morgan did not literally give their fermions a mass p, our
procedure is easily deduced from the discussion in their paper [75].

To reconstruct the one-loop integrand, we need tree amplitudes with two massive

fermions and a gluon:

Afffe (pp k1, (—p—Fk1)p) = - u(p)¢* (kv)u(p + k1) (3.8)

A (o ™ (mp = ka)g) = ——su(p)g (k)u(p + k) (3.9

SR

where we don’t worry about specifying the spins of the fermions because we will ul-

timately sum over them using (2.94). For the quintuple cut of the fermion loop we
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find

N

1; fermlon I == (_\@> ﬂ(p*)¢+(k5)u(p* + k5)
A(ps + ks) ¢ (ka)u(ps + ka + ks)a(ps + kg + k5) ¢+ (ks)u(pe — k1 — k2)
U(ps — k1 — k2)¢~ (k2)u(ps — k1) u(ps — k)¢~ (k1)u(ps)

1

5
= () B, ko, k)
# k) (B, — by — Ko+ ) (k)P — K+ 1)~ (k) (P, + )]

(3.10)

In this context, the extra overall minus sign is a result [75] of using three-point
amplitudes with spinor strings of the form @(p)¢ ™ (k1)u(p+ k1), when really they should
have spinor strings of the form u(p)# " (k1)u(—p — k1). Now that we understand how to
deal with a loop of fermions, it is natural to ask what the analogous prescription is for

a loop of gluons. Clearly, to start we need to write down three-point gluon amplitudes

Aflgee (_pga k‘lv (p - kl)g) = Z\/§(8+( ) D Gpo + klp (kl)

k1o aj(kl))s*f)(p)ga(p ~ k) (3.11)
A (pg WP (0~ ha)g) = iV2(e (k1) D gpo + krp 2 (1)
k1o 5;(161))6*"(]9)50(19 ~ k) (3.12)

without committing to a specific choice of polarization for the gluons with p-dependent
external momenta. These degrees of freedom will eventually be summed over. Ac-
tually, the correct summation procedure is fairly obvious [10]. We can use the naive

replacement
Zs (k1)es? (k1) = —Gpo (3.13)

valid in Abelian gauge theory, prov1ded that we correct for the fact that we are over-
counting states by including the quintuple cut of a ghost loop. This is simple since
the contribution from a ghost loop is nothing but the contribution from a complex
scalar loop with an extra overall minus sign coming the fact that the ghost field obeys

Fermi-Dirac statistics:

A1—loop (k%2347k%234,k3,k4,k5) I

1—loop 1234 ;,1234
1; ghost —A (kl ) k2 s ks, K, kB)

1; scalar

(3.14)

5 5
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Returning to the quintuple cut of the gluon loop, we have

1—loop 1234 11234
Al;gluon (kl ) kQ ) k3) k47 k5)

= (iv2) e ) (=) e g
g 5, (k1) = iy €5, (k1) )% (e = k)e™ 2 (e = k) (€7 (k) - (s = 1) G
+k2py €5y (K2) — K20y 6;2(/62))862 (P — k1 — k2)e™ P (ps — k1 — ko) X
x (e (k3) - (D« — k1 — k2) Gpsos + k3 ps €4y (k) — ksoy €, (k3)) €7 (s + ka + ks)
P4 (py + kg + ks5) <6+(k4) (Dx + ks + k5) Gpsos + Fapy €5, (Ka)
ity 25, (k1) )27 (e + ks )7 (o + Ks) (2 (ks) - (b + ) Gpnor + sy = (ks)
—ks5 0y 835(%))6"5 (ps)

= (V2) (£ () D Gpuos + 1 5, (1) — Brey 2 () (—7192)

€7 (k2) - (P« — k1) Gpoon + k2 py €5, (K2) — k20, €, (k2)) (—g727%)

e7(k3) - (P« — k1 — k2) Gpsos + k3 ps €, (k3) — k3oy €5 (K3)) (—g7%7)

€7 (ka) - (P« 4 ka + k5) Gpaos + kaps €0, (ka) — ko, €, (Ka)) (—g7*7)

E¥(ks) - (pa+ K5) Gpsors + ks s 28 (ks) = ksay 2 (ks)) (—g77) .

(
(
(
(

(3.15)

Finally, we combine together all of the above results with the appropriate multiplic-

ities:

1; scalar

A%*loop (k%234’ ]{J%Q?)Zl7 k?g, k‘4, kS) ‘Is _ 3A17100p (k%234’ k%234, kg, ]C4, k5)

Is

FAAL T (612 K525, e, ke, )

1; fermion

Is

1; gluon 1;scalar

+ (Al—loop (k%234, k%234, kg, ]{24, k5) ‘I o Al—loop (/{?%234, k%234, ]Cg, k4, /{?5)
5

15) ’

where we have dealt with the ghost loop contribution as discussed above. One can
straightforwardly check (numerically using e.g. SQM [65]) that, after projecting (3.16)
onto the dual conformal basis using eq. (2.74), the result agrees with that obtained ear-
lier using the leading singularity method (eq. (2.76)). Evaluating the numerator algebra
becomes slightly more involved for quintuple cuts of one-loop six-gluon amplitudes, but
we will still be able to use the above procedure to great effect.

We are finally in a position to outline the strategy that we will use to solve, say,

ATIOOP(k%zg"‘,k%zg‘l,kg, k4, ks, ke) to all orders in e. This amplitude works well as an
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example because its full analytical form is known [83]:

MHV
Al—IOOP k1234 k1234 ko ka ke ke) = A6§ (12) (1,2), D=4—2¢
1 ( 1 y v y W3y V4, V5, 6) = T — 838414

—sass L0 P L sgsg I PRI g s MO P g g 100 PR

—sas3 {1V PTIE 4 (sy56 — tat) I DT

+(s184 — tits) IV P4 (sp85 — taty) 170 PR

+e§6:e(z' + 10420+ 3,0 + )L e tr[l</11¢21¢3/~;/41§/5/</6]165’6—2e) |
=1

(3.16)

We will, of course, mostly be interested in evaluating all' six-gluon NMHV amplitudes,
but we assure the reader that the strategy utilized for A%_loc’p(k%%‘l, k3234 ks, ka, ks, ke)
will carry over in a completely straightforward fashion to the other six-gluon amplitudes.

The general idea is that, while the leading singularity method does not fix every-
thing to all orders in € starting at six points, the method is very powerful and does
fix everything up to holes in the soft/collinear bootstrap. What we mean by “holes
in the soft/collinear bootstrap” is the following. One might ask to what extent the
universal factorization properties of A}_100p(k%234, k3?34 ks, k4, ks, k) under soft and
collinear limits determine the analytic form of the amplitude, given that we already
know Ai_bOp(k%QS‘l, k5234, ks, k4, ks) to all orders in e. It turns out that there is only one
function in A}_bOp(kz%zM, ki?34 ks, k4, ks, ke) that is not constrained in this approach:

One can check that

tr (K1 o s Wbt (3.17)

has no soft or collinear limits in any channel.? Therefore any attempt to deduce the
form of the one-loop six-gluon MHV amplitude from that of the one-loop five-gluon
amplitude by demanding consistency of the soft and collinear limits will miss terms like

that above.

'In the next subsection we will go through the exercise of determining how many independent NMHV
gluon helcity amplitudes there are (ignoring A/ = 4 supersymmetry for now).

2 A soft or collinear limit for planar amplitudes is particularly simple because one only has to consider
nearest-neighbor pairs of momenta. If unfamiliar, see [59] for an elementary discussion of planar soft
and collinear limits.
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This ambiguity is reflected in the solution of the leading singularity equations for
A%floc’p(kizg‘l,k%zg‘l,kg,k‘4,k5,k:6). Solving the system of 15 x 2 = 30 equations in

15 + 6 = 21 unknowns determines 20 of the unknown integral coefficients in terms

), 4—2€

of one of the pentagon coefficients, say that associated to I, él . The point is that if

we can evaluate one pentagon coeflicient using D-dimensional unitarity, then the lead-
ing singularity equations, which require only four dimensional inputs to solve, give us
everything else. This is a much better strategy than trying to evaluate the quintuple
cut of each pentagon independently because it allows one to solve for all the pentagon
coefficients with a minimum of effort beyond that required to determine the coefficients
of the boxes.

Before going any further, we should clarify a potentially confusing point about

the solution to the leading singularity equations for A%_IOOP(/C%%‘*, k%234, ks, k4, ks, ke).

IE()l),4726

Suppose we let By be the coefficient of . Then a generic box coefficient, say

, D=4—2¢

that of If’G) , will have the form a1 + B16B1. It may seem strange that the

(1,6), D=4—2¢
I

box coefficient associated to depends on the pentagon coefficient By. This

apparent paradox is resolved by projecting the geometric basis onto the dual conformal

(1), D=4—2¢ (6), D=4—2¢
Iy I5

basis: the pentagons and each contribute to the coefficient of

I AELG)’D:ZL_% in the dual conformal basis after the formula (2.74) is applied to them.

Remarkably, these extra contributions conspire to cancel all of the B; dependence that

1,6), D=4—2 . .
) ¢, considered as an element of the geometric

was present in the coefficient of I i
basis.

In solving the leading singularity equations, we were free to choose any pentagon
coefficient we wanted as the parameter undetermined by the system. The reason

that we chose the coefficient of Iél)’4_26

is that it is particularly simple to deter-
mine this integral coefficient using quintuple cuts. This follows from the fact that

AZTQee ((p - kl)sa k%2347 k67 (_p - k6)§)7 AZrzee ((p - kl)fa k%2347 kGa (_p - kﬁ)f)? and
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Airzee ((p — k1) g, k1?34, kg, (—p — kg)g) can each be represented by a single Feynman di-

agram:

tree _ 1234 V) _i<1’p‘6]2

AHQ ((p kl)&kl 7]{763( D kﬁ)s) — s6 <1|p |1] (318)

AZ’;E ((p - kl)fv k%2347 k65 (_P - kG)f) -

i(p+kg) et(kg) _ _
L <16“)D|1] ( G)U(p-i- ke)¢ ™ (k1)u(p — k1) (3.19)
ree 2ieP(p — k1)e*(p+ k

AT ((p— Ky, K2 i (—p — h)y) = — 2o <1T;|1] ko)

x (6_(k1) p et (ke) D gpo + " (ke) - p kioe, (k1) — et (ke) - p k1p e, (K1)

—f—é‘i(kl) Y ke o 8;:(,%36) — 87(,1431) D k(jp Ej(kﬁ) — k1 - ]{266;(]61)53;(,1{36)) (320)

Using the same logic that was employed for the five-point pentagon coefficient calculated
above and the results of eqs. (3.18)-(3.20), it is straightforward to compute Bj. One
subtlety is that the line p? — u? is left uncut in the evaluation of this integral coefficient.
As a result, the expression for u? is not given simply by p2, the way that it was
in the five-point example worked out in detail above. Instead, one has the relation
p? — 2ps - k1 = p?. Also, to use the framework of egs. (3.5) and (3.7), we have to make

the following adjustments: (3.5) becomes
p’ = LlKi/ + LQKS + L3K3V + L4KZ + Kk (3.21)

and the K; four-vectors all need to be shifted by —k; (i.e. instead of K1 = ki+ko+ks, we
have K1 = ka+ks). In this thesis, we fix the overall phase of our pentagon coefficients by
matching onto eq. (3.16) and its supersymmetrization. In order to apply our methods
to N = 0 calculations, a more careful tracking of phase factors would be necessary.
Before presenting the results of our all-orders-in-e six-gluon NMHV calculations,
we make some remarks about how we expect the strategy outlined for six-gluon MHV
amplitudes to generalize to higher-multiplicity amplitudes. First of all, we conjecture
that the number of “holes” in the one-loop soft/collinear bootstrap is controlled by
kinematics as opposed to dynamics (i.e. independent of the k in NkMHV). We interpret
the fact that this is true at the six-point level (in the sense that the leading singularities

for both MHV and NMHV amplitudes fix everything up to a single pentagon coefficient)
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as evidence for this proposal. If our idea turns out to be correct, we are in a position
make an interesting claim about the leading singularity method at one-loop. This is
because we have found an intriguing pattern for the number of holes as a function of n
in higher-point gluon MHV amplitudes. Specifically, we have found that the one-loop
seven-point amplitude has 6 holes and the eight-point gluon MHV amplitudes has 21.

Thus, we conclude this subsection by conjecturing that the number of holes in the
soft /collinear bootstrap at the n-point level (pentagon coefficients undetermined by the

leading singularity method) is

n=11\ (n-5)(n—4)(n—3)(n—2)(n—1)
5 _ 0 : (3.22)

equal to the number of pentagons at the (n — 1)-point level. Loosely speaking, we
can think of this result as the statement that, at the n-point level an independent
object analogous to tr[k eksKaiksks]) can be constructed for each pentagon integral at
the (n — 1)-point level without spoiling any of the soft/collinear constraints relating

n-point one-loop planar amplitudes to (n — 1)-point one-loop planar amplitudes.

3.2 The All-Orders in ¢ Planar One-Loop N = 4 NMHV Six-Gluon

Amplitudes

In this subsection, we give our formulae for the one-loop planar six-gluon NMHV pen-
tagon coefficients in N/ = 4 and discuss the structural similarities between our results
and certain two-loop planar six-gluon integral coefficients entering into the NMHV
amplitudes calculated in [84]. Our first task, of course, is to understand how many in-
dependent NMHYV gluon amplitudes there are (delaying a discussion of the constraints
coming from N = 4 supersymmetry until Subsection 5.1). Naively, there are a large

number of possibilities:
1-1
1. AlTloop (k%234, ]1234 1234 o oo k‘6)
9. AifIOOP (k%234, 14/,%2347 ks, kéll234’ ks, k6)

3. A1 (K124, k3234, ks, ka, k124, o)
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4. Al loop (k1234 k234 Ly Ry, ks, k4234)
5. Al loop (k1234 oo, K134 k1234 s k)
6. Aifloop (k}234, ko, k§234, K, k§234, k‘6)
7. Al loop (k1234 kg,k1234 k4,k5,k1234)
S Al loop (k1234 ko, ks, k1234 k1234,k)
9. Al loop (k1234 kz,kg,k1254 k5,ké234)
10. Al loop (K124 kg, kg, b, K234 3234)
11. A}_bOp (1, k3234 k3% k124 ks, ke)
192. Al loop (k: k1234 k1234 /~c4,k:1234 k‘6)
13. Al loop (K, k3234 k1234 oy s, K3234)
14. Al loop (y, k3234 kg, k1234 11234 k)
15. Ay (ky, k424 ks, k234, K, 323Y)
16. Al loop (1, k3234, kg, ko, K134 1 234)
17. Al loop (o, ko, K234, k1234 11234 1)
18. Al loop (K, ko, k1234, k1234, s, i4234)
19. Al loop (k ko, ki 1234 k4,k1234 k1234)

20. Al loop (kl kg ]{53 k1234 k1234 ké234)

many of which are obviously related by parity® or cyclic symmetry?. In particular,

we will now show that all of the above can be related to A1 loop (K234, k3?34 k3234 Ky, ks, ks,

3Recall that CP is a good symmetry of perturbative scattering amplitudes even in pure N' = 0
Yang-Mills.

“Recall from 2.2 that, for example, the amplitudes A] '°°P(ki2%* k1234 k3234 Ky ks, ke) and
ALTIOP (13234 kA% Ky ks, ke, k12%*) are equal by virtue of the color structure in the planar limit.
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A%_IOOP (k%234, ki234 kg, k1234 ks, k:@), and Ai_IOOP (k%234, ko, k3234 Ky, k1234 kﬁ) (ampli-
tudes 1., 2., and 6. in the above). In fact, we will see in Section 5 that it is possible to
derive a beautiful all-orders-in-e N' = 4 supersymmetrization of the six-point NMHV
amplitudes using only these three all-orders-in-e component amplitudes as inputs. To
start, we see immediately that amplitudes 11. - 20. are related to 1. - 10. by parity
which acts on the amplitudes by reversing the helicities of all gluons. Next, we see that
4. and 10. are related to 1. through a series of cyclic shifts followed by a relabeling
of the momenta of the external gluons. Similarly, amplitudes 7. and 8. are related to
2. through cyclic shifts followed by a relabeling. Finally, 3., 5., and 9. are related to
2. through cyclic shifts, a relabeling, and a parity transformation. Amplitude 6. can’t
be related to 1. or 2. through some combination of parity and cyclicity, so we need to
include it in our basis as well.

Now that we understand why it makes sense to focus on 1., 2., and 6. in the above,
we present our results for these amplitudes. To begin, let us recall the results of the
calculations performed in [68]. The authors of that work determined the box coefficients
for all NMHV gluon amplitudes in the dual conformal basis, leaving only the 6 — 2¢

pentagon coefficients undetermined. They found

_ 1
A% loop (k,%234’ k‘;234, k§234, ky, ks, kG) - _§f31 <8485I£2’3) + 5152[i5,6)
1
+86t11£3’5) + S3t1]f’6)> - §B2 <S5S6I£374) + 5253&671)

1
—|—81t21£4’6) -+ S4t2]§1’3)> — 533 <S651I£475) + 535414972)

,6—2¢

+satal{"” + 55t31§2’4)> + Ky eI D02y e P07

,6—2¢

Kl 07 4 Ko IS 4 Kpel 0 4 Rper{®072 (3.23)
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—loo 1
Ai oo (R1%% Ko, kg™ Ky k5™ Kg) = _iGl <S485Ii273) + 81821i576)
1
st 17 + 33751[4(:276)) - §G2 <S53614i374) + s9551{0Y)

1
+31t2IAE476) + 54752[4(:173)) N §G3 (‘9631[4&4’5) + 33341572)

(1),6—2¢

+32t31£175) + S5t3[£2’4)> + Frely (2),6—2¢

+ Fyel;

3)76726 (4),6726

+F3€IE§ + Fyely + f756.7§5)’672E + 15’6'6[556)’6726 ,

_ 1
A% loop (l{:%2347 k%234, k3a k;z,ll234a k?5, k6) — —§D1 <S4S5I£273) + 5132_[4&576)
+86tlfi + s3t1 I ) _D2 (SSSGLE e + SQSSLEGJ)

+81t2fi + s4to I ) D3 (Sﬁslli 5) 4 8334I§1’2)

),6— 6—2¢

+32t3fi + s5t3 I4 2 4 H261é2)7

,6—2¢

+ Hyel 072 4 110072 4 e D072 | pger(006-2¢
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(3.24)

(3.25)

All of the spin factors which entered into the box coefficients (B;, G;, and D;) were

determined. They are given by

1!2+3\4 4

23)[56]\*
Bo| L (123561 e ol
JHHI to i1

4
45
By (<>H> B
J—i—1 t3 j—i—1

( )
)
o - (G1romY'y < ETEN
- ()
()

3!1+2\6

O~

(3|2 +46]\* D241\ 4
22410 (1))
]—>J+1 to G—j+1

(1|2 4\* o1\ 4
| +6| B} +<<35>[6‘]> B
J—>J 1 i3 j—j—1

(3.26)

(3.27)

(3.28)

(3.29)
(3.30)

(3.31)
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and
4 4
D, = <4|1+2|3> By ( [56]> B}t (3.32)
Dy = <1|2+4|3 )430‘ <<24>[56]>4B< o] (3.33)
it t 0 it '
(4]1+216) 4
J—i— 1 753 j—i—1
where

_ Z,<12)<23>[45][56] (3|1 +216] (1|2 + 3 4]t
B 51525485(t1ta — 5285)(t1t3 — 5154)

(3.35)

Using the strategy outlined it 3.1, we reproduce the above and, furthermore, find explicit
expressions for the K;, G;, and H;.

Although the raw answers obtained using the method described in the last subsection
are already compact enough to fit on a single page, it is clearly desirable to find simpler
formulae (i.e. answers that fit on a single line). In their unpublished work on the
two-loop planar NMHV gluon amplitudes [84], Kosower, Roiban, and Vergu derived
explicit expressions for all possible pu-term hexabox coefficients. Motivated by issues
of IR consistency that we will elaborate on in Section 6, we evaluated the answers
they obtained numerically and were able to find a straightforward mapping between
their results and ours. To explain this relationship, it is useful to consider a concrete
example.

We consider the coefficient of the s;-channel hexabox integral® that appears in the
amplitude A2 loop (k{234 k3?34, k3?34 ky, ks, ke) calculated to all orders in e. It turns
out that this u-term hexabox coefficient and Ko (coefficient of the sj-channel 6 — 2¢
dimensional pentagon coefficient that appears in Ai_k’Op (k%234, k%234, k:%234, ka4, ks, k6))
are simply related:

Co

K .
2= 5K, (3.36)

where we have given the hexabox coefficient the convenient label ICo and Cj is one of the

variables that we used to define the reduction of the one-loop scalar hexagon integral

® A hexabox is simply a Feynman integral topology that looks a a hexagon and square fused together
and has nine propagator denominators.
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to a sum of six scalar pentagons in A.3:

6
1 (i)
Is = ; CiIs" . (3.37)

This relation makes a certain amount of sense if we think about collapsing the box

in the p-term hexabox to a point. This turns the hexabox p-term into a pentagon

p-term. Evidently, s; appears because we are working with the s; channel hexabox

and, perhaps, Cy appears because we are relating an object with six external legs to

one with five. In any case, the above relation will allow us to exploit extremely simple

results found for the NMHV hexabox coefficients [84] to write beautiful formulas for

the K;, F;, and H;. We find

K

Ks

Kg

?

i
2
v

2

1

—Cy

v
2
i

2

({2114 615] 12+ 314) (3] 1+ 216] + (5] 1 + 6]2] <12><23>[45][56])2
s653 (2] 6+ 115] (5] 6 + 1]2]

1

(3.38)
(3| 1+ 216]* (12)2[4 522
%5154 (3] 1+ 2]6] (6|1+2|13] (3.39)
(112 + 31]4]% (23)2[5 6]2t2
%5955 (12 + 3 4] (4|2+3|11] (3.40)
(<2V 14615 (1]2+3 4] (3] 1 +216] + (51 + 6 |2] <12><23)[45][56]>2
5653 (2|6 + 1 5] (5|6 + 1|2]
(3.41)
(3|14 2|6]% (12)2[45]%¢2
® 5154 (3] 1+26] (6\1+2|13] (3.42)
(112 + 31]4]* (23)2[5 6]2t2
O sas5 (12 + 3 4] (4|2+3|11] ’ (3.43)



Fy

Fy

F;

Fy

F5

62

v
51

Om6+1mH$2+4WHH3+5M+%%6+HM%ﬂ@ﬂﬂ&@502
5653 (5] 6+ 112] (26 + 1 5]

(3.44)

2
. «m1+2mﬁu3+5mﬁm4+6m (6]1+213] n3352646)

272 s154 (3[1+216] (61 + 23]

(3.45)

2
; «H2+3MKH4+6BH&5+1M (4)2+3(1] [24][46](31)(51)
3

2 soss (1] 2+ 3]4] (4|2 + 31
(3.46)
2
. (@M+1BH$2+M&QB+5M](%6+H526425153>
274 ses3 (56 + 1|2] (26 + 15]
(3.47)
2
; «$1+2MHH3+5MHM4+GM (6] 1+ 23] (13)(35)[26][46]
27° s154 (3|14 216] (6] 1+ 23]

(3.48)
OH2+3MHH4+GBH$5+1W+%M2+MHBMH&@D@102
5255 (112 + 3 4] (4] 2 + 3]1]

l
546

(3.49)
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and
. ((2\6+1|5]<1|2+4y3]<4y1+2\6]+<5\6+1\2](12><24>[35][56})2
= 3G 5653 (216 + 1[5 (5|6 + 1]2]
(3.50)
. <12>2<(3|1+2|6]<4|1+2|3][53]+<6]1+2\3]<4\1+2|6][56])2
H = L0
2 s154 (3|1 +21(6] (6] 1+ 23]
(3.51)
; [56]2<(1\2—|—3|4]<4|1+2[3]<24)+(4]2+3\1](1\2+4\3](21>>2
Hy = 30 sas5 (412 + 3[1] (1]2 + 3]4]
(3.52)
. ((2|6+1|5]<1|2+4|3]<4|1+2\6]+<5\6+1|2]<12><24>[35][56})2
H = Loy
2 ses3 (2|6 + 15] (5]6 + 1 2]
(3.53)
o 022311 +2)16] (411 +203][53] + (611 +23] (4] 1+ 216] 56])
Hy = 1O
2 5184 (3| 1 +2(6] (6] 1 + 23]
(3.54)
; [56]2((1|2+3|4]<4|1+2|3]<24>+<4|2+3\1]<1|2+4|3]<21>)2
Hy = ~C
2 s985 (412 + 3 1] (1] 2 + 3 [4]

(3.55)

We also checked these results against a Feynman diagram calculation.

