A Cronfa

Swansea University's Research Repository

New Techniques for High Orders
in Scattering Amplitudes

Prifysgol Abertawe
Swansea University

Joseph Strong

College of Science
Department of Physics

Primary supervisor
Dr Warren Perkins

Submitted in 2022 to Swansea University for the fulfilment of the
requirements for the Degree of Doctor of Philosophy in Physics

Copyright: The author, Joseph Strong, 2022.


A.A.ZASHEVA
New Stamp


Abstract

This thesis uses four-dimensional unitarity and augmented recursion to calculate a selection
of Yang-Mills amplitudes. This selection consists of the full-colour, two-loop, all-plus
helicity amplitudes for five- and six-points; a conjecture for an n-point sub-subleading in
colour two-loop amplitude; calculation of the cut-constructible piece of the full-colour,
two-loop, all-plus helicity n-point amplitude. A new technique for calculating the cut
constructible part of the leading in colour two-loop, five-point, single-minus helicity
amplitude is presented. The correct infrared divergent piece of this single-minus amplitude
was calculated, as well as the correct transcendental two pieces at finite order. Logarithms
containing Mandelstam variables including only positive helicity legs were unable to be
correctly calculated, but the calculation of this final amplitude uncovered many new
relations involving generalised hypergeometric functions such as the Appell functions.
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Chapter 1

Introduction

Physics is an exploratory science which may be split into two broad areas: theory and exper-
iment. They have historically been heavily intertwined, where most theory was developed to
explain observable phenomena on a classical scale, and there was even a time where it was
thought that physics was almost solved. Clearly with a modern view this is emphatically
untrue, and since the advent of quantum mechanics and general relativity, a new epoch of
theoretical and experimental physics has begun.

This new epoch has seen the emergence of scattering amplitudes, a subject which aims to
both probe mathematics and also to provide results that are needed in experiments. Collider
experiments such as those performed at the Large Hadron Collider (LHC) seek to investigate
the standard model of physics and indeed, what lies beyond the standard model. A typical
collider experiment fires beams of high energy protons at each other, creating large numbers
of product particles that hit the boundary detectors, and whose signatures are detected and
measured. These measurements relate the total number of detected events, Neyents, to the
luminosity, L, and the cross section, o, via

dNeven S
Nevents = /dtTt = O'/dtL = ULint (11)

where L;,; is the integrated luminosity. The cross section o describes the probability of all
possible interactions that can occur. The experiment can tune the integrated luminosity,
aiming to increase both the luminosity and the time the experiment runs for, and then
measure the number of events and calculate the cross section from these. The measured cross
section can then be compared to the theoretical cross section which is related to scattering
amplitudes (using a 2 — 2 process as an example) via

2 s do . 2T s ) .
o= df | do——=sinfd = do [ do¢|A|”sind, (1.2)
0 o dQ 0 0

where Q is the solid angle and A is the scattering amplitude. It is the calculation of scatter-
ing amplitudes that this thesis focuses on. These calculations provide a clear link between
experiment and theory for high energy particle physics interactions.

The strong force is colour-charged and asymptotically free. Colour confinement tells us
that no colour-charged particle can exist in an isolated state and must form colourless clumps
of particles called hadrons. Asymptotic freedom means that at high energy the coupling
constant of the theory is weak, and so colliding high energy protons produces, initially, quarks
and gluons which fire off from the collision. Confinement then means that, in order to keep



these colour charged quarks and gluons in colourless clumps, additional quarks and gluons
get pulled from the vacuum to create a new high energy hadron, which in turn separates into
individual particles which pull quarks and gluons from the vacuum and so on. This process
results in a tight cone of hadrons called a jet which eventually reach low energy scales.

As experimental precision and accuracy increases, we must reduce the theoretical uncer-
tainties at each stage of the above processes. At the high energy scale we may perturbatively
expand a given scattering amplitude and therefore break the calculation into an expansion
in the coupling constant. If we are then to detect any new interactions or to test the interac-
tions of the Standard Model, we need to understand the background that is produced during
hadronization to a sufficiently high degree of accuracy, with sufficiency being determined by
the accuracy of the experiment.