These results have a couple of striking features of which we have only a partial
understanding. The numerators of all the spin factors (divided by the appropriate C;)
are perfect squares. Furthermore, the pentagon coefficients possess a certain i — i + 3

symmetry. What we mean is that the following surprising relations hold:

KK K K Ky Ko (3.56)
;. Cy Cy Cj Cs G

with analogous formulas for the F; and H;. As we will see in Section 6, this i — i+ 3
symmetry becomes clear when the amplitude is written in a way that makes a hidden
symmetry% of the planar S-matrix manifest. In the next section we explore an interesting

connection between all-orders-in-e¢ one-loop N = 4 amplitudes and the first two non-

trivial orders in the o expansion of tree-level superstring amplitudes. The explicit

5This hidden symmetry is called dual superconformal invariance and some background and motiva-
tion for it is provided in the second part of Appendix D.
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one-loop results presented so far in this thesis will provide us with useful explicit cross-

checks on the relations we propose.
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Chapter 4

New Relations Between Amplitudes in A/ = 4 Gauge
Theory and Open Superstring Theory

Before reviewing the scattering of massless modes in open superstring theory, we offer
a brief explanation of what motivated our investigation in the first place. Several years
ago, Stieberger and Taylor [26] calculated the lowest-order, O(a/?), stringy corrections
to N = 4 tree-level gluon MHV amplitudes.! They found that their result?,

[2-1]

7w AMHV
o2y 12 Ans12) ( Z i

str

Atree (k%234, 1234 g ,k;n)

[2-1]
— S Rk} + ¢+ Y 5““’“””"”))’
k=3 kE<l<m<n<N

I3

C(n) _ { _{ [[1]]%—2[[ + 1]]%—2} n > 4, even,
_{ [1)]n=s [[%H"gs} n > 5, odd,

2

SN

was precisely equal to —6¢(2) times the analogous one-loop N = 4 amplitude with a
factor of u* inserted into the numerator of each basis integral,

A%_IOOP (k{234 k3?4 ks, -+ k) [0 This non-obvious connection was actually

e—0

made by showing that both

Atree (1234 1234 g ) ‘ ALTIOOP (1234 1238 o gy (]
<1 2>4 <1 2>4

e—0

! As mentioned in the introduction, tree-level amplitudes of massless particles in open superstring
constructions compactified to four dimensions have a universal form [26].

2In Stieberger and Taylor’s notation, say at the six-point level, [[1]]1 = s1, { [1]]1 } = s1 + 52 + 53 +
84+ 85+ 86, [[1]]2 = t1, and {[[1]]2 } = t1 + t2 + ¢s.
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are, apart from trivial constants, equal to the all-plus one-loop amplitude in pure Yang-
Mills theory [83], AE&}E& (k1,ka,- - ,kyp). The only reason an equivalence between

Ai—loOp (%234’ k%234, k’S, . ,kn) [M4]
(12)4

=0  and A}j}ﬁ% (k1, ko, ks, -+ ,kn)

is possible is that both have the same manifest invariance under cyclic shifts i —
i+ 1. It is hard to imagine that additional relationships between N' = 0 and N = 4
amplitudes could exist because, in general, there is no reason to expect N' = 0 and
N = 4 amplitudes to have similar symmetry properties (for more general amplitudes
there is no trick analogous to dividing the one-loop MHV amplitude by (12)*). Indeed,
it is incredibly likely that this relation between pure Yang-Mills and N = 4 is purely
accidental. However, additional relations between superstring tree amplitudes and N' =
4 one-loop amplitudes are a more realistic possibility. It is this possibility that we discuss
in this section. The new results presented are based on work done in collaboration with

Lance J. Dixon (to appear in [85]).

4.1 Organization of the Open Superstring S-matrix

For the simple case of a U(1) gauge group, it has been known since the work of Fradkin
and Tseytlin [86] that the effective action governing the low-energy dynamics of open
superstrings ending on a single Dirchlet 3-brane (though the connection between gauge
symmetry and D-branes remained hidden until the work of Dai, Leigh, and Polchinski
in [87] and Leigh in [88]) is nothing but a supersymmetrization of the Born-Infeld action.

This action, expressed in terms of the Maxwell field strength tensor,

1
ﬁB[ = W <1 - \/Det( guy + (27[-90/)FNV ))
1 (2mga)? (2mga/) 7
= gl <1 e L oy
1 1

= —FuwFuw+3 ¢(2)ga” <FWF,,prUFm -1 (FWFW)Z) + 0 (g*a/*F)

was proposed long ago [89] as an alternative description of electrodynamics. In the
context of string scattering, the constant o' is identified with the string tension. A

natural generalization to the case of a U(N.) gauge group is realized [90] when the
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open superstrings under consideration end on a stack of N, coincident Ds-branes. This
situation is unfortunately much more complicated to describe with an effective action
and there is no known analog of eq. (4.2); despite intensive effort, the non-Abelian Born-
Infeld action, as it is commonly called, is only known up to fourth order [91] in . For
us, only the first two non-trivial orders in this expansion play a serious role. Due to the
fact that there is no N/ = 4 supersymmetrizable operator of mass dimension six that
one can write down in terms of non-Abelian field strengths and covariant derivatives,
the first two non-trivial orders in the o/ expansion are actually O(a’?) and O(a’®). In

our conventions, the non-Abelian Born-Infeld action is given by [92, 93, 94]

1 1

Lyapi=—7Tr {FWFW} +C(2)g%a” Ty {iFWFl,prng + FuFypFapFoy
1 1 3 - 3

= Fia P FupFop— ZFWFWFPUFW} +8¢(3)aB Ty {zg (FWFV,)FPUFWFUT

4 FFor FupFry oo — 3 FuFopFor FpuFrg ) + 4% (5 (DuFop) (Do) Fru For
1
8
+(Dr Fy) Fypo(DyFyp) For ) } 4O (/1T FS) (4.2)

1
+§(DuFup)Fw(Dqua)FaT — Fu(DuFpo)(DrFyp)For — <(DyFop) For(DuFpy) Fro

It is worth pointing out that normalization employed by the author of [94] differs from
that used above by a factor of two. This convention was subsequently adopted by [92]
and [93]. We have normalized our O(a/?) and O(a'3) effective Lagrangians so that they
reproduce the o expansions of the string scattering results given in [95], where the

leading-color four-point amplitude is

L(1+a't)I(1+ a't)
Atree(p1234 11234 0y AMHV
( 1 2 3y 4) 4;(12) F(1+a’(s+t))

str

= Ai/;lg;/) <1 —((2)st &? +¢(3)st(s + 1)

—C(44)st(452 + st +4t%) o + O(a’5)> - (43)

4.2 New Relations

We now return to the observed correspondence between the results of [83] and [26]

discussed briefly at the beginning of this section. By comparing the two references it is



68

easy to see that

L)

e—0

A (K ) | = —6CAT P (k) )

where the gluon helcity configuration is MHV and should of course match on both sides
of eq. (4.4).

Since our notation may not be completely obvious, we consider an illustrative ex-
ample. Specifically, we check that eq. 4.4 holds for the five-gluon MHV amplitude
ATIOOP (k%234, k%234, ks, k4, k5). In terms of unevaluated scalar Feynman integrals [83],

we have

_AMHV
A%—loop (k%234, @2347 ks, K, k5) _ ;;(12) <3233L§1)’ D=4—2¢ n 33341}52)’ D=4-2¢

Jr545515,), D=4-2¢ | 8551]£4)’ D=4-2¢ | slsglf)’ D=4-2¢
~2e &k, oy by k4>15D:62€> | (45)

Applying the dimension shift operation of [83] to the amplitude sends ¢ — € — 2 and
LY — 17 [u):

— AN, D
—loo : th D=d-2e
A% loop (k%234, @234’ ks, k‘4, k5) [M4] — % <3233LE ) [Nﬂ

5150 P8 — 2(e — 2) e(ky, ko, ks, oy TP =072 [,#]) . (4.6)
Applying eq. (2.89) gives
AMHY (1 —¢) _
AP (k{4 3P4 g, g, es) [[t) = —5’<12>2 <3233LE1)’ Do
fsgsg I (2 D=8 | g o fO) D=8=2e o (), D=s-2e
159 PTETE 9 — 2 e(ky, ko, K, k4)15D=10—26> . (4.7)

Finally, we take the limit as e — 0. As explained in 2.6, the terms which survive

are those proportional to the ultraviolet singularities of the dimensionally-shifted basis



69

integrals.

A%—loop (]{%234, /{%234’ k3, k4, k5) ['u4]

| =
~—

MHV
*A5;<12> 88(1)4-88(
0 2 >3\ 6 34

1 1 1 1
+8485< 6 ) +S581( 6 ) +8182( 6 ) —|—4€(1,2,3,4)< ﬂ ))

AMHV
= %({8283} +€(l€1,k2,k3,k4)> , (4.8)
where, following [26], {5253} represents the sum of sqs3 and its four cyclic permutations.

Finally, plugging this expression into eq. (4.4) gives the following prediction for

tree 1234 1.1234 .
Astr (kl ) k2 5 k3a k47 k5) ‘0(0/2)'

AMHV
Alree (1234 11284 ko ke ks) }O(aa): —2) 2 ({258} + el bz, kg, k) - (4.9)
By comparing to the all-n result for the O(a’?) stringy corrections given at the beginning
of this section, it is clear that the prediction of the conjecture for the O(a?) piece of
Alree (k%234, k%234, ks, k4, k5) is correct. It is obvious from the above analysis that we

would have been unsuccessful had we performed the dimension shift operation on the

expression normally associated with the five-gluon one-loop MHV amplitude,

~ AMHV
% <st3fil)’ b=tz 3334-74&2)’ o 34351:&3)7 PRy (4.10)

illustrating that eq. (4.4) is only applicable if one works to all orders in € on the field
theory side. We wish to stress that, although we find the language of [83] convenient,
we could have used the coefficients of the UV poles of N' = 4 one-loop MHV amplitudes
considered in D = 8 — 2¢ to define the right-hand side of eq. (4.4) and nothing would
have changed, apart from maybe an unimportant overall minus sign.

Now, suppose we want to generalize the Stieberger-Taylor relation. One obvious
question is whether we can relax their requirement that the helicity configuration on
both sides of (4.4) be MHV. Indeed, we will see that the relation actually holds for gen-
eral helicity configurations. Fortunately, Stieberger and Taylor calculated all six-point

NMHYV open superstring amplitudes in [29] (unfortunately not in a form as elegant
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as eq. (4.1)). As a first check, we verified that A}_lo‘)p (k{234 k3234, k3?34 ey, ks, ke,
AP (k1234 14234, ey 429, k), and AL (K123, kg, k12, kg, K2, k) all sat-
isfy (4.4). Shortly after going through this exercise, we realized that there is a more
general way to argue that the relation should be helicity-blind. In fact, we will see that
one can use all-orders-in-e A” = 4 Yang-Mills amplitudes to derive the O(a/3) stringy
corrections as well. The study of relevance for us was done by Dunbar and Turner
in [96]. They pointed out that the N” = 4 theory considered in eight dimensional space-
time has UV divergences and that the requirement that the counterterm Lagrangian
respect N’ = 4 supersymmetry fixes it uniquely to be the N’ = 4 supersymmetrization
of Tr{F*} (2nd line of eq. (4.2)), the same operator that appears at O(a?) in the
non-Abelian Born-Infeld action of [90]. Now it is clear why we found that, up to a
trivial constant, one-loop N’ = 4 gluon amplitudes dimensionally shifted to D = 8 — 2¢
are equal to the O(a'?) stringy corrections to ' = 4 gluon tree amplitudes: The un-
derlying effective Lagrangians are completely determined by dimensional analysis and
N = 4 supersymmetry. In other words, there is only one dimension eight operator that
is /' = 4 supersymmetrizable.

This is not, however, the end of the story. That the non-Abelian Born-Infeld action
is fixed to order O(a?) by N = 4 supersymmetry is perhaps more widely appreciated
than the fact that it is fixed by N = 4 supersymmetry to order O(a/3). It is highly non-
trivial to prove the above claim (see [92, 97]), but it is true. On the field theory side,
Dunbar and Turner showed that D = 10 — 2¢ counterterm Lagrangians are built out
of (an appropriate N’ = 4 supersymmetrization of) operators like F° and D2F*. Now
that we have the result of [92] in hand and we know that the O(a/3) terms in the non-
Abelian Born-Infeld action (eq. (4.2)) are also built out of F> and D?F* operators, we
can conclude that the requirement of NV = 4 supersymmetry will uniquely fix the linear
combination of D?F* and F® operators that enter into the D = 10—2¢ N' = 4 countert-
erm Lagrangian. As a cross-check, we evaluated A}_bOp (k%234, k3% k3, Ky, k5) [149] L—>0
and A%_bOp (k{234 k3?4 k3, ka, ks, ke ) [19] L—>0 and observed that, up to an overall fac-

tor of 60((3), the results obtained precisely matched the appropriate stringy corrections
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(eq. (4.1)). These observations indicate that an analogous relationship,

g (K )| =GO (o )

4.11
o) (4.11)

e—0
holds in this case, again, for arbitrary helicity configurations.

To summarize, we have seen that quite a bit of non-trivial information about the
low-energy dynamics of open superstrings is encoded in all-orders-in-e one-loop N = 4
amplitudes. At this point, one might hope that the trend continues and the stringy
corrections are all somehow encoded in the N’ = 4 theory considered in some higher
dimensional spacetime. Unfortunately, there is no analog of eq. (4.4) and eq. (4.11) at
O(a'). Tt is not hard to see this explicitly at the level of four-point amplitudes.

Based on our experience so far, one might expect the four-point MHV amplitude
dimensionally shifted to D = 12 — 2¢ to match the O(a/?) stringy correction given in

eq. (4.3) up to a multiplicative constant. However, a short calculation shows that

st(2s% + st + 2t2)
— AN, (4.12)

AlTloop (1234 p1234 b 4y 8) =0 840

which does not have the same s and ¢ dependence as the O(a’*) stringy correction,

4
Atree(k%234,/€%234,]€3, ]434)‘0 — —C(4)St(452 + st + 4t2)A{4\/7[<PS§ ) (413)

str (a’4)

Although it was originally hoped that N' = 4 supersymmetry would constrain the
non-Abelian Born-Infeld action to all orders in o, it is now clear that this already fails
to work at O(a/*) [97]. Since it is illuminating, we repeat the argument of [97]. One
can easily see that there must be more than one independent N = 4 superinvariant
at O(a™) by comparing the O(a’*) terms in the Abelian Born-Infeld action to the
O(a’*) terms in the non-Abelian Born-Infeld action responsible for the O(a™) piece
of the four-point tree open superstring amplitude. It is clear from eq. (4.2) that the
Abelian Born-Infeld action doesn’t contain any derivative terms. On the other hand,
operators of the form (DF)* are the only dimension ten operators which can enter into

and produce the observed O(a/*) four-point tree-level superstring amplitude [94],

4
AL (k™ k3™, kg, k) . —C(4)st(4$2 + st + 4t AL (4.14)



72

Since the O(a) terms in the Abelian Born-Infeld action form an A/ = 4 superinvariant
by themselves (since they are present in the Abelian case where no derivative terms
are allowed), the linear combination of operators of the form (DF)?* responsible for the
above result must be part of an distinct N = 4 superinvariant.

Before leaving this section, we make one further remark about our results at O(a'?)
that is relevant to n-gluon scattering. We initially suspected that the stringy corrections
at this order in o/ would obey a photon-decoupling relation exactly like the one in pure
Yang-Mills at tree level, where replacing a single gluon by a photon produces a vanishing
result. This turned out to be a little too simplistic. The Tr{F*} operator that governs
the dynamics at this order in o/ can, in fact, couple one or even two photons to gluons.
However, once you have replaced at least three external photons, the matrix elements
do vanish, so long as at least one of the gluons touching the insertion of Tr{F?*} is

off-shell.

For example, replacing, for sake of argument, gluons @234, ks, and k4 by photons

results in the identity

0 = AGEE R M kb)) o+ A P bk )|+

Atree<k%2347 k‘3, ]C4, k%234, k5)

str

+ AL (k3 Keg, k33 Koy, Ks)
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+ AE??E(]{}Q?A’ I€47 k%2347 k37 k5) +
O(a/2)
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str str
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An immediate out-growth of our three-photon decoupling relation for Tr{ F*} matrix
elements is a plausible explanation of the observation [98] that, for the all-plus helicity
configuration at one loop in pure Yang-Mills, replacing three gluons by photons always
gives zero for the five- and higher-point amplitudes. Stieberger and Taylor showed
that MHV Tr{F*} matrix elements are closely related to the all-plus one-loop pure
Yang-Mills amplitudes and, therefore, it is reasonable to expect the photon-decoupling
identity discussed above for Tr{F*} matrix elements to carry over to the all-plus one-

loop pure Yang-Mills amplitudes as well.
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Chapter 5

On-Shell Superspace and All-Orders One-Loop N =4

Superamplitudes

So far in this thesis, N' = 4 supersymmetry has played a somewhat peripheral role in
that all results have been presented in component form and we have rather unfairly
focused on computing n-gluon amplitudes. In this section we discuss a powerful for-
malism that unifies all amplitudes with a given k-charge!. We will see that this is
naturally accomplished by introducing auxiliary Grassmann variables. Essentially, the
point of introducing these variables is that it allows one to make manifest that the
S-matrix is SU(4)g invariant, N' = 4 supersymmetric, and that the action of these
symmetries connects all scattering amplitudes with the same multiplicity and k-charge
but different external states. The goal is to replace the scattering amplitudes studied so
far (amplitudes with a particular SU(4) g index structure) with ' = 4 superamplitudes,
SU(4) g invariant objects that contain as components all N’ = 4 amplitudes of a given
multiplicity, n. Writing results in terms of superamplitudes will also allow us to give
a less heuristic definition of k-charge. Indeed, this section should make it much more

clear why we use SU(4)g indices to label component A/ = 4 scattering amplitudes.

'Recall that, so far, we have defined the k-charge of an amplitude operationally as how many
complete copies of the set {1,2,3,4} appear in the helicity labels of the amplitude’s external lines (e.g.
A(ky, k3%, k3, kg, k22, k3*) has k-charge two).
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5.1 General Discussion of A/ =4 On-Shell Superspace

Let us remind the reader how the massless N’ = 4 supermultiplet is usually constructed.

Normally, one begins by taking the anticommutator of the N' = 4 supercharges

{Qaav Qb O'z} = 6ba Pad

= 5% Aadd (5.1)

and then picking p* = (p, 0,0, p) to define a preferred reference frame. It is then follows
that some of the supercharges anticommute with themselves and everything else in this
frame and others act as creation (@, i) or annihilation (Q%) operators on the space of
states. This approach is useful for some purposes (like determining the particle content
of the massless supermultiplet) but to describe scattering it is better to try and build
a formalism where the supercharges act as creation and annihilation operators on the
space of states in a manifestly Lorentz covariant way.? Our goal is readily accomplished
if we introduce a set of four Grassmann variables, {77%, 77?, n?, nzl}, for each external four-
vector, py, in the problem. Then one can easily see that (suppressing the ¢ label for
now)

a a 2 - 0
Q% = Aan and Qva = )\o'cainb (5.2)

together satisfy (5.1). Furthermore, the introduction of the n® allows one to build a

super wavefunction (Grassmann coherent state) for each external line

1 1 _
(p,n) = GT(p)+n"Ta(p) + gn“nbsab(p) + gn“nbnceabcdfd(p)

1 _
11 €abea G (D) - (5.3)

which makes it possible to consider scattering in a manifestly N' = 4 supersymmetric
way. To convince the reader that (5.2) and (5.3) make sense, we must construct the
covariant analogs of Qil and Qj i in the traditional, non-covariant approach (i.e. we
need to identify the relevant creation operators). In fact, given that A*Q%, = 0 and

Qs A\ =0 (the supercharges only have components parallel to \* and :\d), we can

2This alternative approach is not new [99, 100], but its power was not properly appreciated until
very recently [6, 101, 27].
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read off the analogs of Q%; and Q ;i the annihilation and creation operators are simply

C C

the components of the supercharges along the directions of the spinors, a° = Q¢ =7
and &L = Qg = 0/0n?, and they satisfy the algebra
{Q°, Qq} = 6. (5.4)

Now that we know what the creation operators are we can act on the super wavefunction
(5.3) in various combinations. All that we have to do to show that (5.3) is complete
and correct is find some combination of creation operators (n derivatives) that isolate

each term in the super wavefunction. Following [6, 28|, we have

o) =GB) Q)| =Tu®)  Qu@®(pm)| = Sulp)
n*=0 ne=0 n*=0
Q@) =TUp) [ 0uQQu ()| =G ().

: n¢=0 4! n*=0
(5.5)

Evidently, our on-shell superspace construction is well-defined and it therefore makes
sense to speak about N' = 4 on-shell superamplitudes, A(®q,---,®,), that take into
account all elements of the planar® S-matrix with n external states simultaneously. The

n-point superamplitude is naturally expanded into k-charge sectors as*

A(q)lv"' 7(1)71) :-An;Q +An;3 + "'+-An;n—2- (56)

So far, we have defined k-charge at the level of component amplitudes. For example,

A(pi234 pa%4 p3 py) and A(pi234, pd%, pi. ps) both have k-charge two because one needs
two copies of {1, 2, 3,4} to label their external states. At the level of the superamplitude,
the k-charge of a given term on the right-hand side of (5.6) is determined by the number

5 In this thesis, we will

of Grassmann parameters that appear in it divided by four
often abuse notation and refer to A, (a k-charge sector of the superamplitude) as a

superamplitude since there is usually no possibility of confusion.

3Clearly, at the moment, this is a choice we are making since supersymmetry commutes with color.

4 As discussed in Appendix C, the k = 0 and k = 1 sectors (and by parity the k =n — 1 and k = n
sectors) are identically zero for non-degenerate kinematical configurations.

®The SU(4)r rotates the Grassmann parameters into each other and the superamplitude must be
a singlet under R-symmetry transformations. This is impossible unless, for a given term, each SU(4)
index, {1,2,3,4}, appears the same number of times.



77

tree

We now turn to the MHV tree-level superamplitude, A;75°, which has the sim-
plest superspace structure and can be completely determined by matching onto the
Parke-Taylor formula (or any other component amplitude for that matter). Clearly,
the simplest possible superspace structure is given by the eight-fold Grassmann delta

function itself and corresponds to the first term on the right-hand side of (C.5),

AL =1 H Z ijynent AlS (5.7)

a=114,5=1

where we have used the explicit formula for the Grassmann delta function §® (Q?,)
derived in Appendix C. Suppose we are interested in computing

A”ee( 1234, p1234,p3, cee pn) using Aff%e To compute this amplitude one expands
(5.7) and extracts the coefficient of nininininininins. In the future, we will write this

combination as n}23*73234 to save space. The result of this calculation is the numerator

of the familiar Parke-Taylor amplitude times Af{%e

At (I I ) = (12)1 AL (53)

It follows that

A = e D (5:9)

and

pree _ 76 Hamy Sty (i)0m]
A =i <12>1<23)j. : (n1) (5:10)

We have successfully given a unified description of all MHV tree amplitudes in N = 4.