In this thesis, we wish to push the accuracy of the gluon-gluon interactions further and
so we will calculate pure Yang-Mills theory [3]. Within pure Yang-Mills, the perturbative
expansion of an n-gluon scattering amplitude is written as an expansion in the gauge coupling
constant g

A= ig 2 S A, (13)
>0
where a = 9(24?%’ ~vg is the Euler—-Mascheroni constant, € here is the dimensional regularisa-

tion constant [4] which we will discuss shortly. A is the ¢'th loop amplitude. Traditionally
these were calculated using Feynman diagrams [5] where the loop here refers to the number
of closed, internal momentum loops present in the diagrams that are needed for each loop
amplitude. This is the way most students will be introduced to Quantum Field Theory cal-
culations at an undergraduate level; it involves drawing every allowed diagram in accordance
to the Lagrangian of the theory, each vertex and internal propagator corresponding to a
mathematical object. For tree-level diagrams, the momentum conservation at vertices allows
the internal momenta to be constrained in terms of external momenta, which for uniformity
in later discussions we will take to all be outgoing. For loop diagrams, there are momenta
which cannot be uniquely specified and so must be integrated over.

While this was successful for tree-level and low multiplicity (i.e. small numbers of gluons),
problems quickly develop, not least being the sheer number of diagrams needed to be summed
over. For a four-point tree amplitude, there are only 4 diagrams so this is not an issue.
However, by ten-point you need 10,525,900 diagrams. Oh dear. This exponential increase
goes up both with added gluons but also with added loops, comparing the 2,485 diagrams
needed for the seven-point, tree-level gluon amplitude with the 227, 585 diagrams needed for
the one-loop, seven-point gluon amplitude. Another issue is that each Feynman diagram
is gauge dependent with gauge independence only being restored in the full sum. Gauge
dependent terms cancelling each other out implies redundancies and indeed, there are a huge
number of them. Here is our first clue that these calculations could be vastly improved.

One way of improving this would be to find gauge invariant subsets, necessarily negating
the need for gauge dependent terms cancelling. The first way of finding these gauge invariant
subsets was inspired by string theory and the emergence of Chan-Paton factors [6], where
an analogous decomposition was made for tree-level gluon amplitudes and applied to the
six-point calculation [7,8]. This decomposition allowed one to rewrite the amplitude for a

2



given helicity assignment as

AO (N 2% ) = ST T T - Tm) AQ (0 (1Y, 6 (200, .., o (n) o)
UESn/Zn
(1.4)

where the notation 1* refers to a labelling of gluon 1 with momentum p; and helicity A,
and the sum is over all non-cyclic permutations with S,, and Z,, being the set of all permu-
tations and all cyclic permutations respectively. T% are the 8 X 8 matrices in the adjoint
representation of SU(3) and the traces are the equivalent of the Chan-Paton factors. We will
hereby generalise SU(3) to SU(N,) and indeed we will later take this to U(N,) - however, that
will become clearer in a later section. Helicity for a massless particle is a Lorentz invariant
quantity which describes the spin projected onto the axis of the particle’s three-momentum.
This is given by

-S
h:= L ,
p|
and decomposing the amplitude into a sum over all helicity configurations allows us to further

fine grain the problem into more manageable pieces. These A%O) partial amplitudes have the
same cyclic and flip symmetries of the trace of colour matrices they multiply,

(1.5)

A;O)(]-Aly 2>\27 o an)\n) = ANO) (2>\27 U 7n/\na 1/\1) (16)
A%O)(1A17 2/\27 e 7n>\n) = (_1)”A7(10)(n)\n’ (n - 1)>\<n71)7 T 1)\1> (17)

and contain all of the kinematic information for that particular subset, motivating a view of
(colour x kinematics). This colour decomposition is now a widely used convention and we
will discuss how it extends beyond tree-level later. We will hereby simplify our notation by
suppressing the ¢’s, writing the decomposition

"420)(1)\172)\% ~">n)\n) = Z TI"(LQ, e an)A;0)<1>\172/\27 e 7n)\n) (18>

to mean the same thing as (1.4).

The partial amplitudes are dependent on the external momenta and the helicites of the
external particles. Indeed, the results of [7,8] are presented in a compact notation that
was introduced in [9-15] called the spinor helicity formalism, where [9-14] focused on QED
calculations and [15] extended it to non-abelian gauge theories. This formalism allows one
to rewrite four-vectors that transform under SO*(1,3) in terms of two Weyl spinors that
transform under SL(2,C). The next section of this chapter will review this formalism. We
will then expand upon this, introducing the building blocks needed to create colour ordered
Feynman rules. These rules are dependent on momentum and polarization vectors of the
gluons and have the colour dependence stripped from them. We will then present some
results that may be derived from these rules before continuing onto more modern techniques
used in these calculations such as recursion and unitarity.

1.1 Spinor-Helicity Formalism

We have thus far seen that we can reduce the huge redundancies in the Feynman diagram
approach to QCD by decomposing the amplitudes into gauge invariant subsets. These early



results can be presented in a compact form using the spinor-helicity formalism. This section
reviews this formalism, wherein we present the four-momenta and polarisation vectors of
massless particles in terms of products of two spinors. The remainder of this chapter can be
found in more detail in [16].

First we should begin by covering some conventions. We choose the Weyl/chiral repre-

sentation of the v* matrix
0 o#
po_
= (o %) (1.9

where 04 = (1,0°), 74* = (1, —0¢") and ¢’ are the Pauli matrices. We may use o* to rewrite

the four-momentum as

0 3 1 _ 5.2
: : p’+p° p —ip
oo = p** = . , 1.10
po, p (pl ip?  p° p3> ( )

where the determinant of the matrix gives

det(p Zpl =m? (1.11)

The rank of a 2 x 2 matrix is at most two, but in the case of massless particles the rank reduces
to one due to the vanishing determinant. This allows us to write the null four-momentum
matrix as

= A\, (1.12)

This can be extended to the massive case using a similar rank-two decomposition as a sum of
two spinor biproducts, but again we will be focusing on pure Yang-Mills which is a massless
theory. For real momenta we require (A\*)* = + X% where the sign depends on the sign of the
energy of the four-momentum. An example solution for these spinors is

o t P’ +p? o ! P’ +p?
)‘:T(l 9] ANM=——=—1{" .2, (1.13)
VPO p3 P tp /p0+p3 D p

where ¢ is an overall convention dependent phase and it is apparent that /p® + p? is re-
al/imaginary depending on whether p° is positive/negative because |[p°| > |p?|, giving rise to
the +1 factor. We will later need to extend the momentum to the complex plane in which
case A and \ are independent. We will also be dealing with multiple gluons and thus we will
assign a label p¢® = )\a)\a for the 7’th gluon. The freedom to rescale using t is generated by
a helicity operator,

. 8
h = Z( AzWJrA aw)’ (1.14)

where we have assigned helicity —1 to A and helicity +1 to A. We see that these helicity
spinors encode information both about the particle momentum but also about their helicity.
We will see an example of how the helicity scaling can be useful further on within the thesis.