It is worth reminding the reader that superspace structures are exact and independent

of the loop expansion. Therefore, we can immediately write

_ Ha 12 g1 (G )i G> N p2¢e1E"
.An;Q =1 16 < ><2 3>J < 1> (1 + (W)Q_e) Ml_loop

2N QEef'yEe 2
+ (%) M2_100p+---> (5.11)

as well, although the determination of My,_j,0p, may be quite non-trivial. In the above

we still suppress the tree-level gauge coupling and color structure, worrying only about

relative factors between different loop orders.
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Before moving on to more non-trivial examples, we point out an important subtlety
related to the special case of n = 3 in eq. (5.10). Our experience with scattering
amplitudes suggests that we should also be able to define the MHV and anti-MHV
three-point superamplitudes, Ajs. and /13;2, even though, naively, it would appear
that any superamplitude with four Grassmann variables in each term must vanish due
to supercharge conservation (Appendix C). After all, the Grassmann polynomial that
expresses supercharge conservation already has eight Grassmann variables in each term.
There is a way out, however, if one allows for degenerate kinematics. For three-point
kinematics we have p; = —py — p3 which implies that 0 = p? = (23)[32]. Making the
choice [23] = 0 and (32) # 0 leads to the three-point MHV superamplitude (setting
n = 3 in eq. (5.10)) and making the choice (23) = 0 and [32] # 0 will lead us
to the anti-MHV three-point superamplitude. Setting all of the holomorphic spinor
products to zero in the three-point amplitude forces all of the holomorphic spinors to
be proportional to one another. Quantitatively, this means that A\, = cpx. for some
spinor X, and coefficients ¢y. Consequently, the total supercharge can be written as
Q% = Xa Z?:l ceny. The point is that now the o dependence just sits in the spinor
Xo Which pulls out of the sum over ¢. Overall factors inside delta functions can’t
lead to non-trivial constraints and it follows that the overall supercharge conserving
delta function is only four-fold in this special case. It is very instructive to realize this
discussion explicitly and determine the superspace structure of As.o.

We start with momentum conservation

Aa1Aa1+Aa2Aa2 + AasAas =0 (5.12)
and project by taking the spinor product of this equation with, say, Aat:
Aa2[21] + Aa3[31] = 0. (5.13)

Permuting labels, we can also write

Aa1[13] 4 Aa2[23] = 0. (5.14)
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Solving for A, 1 and A, 3 in terms of Ay 2, we find

3
2 3|n¢
ng = Z)‘afn?:_)\a2[[1]31]71
=1

_ [23]nf + [31] 05 + [12]ng
- &“( B 3)

21]ng
Aa 2y — Ago—>
+ Aa 27 2 {3 1]

(5.15)

and the arguments of the last paragraph imply that the superspace structure of /_13;2 is
simply

4
sW([23]nf + [31]m3 + [12]n3) = [[ (123§ + 3105 + [12]n) .

a=1
Now that the superspace structure of /Ig;g is fixed, it is a simple matter to match
onto, say, the anti-MHV three-gluon amplitude and determine the entire superampli-
tude. As it stands, we have
4
Az = Ay [T (123108 + [B1] 05 + [12]n5) (5.16)
a=1

Expanding out both sides of eq. (5.16) for, say, A" (k%234, ko, kg) and extracting the

coefficient of 71?34, we find
~ 4
AT (kP ko ky) = A [T (12308 + [B1)m5 + [12]15)
a=1
i23)* n 4
e = Aj,[2
[23][31][12] 32(23]
i 1/
e = Aso- 5.17
PEENIE (5.17)

Thus, we finally have

Ay — Z.Hi:l (23] nf + [31]ng + [12]n3)
&2 1223]331]

(5.18)

As we will see, the superspace structure of the six-point NMHV superamplitude is in
some sense built out of pieces of ./_l3;2. The superamplitude Ag.3 is of particular interest
for us because it represents the desired supersymmetrization of the results derived in
Section 3. To proceed, we need to know the superspace structure of Ag.3 and which
component amplitudes are required to nail it down. Happily, this difficult problem was

solved in a recent paper by Elvang, Freedman, and Kiermaier [101]. Here we simply
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present their formula for Ag.3 and refer the reader interested in the derivation to C.2.

The result is

B 5(8) Q° 3 4
Aé;?}oop - M <A% loop (pi2347p27p37p47p%2347p(15234) H([?) 4} "7? + [4 1} "7§
a=1
3
-1
+H[13] ) + A (01, 13, ps, pa, 057 o) T (134] nf + [41] g + [13] 0§) x
a=1

2
1-1
x ([34) 5 + [42) n3 + 23] ni) + A, (1%, 03", p3, pa, 37", ™) ] (134 nf

a=1
4
A1) ng + [13] ng) [T(134] n5 + [42) ng + [23] ng)
a=3
4
+A;T (p1, 3™, ps, pa, p87, o) (34] i + [41] mh + [13] i) [ (134) n8
a=2

1-1
+[4 2] ng T [2 3] T’Z) + Al ooP (p17p52347p3)p47p%2347pé234) X
4

x [T (1341 ng + [42] g + 23] ) ) -

a=1

(5.19)

It is also well-known that, when used in conjunction with the four dimensional helicity
scheme [102], results derived from supersymmetry such as the above hold order-by-order
in the dimensional regularization parameter. If we want to use the above formula to give

a supersymmetrized version of the all-orders-in-e six-point NMHV superamplitude, we

have to somehow determine the pentagon coefficients of A%_IOOP (p%%, D3, D3, Das pé234, pé234
1-1 1-1
A7 (pi2, 3%, p3, pa, pEP4, pE*3Y), and A7 (pi, p3*t, p3, pa, i34, pg***) (the box

coefficients for NMHV amplitudes with pairs of scalars or fermions were already com-
puted in [103] or can be deduced from [104]). In this thesis we are focused on computing
the unknown pentagon coefficients and we will therefore suppress the box contributions
to N/ = 4 amplitudes throughout the rest of this work except when it is desirable to
include them for pedagogical purposes.

Now, there are two ways that we could try and go forward. One would be to try
and match the superamplitude onto three different pure-gluon amplitudes that we have
already computed and solve a linear system to determine the eighteen unknown pen-
tagon coefficients (one system of three equations in three unknowns suffices to determine

all eighteen unknowns by virtue of the leading singularity method). Alternatively, we
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could try and determine the coefficients directly by combining the leading singularity
method with D dimensional unitarity, as was done in Section 3 for six-gluon ampli-
tudes. Either way we will have to simplify the rather complicated results obtained
using BCFW shifts. In this section we try both approaches although it would proba-
bly be easier to use the first to determine everything. In Subsection 5.2, we compute
amplitudes with fermion/anti-fermion pairs directly because, if we’d like to claim that
our approach to D dimensional integrand reconstruction is applicable in principle to
one-loop QCD calculations, it is important to see that the calculational method dis-
cussed in Section 3 can handle amplitudes where some of the external gluons have been
replaced by fermions. For the final amplitude with a scalar/anti-scalar pair we obtain

the result in Subsection 5.3 by matching onto the result we derived in Section 3 for

1-loop (, 1234 1234 1234
Al (pl y P2, P3 , P4, D5 7p6)'

5.2 NMHV Amplitudes With a Fermion/Anti-Fermion Pair

The approach that we use in this subsection to calculate the higher-order in e pentagon
coefficients for ATlOOp (k1234 k3?4 k3?3, k3, ks, k) is completely analogous to the ap-
proach outlined in Subsection 3.1 for six-gluon amplitudes. There are, of course, a few
minor differences. The diagrammatics are a bit less obvious and some of the three-
point tree amplitudes used to reconstruct the one-loop integrands are different. We
will need the three-point vertex for a fermion, anti-fermion, and a complex scalar in D

dimensions. This is just a Yukawa coupling:
Al (—pr ki, (p — k) p) = du(p)u(p — k1) . (5.20)

As the attentive reader may have suspected, we are actually going to compute

ApTIOP (k1234 3234 kL K334 ks, k) instead of A} (ki k3P4, ks, ka, 3234 KPY) to
make life as easy as possible. If we compute A%flOOp (k:%234, k%234,k1,ki34, k:5,l<:6), it
will turn out that we can recycle the four-vertices (egs. (3.18) - (3.20)) that we used
in our six-gluon calculations. All we have to do is rewrite eq. (5.19) with shifted

component amplitudes. Going through the proof in C.2, we see that this is an entirely
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straightforward exercise and we arrive at

1—loop __ 5(8)(6\?3) 1—loop 1234 7,1234 71,1234 = a a
AP = g o (ATTOP (k]2 2 k) s ks o) L1056+ 163 o8

[56]4(12)*
3
+[3 5] ﬂg) + Ai—loop (k%2347 k%2347 k§237 ki? k57 kﬁ H 6 3] 775 [3 5] 773) X
- 2
-1
X ([56] 74 + [64] n3 + [45] ng) + A% (k12 k5254 kg? k3 ks, ke) [ [ ((56] g
a=1
4
+(63] n§ + [35] ng) [[(156] n§ + [64] 0§ + [45] n§)
a=3
FATTIOOP (1234 223 gL k3 ks k) ([56] ns + [63) nd + [35] ng)
4
LT (156] n§ + [64) ¢ + [45) 5g) + Ay "0 (k323 k5234, kg, ki, ks, k)
a=2
4
x [J(156] n§ + [64] ng + [45] né’)) (5.21)
a=1

with very little effort.
Also, when we say compute the amplitude, what we really mean is compute the

pentagon coefficient of Iél)? D=6—2¢

. Once this function is determined, the leading sin-
gularity equations give the rest of the pentagon coefficients for free. We denote the first
diagram M, the second M;; and so forth (the particle content of each topology will

be quite clear from the expression that we present for it). We present each of these

o ()

e¥(ps + ks + ko) [4|vau(ps — k1 — ko — k3)u(ps — k1 — ko — k3)v8|3)

contributions in turn:

1—loop 1234 1234 123 1.4
AT (K2R, 1 )

e B(py — k1 — ko)iv/26* 75 (py + ks + Kg) (e+(k5) (ps + k5 + K6) Gy
+ks ps €0z (ks) — ks oy 6:{5(/65))805 (P« + k6)e™ (ps + ko)
g (50 e < (k) e g

et (ko) - p« k1oe, (k1) —€ t(ke) - px k1p e5 (k1) +e (k1) - px koo 52—(196)
(k1) - D ko 5 (o) = K - ks, (k)ed (ko) )2 (ps — k)
iV2e 2 (p, — k) (7 (k2) + (B = k1) G + Kz 7, (k)

—k20, €, (kz))EJQ (px — k1 — k2)
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= R (p, — b1~ b — K + 05037

(e (Ks5) - (Dx + k5 + k6) Gpsos + ks ps €4 (k5) — ks oy €55 (K5)) 977
(7 k) - b ¥ k) - D po =¥ ) - e Ko (1)

—e" (ko) - px k1p €5 (k1) + e (k1) - pu koo 5 (ko)

—e (k1) - p« ko p €4 (ko) — k1 - kee, (k1)e] (ka))

977 (7 (k2) - (P« — K1) Gpoon + K2y €5, (K2) — k20, €,, (K2))

S <Q§>

[4]7ae** (px — k1 — ko — k3)u(ps + ks + kg )u(ps + ks + ke )¢ T (ks)u(ps + ko)
i(ps + ko) - ™ (ko) _ _ -

(e e + kot (ut, — k) ) = kg (k)

u(ps — k1 — ko) a(ps — b — ka)ype” (pe — k1 — ko — k3)[3)

_i(ps + ke) - €T (k)

T4 <1!6p* 1] PR (P, + K + K + 1)

7 (ks)(p, + Ko + )~ (k) (p, — Ky + g (k2)(p, — k1 — Ko+ 10)7813)

(5.22)

1-loop (71234 71234 7,123 1.4
A1Mu(k1 Ty k™ Ky ks, K )

(5.23)

1—loop 1234 7.1234 7,123 1.4
Al;MIU (kl ) k2 ) k3 ) k4’ ks, kG)

JONN
(0)*[4|u(ps — k1 — ko — k3)u(ps — k1 — ko — k3)[3)

. 2
(=V2i(p. + ks + hs) - * (k) m (~V2itp. k) (k) (520

2
= il — by~ )+ s+ ) 2 ) P ) ),

1-loo 1234 7.1234 7,123 14
AT (k324 323 K32 K ks, ko)

7 = —(i)2[4\u(p* + ks + ko)

( sty b+ ko) up, + k6>)

i(ps + ko) - €T (kg) _
<1|27*|1} Za(ps + ko)t~ (k1)u(p*—k1)(_

NG
W(ps — k1)¢ (k2)u(ps — k1 — k‘2)>ﬁ(p* — k1 — k2)|3)

ilpat ke) - <t (ko)
== ap e ks k)

#(ks)(p, + ko)t~ (k1) (p, — K)E~ (k2)p, — Ky — K2)I3) - (5.25)
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Combining egs. (5.22) - (5.25) with the appropriate multiplicities, we finally find

1—loop 1234 71,1234 1,123 1.4
Al (]Cl 3 k2 9 k;?) 3 k47 k5’ kﬁ)

o

1-loop (11234 71234 1,123 1.4
Ay My (k0™ kg™, k™, K s, o)

i

1-loop (7.1234 ;1234 ;123 ;.4
AL Ny (R k™ kg™ R s, )

M

1-loo 1234 31,1234 7,123 1.4
+3A1§ MIII)I (kl ) kQ ’ k3 ) k47 ks, k6)

M

1—loo 1234 71,1234 1,123 1.4
+3A1;M[€ (kl ) k2 ) k3 ) k47 k57 kﬁ)

o (5.26)

In the above, the overall phase of the diagrams was deduced by first calculating an MHV
amplitude with an external fermion/anti-fermion pair and then matching it onto the
known result, obtainable from eq. (3.16) and the known MHYV superspace structure (eq.
(5.10)). Once the correct phase is determined for the A~ '°°P (k1234 ko, ki3, kit ks, ke)
pentagons, it is straightforward to obtain the correct phase for the NMHV amplitude
of interest by flipping the polarization of second gluon. As before, we should project
the pentagon integrals onto the dual conformal basis using (2.74) before attempting to
simplify the result. After trying all BCFW shifts, we were able to find a simple formula

for the above pentagon coefficient. Suppressing the overall factor of € from (2.74), we

find:

i (@615 (124314 411+ 206 + (51 +6]2) (12)(24)45][56])
K =2c X
2 (2/1+65] (5] 1 + 6 2] 5356

x(<2] 1465 (12 +3]4] (3| 1 +216] + (5] 1 + 6 |2] <12)(23>[45][56]) : (5.27)

where the C; appear in the reduction of a massless scalar hexagon integral to a sum of
one mass pentagons and they entered into our six gluon results in Subsection 3.2.

The Iél); D=6-2¢ 1, ontagon coefficient of A%_IOOP (k{%34 k324 kS, k34 ks, ke) ‘](1) can
be derived in a completely analogous fashion. We will not describe the calculat?ion in
detail because it is extremely similar to that above but the final result is, of course,

important and we present it using the similar notation:

i (@I 615] (1124 314] (4] 1+ 216] + (511 + 6 2] (12)(24)[45][56])
a = X
2 (2] 1+ 65] (5] L+ 6]2] 5356

x(<2y 14 65] (1]2+3]4] (4] 1+ 216] + (5] 1 + 6 |2] <12)<24>[35][56]) : (5.28)




85

In H { ! above, the origin of the overall minus sign is a reflection of the fact that our D
dimensional generalized unitarity technique naturally computes

1—-loop (71234 1.1234 1.4 1.123
A]. (kl 9 k? ) kg; k4 ) k57 kﬁ)

oy which is off by a minus sign from
5

=/

1-loop (7.1234 1.1234 1.1 1.234
Al (kl s k2 ) k37 k4 ; k57 kﬁ) =
5

Before leaving this subsection, let us say a few more words about how we de-
rived eqs. (5.27) and (5.28). We treat (5.27) but (5.28) is no more difficult. In
fact, (5.26) is particularly easy to simplify down to (5.27) due to its similarity to

1—loop (71234 ;.1234 1.1234
Al (k;l 5 k;2 5 kg 3 k47 k57 kﬁ)

S Comparing eq. (5.27) above to

; (<2y 1465 (1]2+314] (3| 1+ 216] + (5] 1 + 6 [2] <12><23>[45][56])2
Ki=356 s653 (26 4 115] (5] 6 + 1 2]

(5.29)
from Subsection 3.2, we see that one BCFW shift is particularly helpful in determining

the analytic structure of K { T Suppose we make the shift

)\3 — )\3(2’) = )\3 + 2z

/\4 — )\4(2’) = 5\4 — 25\3 R (5.30)

on the unsimplified formula for K { ! given by eq. (5.26). What we will find is that this

shift evaluated at a random phase-space point looks like
KT+ K2

evaluated numerically at the random point. This immediately tells us to just take one

of the factors of
( (2[(1+6) 5] (1] (24 3) |4] (3] (1 +2) [6] + (5] (1 + 6) [2] (1 2)(23)[45][5 6])

in K7 and replace A3 with A4 in that factor to get K { I of course, there is no guarantee
that something like this will work in general, but we will see that we are also able to
guess a simple result for the first pentagon coefficient of the scalar/anti-scalar amplitude

considered in the next subsection.
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5.3 NMHYV Amplitudes With a Scalar/Anti-Scalar Pair

In this subsection, we use the results that we have so far for

Ai—IOOP (k1234 1284 1234 o ko k), A}—IOOP (K124 k1234 Loy R1234 g k),

A%*IOOP (k:%234, ki, k234 kg k1234, kiﬁ), A%fIOOp (k1234 1234 1128 g4 ko kﬁ),

and A%_IOOP (k%234, ka%34 ke k234 ks, kﬁ) and eq. (5.21) for A3 to deduce an expression
for the I, él); D=6-2¢ pentagon coefficient of

ATIOOP (k1234 k3?34 k3% k3%, ks, k). Clearly, the first step is to expand eq. (5.21) and

extract the coefficient of 77%2347@234

ni?34. Doing this results in the relation
AP (K1, g 13 )
(113 +516)*
(12)1[56]"
(113 +56]° (31)[6 4]
(T2
(1]3 +5(6]° (31)%[6 4]
(12)4[56])

(113 +516] (31)°[6 4
[T2)156)
(31)1[6.4)"
(12)1[56]*

1—loop 1234 71,1234 71,1234
Al (kl ) kQ 9 k3 9 k47 k57 k6)

+6

2
1—loop 1234 7,1234 1,12 1,34
Al (kl 7k2 7k3 7k4 7k57k6)

+4 AL (k{250 k3K ks, )

i A%floop (k%234, JA284 o j1234 p ko) (5.31)

1); D=6—2¢

which can be used to trivially solve for the I é pentagon coefficient of

1—loop 1234 1.1234 1.12 1.34
A]. (kl 7k2 ,kg 7k4 7k57k6)‘

We can simplify the complicated looking expression that results by using BCFW
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shifts. By examining the results that we have so far

i (21146151 (112+3]4(3]1+2]6] + (5] 1+ 6]2] <12)(23>[45][56])2

K= 54 (2]1+615] (5|1 + 6 |2] 5356
(5.32)
- (@ els 112+ 314 (411 +206] + (5] 1+ 612] (12)(24)[45][56])
K{f = *Cl X
> 2114615 (5] 1 + 6 2] 5356

x(<2\ 146(5] (1|2 +3 4] (3] 1+ 26] + (5| 1+ 6]2] (1 2><23)[45][56]> (5.33)

, . ((2|1+6|5]<1|2+3|4]<4|1+2\6]+<5\1+6|2]<12><24>[45][56])
= -
2 (2] 1+ 65] (5] L + 6]2] 5356

x<(2\ 14 65] (1|2 + 3 4] (4] 1+ 26] + (5|1 +6]2] (1 2><24>[35][56]) (5.34)

X

i ((2]64— 115](1]2+4|3] (4| 1+ 2|6] + (5|6 + 1 2] <12)(24>[35][56])2
H = -
2 (2/1465] (5| 1+ 62] s3s6

(5.35)

]él); D=6-2¢ pentagon coefficient of

we see that a natural guess for the

1-loop (7.1234 1.1234 1.12 1.34 .

i (@615 (1 2+ 314 (4] 1+ 216] + (5] 1+ 6 |2 (12><24)[45][56])2
My =y
2 211+ 615 (5] 1 + 6 [2] 5356

(5.36)
because it has a factor in common with both K { T and H { ! In fact, this is almost right.
If we try subtracting eq. (5.36) from the expression obtained by solving eq. (5.31), we

find that what’s left over is easily determined using BCFW analysis to be
cC1{12)°[56”
which implies that the entire pentagon coefficient is given by

i ((@I1+615](112+3]4] (4] 1+ 2]6] + (5] 1+ 6 |2 (12><24>[45][56]>2

M = —C
! 2 1( (2[1+65] (5] 1 + 6]2] s356

+%<1 2)2[5 6]2> (5.37)

All of the necessary pieces are now in place and we can use them to determine all of
the higher-order terms in the N/ = 4 superamplitude Ag;3. We do this in the next

subsection.
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5.4 The N = 4 Supersymmetrization of the Six-Point NMHV Ampli-

tudes

In this subsection we use the results derived in the last two subsections and some of those
derived in Section 3 to write down the full form of the higher-order in € contributions
(in the dual conformal basis) to the one-loop planar six-point NMHV superamplitude.
We present all of the higher-order pieces of the component scattering amplitudes that
appear in eq. (5.21) for Ag3. To determine the other pentagon coefficients we first
solved the requisite leading singularity equations numerically using our 15(1); D=6-2¢
pentagon coefficients as inputs. Then, based on the analytical formulas obtained in
this section and the last, we found it straightforward to guess appropriate compact

formulas for the remaining undetermined coefficients, checking everything numerically

against our numbers from the leading singularity equations. If we first define

i (2116051124314 (3]1+2]6] + (51 +62] (12)(23}[45][56])2

K, = -C
! 2! s653 (264 115] (5] 6 + 1 2]
(5.38)
i, (3|14 2]6]*(12)2[45]%2
Ky, = -C 5.39
2 2 5154 (3] 1+ 2(6] (6|1 + 23] (5:39)

i, (1]2+ 3[4 (23)%[56)%3
Ky = -C 5.40
5 2 % suss (1124 34] (4]2 + 3]1] (5.40)

. (<2| 1465 (1] 2+ 3]4] (3] 1+ 216] + (5] 1+ 6[2] (12)(23)[45][56])2

K, = -C
4 21 s653 (26 4 115] (5] 6 + 1 2]
(5.41)
i, (3|1+21]6]%(12)2[45)%2
Ks = -C 5.42
b 2 " s154 (3[1+216] (61 + 23] (542)

i, (1]243]4]*(23)2[56]%2
Ks = =C : 5.43
0 2 %snss (1124 34] (4]2 + 3]1] (5.43)
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; @%1+6MHH2+3MH$1+2W+%a1+GBH1%@$HHBQ)
2 5653 (26 4+ 115] (56 + 12]
><(<2y 1465 (12 +34] (4|1 +216] + (5|1 + 6 2] <12><24>[45][56]) (5.44)

X

1

i (@216 (12)[45)0 ) ([45112) (45 4+ 6[3] (34 + 516] )
22 5154 (3|14 216] (6] 1 + 23]
Jt

i (2314 @3)560n ) (1561(23) (112 + 314] (411 + 23] )
—(C4

(5.45)

s285 (1|2 + 3 ]4] (4]2 + 3 1] (5.46)

(2114615 (112 +3]4] (3] 1 +216] + (5] 1 + 6 2] (1 2)(23)45][56]
04 X
S683 (2‘ 6+1 |5} <5| 6+1 |2]

@m1+ﬁwﬂu2+3MHM1+2m <a1+6pnlm@@mem)@43

i
2

i0(<3|1+2|6]<12)[45t>([ 51(12) (415 + 613] (3] 4 + 516 )

It
27" s154 (3| 1+ 26] (6] 1+ 23] (5.48)
i (123143560 (156123) (112 + 3141 (4] 1.+ 213]) 4
27" 5255 (124 3141 (421 3 1] (5.49)



8™
M;

8™
My

ss*
M3

ss*
My

ss8*
Mg

8™
Mg

?
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(((2\1+6|5} (11243 4] (4]1 +216] + (5|1 + 6 |2] (12><24)[45][56]>2

+§<1 225 6]2>

1
2

7

8683 <2‘ 6+1 |5] <5| 6+1 |2]

o, ([ [4517(12)° (45 + 6 3)" (3[4 + 5 [6]”
2 s154 (3|1 +2(6] (6|1 + 23]

+La22p562

3

)

o [56]2(23)2 (1|2 + 3 |4]* (4] 1 + 23]?
s sos5 (1]2+ 3 4] (4]2 + 31]

1

+-(12)%[56]?