4



We can use standard spinor manipulations, raising and lowering spinor indices with the
Levi-Civita tensor, and we can use Lorentz-invariant products to form the building blocks of
our results

(15) = A Nja = €apAiA] = = (1)
[i 7] = Nia S = —€;5AN] = —[54]. (1.15)
We may write the Mandelstam variables s;; involving two massless particles ¢ and j as
sij = (pi+p;)° = 2pi - p; = PP Pjac = (1) [7 1], (1.16)

where the conversion to spinor products can derived using

G0, oy = 2w (1.17)
and
P eapesy = Dip5at o) eapens = 201D M = 2p; - ;. (1.18)

It is clear here that (ii) = [ii] = 0 and we see from 2p? = (i) [ii] = 0 that the massless
condition is encoded directly into these spinor products. We can also view the helicity spinors
A* and A% as solutions of the massless Dirac equation

=== (5) Wmew-ne-(5). 09

where we introduce the bracket notation |i) and |i] for convenience later. uy and vy are chiral
projections of the solutions of the massless Dirac equation, where uy (p) = 1(1 £ ~5)u(p) and
vy = 3(1 £ v5)v(p). The difference between u and v is only present for the massive Dirac
equation but we keep both here for consistency with common notation. We note here that

o) =l = (o 75) () <o =0 (1.20)

showing that they satisfy the massless Dirac equation. Finally, with the introduction of a
Schouten identity

(12) A3+ (23) A + (31) Ay = 0, (1.21)

we now have the basics of the spinor helicity formalism. This Schouten identity comes from
the fact that the spinors live in a two-space and so any three of them must have linear
dependence. For example, we may write A3 = aA; + S\, assuming A\; # kAg for some
constant k, and the Schouten identity becomes explicit,

(12) A3+ (23) A1+ (31) Xo = (12) (@h + BA2) + e (21) Ay + 5 (21) Ay = 0. (1.22)

Recalling that this formalism was used to present compact analytic results for the partial
amplitudes in the colour-decomposed, gauge invariant subsets of the full amplitude (1.8), we
seek a way to write down colour-stripped Feynman rules.

b}



1.1.1 Helicity and Polarization Vectors for Gluons

We have introduced helicity spinors which contain information about a particle’s momentum
and its helicity. We have defined the helicity generators in (1.14), where we choose the
convention of assigning the objects A /A a helicity of 1/ — 1. Alternative conventions assign
j:% to the generators in (1.14) if dealing with other types of particles, but we only consider
gluons in this thesis which are spin-1 particles. We wish to form modified Feynman rules
that are stripped of colour information and to do so we will need another gluonic object, the
polarization vectors £/ (p). These satisfy the relations

p-ex =0,  ei(p)-ep(p) =e-(p)-e-(p) =0, (1.23)
and can be written in helicity spinor form for particle ¢ as
Aoy Aot
el = —, X% = =, (1.24)
- (X i) t (i)
where 1 and 7] are arbitrary reference spinors. It is easy to show the relations (1.23) are
satisfied by this and that they are eigenvectors of the helicity operator with eigenvalues +1
for /. It can be shown that with a shift of n — 7 + dn, we have §e¢%(p) o p* and it can
be shown that 6e/L A, (p,q1,...) = 0. In this sense changing 7 corresponds to a gauge
transformation and we see consistency in claiming that these partial amplitudes are gauge

independent. Now that we have the gluon polarizations we may start looking at colour
ordered Feynman rules.

ot

1.2 Yang-Mills and Colour Ordered Feynman Rules

We have seen that we can colour decompose an amplitude into gauge invariant subsets, that
the results can be presented in compact spinor helicity formalism and that we can present
polarization vectors in this formalism. We will now apply these concepts to pure Yang-Mills
theory and present some of the earliest results that used these techniques.

We define the field strength tensor as

F., =0,A,—0,A, —iglA,, A, (1.25)

where A* is the gluon-field, and we can then decompose it in terms of the Lie algebra
generators T of SU(N,) , such that Fy,, = Fj T, with

AZ = Tr[TaAM] (1.26)
and
F/‘jl, =0,A; — 8,,AZ + igf"bCAfLAfj, (1.27)

where we take T to be the traceless, antihermitian generators of the fundamental repre-
sentation of SU(N,) . In the adjoint representation the entries of the matrices are just the
structure constants (7). = f%¢. The Lagrangian for pure Yang-Mills is then