?

3

)

(5.50)

(5.51)

(5.52)

683 <2| 6+1 |5] <5| 6+1 |2]

(((2\1+6|5} (112 +34] (4] 1+26] + (5] 1+ 6 |2] (12><24)[45][56])2
4

+é<1 2)%[5 6]2>

d
2

o ([4517(12)° (45 + 6 3)" (3[4 + 5 [6]”
> s154 (31 +2]6] (6]1 + 23]

+2019)%5 6]2>

7

sos5 (1] 2+ 3 |4] (4] 2 + 3 1]

([5 6]2(23)2 (1|2 + 3 [4]% (4| 1 + 23]
Cs

1

+-(12)%[56]?

3

)

(5.53)

(5.54)

(5.55)
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. @m6+1mﬁu2+4mﬁq1+zm+wm6+1pu1m@@Bawq)
oM 5653 (2|6 + 1]5] (56 + 1]2] %

><<<2| 1+6(5] (1] 2+3[4] (4] 1+2(6] + (5| 1 +6]2] <12><24>[45][56]) (5.56)

i (120 ((311+216] (41 1+ 213] [53] + (6] 1+ 2[3] (41 + 216] [56])

272 s1sa (3| 1+ 2(6] (6] 1+ 23] .
X(MHQQMM5+6BH$4+5WD (5.57)
i BO1((112+ 314 (411 + 23] (24) + (412 + 3[1] (12 + 4]3] 21))

20 5955 (42 + 3]1] (12 + 3[4] %
x([56](23) (112 +314) (4] 1+ 23] ) (5.58)

. (<2|6+ 115] (1]2 +43] (4] 1+ 2(6] + (5|6 + 1|2] <12><24>[35][56])
T s653 (2|6 +1[5] (56 + 1|2] s

x(<2] 1465 (1]2+3]4] (4] 1+ 216] + (5] L + 6 [2] <12)<24>[45][56]) (5.59)

i (120 ((311+216] (411 +213] 53] + (6] 1+ 2[3] (4] 1+ 2(6] [56])
705 X
2 5151 (3| 1+216] (6]1+ 23]

x([45]<1 2) (4]5 + 6 3] (3\4+5\6}) (5.60)

i [561( (112314 (4114213 24) + (4] 2+ 3 1] (1|2 + 4]3) 21) )
706 X
2 5255 (42 + 3] (12 + 3 [4]

x([56]<23) (112 + 3 4] <4\1+2|3}), (5.61)
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and
; <<2|6+1|5]<1|2+4|3]<4|1+2\6]+<5\6+1|2]<12><24>[35][56})2
H = =G
2 ses3 (2|6 + 1[5] (5]6 + 1 2]
(5.62)
; (12>2<(3\1—|—2\6]<4\1+2]3][53]—|—(6]1—1—2\3](4\1—1—2\6][56])2
Hy = =Cy
2 5184 (3] 1+26] (6|1 + 23]
(5.63)
; [56]2(<1|2+3|4]<4|1+2|3]<24>+<4|2+3\1]<1\2+4|3]<21>)2
Hy = =Cy
2 s285 (412 + 3 1] (1] 2 + 3 [4]
(5.64)
o (@16 118] (112 -+ 4[3) (4 1+ 206] + (516 + 1[2] (12 (24) 35][56])
Hy = =C4
2 5653 (216 + 1]5] (5/6 + 1|2
(5.65)
; <12>2<<3|1—|—2|6]<4|1+2|3][53]+(6|1+2\3](4|1—|—2|6][56])2
Hy = =Cy
2 5154 (3] L+ 216] (6] 1 + 23]
(5.66)
; [56]2<(1|2+3|4]<4|1+2]3]<24)+<4]2+3\1](1\2+4|3]<21>>2
He = 3Cs s255 (4|24 3 (1] (1|2 + 3 [4]

(5.67)

in what will hopefully be obvious notation given what has been discussed so far, then

the final form of our answer reads

a

6 4
Algoor = 42(H ] 7+ [63] ng + [35] 1)

/=1 a=1
+chf_H ([56] 7% + [63] ¢ + [35] 1) ([56] nt + [64] 4 + [45] nd)
a=1

4

2
+Mp T (156) 5 + 163) ng + [35] n§) [] ([56] n§ + (64] ng + [45] ng)
a=1 a=3
4

+H] ((56] 75 + (63 nt + (35] ng) [T ([56] ng + [64] 2 + [45] ng)

a=2

4
+H, [T (156 n + [64) ng + [45) ) ) 11 P07 (5.68)
a=1

where, as usual, we have suppressed the well-known box integral contributions. In

Section 6 we will see that there is another form for the higher-order in € contributions
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to AG 31°°p that is even simpler than eq. (5.68).

5.5 The Structure of A,» At One, Two, and Higher Loops

In this subsection we review the ongoing program of research dedicated to understanding
the multi-loop structure of the planar MHV superamplitude in A/ = 4. This program
was begun with the seminal paper of Bern, Dixon, Dunbar, and Kosower [67] which
computed all one-loop MHV superamplitudes in N' = 4 (as usual, we will only be

interested in the planar contributions). Recall the notation used in eq. (5.11):

J)ninsy IN p2ee e
An-2 _ 216 Ha 122] 1< > ] <1+ (g cH >Mlloop

’ (12)(23)---(n1) (4m)?=
€,—YE€E 2
+(92]‘<f2’f>2€_f ) M2100p+--->. (5.69)

After .Af{;%e is factored out, the analytic structure at L loops, M} _i50p, can be deter-

mined by comparing to, say, P12t Pyt p3, - -+, pn) modulo the Parke-Taylor

Af—IOOp( 1234 1234

amplitude. Although most of the multi-loop N' = 4 literature prior to the development
of N' = 4 on-shell superspace focused on purely gluonic amplitudes, the discussion of
5.1 makes it clear that, in the MHYV sector, one can make this choice and still determine
the full superamplitude (Of course it is probably more natural to perform all calcula-

tions in a manifestly A" = 4 supersymmetric way [105]). In all of the applications that

follow, it will be useful to redefine the contribution from the L-th loop as follows:

2N 2e e VEE€ L 92 2N —vEe L . .
<M> My _jo0p = <gce> M( )(n t[] €) = aLM(L)(TL,tE ],6),

(47)2— (4m)2—« T
(5.70)
where we have made the useful definitions
e EC " _ 9
a = W and tl = (pl + - +pi+r_]_) . (571)

Using this notation, eq. (5.11) reads

_71161_[(1 12,] 1< >77sz CLL (L) [r]
Apso = 1223 (1) <1+Lzl MEB (17 e) | . (5.72)

Let us now describe the work that was done by BDDK in [67]. In that work, BDDK
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determined the structure of MM (n, tgﬂ, ¢) for all n through O(e®). They found

n [7"] ["']
1 [7] _ 1 tif1
M )(n7ti ,€) = CFZ ( 2 ( 75[2]) Z Zln ( t[r+1 ) (t[r+1]>

=1 r=2 =1

+D, (ty]) + Ly, ( W) + ngQ) +0(e), (5.73)

where Cr is given by
L(1+e)T(1—¢)?

Cr = 2T (1 — 2¢)

The form of D, (tzm> and L, (tv[;r]) depends upon whether n is odd or even. For

n=2m-+1,

m—1 n t[r]t[rﬁQ]
D2m+1:_z (Zle[l W})

r=2 i=1 i—1
_ 1 2 : t tz+1

whereas for n = 2m,

oS3

r=2

t[r]t[r+2} D n/2 [ t[m 1]t[m+1]]

Z Liy [ t[r+1]t[r+1] Z Lis t[m]t[m]

=1

e _gim)
Lom == Zln( t[] >ln< t[m]>

1+m+1 +m

The above only holds for n > 5. For n = 4 we have

itoal 2(G) () T (@) ) o

Subsequently, the functions M(2) (4, tzm, €) and M) (5, tzm7 €) were determined through

terms of O(€?) in [30] and [32] respectively. Remarkably, the following relationships were

found:
MO@ A ol I g2l =
00y 2 O(e9)
a MO (4,47 2¢) o P (5.75)
M@ )(5’75?"]’ ) o)~ %M(l)(S,tET],eF oo _
a MO (5,47 2¢) o HP (5.76)
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where both sides of the above are only considered through O(e®). « and 3 are transcen-
dentality two and four numbers respectively.® Generically, L-loop planar amplitudes in
N = 4 are built out of transcendentality 2L numbers and functions [106]. In the above,
a and f have the transcendentality that they do because both sides of egs. (5.75) and
(5.76) are expected to have uniform transcendentality four.

Given these striking results, Bern, Dixon, and Smirnov proposed [31] the following

ansatz for the analytical structure of all planar MHV superamplitudes,

) )

In <1 + Z aLM(L)(n,tET], 6)> = Z at (f(L)M(l)(n, ty}, Le) + OV 4 EW) (n, e)) ,
L=1 L=1
(5.77)

which they checked for n = 4 through three loops in their paper. In eq. (5.77) above,
fL) and C5) are numbers of the appropriate transcendentality (2(L — 1) and 2L re-
spectively) and E(X) (n, €) contains higher-order in e contributions that are unimportant
because, usually, both sides of (5.77) are expanded to some order in a and then higher-
order in € terms are dropped to put all of the n dependence on the right-hand side into
the function M® (n, ty], Le). Actually, a structure like this is expected in gauge theory
on general grounds for the e pole terms; the IR divergences of planar non-Abelian gauge
theory amplitudes are well-understood and known to exponentiate [107, 108]. What is
really novel about eq. (5.77) is that it holds also for the finite terms.

In fact, the so-called BDS ansatz (eq. (5.77)) is known to be valid to all loop orders
if n =4 or 5 [35]. This is a fact that will be explained in Section 6 after introducing
dual superconformal symmetry. For higher multiplicity, however, life is not so simple.
It was proven in [41, 42, 39] that the BDS ansatz fails at two loops and six points. For

this case, which will be the one of primary interest to us, eq. (5.77) must be modified:

@) 4] L g 4 2 _
ME(6,t, 7€) o) 2./\/l (6,t;,€) ’0(60)
(1) 4] @) (4]
a MY(6,t; 7, 2€) o) + 5+ Rg (tl ) , (5.78)

The new term on the right-hand side is called the two-loop, six-point remainder func-

tion. It is IR finite and highly constrained. For example, in order to be consistent

SFor example, ¢(2) is transcendentality two and ((4) is transcendentality four. One also speaks of
functions carrying transcendentality (e.g. Li2[1 — =3] has transcendentality two).
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with the known results for four and five point scattering at two loops, Rg) must have

vanishing soft and collinear limits in all channels. Also, we know from the discussion
above that Réz) should be a function of uniform transcendentality four. Furthermore,
as we will see in the next section, the remainder function is not an arbitrary function
of the ty]. In fact, for generic kinematics it is a function of only three independent

variables.
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Chapter 6

Dual Superconformal Symmetry and the Ratio of the
Six-Point NMHYV and MHV Superamplitudes at

Two-Loops

In this section we review developments related to a recently discovered hidden symmetry
of the planar N' = 4 S-matrix, dual superconformal symmetry, and we present an
alternative formula for the higher-order contributions to Aé;glo‘)p that manifest the new
symmetry as much as possible. The formula obtained is very simple and is the form of
our results used in a recent study of the N' = 4 planar NMHV superamplitude at two
loops (the study is in preparation [84]). As will be explained more below, one of the
ideas that the authors of [84] want to test is whether the NMHYV superamplitude divided
by the MHV superamplitude is dual superconformally invariant, as was proposed earlier
in [6] by Drummond, Henn, Korchemsky, and Sokatchev. The new results described in
this section for AégOOp were obtained in collaboration with one of the authors of [84],
Cristian Vergu. This thesis has been primarily been about perturbation theory at weak
coupling and, therefore, we will describe all developments in perturbation theory even
though most of them were first seen non-perturbatively in the strong coupling regime
of N = 4 (via the AdS/CFT correspondence). Of course, it would be a shame to
completely ignore the strong coupling regime, so we offer a brief account in Appendix
D for the reader interested in a historical introduction to the ideas discussed in this

section.
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6.1 Light-Like Wilson-Loop/MHV Amplitude Correspondence

We begin by describing a very surprising connection between two a priori completely

unrelated observables. One of the observables,

An;2 > L L [r]
Ang =12 MBI (6.1)

was discussed at length in Subsections 5.1 and 5.5. The other, the expectation value of

an n-gon (denoted C),) light-like Wilson loop

W(C,) = ]\170<O|Tr [P{exp (z’g 740 n deA3<x)ta> H 10) (6.2)

has not been introduced so far, so we will analyze its definition in some detail. Of
course, we will also have to understand, at least in principle, how to calculate the set of
objects introduced above perturbatively if our goal is to establish a connection between
egs. (6.1) and (6.2).

Since it may well be the case that the reader is less familiar with Wilson loop
expectation values than with scattering amplitudes, we first take a step back and discuss
Wilson loops in general. Wilson loops were introduced by Wilson in [109] in an attempt
to better understand the phenomenon of quark confinement in non-Abelian Yang-Mills
theory (he had the gauge group SU(3)color in mind). The asymptotic behavior of
Wilson loop expectation values as the circumference of the loop goes to infinity tells
you whether your gauge theory (in Euclidean space) is confining in the infrared. If we
define A(C') to be the area of the surface of minimal area bounded by C and L(C) to

be the circumference of C, it can be shown [110] that if we have

L(Cl—;oo

w[C| Woe FAC) (6.3)

then the gauge theory is in the confining phase, provided that the contour C is smooth
(without cusps) and is space-like back in Minkowski space.

Although the above application is probably what would come to the minds of most
researchers if asked about Wilson loops, we have something completely different in
mind. We want to think about the special case where the contour C' has cusps and

each segment between cusps has length zero in Minkowski space. This sort of Wilson
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loop expectation value enters into the calculation of certain universal soft functions
in QCD. These soft functions are important because they control the resummation of
large logarithms that often appear at the edges of phase-space when one tries to naively
compute next-to-leading (or higher) corrections to cross-sections for processes in QCD.
As we shall see, n-cusp light-like Wilson loop expectation values also play an important
in A/ = 4, but in a rather different way.

It is now time to return to eq. (6.2),

W(C,] = ]\1[c<O|Tr [P{exp <ig fc n dm”A‘j(x)t“) H 10Y, (6.4)

and scrutinize everything that enters into the expression on the right-hand side. In the
above, the gauge connection, A% is contracted with the SU(N,) fundamental represen-
tation gauge group generators, t*. The quantity A%t® is integrated around the closed
contour C),. Each cusp of C, is labeled 27 and the lines between adjacent cusps have
lengths (x; — 2;,1)> = 0. The distances between non-adjacent cusps are in general

?j = (z; — zj)?, we have nine distinct non-zero

non-zero. If we introduce the notation x
distances for n = 6: {2%,, 23,, 23, 2%, 22, 125, 22, 235, 2%¢}. In field theory, when
one is faced with evaluating the expectation value of an exponential of field operators,
one simply expands the exponential and applies Wick’s theorem in the standard way,
usually using Feynman diagrams as a book-keeping device. This case is no different,
but the appearance of the path-ordering operator, P, tells us to order the integrals that
we get out of the exponential’s Taylor expansion according to how we are traversing
the Wilson loop. In fact the only non-commutative structure in the problem are the t¢
generator matrices, so the path-ordering in this case is just an ordering on the SU(N,)
generators that appear in the argument of the exponential. Finally, we have to trace

over gauge theory indices to obtain a gauge invariant functional of C,. Suppose we

tried to make sense of W|[C),] without the trace:

WC,] = ]\1TC<O|P{eXp <ig 7{; n diAg(:c)ta> }|0>. (6.5)

Under a gauge transformation 2, A%% becomes Q' A% + 39_1&,9. This induces a



100

change in W’[C,,],

Qlj\lfc<0|P{exp <ig f{c n dx"Ag(x)ta) }\om, (6.6)

and we see that W’[C),] is not gauge invariant. This problem is easily fixed by taking
the trace over generator matrices and this brings us back to W[C,].
Now that we understand how to interpret W[C,], we calculate it to order O(g?)

(lowest non-trivial order). Expanding the path-ordered exponential gives
P{exp (297{ d:v”Aﬁ(a:)t“) } =
1419 ?{n dx” Al(x)t* 4+ %(ig)2 jin %n da:pdyUAg(x)Ag(y)t?jt?k +--- . (6.7)
Truncating the above at O(g?) and taking its vacuum expectation value gives
1+ o (ig)? fc n fc datdy 0143 AL ) 05 (6.9)

since (0|A%(x)t*|0) = 0 by virtue of Lorentz invariance. Finally, we take the trace over

generator matrices, tack on the overall factor of 1/N,, and obtain W[C,,] through O(g?):

2
9 o a a
WIC,] 1- !ch 7{ dady” (0] A% (x) AL () |02t (6.9)

o 2
Since <0|Ag(m)Ag(y)|0> is just the well known two-point correlation function for the

Yang-Mills field in position space,

_ 5ablu2e7ree'yEe
A% (z) AL = o 1
(O1A45() A5 ) 10) = 57N (6.10)

it is clear that Wilson loop expectation values are conveniently described by Feynman

diagrams. For example, if we parametrize our n-gon loop, for 1 < i < n, as
{a"(ni) = o) — mafs, v7 (1) = @) — maf; 4|0 <7 < 1}, (6.11)

the O(g?) piece of one contribution to W[Cg] (that with a gluon line connecting lines

x1 —x9 and x4 — x5) can be calculated by integrating over the positions on lines x1 — x5
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and x4 — x5 where a gluon stretched between them can be absorbed/ emitted!:

d ) d " _gpa(sabMQeﬂeeyEe 0 b
v Am2(—(z — y)2)- ctijti

g —Gpo ’u26 €pVEE
= drx dryx t“ 9.
N ( m 12)/ (=dm 45)4W2(—(5U1 — X4 — T1T12 + Taxyg5)2) 17 T
2, €, VE€E
g e L12 - T45
= d d CrN,
 4mN, / m / T4 — (21 — x4 — TiT12 + Tazas)?) e L E
26 2 € ’yEEC .
= e F/ dTl/ d7'4 T2 ° 145 1 (6.12)
— (21 — x4 — TiT12 + Tawa5)?) 1 E

On general grounds, we expect such a contribution to be a real number for (z; — x4 —
T1x12 + T4:U45)2 < 0 and ¢ sufficiently small, real, and positive. In this thesis we will
never have to leave the region where these conditions are satisfied.

Of course, for n = 6, we will have to add a very large number of topologically
distinct contributions in order to obtain a gauge invariant result. It will be simpler and
get the point across just as effectively if we follow [33] and calculate W[C}y] in detail to
O(g?). In this case the only non-zero invariants are x2; and x3,. Clearly, the first class
of diagrams, those that have a gluon with both ends attached to the same line, vanish
once the light-like character of the Wilson loop is taken into account. The second class
of diagrams connect to adjacent lines and straddle a cusp. Such graphs are divergent
due to presence of the cusps. These divergences come from the regions of parameter-
space where positions of absorption/emission approach a cusp. Such divergences are
short distance and therefore ultraviolet in nature. Finally, we will see that the last
class of diagrams, those with a gluon line connecting opposing sides, are finite in four

dimensions. If we denote the diagram in class (¢) (¢ € {1,2,3}) that has a gluon

Due to the fact that we have two integrals over the entire closed contour, we pick up a factor of 2!
(from interchanging the roles of z* and y?) that cancels against the factor of 2! in the denominator of
eq. (6.9).
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. w©
stretched between lines x; — x;41 and x; — xj41 as Wij , we have

W = Oforalll1<i<4 (6.13)
2 € 2 2\e
2 2 g Cpe'P(—xigmu”)
W1(2) = W§4) == 8’/’5262 = (6.14)
2 € 2 2\e
2 2 g-Cre?®e(—ag,mp”)
Wi = Wiy =- i (6.15)
$2
3) o 9Cre (1 (22) +¢(2)
Taking into account the fact that, in the large N, limit,
N2 -1 N,
Cr=TN, 2
we make the replacement
2 YEE€-€
gcg% —a (6.17)
and find that the O(a) analytic structure of W[CY] is given by
1 2 2)\€ 2 2\€ 1 2 1‘%3 2
(a) € T4

This is a remarkable result. Recall eq. (5.74), where we wrote down the one-loop

analytic structure of the four-point MHV superamplitude:

1 [r] B 2 —s\ ¢ —t\ ¢ o [ —$ 9
M()(4,ti ,6/)—CI‘{—6/2[<M/2> +<Ml2> ]+ln <t)+7r }, (6.19)

where Cr is given by
D(1+€)D(1—¢€)?

Cr = 2T (1 — 2¢€)

Up to some redefinition of a, €, and u, the above expression for W[Cy] at lowest non-
trivial order matches the above formula for M) (4, tlm, ¢') exactly if we make the iden-

tifications

sty and <> ad,. (6.20)

This surprising connection captures the essence of the light-like Wilson loop/MHV
amplitude correspondence in planar N' = 4. Even more remarkably, the work of [33]

generalizes. There is now a large body of evidence for the following relation

An;2
In (A?Z'ie> ~In (W[Cn]>

+ D" (6.21)

finite; O(al) finite; O(al)
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valid for all multiplicity and for all-loop orders (see Appendix D for a bit more discus-
sion). In the above, D,gL) is transcendentality 2L number. As one might guess from
egs. (6.18) and (6.19) there is also a relation between the IR poles on the amplitude
side and UV poles on the Wilson loop side. As hinted at above, one must make some
non-trivial redefinitions of parameters in order to make this precise. This part of the
story is more subtle and we will not worry about getting the detailed relationship for
the pole terms correct because nothing that we discuss relies upon it.

The key observation is that there is a superconformal symmetry (see Appendix B if
unfamiliar with superconformal symmetry) acting on the Wilson loop in a natural way
because it is defined in position space (where the Lagrangian density that possesses
this symmetry is constructed). Ultraviolet divergences in the Wilson loop due to the
presence of cusps breaks the subgroup of conformal transformations in a controlled
fashion. The action of the conformal symmetry is anomalous and one can derive non-
perturbatively valid anomalous conformal Ward identities that fix the finite part of
WIC,] that comes from the breaking of the conformal symmetry up to an additive
constant at all loop orders [35]. What remains must be a function of the conformal

cross-ratios. For example, at the six-point level, there are three such cross-ratios

2 .2 2 .2 2 .2
_ T13%46 ey — 24751 _ T35%62

uy (6.22)

21423 - ahsaly a3y
each of which is invariant under conformal transformations. Now recall that the special
conformal transformations can be obtained by conjugating a spatial translations by
the conformal inversions (Appendix B). Furthermore, it is straightforward to see that

(@ij)ac = (] — 2%)(04)ae transforms under inversion as:

Izij] = gl -2l = *:Cfl(xi — xj)x.*l =gt

i j i j .’L’ijl‘;l . (623)

Due to the fact that us and us are obtained by cyclicly permuting u;, we can rest

assured that they are conformally invariant if u; is. We see that

2 2 s s 2 .2
Iu] = THaig)lxgg]  23adalal w1375 6.24
ul] - 5 21 g2 22 .2 .2 ( . )
Iy, [ 5] 14 36 T14T36
ziz} 323

and u; is indeed invariant under inversion. This actually implies the invariance of u
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under the full conformal group, since it is obviously invariant under Poincaré transfor-
mations and dilatations.

We are now in a position to make some remarks about the analytic structure of the
n-point MHV superamplitudes in N' = 4. As we will discuss more in the next subsection,
the fact the Wilson loop/MHV amplitude correspondence of eq. (6.21) exists implies
the existence of a novel hidden symmetry of the planar A" = 4 S-matrix through the
identification zf' — %', | = pf’. This symmetry is called hidden because it cannot have its
origin in the Lagrangian (it acts naturally in momentum space). This hidden symmetry
is called dual superconformal invariance for reasons that should now be clear. In fact,
the dual conformal subgroup already tells us quite a bit of useful information about
the analytic structure of the MHV superamplitude. For instance, the reason that the
BDS ansatz gives the exact finite part for n = 4 or 5 external states is obvious once
one understands that the ansatz is just the contribution of the conformal anomaly and
that the conformal anomaly is exact for four or five points; due to the light-like nature
of the Wilson loops under consideration, no conformally invariant cross-ratios can even
be written down for four or five particles in N” = 4. In fact, if dual conformal symmetry
wasn’t broken by IR divergences, we would expect the full non-perturbative answer to
be just a constant times the appropriate tree amplitude.

We can also justify the claim that we made about the two-loop six-point remainder
function in 5.5. Recall eq. (5.78) for the analytic structure of
In(1 4>, a*ME)(6, t,Er}, €)) expanded up to second order in perturbation theory:

1 -
- MW 6,17 ¢

Y Yy )

M@ (6,47, ¢)

? Y

finite finite

a M6, 2¢) )

Y Yy )

B+ RY (A7) (6.25)
nite
Given everything that we have discussed so far, it is clear that the six-point two-loop

remainder function R((f) (tp) must actually be a function of three dual conformally
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invariant cross-ratios. If we use the dictionary

$%3 — 91
x§4 <~ S92
x§5 < 83
$Z6 <~ 84
$%5 <~ S5
xgﬁ —  Sg
%%4 ot
$%5 i

13, o 13 (6.26)

we see that, from the point of view of dual conformal symmetry, eq. (6.22) becomes

8184 8985 5356
T T U= Gty (6.27)
and we have
R (471) = REY (ur, w2, u) (6.28)

So far, we have really only used the dual conformal subgroup of the dual superconformal

symmetry. In the next section we will identify the full dual symmetry group.

6.2 Dual Superconformal Invariance

To realize the dual superconformal generators on their dual superspace [6] we intro-
duce variables 07, to solve the (Q%,) supercharge conservation constraint in much the
same way that the x; 44 of the last subsection solve the (P,4) momentum conservation
constraint. In other words,

Oia — 010 = Aialli (6.29)

is the supersymmetric complement of the relation

Tiad — Titlad = NiaNid - (6.30)
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Intuitively, since (dual) superconformal symmetry naturally acts in (momentum) posi-
tion space and position and momentum are not mutually compatible observables, we
expect the algebra of the ordinary superconformal group (see Appendix B) and the dual
superconformal group to be somehow entangled. This intuition is correct; the sketch
below shows that there is indeed some overlap between the non-trivial generators of the

superconformal (left-hand side) and the dual superconformal (right-hand side) groups:

Kad Pad (631)

In the above, the generators %, and P,s on the superconformal side and Q,, and
Paa on the dual superconformal side are actually realized in a pretty trivial fashion

and were just included to make the table look more symmetrical:

QY = Zn: Xialy and Py = z": Aiaid
i—1 —

Oue = 0 and  Pas =) (6.32)

a LT
— 00¢,, — OT; i

The generators S, and K, on the superconformal side and §%, and K4 on the dual

superconformal side are a lot more complicated:

Saa = Z@)\mﬁnz and ;

a o - b paf 0 afB 0
S = 2( ot ag, i 0 9,55

>41

ary O 8.4 0O b 0 0
+)\za‘9 7@)\ +"r7,+1()! U 85\2,8 - 9i+1a77i anf) and
" 3 0 0
Koo = § B, B_Y 5917
2 <$za T;q axlﬁﬁ L zaaeb

e O\ B 8776

0 3~ 0 ~ 0
+xidﬁ)\- 7+xi+1aﬁ)‘id~7+)‘id6£]+la7 .
s :

(6.33)
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Finally, the generators Q4 and S’l’d on the superconformal side and Sy4 and de on

the dual superconformal side:

s = Nid d 6.34
Qb 8771 an mem (6.34)

;.0 b N~ [gpa_ 9 Y
<ZO‘ aeb +/\mang> and Qd_z<9i axiad—i_ 8/\zo¢>

i=1

n

N
So = 3
actually match up if we restrict to the on-shell superspace introduced in Section 5 (by
ignoring all 67, terms).

Of course, if one wants to check explicitly that all the commutation relations are

satisfied, one needs the rest of the representation. Below we present the remaining dual

superconformal generators:

M = i}(zla'ajﬁa+xw 8x?aa+9?a89a“ +9’5(‘3§a +Amaiﬁ+Awaia>
M = g (miada;jaﬁ- +xia/5’8x?aa +5\id8;5 " XiB@fm)
b = é(“’iada;m*zegaag%&+;Aiaaia+ Aaa&)

(6.35)

The rest of the ordinary superconformal operator representation is given in Appendix
B. The above discussion was just intended to give the reader some sense of how the
ordinary and dual superconformal algebras fit together. Although we will not use it
here, it is worth mentioning that the non-trivial overlap between the dual and ordinary
superconformal algebras suggests that one should consider commutation relations of
the generators of the two algebras with each other. The structure generated by this
procedure is called a Yangian [111, 44]. It is also worth pointing out that there is a sense
in which the realization of the dual superconformal algebra described above is better
than that of the ordinary superconformal algebra: the superconformal generators have

only first-order derivatives in their operator representations. It is therefore reasonable
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to suppose that formulae for superamplitudes which make the dual superconformal
symmetry as manifest as possible will be significantly simpler than those of 5.1, where
our results manifested ordinary N' = 4 supersymmetry.

In [6], Drummond, Henn, Korchemsky, and Sokatchev constructed a set of six dual

superconformally invariant functions,

Rue — 0@ ([45]ng + [56]n§ + [64ng) [Ty (ii + 1)

#1(12)(23) (1|5 + 6 |4] (3|4 + 5 |6] [45][5 6]
R _ 6 (5 6]nf + [6 1)ng + [15]ng) [T7_ (i + 1)
201 t2(23)(34) (2] 6 + 1(5] (45 + 6 [1] [56][6 1]
R — 0™ (6 1)ns + [12]ng + [26]nf) [To—y (ii + 1)
362 t5(34)(45) (3] 1+ 216] (56 + 1 [2] [6 1][12]
Rute — 0@ ([12)n8 + [23]n¢ + [31]ng) [Ty (i1 + 1)
413 t1(45)(56) (4] 2+ 3[1] (6] 1 + 23] [12][23]
R _ 0@ ([23]ng + [34]ng + [42Jng) [T5-, (i + 1)
b4 t5(56)(61) (53 + 4 2] (1|2 + 3 [4] [23][34]
Rewr = oW ([34Jng + [45]n§ + [53In§) [Ty (ii + 1)
635 t5(6 1)(1 >(6|4—|—5|3]<2|3+4|5][34][45]

(6.36)

which they then used to write all of the one-loop box coefficients of .Al 1P i) & way
that meshes well with dual superconformal symmetry. More precisely, they found that
they could express all the leading singularities in the computation of the NMHV su-
peramplitude in a manifestly dual superconformally invariant way using Ri4¢ and its
cyclic permutations. In N = 4 there is a choice of basis (the dual conformal basis
discussed introduced Subsection 2.6) where the dual superconformal properties of the
theory at loop level are as manifest as possible. At the one-loop level, this basis consists
of D =4 — 2¢ box integrals and D = 6 — 2¢ pentagon integrals.

The simplicity of the results for boxes suggests that we should try to play the same
game for the (now known) pentagon coefficients of the NMHV superamplitude. This
is actually not as straightforward as it sounds, due to the fact that the R4 above do

not form a linearly independent set [6, 64]. In fact, for each pentagon topology, it is
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possible to fit an ansatz of the form

7,(5(8) (Qaa) 0 " "
DR EHU5E66D) (7 By + 25" Roma + 24 Ress

+Z£i)R146 + Zéi)R251 + Zf(;i)RSGQ) (6.37)

= CiAgs° (ZY) Ryi3 + Zéi) Rso4 + Z;E,i)R635 + ZA(j)RMG + Zéi)Rzm + Zéi) R362)

using just five component amplitudes (for example those used to fix the form of AéE)lOOp

in Section 5). Fortunately, there is an obvious, preferred, maximally symmetric solution:

zl-(i) = Zz(i)?)' For example, for the pentagon coefficient of Ié5), we set zé5) = zés). This

choice then forces
(el (el
(z@) = sz) <z§5)> = zé5) (6.38)

as well. The other topologies behave in a completely analogous fashion. To simplify the
result, it is convenient to work numerically with complex spinors. It is then possible to
recognize the origin of the imaginary parts of the z; as coming from the natural odd

six-point invariant
[12](23)[34](45)[56](61) — (12)[23](34)[45](56)[61].

We can now determine the rest of the structure by experimenting with real-valued
candidate expressions that respect all the constraints of the problem and have the right

BCFW shifts in all channels. In the end, we find
1-1
A6;3 P =
i : 1
e Abrse Z C; (2 (25541852 — titip1) tic1 (Rig2i—1i41 + Ri—1i42i-2) —
i=1
([m+ G+ 16+ 2)]i+2i+3)(i+3i+ 4+ 4 +5)(i + 54) — (i + 1) x
[i+1i4+2/(i+2i+3)[i +3i+4](i +4i+5)[i + 51]) (Riv2i—1i+1 — Ri—1i42i—2)
1 1
—|—§ (2s8i—18i42 — tim1tip1) ti (Rit3iit2 + Riig3i—1) + 3 (254438 — titi—1) tiy1 X
(Ris1i2i+ Rinip1ios) — ([m+ (i 4 1i+ 2)[i + 24 + 3)(i + 37 + 4) x
[i+4i+5](i+53) — (ii+ D[+ 16+ 2(i + 20+ 3)[i + 30+ 4] + 47 + 5) x

[i +5 Z]) (Riv1i—2i — Ri—2i11i-3) ) (P62 (6.39)
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Remarkably, when written in this form, the pentagon contributions to the one-loop
six-point NMHYV superamplitude are related by cyclic symmetry. We can use this fact

to explain relation (3.56), reproduced below for convenience:

KK K K K K 6.10
Cr Cy Cy  Cs Cs  Cg' '
Examining eq. (6.39), it is trivial to see that the only piece of a given pentagon that

does not return to itself under ¢ — i 4+ 3, is the C; coefficient out front. Evidently,

relation (3.56) is a property of the full superamplitude because the symmetric choice

Zéi) _ Zéi)

in our ansatz was necessary to manifest the cyclic symmetry of the superamplitude;
writing the superamplitude in the form given by eq. (6.39) shows that there are not
enough independent R-invariant structures to support a full ¢ — ¢ + 6 symmetry for
the coefficients divided by their C;. If we didn’t know about relation (3.56) we would
have discovered it by simply calculating K7, expressing it in terms of R-invariants, and
then taking cyclic permutations of the result to generate the other K;. Now that we
have in hand a pretty formula for the pentagon coefficients of Aéglmp built out of dual
superconformal invariants, it would be nice if there was some application of our result.

It is to this that we turn in the next subsection.

6.3 Ratio of the Six-Point NMHV and MHV Superamplitudes at

Two-Loops

In [6], Drummond, Henn, Korchemsky, and Sokatchev (DHKS) made an interesting
all-loop prediction based on a remarkable one-loop calculation in their paper. They
calculated the NMHYV ratio function, Rxyuav = As;3/As2, to O(a) and found a dual
superconformally invariant function. This is a non-trivial result because both Ag.3 and
Ag.2 have IR divergences. The universal, helicity-blind structure of the IR divergences
guarantees that the NMHYV ratio function is finite to all loop orders. However, at loop

level the dual superconformal symmetry is anomalous. One way to circumvent this
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problem might be to write
Ag;z = Ag;2 (RNMHV + O(e)> (6.41)

to all loop orders and hope that all of the messiness associated with dual superconformal
anomalies resides in the Ag.2 prefactor.? It is not entirely clear that this approach makes
sense. For example, as discussed in [6], it is not obvious that the dual superconformal
generator Q% annihilates the ratio function, because this generator (eq. (6.34)) is
sensitive to the dependence of Rxypy on the dual variables, x; o4, and the dependence
of the finite parts of Ag3 and Ag.2 on the dual variables is fairly complicated (even at
O(a)). Therefore it is interesting to check by explicit calculation that Rxyvmv is given
by a dual superconformally invariant function. We have already seen that pulling a
factor of Aé’;;e out of Aégloc’p is a natural operation and simplifies the formula for the
one-loop NMHYV superamplitude. The question is whether Aé;glwp simplifies when one
factors out the entire one-loop MHV superamplitude.

DHKS carried out this analysis and they found that Rll\{vlfﬁ?\r; could be expressed
in terms of R-invariants and linear combinations of two mass hard, two mass easy,
and one mass boxes (see eqs. (2.45) and (2.46)). When evaluated through O(e%) (see
egs. (2.49)-(2.51)), these box integrals give rise to logarithms and dilogarithms. After

simplifying all logarithms and dilogarithms, non-trivial cancellations occur and DHKS

2Recently, Beisert, Henn, McLoughlin, and Plefka developed a technique to address these anomalies
directly by deforming the dual superconformal generators [44].
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found the simple dual superconformally invariant result:
oo 1
Rll\w}H\I} = 4R146< —In (u1) In (u2) + In (ug2) In (uz) + In (ug) In (uq)
2
+ Lig (1—U1)—|—L12 (1—UQ)+L12 (1—U3)—>

+ iR%l(ln(uz)ln(u?,) In (u3) In (u1) + In (uq) In (ug)

™
3

+ iRg(;g(ln(uz)ln(u;g)—i—ln(u;;)ln(ul) n (up) In (ug)

+ L12(1—U1)+L12(1—U2)+L12 1—U3

+ L12 (1—u1)+L12 (1—U2)—|—L12 (1—u3)_3>

+ iRz}lg ( —1In (u2) In (u3) + In (uz) In (u1) + In (u1) In (uz)
+ Lis (1 — ul) + Lio (1 — UQ) + Lig (1 — U3) — 71.2)

+ iR524<ln(u2)ln(U3) In (u3) In (u1) + In (u) In (ug)

7I.2

+ L12<1—U1)+L12(1—UQ>+L12 1—U3 ?

+ iR635<ln(u2)ln(U3)—|—ln(U3)ln(u1) n (uq) In (ug)

+ L12 (1 —U1)+L12 (1 —ZLQ) —I-ng (1 —U3) — 3> . (6.42)

Given the validity of eq. (6.41) at one loop and six points, it is reasonable to suspect
that something similar will happen at higher loops as well. However, it is often a mistake
to extrapolate from one to higher loops. For example, the BDS ansatz is exact at the
one-loop n-point level, but fails already at two loops and six points, as discussed in 5.5.
NMHV configurations first appear at the six-point level and, consequently, the first
really non-trivial check of (6.41) is at two loops and six points. To this end, Kosower,
Roiban, and Vergu recently computed the two-loop six-point NMHV superamplitude
and their result is pending publication [84]. Before they could check (6.41) at O(a?),
they had to resolve a technical problem related to € poles induced by p-terms at the

two-loop level.

3In eq. (6.42) the 72/3 factors are inessential and depend on precisely how one defines the analytic
structure of the MHV amplitude. We follow the conventions of DHKS in [105].
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In order to understand the problem we need to recall the discussion of Subsection 3.1
where we introduced p-term hexabox integrals. We didn’t properly define this integral

in 3.1 because it wasn’t necessary at the time. The s;-channel u-term hexabox integral

is given by
I(z);D=4—2€[ 2] _ / dp4_2€ 1 / dq4 / d_26,u o
9 8 (2m)=2 p2(p — ko)?(p — k1 — k2)2 ) (2m)* ) (2m)~2
12
X X

(g +p)2 = p?)(¢® — p?)((q — k3)2 — p?)((q — k3 — ka)? — pi?)
1

T =g —Fs — T~ — ) (6.43)

In this case it turns out that, to leading order, the above integral factorizes [39] and we

can write

s D=4—2¢ ; D=4—"¢ =4—2¢ 1 —l—e =0—z¢
[P R 2[u21=(—62<—sl>1 ) (et

(4,6)
_ <_€12( s1)” ) ( ZCI 0; D=6~ 26) , (6.44)

where the last equality follows from 3.37. One can check numerically that (6.44) is valid
through O(€); the hexabox p-term can be evaluated through O(e?), apart from trivial
factors, is a 1/€ pole times a certain linear combination of the finite one-loop functions
Iéi);DZG. Back in Section 3 where we discussed planar gluon NMHV amplitudes, we
noted a close connection between the one-loop pentagon coefficients we calculated and
appropriate p-term hexabox coefficients. For the sake of concreteness, we go back to
the particular example discussed in 3.1, where we wrote down the relationship between

the coefficients of e[éQ);D:G_Q6 nd I((z)fs)D A

Cy
Ko=—"7"K,. i
9 25, Ko (6.45)

If we use the above relation to express the Ko in terms of Ks, we find that the contri-

bution from this NMHV pu-term hexabox to the ratio function at O(a?) looks like
,C I( ) D:4—26[ 2] eKQ ZCI O( ) (6 46)
25(4,6) wl= c C2 - :

To see how this is all related to our one-loop NMHV pentagon coefficients, let’s take a

step back and remember what we’re trying to calculate. Since we want Rnyyy to two
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loops?

Ag'?e)e + aA(ligloop + G,QAQ_IOOP I
Rnvay = : ok o
T+ a MO, A, + @M (0,87, 0) +-

717

= A+ a (A5 - A MW, 1, o))

Z

(.A2 loop AéEIOOpM(l)( ’tz[T7 €) + AtreeM ( n, [7"]’6)2
AtTeeM ( t[r} )) + O(a?’) , (647)

77,7

we see that there are other places for us to look for 1/e poles at O(a?) besides the
actual two loop contributions. It is possible for one-loop contributions of O(e) to hit
the universal soft singular terms (see eq. (A.29)) in another one-loop contribution and
interfere to produce 1/e singularities. For instance, there will be a contribution of the

form

; D=6—2¢ —€ K X - ; D=6—2¢
) () - BEbmal ru

4]

727

coming from the cross-term —/lb 3100p/\/l( )(n €). This shows that, to have any hope
of finding an IR finite result for Rnypy, the supersymmetrized and dual superconfor-
mally covariant result derived in the last subsection for the one-loop NMHV pentagon
coefficients, eq. (6.39), is a key ingredient. Indeed, the authors of [84] have checked at
the level of superamplitudes that a finite result is obtained for Rnxygy once all sources
of IR divergences are properly taken into account.® It should now be intuitively clear
why the hexabox coefficients derived by Kosower, Roiban, and Vergu are so similar to

our one-loop pentagon coefficients; a close connection between them is necessary for

the theory to be IR consistent.

“In eq. (6.47), Ag31°°p denotes the superamplitude with a factor of A§5® stripped off.

5Strictly speaking, this conclusion has only been demonstrated for the even part of the remainder
function; the odd part of the remainder function wasn’t studied by the authors of [84].
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Chapter 7

Summary

In this thesis, we have discussed several recent developments in the theory of the N’ = 4
S-matrix. After reviewing some of the most important computational techniques in 2,
we discussed a simple refinement of the D dimensional unitarity technique of Bern and
Morgan in 3.1. One notable feature of our approach is that all integrands are recon-
structed in D dimensions directly from tree amplitudes without any need for super-
symmetric decompositions. While our approach to D dimensional unitarity is probably
already familiar to experts in the field, to the best of our knowledge no detailed exposi-
tion of the ideas have appeared in print so far. We also discuss how our approach to D
dimensional unitarity meshes well with the leading singularity method in the context
of all-orders-in-¢ one-loop N = 4 calculations. In 3.2 we presented simple formulae for
the higher-order in € pentagon coefficients of the planar one-loop six-gluon NMHV am-
plitudes A} 7100P (k1234 1234 1234 o p oy ATTIOOP(R1234 p1234 g 1234 p ko) and
ATIOOP (k%234,k2,k‘§234,k‘4,k%234,k6). Naively, these results may seem rather useless
because, if one only cares about the massless N' = 4 S-matrix, one never needs the
pentagon coefficients.

However, we argue in 4 that, actually, the higher-order in ¢ pentagon coefficients
are useful because they contain non-trivial information about tree-level scattering of
massless modes in open superstring theory. After reviewing the non-Abelian Born-Infeld
action in 4.1, we argued in 4.2 that matrix elements of the non-Abelian Born-Infeld
action at O(a’?) and O(a’®) can be predicted from all-orders-in-e N’ = 4 amplitudes
dimensionally shifted to either D = 8 — 2¢ or D = 10 — 2¢. First of all, we should
emphasize that, while most of this thesis focused on one-loop amplitudes in the planar

limit, we expect this particular discovery to hold for the non-planar contributions as
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well. This is because all we are claiming in either case is that two effective actions (that
certainly know about the non-planar contributions) are equivalent because N' = 4
supersymmetry forces them to be. As an amusing by-product of our analysis, we were
able to use another close connection between the one-loop all-plus amplitudes in pure
Yang-Mills and our stringy corrections at O(a’?) to understand the vanishing of the
all-plus amplitudes when three or more gluons are replaced by photons for n > 4.

At this point, in Section 5, we explained how to supersymmetrize the results of 3.2.
To this end, we introduced the N/ = 4 on-shell superspace in 5.1 and discussed some
important examples of N/ = 4 superamplitudes. In 5.2, we first explain that, follow-
ing Elvang, Freedman, and Kiermaier, one can choose the five component amplitudes
Ai—loop (k%234, %234’ %234’ ka, ks, kﬁ), Ai—loop (k}234, k%234, k§23, k‘i‘a ks, kg),

A%—IOOP (k%234, 1234 R12 34 k6)7A1_100p (k%234, 1234 gl 234 k6)7

and A%flooP (k1234 k3% k3, kj?34, ks, k) and determine the full N = 4 superamplitude
in terms of them. We then showed how to extend the methods of 3.1 to deal with
ATIOOP (k%234, k3234 kA2 K ks, kﬁ) and A}_IOOP (k:%234, k3234 k1 kP ks, k:6). It is cru-
cial that our techniques be applicable to amplitudes with external fermions if we want
them to be useful for theories with less supersymmetry such as QCD. Finally, in 5.3
we determine ATIQOP (k%234, k%234, k:%Q, k34, ks, k6) indirectly and in 5.4 we complete the
process by collecting our results. We write down for the first time the higher-order
pentagon contributions to the six-point NMHV N = 4 superamplitude.