L- —}lTr[FWFW]. (1.28)



where we take the trace over the colour indices to keep it gauge invariant. We need to add
a gauge fixing term

1
26
and, given this is a non-Abelian gauge theory, we should also need ghosts. We will discuss
later that we use unitarity methods which involve only on-shell particles in the S-matrix,

and so these ghosts play no part in practice. From here we can write down the momentum
space Feynman rules where the gluon propagator is given by

Loy = —5o(0" ALY (1.29)

ILL k 1% 5ab

kyk
ab _ v - nhy
a b Bwk) = 1555 (”“” TE-UET 15) ’ (1.30)

where the id term regularised the k* — 0 limit of the propagator. We have the three/four
point vertices, again with all outgoing gluons, are given by

bgq

1%
Z'V;,f);(p, q,r) = gfabc [(q@ = 7)utp + (1 = D)ol + (P — @) p11jur] (1.31)
and
a d
M % o
C
&
14 VO}p
b c

ZV;Z?;g - - i92 [fabef6d6<nup77ua - nuanyp)
+ facefdbe (npwnllp - nuunpo)
+ fadefbce (npwnpcr - nupnua) . (1.32)

We can then disentangle the colour and kinematic degrees of freedom by rewriting the struc-
ture constants on a given diagram in terms of traces of strings of generator matrices,

fobe = Te(T[T°, T9), (1.33)



normalised to
Te[T°T"]) = §°. (1.34)

Summing over all diagrams after rewriting the colour factors like this leads to the decom-
position (1.8). With the separation of colour and kinematics we can write down colour
ordered Feynman rules which make use of the already discussed polarization vectors, with
the propagator being given by

i

Dy (p) = ~ s (1.35)

and three/four point vertices being given by

Va = —gl(e1-e2)((p1 — p2) - €3) + (€2 - €3)((p2 — p3) - €1) + (€3 - €1)((ps — p1) - €2]  (1.36)

and
‘/4 = 92[2(81 . 83)(62 . 84) — (81 . 52)(53 . 54) — (51 . 84)(52 . 83)]. (137)

With these colour ordered Feynman rules, the number of diagrams which contribute to a
specific colour structure is vastly reduced and one can start deriving simple tree amplitudes.
We will briefly outline the calculation of the vanishing amplitudes and the four-point tree
amplitudes, before presenting an n-point amplitude. This will demonstrate the simplification
of the colour decomposition and the power of the compact spinor helicity formalism.

1.2.1 Initial Tree Amplitudes

Firstly, we will present some n-point vanishing results. We choose a uniform, massless ref-
erence momentum 7 = A\, to be used in the polarization vectors for all external gluons,
which immediately yields the relations

It can be easily argued that an n-leg tree graph contains at least one polarization contraction
of the form €;-¢;. Therefore, we immediately conclude that “all-plus” tree amplitudes vanish,

A0t bt nt) =0, (1.39)

n

as there necessarily is at least one €, ; - €, ;. The amplitude with opposite helicities are
related by parity transformations and so the “all-minus” trees vanish. We will henceforth
consider mostly positive helicity amplitudes due to this relation. For the “single-minus”
tree amplitude, A (a=,b*, ¢*,... , n"), we can make a different choice of reference momenta
within the polarization vectors such that,

QaZQ%pm b =4c = ... = 4n = Pa, (140)

where ¢ is arbitrary and p, is the external, null, four momentum for gluon a. We therefore
still have any term with e, ;- e, ; = 0, and now we have e, ; - e_ , = 0, we can write

AO (@ b et nT) = 0. (1.41)



Again, the single-plus tree amplitudes must also vanish. It should be noted that while we
can always make a choice of n like this, once the choice has been made for an amplitude it
must be used for all diagrams.