While the form of the pentagon coefficients in the superamplitude makes N = 4 su-
persymmetry manifest, we show in 6.2 (after reviewing some of the developments that
led to the discovery of dual superconformal invariance in 5.5 and 6.1) that the superam-
plitude takes on a simpler form if expressed in terms of the R-invariants of Drummond,
Henn, Korchemsky, and Sokatchev. Remarkably, in this form, the pentagon coeffi-
cients are related by cyclic symmetry. We can understand the greater simplicity of this
formula by comparing the explicit operator realization of the ordinary and dual super-
conformal symmetries. Some of the ordinary superconformal generators are expressed
in terms of 2nd-order partial differential operators, whereas all of the dual superconfor-

mal generators are expressed in terms of 1st-order differential operators. This is to be
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expected since differences of dual variables are just momenta; the dual superconformal
symmetry acts naturally in momentum space. As a result, it is not too surprising that,
when expressed in terms of R-invariants, the pentagon coefficients look even simpler
than those presented in 5.4, where dual superconformal symmetry was obscured.

Finally, in 6.3 we explain the relevance of our results to the study of whether or not
the two-loop NMHYV ratio function is dual superconformally invariant in dimensional
regularization. Our higher-order in e pentagon coefficients can interfere with 1/€2 poles
coming from the soft divergences of the one-loop MHV superamplitude to produce a
contribution proportional to 1/e. Thus, the results written down in 6.2 in terms of
superconformal R-invariants are necessary to produce a finite result for the two-loop
ratio function if one is working in dimensional regularization and wants to proceed
without specializing to particular component amplitudes.

There has been a tremendous amount of recent progress on the planar N' = 4 S-
matrix [112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128,
129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141], which, unfortunately,
we don’t have time to say much about. One of the main points emphasized by the
new papers on the subject is that one should be able to learn everything there is to
know about the planar N' = 4 S-matrix using only four dimensional information. In the
spirit of the recent developments, we should check whether, perhaps, our predictions
for the O(a?) and O(a’?) stringy corrections to N' = 4 amplitudes don’t really rely
on all pentagon coefficients but only some linear combination thereof. Recall from the
discussion of Section 3 that, at the one-loop n-point level, amplitudes computed via the

leading singularity method are not uniquely determined to all orders in € but have

(n=5)(Mn—-4)(n—3)(n—-2)(n—-1)
120

(7.1)

pentagon coefficients that must be determined by some other method. It is conceivable
that, after performing the dimension shift operation and summing over all contribu-
tions, all the undetermined coefficients actually drop out. In fact, there is evidence
that this happens for N/ = 4 amplitudes dimensionally shifted to D = 8 — 2¢; we

checked that we could derive the appropriate tree-level stringy corrections at O(a/?) for
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both MHV and NMHV n = 6 amplitudes, n = 7 MHV amplitudes, and n = 8 MHV
amplitudes using the leading singularity method (without D dimensional unitarity).
However, for the O(a’3) stringy corrections, this no longer works. For example, one can
check that the one-loop N = 4 six-point MHV amplitude cannot be used to compute
Alree (k%234, k3234 k3, ky, ks, kg) at O(a’?) unless all pentagon coefficients in the ampli-
tude are determined. Our conclusion is that there are still some questions that can
be answered by calculating A/ = 4 amplitudes to all orders that cannot (at least not
obviously) be answered by calculating amplitudes in a framework that requires only
four dimensional inputs.

Although our approach to the N' = 4 S-matrix, which we can summarize as com-
pleting the leading singularity equations by computing the minimal number of required
4 cuts, may not be needed to study multi-loop N = 4 scattering amplitudes near the
conformal point, we have seen in this thesis that there are other interesting avenues of
exploration. Besides the connection that we found between stringy corrections and di-
mensionally shifted one-loop amplitudes, it seems plausible, for example, that a variant
of our approach will be the right way to think about computing scattering amplitudes
at a generic point in the N' = 4 moduli space. It will also be quite interesting to see
whether our approach to D dimensional integrand construction is useful for theories

with less or no supersymmetry. We hope to address these questions in future work.
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Appendix A

Dimensional Regularization

In this Appendix, we begin in A.1 by giving a cursory review of dimensional regu-
larization (dim reg), focusing on the regularization of IR divergences, which are the
only divergences that appear in the A" = 4 theory. In A.2 we remind the reader that
simply declaring that dim reg will be used to regulate divergences is not meaningful
because there are several different variants of dim reg. We describe the salient features
of one scheme, called the four dimensional helicity scheme, which is particularly useful
for regulating the divergences in supersymmetric gauge theories. In Subsection A.3 we
give an explicit derivation of eq. (2.74), which played an important role in the body of
this thesis. Finally, in Subsection A.4, we briefly talk about the general structure of IR

divergences in planar one-loop N = 4 scattering amplitudes.

A.1 Definitions and Principal Applications

Dim reg was first shown to be a well-defined regulator by 't Hooft and Veltman in [§]
and in this section we describe the method used by them in their seminal paper!. It is
actually quite straightforward to describe the method. The only subtlety is related to
defining €,,0, a point that we will return to later. When one is faced with the evalu-
ation of a divergent scattering amplitude the prescription is to make the replacement
i % - [ (g;% in each Feynman integral in the expression for the amplitude de-

rived from Feynman diagrams and simultaneously multiply the answer by a factor p2e.

!The reader should be aware that many modern calculations do not use the exact scheme advocated
by ’t Hooft and Veltman, but variations on the same theme (see e.g. A.2).
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This factor of ¢ is called the unit of mass and its function is to prevent the dimen-
sionality of the scattering amplitude from changing under the above replacement?. The
regularization parameter e is usually understood to be small (but non-zero) and less
than one in absolute value. We explain the main features of the method by considering
a few basic examples and illustrating how it is used in practice.

Let us first think about regulating an uninteresting toy model like massless ¢*
theory, were there are no complications introduced by external wavefunctions or tensor
structures in the numerators of the Feynman integrals. It turns out that everything that
we want to have happen happens if we make a couple of well-motivated assumptions

about the behavior of the regulated Feynman integrals:

i. All of the usual properties that integrals enjoy, such as linearity, still hold for the

regulated integrals.

ii. The integrals are analytic in the complex e plane except at isolated non-essential

singular points.

Although the first property seems completely trivial, this is actually not at all the case
because we’re integrating over a space of non-integer dimension. In fact, attempting
to carry out the renormalization procedure for massless ¢* theory is the perfect way to
appreciate this subtlety because one of the integrals that one encounters is the massless
one-point function

d4726

(0, €) = i(4m)? / (%)4_‘12;2 , (A1)

which looks truly pathological. We would be happy if we could simply ignore this
integral and, happily, its value is indeed zero in dim reg. It turns out that demanding
linearity and uniqueness of the results obtained from a given regulated Feynman integral
together with analyticity in e force (A.1) to zero [142]. The same conclusion holds for
any Feynman integral with a scaleless integrand.

An obvious question is what happens to the one-loop tadpole if we consider massive

¢* theory? In this case the answer is not zero and, in fact, the evaluation of this integral

2The physical meaning of u varies depending on the physical meaning of the (gauge invariant subset
of) Feynman integrals under consideration.
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will make it clear why analyticity is so crucial for the whole regularization program to

2 we get the integral that we want to evaluate.

work. If we modify A.1 by p> — p?> —m
The calculation proceeds in the standard way [10], first Wick rotating to Euclidean

space and then introducing spherical coordinates in 4 — 2¢ dimensions, we find

(1 +e)m22¢

h(m?,€) = - e(l1—e)

(A.2)

for 1 < e < 2. At first sight, it looks like we’ve just hit an insurmountable obstacle; the
integral I1(m?,¢) only converges for ¢ well away from where we want it (near ¢ = 0).
However, this is no problem at all because the function is analytic everywhere except
at the isolated points € = 0 and € = 1 and we can easily analytically continue I1(m?, ¢)
to the rest of the complex e-plane. Furthermore, the assumptions of dim reg guarantee
that I1(m?, €) has a well-behaved Laurent expansion everywhere in the complex plane.

In particular, in a small neighborhood of ¢ = 0 we find
1
I1(m? €) = m? <—€ + (yg — 1+ In(m?) + (’)(6)) (A.3)

The In(m?) factor looks quite peculiar because there is a dimensionful quantity inside
a logarithm. In fact, if we kept track of the e expansion of the unit of mass, we would
find a factor —m?In(u?) which combines together with the m?In(m?) in the above to
yield a proper, dimensionless logarithm. In this context, the unit of mass, i, plays the
role of the renormalization scale.

In order to discuss dimensional reg in a more non-trivial example involving vector
and fermion fields, we have to understand how to modify the Feynman rules for these
species of fields in a way that is consistent with the prescription given above for scalar
integrals (we must verify that our modification doesn’t spoil gauge invariance). The
shift to 4 — 2e¢ dimensions is applied to everything in the problem; the Dirac matrices,
the metric, the external momenta, the external spinor and vector wavefunctions (when
applicable), and the epsilon tensor €,,,,, should all make sense in 4 —2¢ if the program is

to work®. Everything generalizes to 4—2e dimensions straightforwardly except €uvpo and

3Actually, as we will see in A.2, this is an unnecessarily stringent requirement; in fact, the loop
momenta are the only vectors that have to be treated in 4 — 2e dimensions.
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the external wavefunctions. ’t Hooft and Veltman reasoned that it had to be sensible
to allow the wavefunctions of the external particles to live in exactly four dimensions
if helicity amplitudes are to make sense but they had to think harder about the Levi-
Civita pseudotensor. Making sense of €,,,, in 4 — 2¢ dimensions was the main technical
problem 't Hooft and Veltman had to solve in order to show that dim reg is well-defined.

The solution they came up with was to leave the definition of €,,,, alone. This is
okay so long as you treat objects built out of €, like +®, with special care. A consis-
tent treatment of 7° is particularly important because it enters into the calculation of
the axial anomaly. Suppose we have some 4 —2¢ dimensional momentum, ¢,,, contracted
into v* and that we want to commute / past 4. To do this in a consistent fashion
you must first divide £ up into a four dimensional component and a —2¢ dimensional
component:

EZ[H +u. (A.4)

Then, taking into account the fact that v° is defined to be an intrinsically four dimen-
sional object, we see that

{€||,'y5} =0 asusual (A.5)
but [11,7°] =0 . (A.6)

This prescription for 4° allowed ’t Hooft and Veltman to rederive the results of ABJ
for the axial anomaly [143, 144] in a different way.

Now that we have addressed all of the subtleties associated with the construction of
a consistent regularization scheme for non-SUSY models?, it is very natural to wonder
whether IR divergences are also regulated by e in massless theories or if the method is
only suitable for carrying out the renomalization procedure. In fact, dim reg can be used
to regulate all physical singularities that crop up in scattering amplitude calculations.
We have developed the method to the point where we can consider a realistic example.

The one-loop vertex diagram in QED furnishes a nice one because it is very simple and

4The scheme described above will not work for models with unbroken supersymmetry. See A.2 for
a description of the Four Dimensional Helicity Scheme, a more sophisticated variant of dim reg, which,
in particular, works in the context of A' = 4 super Yang-Mills.
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yet has both UV and IR divergences which manifest themselves as poles in e. We find

a2 F+m 1
_ . 2 2
E1 = —leu / (271_)4_26’7 k2 — m27u (p — k)z ) (A7)

where we have suppressed the external spinor states because they are irrelevant for
us. At the outset, it may be hard to see why this example requires more care than
the massive tadpole integral treated above. Recall, however, that v#v, = 4 must
be replaced with v#v, = 4 — 2¢ and this also modifies the identity v*v, = —2F to
Yy, = —(2—2¢)f. After applying this identity, Feynman parametrizing, and shifting

the integration variable to ¢ = k — (1 — x)p one finds

d*—2%¢q (2—2€)(¢ + (1 —z)p) — m(4 — 2e)
E1 =it /dm/ 27r42€ (¢+ (1 —=2)p)* + (1 —2)(qg + xp)* —m?)?

_ e /dx/ d*=2¢q 2—26)(1—30),? m(4 —26). (A8)

2m)4=2¢ (g2 + (1 — x)p? — m2x)?

If we now consider a Taylor series expansion of the above about p = m. It is very well-

5 dx is related to the mass renormalization

known [10] that the first non-zero term

) W p:m’
of the electron via
% -
Z2:<1—1 ) . (A.9)
dp p=m
Following [145], we can separate dj;l into two pieces, one of which converges in the
p_

IR but diverges in the UV and one of which converges in the UV but diverges in the
IR:

426 1_
@ = 2i¢? 261—6/(1.1‘/ d 7)

dp p=m 2m)4- 26 (q —m2x2)2

d*7%q 2(1 —2)(1+2(1 —¢))
+8ie*m?u? / dm/ T (@ — a2y . (A.10)

The integrals over g and = can be performed without difficulty and we get

4%y — _F(G)M <’u)26/1 721 — x)dx
0

dp lp=m (4m)%2=¢ \m
€2 c e 1
+4(L()12i) %)2 /0 (L= 2)(L+ 21 —€))dw
— 62 1 2e 2€2F(1+6)(1—6) u o
- —F(e)(47r)2_e(1—26) (7) T Tm)2<e(1 - 2¢) (E> (A11)

5The integral at $ = m is trivially zero, since it is just the integral of a dimensionless function.
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The first line of (A.11) has a Feynman parameter integral that makes sense at ¢ = 0
but, nevertheless, this contribution has a UV divergence coming from the factor I'(e)
out front of the integral. This is a general feature of UV divergences; they manifest
themselves as special (but analytic) functions singular at ¢ = 0 that appear after per-
forming loop integrations that are divergent by power-counting. Once again, the unit of
mass is going to play the role of the renormalization scale. Note that the first Feynman
parameter integral in (A.11) converges for Re(e) < 1/2 and the second converges for
Re(e) < 0.

From this rich example we draw the conclusion that, in fact, dim reg regularizes
IR divergences as well as the more familiar UV ones. Even in complicated cases one
can separate out the UV divergences first and use them to renormalize the amplitude
because the UV divergences should be manifest after integrating out the loop momenta.
The IR divergences typically only appear after integrating out some Feynman param-
eters as well and, therefore, should be dealt with after the UV divergences have been

removed via the renormalization procedure.

A.2 The Four Dimensional Helicity Scheme

The Four Dimensional Helicity Scheme is a particularly useful variant of dim reg. In
this Subsection, we discuss its salient features and contrast it to the so-called 't Hooft-
Veltman Scheme discussed in Subsection A.1. The Four Dimensional Helicity Scheme
is the variant of dim reg that we implicitly work in throughout the main text of this
thesis. The criterion that one uses to decide if a regulator is appropriate for a given
quantum field theory is whether the proposed regulator preserves all the symmetries of
the model. Despite the many successes of the 't Hooft-Veltman Scheme in the Standard
Model, it is not an appropriate regulator for supersymmetric models because examples
exist (see e.g. [146]) where its use explicitly violates certain supersymmetric Ward
identities.

Surprisingly, these issues were not properly understood until 2002 when the Four

Dimensional Helicity Scheme [102] was proposed as a variant of dim reg fully consistent
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with supersymmetry to all orders in perturbation theory. As the name suggests, all ex-
ternal momenta and wavefunctions are kept in four dimensions; only the loop momenta
are continued to D dimensions. The rules for objects built out of €,,,, are the same in
the 't Hooft Veltman scheme. The main insight of [102] was that one must introduce an
additional scale, called the spin dimension, which is taken to be the dimension in which
the wavefunctions of all virtual particles circulating in loops live. If supersymmetry is

to be preserved, the spin dimension, D,, must be treated as follows.
i. Perform all index contractions as if Dy > D > 4.

ii. After the amplitude is a function only of the loop momenta, external momenta,

external wavefunctions, D, and Dy, set Dy = 4.

It is useful to note that if D, is set to D we recover the 't Hooft-Veltman Scheme.

A.3 A Useful Integral Reduction Identity Involving Dimensionally-
Shifted Integrals at the One-Loop Level

In this Subsection we derive eq. (2.74) explicitly to supplement the streamlined discus-
sion of Subsection 2.6. This exercise should also help the reader understand why the
coefficients of the pentagon integrals in the dimensionally shifted basis defined in 2.6
contain an explicit factor of €, whereas the box integrals in it do not. We begin with
the dimensionally regulated one-loop integrals of eq. (2.48):

=20 1
@m)A=2ep2 (- K2

ID=472¢ — (1)t (4m)2€ / (A.12)

It has been known for a very long time how to write down an expression for (A.12) as

a Feynman parameter integral [10]:

5 (1 — Z?:l :El)
2
?:1 Tipi—1)” — Z?:1 xip?—l)

. (A13)

17?4_25:F(n—2+6)/01d"xi( -
(
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where p; = 22:1 K. There is, however, a particularly nice, symmetric way of rewriting
this expression [25]. The above formula collapses to°
(="

=2 ) . (A.14)

n n—2+e
i,j=1Pi-1 'Pj—lez'ij)

1
IP=172¢ —T(n — 2+ ¢) / d"xz;
0 (Z

This representation of I2=472¢ will enter into our derivation of eq. (2.74). The idea is
to evaluate the same integral in two different ways.

Following [25], we define
d4—2€ Y £2

D=4—-2¢7/21 — n+1 2—e
W) = e [ e e

Of course, this integral can be trivially reduced by canceling the numerator against the

(A.15)

first propagator denominator.
[P=A72e 2] = pD=a2e (A.16)

However, we are also free to evaluate it as a Feynman parameter integral. Going through

the usual Feynman parametrization procedure we find something of the form

17?24726[62] _ i(_l)n+1(4ﬂ')2€r(n)/ d”xz (1 - ZZL’Z>

0

=2 ¢* + D=1 Picl Pj1TiT + D i zip7y A
(27T)472E 9 n n—2+e ( 17)
(q - Zi,jzl Pi—1 'pj—wiwj)
These integrals are easily carried out by using the standard formulae [10]
’i(—l)n+1 (47T)2 e/ d4_2€q 1 _ F(n -2+ 6)
(271')4_26 (q2 _ A)n I‘(n)An—2+e
di—2%q q> (2—e'(n—3+¢)
. +1 2— _
and i(—1)""!(4n) e/ EE E Ay T (A (A.18)

IP=4=2¢[2] becomes

ID=472¢47] —/0 d"x;0 (1 - Zx,)

y < _ (2-¢T(n—=3+¢) C(n—2+¢) > pi1 - Pj—17:7;
n—3+e n—2+e€
(E?,j:l Pi-1 'Pj—1$i$j> (Zﬁjzl Pi-1 -pj_lxz-xj)
T(n—2+¢ ¥zl )

n n—2+e
(Zi’jzl Pi—1 'Pj—w?ia?j)

(A.19)

50ne can verify this relation directly after eliminating one of the variables through the relation

>, @i =1 on both sides of the equation.
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This simplifies nicely:

1 n
L= = / d"x;0 <1 - Zm) x
0 i=1
( (2—L(n—2+ (- 1)) (n—3+T(n—2+(c—1))
>< p—
n n—2+(e—1) n n—2+(e—1)
(Zi,jzl Pi-1 'Pj—lxz'f'«“j) (Zm:l Pi-1 -pj—lﬂ:ia:j>
D(n—2+¢ Yi 2w}, )

n n—2+e
(EZ j=1DPi-1 'pj—ll‘ﬂj)

_ /0 ) (1_Zx’> (( ”_5+26)F(n—2+>7(f_2_+2_)1)

Z?J‘:l Pi—1 - Pj-1T4T;
T(n =2+ ¢ S wip} )

n n—2+e
(Z@j:l Pi—1 'pj—lxﬂj)

n
= (n—=5+2)IP=02 4y " p? IV ).

i=1
(A.20)
Equating the last line of (A.20) with the right-hand side of(A.16),
n
PSR = (= 5 21D S g TP ) (A21)

i=1
we finally obtain a non-trivial relation between scalar integrals.
ID:4—26[£2]

In fact, all of the above analysis goes through unchanged if I, is replaced

by IP=4=2¢[(¢ — p;_1)?], allowing us to derive a total of n relations that can be written
in a unified way as

_Ir(bil;lDzél—Qe:( —5+26)[D 6— 26+2ZSz ID =4— 26[ ]7 (A.22)
7j=1

where we have introduced the daughter-integral notation (which first appeared in Sub-

section 2.5) and the matrix S;; defined as

1 .
Sij=—3 (pi+ ot pj1)? i FE ]
Sij =0, 1=17, (A.23)
where both i and j are to be taken mod n. Solving for IP°=4=2¢[z;], we obtain

[P=42¢ ) = [Zs AUl P (0 5 4 20) P02 (A.24)
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where C; =370 S !. Finally, we can exploit the identity > , z; = 1 and sum over

the index 7 in the above. This yields
1< :
=i 2 [Z CII "= (n -5+ 26)001,?6—26} , (A.25)
j=1

where Cop = Y C;. This is the final form of our desired relation.

This formula for n = 5,

5
_ 1 i =4—2¢ =6—
I5D—4—26 _ 5 |: E C]Iij)7 D=4-2 + 2600[5?76 25:| , (A26)
j=1

turns out to be very useful in the analysis of one-loop N/ = 4 amplitudes in dimensional
regularization because the five-point scalar integral is related to a linear combination of
four-point scalar integrals plus a five-point integral in D = 6 — 2¢ dimensions that has
an explicit factor of € out front. Furthermore, it turns out that the D = 6 — 2¢ scalar
integral has no poles in e. This then implies that eq. (A.26) corresponds to a special
case that relates the five-point integral to four-point integrals, up to O(e€) contributions
that can be neglected if one is only interested in computing one-loop amplitudes to
O(€%). For us, this relation provides a convenient way to separate higher order in e
contributions from those that contribute only through O(€?).

Eq. (A.25) for n = 6 also appears throughout the main text of this thesis. To see the
utility of (A.25) for this value of n, one needs to know something more about the matrix
S;; and its rank. In deriving eq. (A.24), we implicitly assume that S;; is invertible.
Actually this is only a valid assumption for n < 6 and n = 6 is the borderline case. It
is well-known that, beginning at the six-point level, additional non-linear constraints
on scattering processes exist coming from the fact that it is no longer possible to find
an n — 1 dimensional linearly independent subset of the n external momenta [25].

To be more concrete, let’s specialize to n = 6 and count the degrees of freedom for
external momenta in D = 4. The sum of all momenta is zero by construction, so clearly
at most five of the external momenta are linearly independent. However, it must be the
case that any one of these five momenta can be expressed as a linear combination of the

other four, simply because the vector space that we’re working in is four dimensional.
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More precisely, we have the six relations
Det(k; - kj)r =0, (A.27)

where the r subscript is to be interpreted as an instruction to delete the r-th column
of the matrix (k; - k;). It turns out that the changing the value of 7 doesn’t change the
left-hand side of (A.27) and, therefore, all six equations give the same constraint” on
the kinematics. The object Cj is proportional to Det(k; - k;), and therefore can be set

equal to zero. This results in
I~
15:4—26 =3 ZCJE(:), D=4-2¢ (A.28)
i=1

a special case of (A.25) for n = 6.

A.4 One-Loop IR Structure of Planar Amplitudes in N =4

In this subsection, we review the results of [147], where all possible IR divergences at
one-loop in massless gauge theories were classified. Actually, the one-loop IR diver-
gences in N = 4 are a little bit simpler than in the general case. In general, one would
expect poles in epsilon both from soft virtual gluons and from collinear virtual parti-
cles. In axial gauge [148], all the contributions from collinear virtual particles come
from self-energy corrections to external lines. In N = 4, these corrections vanish by
virtue of the N/ = 4 supersymmetry®. Therefore, all of the IR divergences in virtual
corrections to one-loop scattering processes in planar N' = 4 have their origin in soft
9

virtual gluons connecting pairs of adjacent external lines’. If we take the index ¢ in

what follows to be mod n, we have

TA priori (A.27) could have been identically satisfied. It turns out that this is not the case and, as
a result, there is a non-trivial constraint on the kinematics.

8There would be a non-zero contribution to the collinear anomalous dimension at one loop in QCD,
for example.

9If we did not restrict ourselves to planar contributions, then soft virtual gluons could connect
non-adjacent external lines as well.
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Al—loop (khl kh”) B _lgchuzee_VEe F(l + €)F2(1 _ 6)
! Lol 2 (4m)? I'(1 - 2e)
singular
n 2 €
S0 () e (il e k) 120
—Siit1

i=1
for color-ordered partial amplitudes in the Euclidean kinematical region (defined in
Subsection 2.5). In (A.29), the unit of mass plays the role of the factorization scale.
One remarkable feature of (A.29) is that the singular terms are proportional to the
corresponding tree amplitude. This makes sense because erasing a gluon line connecting
two external states (turning a one-loop amplitude into a tree amplitude) should in some

sense be equivalent to making that gluon line infinitely soft.
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Appendix B

N = 4 Superconformal Symmetry

In this thesis we study the (essentially unique) Yang-Mills theory based on the N' = 4
supersymmetric extension of the Poincaré group. This extension, called the N' = 4
superconformal group, is an example of a Lie supergroup, a generalization of a Lie
group that possesses a Zo graded Lie algebra. We begin by briefly reminding the reader
how each symmetry operation in the superconformal group acts in N' = 4 extended
Minkowski space. Of course, the symmetries that act in the fermionic directions are
not so easy to visualize. Consequently, we will argue by analogy to the appropriate
even (under the Zy grading) cases for the symmetries generated by odd operators.
As usual, we ultimately care more about the Lie superalgebra of the Lie supergroup
than the supergroup itself. So in the second part of this appendix we write down the
N = 4 superconformal algebra and give an explicit example of a representation of the
algebra. We focus on the particular infinite dimensional representation of the AN/ = 4
superconformal algebra discussed in Subsection 6.2.

To start, we remind the reader that the Poincaré group by itself is nothing but the

isometry group of Minkowski space. As such it contains

spacetime translations : 2 =t +r*  and (B.1)
spacetime rotations : 't = MFax” . (B.2)

Since there are four coordinates to translate in, three pairing of coordinate axes ({z,y},
{z, z}, and {y, z}) to define spatial rotations in, and three spatial directions to boost
in, the dimension of the Poincaré group is ten. In this Appendix, we will follow the
conventions used in the main text and label generators using spinor notation. Spatial
translations are generated by the momentum operator, P,4, and spacetime rotations

are generated by M,z and Md i
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Now, suppose that one adds four fermionic directions to R labeled by a for a €
{1,2,3,4}. One certainly expects any well-behaved theory to be invariant under the
full isometry group of the space on which the theory sits. This implies that we should

now include translations along the new fermionic directions
spacespace translations : 0 =05+ (B.3)

in addition to the spacetime translations and rotations discussed above when attempting
to write down the full set of constraints on a candidate N' = 4 supersymmetric action.
Superspace translations are generated by the so-called supercharges, Q¢, and Qg q.
There are sixteen of these fermionic generators in all because there are four fermionic
coordinate axes and the supercharges carry spacetime indices as well. These obvious
translational isometries need to be there but they introduce a bit of a problem because
now the number of fermionic generators (sixteen) is larger than the number of bosonic
generators (ten) that we have introduced so far.!

Fortunately, there is a natural extension of the Poincaré group that would provide
six additional bosonic generators at the cost of placing very strong constraints on the
form of interactions. What we are alluding to is the conformal group which, in addition

to the ten dimensional Poincaré group, naively consists of

dilatations : 2" =axt  and (B.4)

ial conformal transformati h ot (B.5)
SpecClal coniormal transrormations : r" = . .
P 1—2r o +r2a?

In fact, the above Lie group admits a central extension and the associated central
charge (so-called because it commutes with all other generators), Z, is realized trivially
on physical states. The physics of the central charge should become more clear in the
next part of this appendix, where we discuss an explicit realization of the N = 4 su-
perconformal algebra. For now, we focus on understanding the dilatations and special
conformal transformations. The dilatation operation, generated by D, is just a rescal-

ing of the coordinates and, at the level of operators, it measures the classical scaling

In a supersymmetric theory the number of bosonic generators must be equal to the number of
fermionic generators [149].
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dimension. The special conformal transformations, generated by K4, are a bit more
difficult to understand, as their action on Minkowski space looks rather complicated.
A nice way to proceed is as follows. If we introduce the discrete operation of conformal
inversion

h

inversion : 't = 2= I[z"], (B.6)

it turns out [6] that one can think of the special conformal symmetries as being generated

by an inversion, a translation, and another inversion applied in succession:
Koo =1Pus 1. (B.7)

At this stage, one might think that we have successfully identified all of the N = 4
superconformal transformations because we have sixteen bosonic and sixteen fermionic
generators. However, we haven’t yet taken into account all symmetries. For instance,
we haven’t discussed how the SU(4)r symmetry discussed extensively in the main text
fits into this picture. As is well-known, SU(4) has fifteen generators, R%,. There is
also a global Abelian axial symmetry (called hypercharge by some authors [6]). In
theories with N # 4 the axial charge, A can enter into the commutation relations of
the superconformal algebra in a non-trivial way [150]. For the special case of N' = 4,
however, the axial charge decouples and therefore plays only a peripheral role. Indeed,
we only mention it because it makes the total number of bosonic symmetries 32.

We are clearly still missing something because there is again a mismatch between the
number of fermionic and bosonic generators. It turns out that what we are missing are
the analogs of special conformal transformations along the fermionic directions [151].
Indeed, we can identify sixteen new fermionic generators, the generators of the special

supersymmetry transformations, along the lines of eq. (B.7):
S*=IQual and S**=71Q°%,I. (B.8)

At long last we have identified all 64 superconformal generators. Obviously, now that we

have identified all generators, we should investigate their (anti)commutation relations.
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B.1 The N = 4 Superconformal Algebra and One of Its Representa-
tions

We first present, in spinor notation, the non-trivial (anti)commutation relations of the

N = 4 superconformal algebra:

[D;Paéz] = Pad [DaKaéz] = _Kozéc

a fl a 0. -] = 1* .

[D?Q a] - 2@ o [Da(@aa] - 2Qaa
1 1

(e

D.Sua) = —38a  [D.8%] = 58
[Kaa, Q%3] = €8aS% [Kaa,@aﬁ'] = €3550a
(Ko P3| = €pacsaD + €Mas + €pablyg
[Pac, Sa gl = €8aQua [Paa,gag] = €3,Q%
[Mag, Mys] = €7aMps + €48Mag + €5aMpy + €556May
(M35 W5 | = e3aMg5 + €345+ €5 g, + e55Mas
Mag,Say] = €48Saa + €4aSq 3 [Mdﬁ'v Saﬁ] = 6,~nga6- + ewgad
[Mag, Q%] = €/8Q7%, + €,aQ%5 [Md[;, @(m} = €4aQ, 5 +€,5Qaa
Mag; Kyl = €5Kag + €aKpy [ o KW} = €10l + €585
[Mag, Pys] = €48Pay + €4aPp5 [Ma57 PW} = €50l 5+ € 5Py

(R, R®g] = 0, “R?; — 64“R%,

R, Q%] = — (5b ‘QY — i5ba@ca> [R%, Qca] = 6. Qpa — i%a@co‘é

By Seal = 0.%Spa— 16 6ea [R%,8%] = - (5bcsad _ iabagcd>

{Q% Qva} = 6,"Paq {Saa; gbd} = 0, Kaa

{Sm, @bﬂ} = §,"Mas + €gaR?, + %%5@" (D + Z)

{S“a, @bﬁ.} = 5b“MaB — g RY + %%d%“ (D — 7Z) (B.9)
Our focus in this work is on the differential operator representation of the above superal-
gebra (discussed in 6.2). For a supermatrix representation of the A" = 4 superconformal

algebra we refer the interested reader to [111]. It’s worth pointing out that, strictly
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speaking, the above superalgebra is not appropriate for the dual superconformal sym-
metry discussed in 6.2; to write down the dual superconformal algebra one should take
(B.9) and swap the SU(4)g chiralities of all operators. The representation that we

present acts on the on-shell superspace of 5.1:

~ & a 8
P = )\ia)‘iéé Ko = N .
> ;3)\m8)\m
] 0 y > (R i, 0
Vor = 3 (Mo, + Nz ) M"‘B:;Gid%mﬁ‘m)
D =Y 0

Qaa = Zn:)\ianzq Qad:zn:j‘id;?fl Saa: n 0 iq
— i—1

i=1 i—1 i i 9Aia 01

_ i d - 1 d 1~ . 0 1 9

So, = L 7 = 142X, — N = o ) B.10
;77 O\ & =1 ( 2 Oia 2 O\ & 277 377? ( )

Note that, for each 4, the central charge is identified with one minus the helicity operator

Z = zn: (1—hy) . (B.11)
=1

By construction, each superfield ®(p,n) has helicity +1 (see eq. (5.3)). Therefore,
Z annihilates all on-shell superamplitudes as expected for the N' = 4 theory in the

conformal phase.
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Appendix C

N = 4 Supersymmetric Ward Identities and Their

Solutions

In this Appendix we derive N' = 4 supersymmetric Ward identities (N' = 4 SWI),
linear relations between on-shell scattering amplitudes that are consequences of the
action of N/ = 4 supersymmetry on the space of states. After warming up with the
very simple (but very important) example of the relations A (ki, k2, -+ ,k,) = 0 and
A (k%234,k:2, - ,k:n) = 0, which are true even non-perturbatively in any supersym-
metric gauge theory, we study the much more non-trivial case of the six-point NMHV
superamplitude. Recently, it has been shown that, for general superamplitudes, a so-
lution to the complete set of AV = 4 supersymmetric Ward identities can be found
using ideas from representation theory. We illustrate this for the six-point NMHV

superamplitude in C.2.

C1 Ak ks, k) =0and Ak ky, - k) =0

Before we can begin, we have to say a few more words about notation. Throughout
most of this thesis it has mattered relatively little what conventions are used for the
evaluation of spinor products. There is a good numerical program for the evaluation
of spinor products, SQM [65], and, therefore, all the results presented in the main text
can be checked without worrying too much about the underlying conventions. However,
for the sake of completeness, we now present one convention that meshes well with the
N = 4 on-shell superspace of Subsection 5.1. We define the holomorphic spinor product

of Ao = (A1, A2) and xa = (X1, X2) as

A
) = A% = € Agxa =Det [ 1 X (C.1)

A2 X2
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This definition will be helpful in analyzing the consequences of supercharge conser-
vation, from which A (k1, ke, ,k,) =0 and A (k%234, ko, ,k:n) = 0 follow trivially.
First recall that, implicitly, there is always an overall four-momentum conserving delta
function that can be pulled out front of any scattering amplitude. This factor is so triv-
ial that we don’t even write it, but it follows from the fact that the total momentum

operator annihilates the amplitude and acts multiplicatively on it
Pog A(®y, -, ®,)=0. (C.2)
In much the same way,
n
Qaa A(Qly T 7(I)n) = (Z )‘ozé 7721) -A((I)la to aq)n) =0 (C?))
(=1

implies that an overall factor of

[I1I (i Aat n?) =¥ <§n: Aot n?) (C.4)
/=1

a=la=1 /=1

can be factored out of every superamplitude and eq. (5.6) becomes
A(®@,--,®,) =6® (Z At ng) (AH;Q + Angg + -+ Ay, H) : (C.5)
(=1

Now, a useful simplification of the supercharge conserving delta function follows
from our definition of the holomorphic spinor product. Suppose we fix the SU(4)g

index and consider the product

n n n n
5(Z>\1e 7721>5<Z)\21z 77?) = (Z)\u 77?) (Z)\Qz 77?) : (C.6)
=1 =1 =1 =1
Let us rearrange the product in the following way. First, suppose that we select two of

the external momenta indexed by ¢ and j. For now we assume that i < j. If we expand

the above product and collect all terms involving both ¢ and j, we get
Aridemimy + Agreanini = (Aride; — AvgAea)ning = (ij)ning - (C.7)
We can easily drop the assumption that i > j if we write

(i jyning = 5 ((mind + G iyningd) . (C.8)

1
2
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Finally, we have

n

(; Ate 77?) <KZ Y 772‘) = % > i gyning (C.9)
-1 1

1,j=1

and we have a more useful expression for our eight-fold Grassmann delta function:

n 4 n
1 S\ a0
§®) (Z Aot 772‘) = o LI D_ i (C.10)
=1 a=1i,j=1

From the above expression for 6 (Q,), we see that, for non-degenerate kine-
matics, a superamplitude must have a k-charge of at least two to be consistent with
supercharge conservation. Since A (k1, ko, -, k,) belongs to the k-charge zero sector
and A (k%234,k2, e ,k:n) to the k-charge one sector, these amplitudes and all other
amplitudes related to them by N = 4 supersymmetry vanish for generic kinematical
configurations. However, we remind the reader that one can have non-vanishing k = 1
amplitudes if one allows all spinors to be proportional to one another. As was demon-
strated in 5.1, this construction is important in its own right because it allows one to
define the three-point MHV and anti-MHV superamplitudes.

The study of supersymmetric Ward identities has a long history (see e.g. [152, 153,
154, 155]) and culminated recently in [101] where Elvang, Freedman, and Kiermaier
presented a complete solution to the A/ = 4 SWI. In other words, as discussed in
Subsection 5.1, it is now possible to express any N' = 4 superamplitude as a linear
combination of a minimal number of linearly independent component amplitudes. To
illustrate the power of the new techniques, we derive eq. (5.19) for the six-point NMHV

superamplitude in the next subsection.

C.2 /4&3

In [101], Elvang, Freedman, and Kiermaier (EFK) found a useful general solution to the
N = 4 SWI using only the constraints coming from ordinary N' = 4 supersymmetry and
SU(4)g invariance. Their main new observation was that one can profit by demanding
that on-shell superamplitudes be manifestly SU(4)g invariant. Then, using represen-

tation theory, they described the solution for superamplitudes in the (k, n) sector. In
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this subsection we focus on (3, 6) sector because the resulting formula is what we use
in the main text of this thesis.

The basic approach used by EFK was to start with an ansatz and then impose the
constraints of ' = 4 supersymmetry and SU(4)g invariance on it. The starting point
for their ansatz is Nair’s formula [99] for the MHV tree-level superamplitudes, derived

in eq. (5.10) and reproduced here for convenience

A o= i% H3:1 Z?,j:ﬂijmg??}l
w2 (12)(23) - (n1)

(C.11)

The moral of Subsection C.1 above is that all N' = 4 superamplitudes are naturally
written with a factor of §® (Q%,) pulled out front. It is therefore follows that the

superspace structure of an arbitrary superamplitude will be of the form
A = 6(Q) ( ) (C.12)

As noted in Subsection 5.1, the NMHV superamplitude Ag.3 requires a total of twelve
Grassmann variables. Since eight variables are already present in the supercharge con-
serving delta function, we need just four more from some other source. The EFK ansatz

for Ag.3 is
6

AGES =6®Q%) D aqiju niminint (C.13)
i:jzkylzl

A familiar result from the representation theory of SU(N) is that one can learn
all about the algebra of SU(N) simply by studying the SU(2) subalgebras inside of
it (see e.g. [156]). In the same vein, we can impose SU(4)g invariance on (C.13) by
demanding that (C.13) be invariant under infinitesimal SU(2) g rotations acting on any
pair of SU(4)g indices. For example, an infinitesimal o; rotation of the pair (1, 2)

parametrized by 6 acts as

6 0 ! 2
N Y S (C.14)

0 0 n? n}

For short, we can write 53(172)77} = «9171-2 etc. Now suppose we apply the 53(172) operation

to (C.13). We already know that the §(® term is SU(4) invariant by itself, so we focus
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on the other term and find:

6 6
Ora o | D gw mimimin | = Z gigk(mimimin; + ninjnimi) (C.15)
ijkd=1
and
6 6
Orus | D Giw myminint | = Z qgir (3 min + mymimin') (C.16)
igikel=1

If we insist that the right-hand sides of the above two equations be SU(2)p invariant,
then they must vanish. Comparing, we see that ¢;j1; = gjix. The exact same argument
can be applied to each pair of SU(4)g indices and it therefore follows that g;;r; must
be symmetric in each pair of indices. In what follows, we will often need to refer to the
part of AEFK that was acted on non-trivial by SU(4)r so we define:

6

Pavav = Y Giw mingmnt (C.17)
ijobel=1

To impose supersymmetry on their NMHV ansatz, EFK used the eight spinor su-

percharges contracted with arbitrary spinors €, and €ég

6 6

. )
Q"= (eiyn? and Qu =Y ei] B

i=1 i=1 (

(C.18)

and demanded that they all annihilate Pyypy (the 6®) term is, of course, already
annihilated by all supercharges). As we shall see shortly, it pays to start with the Q.
Before going further, it is convenient to explicitly eliminate n§ and ng using the 5®)
term in .AEFK This is accomplished simply by taking the inner product of the equation

enforced by the delta function,

Q" =>_ iy =0, (C.19)

with (5], then again with (6], and then finally solving a system of two equations in two
unknowns. Explicit expressions for n§ and ng in terms of the other four Grassmann

variables (with SU(4)g index a) result. We find:

4
and gzz

(C.20)

|
-
T~
| =

s
I
—
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Plugging these results back into eq. (C.17) gives

4

Z Cijkl 771'177?771?577?7 (C.21)
7]7]”

Pavnav = <

where the c¢;j1; are some linear combination of the g;;x;. The precise relationship between
the g;;r and the c¢;ji; is not important, but note that the total symmetry of the g;;x
implies that the c;;j; must be totally symmetric as well.

Suppose we start by investigating the constraints resulting from the action of Q1 on

Pxvnv:
1 4 B
QiPyvny = 56)4 Z Czjkl[fr]a (i)
Tk l=1 iy

4
1 )
= (56)1 Z Cz’jkl[”]ﬁ?ﬁ%ﬁf
i:j7k7l:1
4

—_

4
= 7 > cimled] | ninint (C.22)
(56) k=1

i=1
Since we demand that Qi Pxyuv = 0, the quantity in parentheses on the last line of
(C.22) must vanish. Using the resulting relation allows us to eliminate czji; and caji

from the sum over ¢ in eq. (C.22). We find

4 2 4
1
Pyymy = 1 E E Cijht i 77]77k77l + E (cajrr 3 + Cajii 774)77]77k77l
(56) ik i=1i=1 Jikl=1

|
HM'P
||Mw

4 2 .
14
Cijel MMM + Y <<—Z[[34]]C¢jkl> 3

ji=1
2 .
13
+< [[34]](:““) ni)n?ni’n?
=1

4 2
- @67 D> cim(B4] )+ [4d] m3 + i3] ni)mimint - (C.23)
7,k l=1i=1

Very similar reasoning applies to j, k, and . If we define

Xijw = ([34] m; + [44) 5+ [03] 03)([34] 07 + [45] 03 + [7 3] ) x

< ([34] ni + [4K] n3 + (k3] m)([34] mf + [40) 5+ [13] mi)  (C.24)
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we eventually arrive at

2
Xijki
Pyvuv = Z CZ]MW and
4,7,0,k=1
X
AFEK = 53)(Q) }: ‘@kﬂ34]2§%) (C.25)

i, k=1

Xijr has a superspace structure that closely resembles that of the three-point anti-

MHYV superamplitude and is annihilated by the Q% supercharges. This is why it was

smart to start with the Q, supersymmetries; after solving the @, Ward identities, the
Q* Ward identities are satisfied automatically.

Our final task is to identify the c¢;;p; with particular components of Ag, 3. Following

EFK, we first exploit the total symmetry of c;;z; to write

3®(Q")
AFEK = BA56)T S ciuXaimy (C.26)
1<i<j<k<I<2

where Xy represents the sum over all distinct arrangements of the fixed indices
i, 7, k, [. For example, X(1112) = Xi112 + X1121 + Xi211 + X9111. The number of
distinct entries in Xj;z; is given by the appropriate multinomial coefficient. It is now a
straightforward matter to extract a particular component NMHV amplitude from the
superamplitude. For example, the partial amplitude A (k%234,/€2,k3,k4,k%234,ké234)
is obtained by collecting all terms proportional to nininininininininindnini. The
variables ninZn2niningning eat the factor 6®)(Q?,)/(56)%. By staring at eq. (C.24),
we see that the last four Grassmann variables must come from the X111y term in the
sum because [34]*nin2nint is the only contribution with all four 7{. So, in the end,
we conclude that c1111 = A (k1234 ko, ks, k4, k:1234 ké234) and this suggests a strategy
to determine the remaining four c;x;: c1112, c1122, C1222, and ca222. The idea is to first

take the eight Grassmann variables
TN TS

and, as above, use them to eat the factor of 6 (Q®,)/(56)*. Then the trick is to select

helicity states for k1 and k5 that smoothly interpolate between A (k1234 ko, ks, k4, k:%234, ké234)
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(fOI‘ 61111) and A (lﬁ, k%234, kg, k4, k%234, ké234) (fOI" 62222). In other WOI“dS,

ciiz = A (k%23,k§,k3,k4,k 2 k1234) ;C1122 = A(ki2,k§’47k3,k4,k 234 k1234) )

and c1o0 = A (ki, k3°*, ks, ka, k3234 k§2Y) (C.27)

At long last, we arrive at a new form for the superamplitude Ag, 3, expressed as a

linear combination of five component amplitudes:

(Qa ) 1234 1234 1234
Ag;3 = [34] (561 <A (k1™ ko, ks, ka, k5™ k™) X (1111

HA (k1% R, Ky, kay k3% k) Xanag) + A (K12 k37 R, b, B30 k™) X(1122)

A (kb K3, g, R, T3P, RE) X rma) + A (i, B525, ki, o, B2, 1§ %) X 46399)

where the X(;;i) are sums over distinguishable permutations of the X;; (for fixed

indices 4, j, k, 1) defined by eq. (C.24). If we expand the above we arrive at eq. (5.19):

1—loop 5(8) (Qg) 1—loop /. 1234 1234 1234 = a
AG;S = W(Al (pl yP2,P3, P4, D5 y Pe H 34 7’]1 } M3

3
+H[13] ng) + A% (012, 03, s, pa, A2 pa%Y) T (134) i + [41] n§ + [13] 1§) x
a=1

2
x ([34] n3 +[42] 03 + 23] ) + A7 (1%, 3%, ps, pa. 4 6% T (1341 S

a=1
4

+[41] ng + [13] nf) [T (134) w8 + [42] n§ + [23] nf)
a=3
4

1-1
FALTIOP (1 234 1234 1280 (1347l 4 [41] gk 1 13] ) H([34] 2

a=2

1-1
+[42] n§ + (23] n%) + A7 °% (b1, p3***, p3, pa, pE2 pgPt) x

4
x [T (1341 n5 + [42) mg + 28] ) )
=1

(C.29)
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Appendix D

The AdS/CFT Correspondence, the Strong-Coupling
Form of the Four-Gluon Amplitude, and Hidden
Symmetries of Planar N = 4

In this appendix, we first describe in D.1 the general idea of the Anti-De Sitter/Conformal
Field Theory (AdS/CFT) correspondence (in its original incarnation) between N = 4
SYM and type IIB superstring theory on AdSs x S°. Then, in D.2, we turn to a spe-
cific application, namely the computation of the planar N = 4 four-gluon scattering
amplitudes at strong coupling. The derivation of even this simplest of the simple MHV
amplitudes becomes quite technical at strong coupling, so we present a sketch of the
calculation and proceed rather quickly to the final results. We feel that this is justified,
so long as we take care to omit only technical details that play no direct role in this
thesis. The intent of this particular appendix is not to provide rigorous justifications
but, rather, to help the less expert reader better appreciate the history and background
behind the relevant developments discussed at greater length in the main text of this
thesis. Of particular interest is the way in which the strong coupling calculation de-
scribed in this appendix led researchers to two previously unknown hidden symmetries

of the large N, S-matrix, dual superconformal invariance and fermionic T-duality.

D.1 The AdS/CFT Correspondence for N’ =4 Super Yang-Mills

One can most easily understand the AdS/CFT correspondence by thinking about the
physics of N, coincident Ds-branes in type IIB superstring theory [157]. Ds-branes
were introduced in Subsection 4.1 in the context of the non-Abelian Born-Infeld action.

Recall that, in the low energy limit, the non-Abelian Born-Infeld action describes the
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interactions of the massless modes of open superstrings' terminating on a stack of N,
coincident Ds-branes. The end result is a U(N,) N = 4 super Yang-Mills theory living
on the (3+1 dimensional) world-volume of the Ds-branes plus stringy corrections of
O(a'?) and higher. Quite remarkably, it was proposed in [3] that, if desired, one can
describe the low energy physics of open superstrings ending on these N, coincident Ds-
branes by instead considering the massless modes of closed type IIB superstrings in the
geometry very close to the D3-brane stack (the Ds-branes back-react on R to produce
a non-trivial geometry). A great deal of evidence for this proposal has accumulated over
the years but, for now, we will simply try to give the reader an intuitive feel for how
the AdS/CFT correspondence (in its weakest form) works.

One massless mode associated with the closed superstring is, of course, the graviton.
If we declare that we are only interested in the dynamics of the graviton near the stack
of Ds-branes, we can replace the closed string sector of the full type IIB superstring
theory with the field equations for the graviton derived from the classical Lagrangian
of N' = 2 supergravity [158]. At the level of the supergravity action, the dynamical
field associated with the graviton is the spacetime metric. In flat space superstring
theory one has the Lorentz group in ten dimensional spacetime, SO(1,9). Inserting N,
Ds-branes breaks this group down to an SO(1, 3) along the world-volume directions of
the D-branes and an SO(6) rotating the other six directions into each other. It turns
out that there is a unique metric that satisfies the supergravity equations of motion

and is consistent with this symmetry breaking pattern:

1

4 N.a/?
< — da? + da? + dad + dx?;) +14/1+ M(dr2 + 7"de§> , (D.1)
1 + 47rgs]Xcal2 T
T

where r is the distance from the stack of Ds-branes. Clearly, r can be thought of as the

radius of an S5 for which ng is the measure of solid angle. This metric has a nice small

1As before, the non-Abelian Born-Infeld action is not sensitive to the details of the string
construction.
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r limit. That is to say, in the neighborhood of the N. Ds-branes, the metric reduces to

2 4 gs Noo/?
\/ri( — da? + do} + daf + dx%) + @ (dr2 + T2dQ§) (D-2)
47 g Nool? r
4 N 12 2
_ VamNea® . (= dof + do? + da? + da3) + V/amg. Nead03

which is nothing but the metric of AdS5 x S5. To summarize, Maldacena’s proposal is
that there exist two very different descriptions of the same physics. In its weakest form,
we have U(N.) N = 4 super Yang-Mills theory in 3 4+ 1 dimensional Minkowski space
(in some limit to be determined below) on one side and on the other we have type IIB
supergravity in an AdSs x S5 background.

Unless we understand when the curvature corrections on the supergravity side start
to matter, the proposed duality won’t be of much use to us, since we don’t know much
about quantum gravity in strongly curved backgrounds. Another important technical
point we must address is what regime of the U(N.) N = 4 field theory we are probing
if we ignore the fluctuations in the Ramond-Ramond fields on the supergravity side.
Basically, what we want is for the radius of AdS5 to be sufficiently large relative to the

string scale that the spacetime we are working in is weakly curved. In symbols, we have

\VAmgsNe >> 1, (D.3)

where we have cancelled a factor of o’ on both sides of the above. Now, suppose that
we insist on gs << 1 so that A/ = 2 supergravity is solidly within the perturbative
regime (the only regime we understand fairly well). At first sight it would appear that
the above criterion cannot be satisfied if the supergravity theory is in the perturbative
regime. However, N, need not be a small parameter the way it is in QCD. Suppose we
define a new coupling constant, A = 4mwgsN.. We can first take N. — oo and gs — 0 in
such a way that the product g; N, is constant. After rewriting everything in terms of A,
we then take A large. This procedure lets us keep the supergravity theory perturbative
while at the same time allowing us to satisfy the above inequality. Now, from the low
energy open string description (the non-Abelian Born-Infeld action), we can make the
identification

g° =2mgs. (D.4)
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The regime that we know how to work with on the AdS side corresponds to taking
the large N, limit in the U(N.) N = 4 theory and then going to strong 't Hooft
coupling. Thus, we are led to the remarkable conclusion that weakly coupled type I1IB
supergravity in an AdSs x S5 background can give us analytical control over planar
N = 4 with gauge group U(N,.) in the strong coupling regime. It is important to note
that, for most purposes, the gauge group is effectively SU(N.) due to the fact that an
overall U(1) decouples from the Ds-brane dynamics?.

One obvious check of the proposed duality is that the symmetries of the supergravity
theory on AdS5 x S5 match the well-known symmetries of NV = 4. N = 4 has a
S0O(4,2) conformal symmetry and an internal SO0(6) R-symmetry3. It is easy to see
that SO(6) R-symmetry matches the SO(6) isometry group of S5. What about the

SO(4,2) conformal symmetry? If we try to embed AdSs in R® we arrive at
X2+ X2-X2-X2-X?2-X2=V) (D.5)

for the induced metric. In these global coordinates it is clear that the isometry group of
AdS5 is SO(4,2) and everything works out nicely. It is worth pointing out that, in most
AdS/CFT analyses, the S5 factor is ignored completely. This is because it corresponds
to the internal SO(6)r symmetry of N’ = 4 which plays only a peripheral role in the
dynamics.

Though we have made it clear what the AdS/CFT correspondence is supposed to
do for us, we do not yet know precisely how to go from one picture to another. In fact,
there is no systematic procedure; each class of observables must be treated on a case-
by-case basis. To illustrate how this might work we consider the particular example
of Wilson loops. These observables are fairly well understood objects in A/ = 4 field
theory but we would like to give a dual gravitational description of them. With this

description in hand, we will be able to use AdS/CFT duality to analytically calculate

20One can think of the overall U(1) as describing the overall motion of the entire stack of N. Ds-
branes [159].

3Here we're not worried about global issues. In principle we should be more careful; for example,
strictly speaking, we should write SU(4)r instead of S0(6)r because SU(4)g is the spin cover of
SO(6)r. However, for the purposes of this thesis, it suffices to identify Lie groups that have isomorphic
Lie algebras.
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Wilson loops at strong coupling in the N' = 4 theory (at least in principle).

Intuitively, the parameter r in eq. (D.3) measures “depth” in AdS5;. Each fixed-
r cross-section of AdSjs is flat 3 + 1 dimensional Minkowski space times a conformal
factor. As r — oo, the metric becomes conformally equivalent to ordinary Minkowski
spacetime and this is known as the boundary of AdSs;. When one draws cartoons of
AdSs5, the “top” is the boundary and the “bottom” (r = 0) corresponds to being deep
inside AdSs. At r = 0 there is a coordinate singularity in the AdSs metric (called the
Poincaré horizon). This is an artifact of the metric we used, eq. (D.3), which is usually
called the Poincaré patch.?

Finally, we remark that UV physics in large N, N = 4 field theory maps to physics
near the boundary in AdS5 and, conversely, IR physics in the field theory maps to
physics deep inside AdS5 near r = 0. In other words, the r variable in the AdS5 metric
can be thought of as an energy scale in the dual N' = 4 field theory [160]. Actually, one
needs to be a bit careful because there is another commonly used form of the Poincaré
metric

R*
?(dz + dx,dat) (D.6)

where the boundary is at z = 0 and the Poincaré horizon (IR in the dual field theory)
is at z = co. In fact, this is the form that we will use in the next subsection.
Unfortunately, a detailed discussion of [161], the original work on Wilson loops in
AdSS5, would take us too far afield. Nevertheless, it is instructive to outline the AdSs
description for N/ = 4 Wilson loops. In what follows we will primarily be interested in
light-like Wilson loop expectation values but the basic principle is essentially the same
for any Wilson loop expectation value. Recall from Subsection 6.1 that a Wilson loop

expectation value is defined as

W(C] = ]écmm {P{exp (ig 740 dx”Ag(g;)ta) H 10) (D.7)

for some closed contour, C. The spirit of the AdS/CFT correspondence can be summa-

rized by the statement that it is holographic. The use of the word “holography” comes

4In global coordinates this singularity disappears.
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from the similarity of the AdS/CFT correspondence to the way in which holograms
are generated®. In this particular example, if one puts a contour, C, on the boundary
of AdSs and wants to compute the corresponding Wilson loop expectation value, it is
very natural to consider a string world sheet in AdS5 that has the desired contour as
its boundary. A trivial but important observation is that there is gravity in the bulk
and objects in Ad.Ss tend to fall towards the horizon. This implies that the world-sheet
bounding the Wilson loop will inevitably sag into the bulk until it reaches equilibrium.
Then, the Wilson loop expectation value is simply computed by making a saddle-point
approximation to the partition function of the string world sheet bounding C (it’s not
clear that this makes sense in anything other than Euclidean signature). In conclusion,
up to some undetermined normalization that must be fixed by other considerations,
we have the following prescription for the evaluation of planar A/ = 4 Wilson loop

expectation values via AdS/CFT:
(We) = A e=ald, (D.8)

where Y is shorthand for the solution (or family of solutions) of the equations of motion
that minimizes the classical relativistic string action® with AdSs target space, subject
to the above mentioned boundary condition. We will see more explicitly how this works

in practice in the next subsection.

D.2 Planar Four-Gluon Scattering at Strong Coupling and Large N,
Hidden Symmetries of the N’ = 4 S-Matrix

In a remarkable paper [5], Alday and Maldacena explained how to calculate planar gluon
scattering amplitudes at large 't Hooft coupling and explicitly constructed the solution
in the four-point case. Strictly speaking, their solution is only valid for scattering in
the eikonal limit, but for the simple case of four gluons there is no essential loss of

generality. Before attempting to describe the scattering of open superstrings in AdSs

5In holography three dimensional images are produced by light reflecting off of the boundary of the
object being imaged. Through AdS/CFT, one has control over a theory of quantum gravity living on
the whole of AdSs if one understands a conformal quantum field theory on the boundary of AdSs.

5This action, the Nambu-Goto action, is very well-known and will be defined in the next subsection.
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it is very instructive to first analyze something simpler. By carrying out the analysis
for flat space bosonic string theory we can gain some intuition about what sort of
answer to expect when we redo the calculation in AdS5. We shall consider a scattering
amplitude with four tachyons, the lowest-lying states in the bosonic string spectrum to
avoid unnecessary complications introduced by gluon polarization vectors. Analyzing
the flat-space bosonic string theory result will, in our opinion, make the subsequent
discussion of open superstring scattering in AdS5 much easier to follow.

Before we discuss the eikonal scattering of bosonic strings we give a very brief
review of the two most widely used action functionals for bosonic strings. These are the
Nambu-Goto action and the Polyakov action. The Nambu-Goto action was proposed

long ago [162] and has the form:

1
2ma!

SNG = / dO'dT\/det [80[)(“8’8)(”9“”] . (Dg)
w

Here g, is the target space metric and the derivatives are with respect to the coordi-
nates, o and 7, of the two dimensional world-sheet, WW. In the context of bosonic string
theory, the target space is R?6, but the Nambu-Goto action is applicable to classical
relativistic strings propagating in curved spacetimes (e.g. AdSs) as well.

Some years later, Polyakov [163] reformulated the Nambu-Goto action:

1
Sp = / dodr/ —det(hab)habgul,ﬁax“@bx” (D.10)
w

 dwod
He introduced an auxiliary metric, hqp, that one can eliminate through the equations
of motion (if desired) to recover the Nambu-Goto action. The utility of hyp is that
it facilitates a path integral formulation of bosonic string theory [163] and allows one
to write perturbative scattering amplitudes as functional integrals. For example, the

tree-level four-tachyon string partial amplitude that will be of interest to us is given by
d[x,.)d[he 2
AL Ry ) = [T 5 T, (D.11)
i=1

where the V;(x,) are the tachyon vertex operators’ given by

Vilxu) = / dzjetts Xula) (D.12)
ow

"In string theory one uses the so-called “operator-state correspondence” to compute correlation
functions. This just means that the operators used to describe states look like external states themselves.
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where the integral in (D.12) appears because each tachyon can be inserted anywhere
on the boundary of the composite world-sheet. Clearly, we are free to choose the
order in which we insert the tachyons on the boundary. Here, we choose the ordering
{#1, #z2, 23, 24} corresponding to a Chan-Paton factor Tr{T*T*TT%}.

The starting pointing for our tree-level string theory partial amplitude is a string
diagram, where four string world-sheets merge to form a single, composite world-sheet.
Now, the string world-sheet enjoys a full SL(2,R) conformal invariance [164]. This
SL(2,R) together with the invariance of the world-sheet under general coordinate trans-
formations puts severe constraints on the string amplitude. For example, it follows
from elementary complex analysis that there exists a Schwarz-Christoffel transforma-
tion which maps the composite world-sheet to the half plane with a singular point for
each external state on the boundary.

The stringy formula of eq. (D.11) for the tree-level tachyon amplitude looks very
complicated but taking into account the symmetries of the problem will allow us to
bypass most of the necessary integrations. To start, we gauge-fix all available sym-
metries. The invariance of the action under general coordinate transformations al-
lows us to choose h® to be the Euclidean metric on R?. Gauge-fixing SL(2,R) is
a bit more involved because of the non-trivial Jacobian that results. To avoid a
lengthy digression, suffice it to say that the three generators of SL(2,R) allow us to fix
z1 =0, 23 =1, and z4 = 0o and the interested reader can find the resulting Jacobian
worked out in [165]. Actually, ignoring the Jacobian is fine; if we kept it would just
cancel against terms containing z4 that naively look dangerous due to the fact that we

gauge-fixed z4 to infinity. Gauge-fixing (D.11) makes it look much more tractable:

hab
AiZii(kl,kz,k?,,M / d24/ dzg/ dzz/ dzl/

xe~ 47m/ Sy dodry —det(hap)h*da X" Oy Xy 62 Zk xu(z;)

/ dZQ/ Xu e~ 4Tra da’dT X“( aQ)XM 62 zk XH(ZJ) ) (D13)

The functional integral over x, in the above is trivially evaluated (it is Gaussian)
by changing variables x,(2) = x},(2i) +i>_; G(|z — zj|)kl, and using the fact that

G(|zi —z;|) = —20/ In(|z; — 2j|) is the two dimensional Green’s function for the equation
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—0%y = 0. Carrying out this functional calculus® and using the gauge conditions for

the z; (and throwing away pieces proportional to logs of z4) results in
t ! o (k1-ka2 In(z2)+ka ks In(1-22) )
A bk ) = [y e/ (et it ==). (D.14)
0

Now if we work in the eikonal limit (high energy, fixed angle scattering), Gross and
Mende [166] observed that string amplitudes are well-approximated by a saddle-point
estimate. In other words, the integral in (D.14) can be approximated by extremizing
the argument of the exponential and then evaluating the exponential on this solution.

The argument is extremized at

k1 - ko

=" D.15
2T k1 ka+ kg - ks ( )
and we finally obtain
/ k1-k ko-k
Ai;ii (lﬁ, kz, kg, k4) =~ Aoea (kl.l€2 n (kl‘k21+k22~k3>+k2‘k3 In (kl‘k22+k32-k3>) . (D.16)

for the partial amplitude. Note that this solution only makes sense in the Fuclidean
region where both ki - ko and ks - k3 are negative. Although the details will of course be
somewhat different, it is reasonable to expect the eikonal scattering of open superstrings
in AdSs to have the same basic exponential structure that we saw with the bosonic string
in flat space.

So far, it is probably not clear why we went to the trouble of deriving eq. (D.16).
The important point is that, if the basic exponential structure of (D.16) carries over
to classical strings on AdSs, we can guess using the AdS/CFT correspondence that
the partial amplitude A (k%234,k%234,k3,k4) in N' = 4 gauge theory at strong cou-
pling is of the form A" (k1?34 k3% kg, ky) e~5(1)  Conjecturing this form could
probably be dismissed as overly speculative if it wasn’t for the work of Bern, Dixon,
and Smirnov in [31]. BDS found that the finite parts of multi-loop contributions to

A (k%234, ki234 ks, k:4) /AZ[%\% appeared to be exponentiating and, based on an explicit

8The alert reader will notice that there is a divergence in the Green’s function at z; = z; and there is
no obvious reason why i # j. We gloss over this technical problem because, in the case of superstrings
(which is what we will ultimately be interested in), the Tachyon mode is lifted to a massless, gluon
mode and this problem goes away by virtue of the on-shell condition k2 = 0.
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three loop calculation, they formulated an all-orders-in-e ansatz for the four-point am-

plitude. Essentially, they predicted

Astrong (k‘%234, k%234, k‘g, k’4) _ AZ{I&\%@BIR(S@)\,G)—}—%T(A) (%ln(t/s)2+%)+0()\) (Dl?)

which is quite remarkable, since the finite part of ATIOOP (kz%234, ka234 ks, k4) /AZII&\% is
proportional to In(t/s)?+n? [67]; roughly speaking BDS conjectured that the complete,
non-perturbative dependence of A (k%234, k3234 ks, k4) /AZI{{I\% on s and t is fixed by the
one-loop quantum corrections. In (D.17), Bir(s,t, A, €) refers to the IR divergent terms
and C(A) to terms that are not predicted by the ansatz. Bigr(s,t, A, €) is actually
pretty well understood (see e.g. [167] for a recent review). C(\) exists because it
is generally not possible to predict finite terms that have no dependence on s or t.
Finally, we comment on the physical interpretation of v.(\). This constant, called the
cusp anomalous dimension plays a central role in the general theory of IR divergences
in gauge theories. At each order in perturbation theory, the contribution to the cusp
anomalous dimension at that order controls the most 1/€? singular contributions [168].

Remarkably, Alday and Maldacena [5] were able to determine the analog of eq.
(D.16) for four-point superstring scattering in AdSs; and found complete agreement
with the prediction of BDS. Their paper utilized a novel mapping of AdSs to AdSs,
which, roughly speaking, interchanged the IR and the UV. In some sense, this mapping,
was every bit as important as the final formula (D.17) because it allowed researchers
to uncover previously unknown hidden symmetries of the large N, S-matrix.

To begin, we’d like to visualize the scattering process in AdSs. Unfortunately, the
composite world sheet is much harder to draw in AdS space than it was in flat space.
The picture to have in mind is as follows. Recall the general shape of AdS5 described
in the last subsection and the corresponding metric of eq. (D.3). There, the IR is
at the bottom and the UV is at the top. With the metric of (D.6) this is still the
right picture; the only difference is the now the top corresponds to z = 0 and the
bottom corresponds to z = co. Recall also that each fixed-z cross-section of the AdSs
corresponds to R'3 times a conformal factor. This means that, if we want to, we can

insert a Ds-brane at any fixed value of z. In fact, we need to insert a Ds-brane stack
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near z = oo for our open superstrings to end on. This makes sense because, as we know,
gluon scattering amplitudes have IR divergences and open superstrings need D-branes
to terminate on. Thus, one should visualize a stack of D3-branes at the bottom of AdS}5
with four interacting open strings attached to the Ds-branes.

In fact, Alday and Maldacena argued that the stringy scattering process are nat-
urally forced into the eikonal regime where the semi-classical approximation becomes
applicable. They found the boundary conditions described in the above paragraph a

bit hard to work with directly and, consequently, tried changing variables from
R2
;(sz + dx, dat) (D.18)

to some other spacetime where, hopefully, the scattering problem would map to some-
thing more tractable. They succeeded in a very remarkable way: they discovered a
change of variables that maps the scattering problem in AdS5 to the calculation of a
light-like Wilson loop again in AdSs. It turns out that the right variable change to try

is defined through the relations

ir(o,7)?

R2

ir(o,7)?

s = Rr(o,7) Oyt = 2

Ozt (o, 7)  Opyt = — 0-x¥(o,7)). (D.19)

Though it is not obvious, this non-local coordinate transformation carries AdSs to
AdSs; eq. (D.18) maps to

]fj(dr2 + dyudy") , (D.20)
where now all variables implicitly depend on the world-sheet coordinates o and 7. What
this means is that now we must seek a classical worldsheet that sits inside AdSs and
extremizes the Nambu-Goto action.

In fact, the existence of the above mapping is related to the existence of hidden
symmetries of N' = 4 in the large N, limit. After applying (D.19), the Ds-brane stack
that we inserted in the IR near the Poincaré horizon gets mapped to a stack in the UV
near the boundary, » = 0. The composite world sheet now hangs from the boundary
of AdSs, not unlike the situation described in the last subsection in the context of

the strong coupling Wilson loop expectation value calculation. The transformation

performed on the z* variables can be used to figure out how to interpret the boundary
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of worldsheet in the new coordinates. Starting with a displacement in the new R3,

Yu(7, 0¢) — yu(T, 05), we have

of of 2‘7,2
Yu(T, o) —yu(r, 05) = / do0sy, = / da( - ﬁ&x”’) = 271'0//

g4

g

/ T
do'P,,
= 2md'p,, (D.21)

where we have recognized —i/(2ma’)(r/R)%0,;x" as the canonical momentum density
conjugate to z*. In the original AdSs where four open superstrings scatter, each gluon

vertex operator carried one of pf, py, p4, orp}. These momenta satisfy the constraints

4
p;=0 and » pf'=0. (D.22)
=1

In the new coordinates these conditions evidently imply that each external state now
corresponds to a light-like line segment in R'3 and, furthermore, that the sum of all
four light-like line segments form a closed loop. Thus, we see that the apparent simi-
larity between the configuration of the composite world-sheet in the {r(o, 1), y*(o,7)}
variables and the setup for the calculation of a Wilson loop in AdS} is not accidental. In
fact, they are in one-to-one correspondence. Finally, we conclude that the calculation
of the four-point MHV amplitude at strong coupling in planar A" = 4 boils down to the
calculation of a four-sided light-like Wilson loop in a dual AdSs.

This correspondence allowed various authors [33, 36, 37] to make several bold con-
jectures that are now on very solid ground. First, [33] observed that a correspondence
between light-like Wilson loops (in position space) and MHV scattering amplitudes (in
momentum space) holds at weak coupling, implying that there is a dual conformal in-
variance acting on momentum invariants, since light-like Wilson loops are conformally
invariant objects in position space. Later, it was understood in [6] that this dual confor-
mal invariance is actually more naturally treated as a dual superconformal invariance,
which we discuss in detail in 6 and B. A important point, recently clarified in [38], is
whether there exists a symmetry (beyond dual superconformal invariance) responsible
for the light-like Wilson loop/MHV amplitude duality. Two different groups [36, 37]
established the existence of a new symmetry for strings in AdSs x S5, called fermionic
T-duality. Although these papers were major achievements, a fully field theoretic de-

scription (i.e. one that obviously extends to the weak coupling regime of N = 4) of
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the new symmetry was lacking until the recent work of [38]. The authors of [38] proved
that fermionic T-duality is a symmetry of the field theory and acts by interchanging
ordinary superconformal invariance and dual superconformal invariance, confirming the

hypothesis advanced earlier in [36].
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