We next want to consider “maximally helicity violating” (MHV) amplitudes with two
minus legs and the remainder positive (the conjugate of this being called MHV or a “googly”
amplitude). This is named as such because in super-Yang-Mills (SYM) theory the all-plus
and single minus amplitudes vanish to all loop orders, and so it is the first non-zero amplitude
that maximises the sum of all helicities. This is also true at tree-level for YM theory.

For the four-point interaction these MHV amplitudes are the only non-zero contributions
and we will briefly calculate them here. We can make the choice of reference momenta
{9, @ Ge; 90} = {Pa> Pas P, Pa} Which gives the only contractible polarization vectors as

e M (ab)fed "

Acme) o] (ac) [bd]
The only surviving diagram that contributes to this trace structure with this choice of ref-
erence momenta, and therefore the total contribution to this partial amplitude, is given by
Figure 1.1

a” d*

b~ ct
Figure 1.1: Non-zero contribution to A©®(a=,b~,ct,d")

where we will hereby use these lines and arrows to represent momentum flow of gluonic
propagators, given that there are no other particles in this theory. Using the colour ordered
Feynman rules, this leads to

AO(q= b7, ¢t dh)
= M

= " (2P + Pa) - 6—a — " o (2P0 + 1b) - £ 1]

X [5i,d(2pd +Pe) - E4,c — €4 (2pe + pa) - €+,d]

4

= ——(5—,b : €+,c)(Pb : 6—,a)(pc : €+,d)
Sab

- (-t (o) (it
(ab) [cd)”

~ [ab]{ad)[da]’ (143)




We can use overall momentum conservation for outgoing gluons to rewrite s.q = (cd) [dc| =
Sap, and we can use

n

DA =D NN =D (@i =0, (1.44)

where x and y here are arbitrary, to rewrite the amplitude as
O et e el led?  (dd) (ol [ed) (de) (b
AT (am, b7, et d7) [ab] (ad)[da] ~ (dc) (bey(da)[ba] — (dey  (bc) {cd) <Eila4>1$)

We would then like to calculate A(O)(a_, bT,c™,d") but we can show this is dependent on
(1.45) by introducing photon decoupling identities. There is no interaction between photons
and gluons (as seen by the vanishing structure constants) and we know that the Lie algebras
satisfy u(N.) = su(N.) x u(1), therefore the U(N,) and SU(JV,) amplitudes are identical. If
we then set one of the legs to be this U(1) “photon” with colour generator,

1

To| = 1 , 1.46
vy VN, R (1.46)

and extract the resulting common trace structure from the full colour sum we find

A, 23 . n)+AD2,1,3,...,n) +...+FAD(2,3,...,(n—1),1,n) =0.  (1.47)

We have set leg 1 as the U(1) photon here but it works for any leg. This is the tree-level
decoupling identity and there are equivalent identities derived in the same way at loop orders
but we will cover these later. This means we can write,

Aio)(a’,b+,c’,d+) = —Aflo)(a’,b+,d+,c’) — Aio)(a’,d+,b+,c’)
<ca)4 ((da> (be) + (ab) (dc>>
(ab) (bc) (cd) (da) (bd) (ca)
(ca)*

= {ab) (b {cd) (da)’ (1.48)

where we have used the Schouten identity (1.21) with the free A contracted so it is equivalently
written as

(wxy (yz) + (xy) (wz) + (yw) (x z) = 0. (1.49)

These results can be generalised to the form

.4
A (a,b,c,dyi™, ) = ) 1.50
4 (a7 G a3t 5] ) <ab><bc><cd)<da> ( )
where i and j are whichever of {a, b, ¢, d} have the negative helicities. We earlier said how the
amplitude was decomposed with colour into gauge invariant subsets and presented in spinor
helicity formalism in [7,8]. In these papers there were two more results presented

) a,b.c,d,e;i, 97 ) = <le>4
AsTabied i) = T (e d) (de) (e a) (151)

10



and

.oa4
A9a,b,c.dye, f1im,57) = ) 1.52
6 (aa e 7eaf72 ) J ) <ab)<bc)<cd>(de)<ef><fa>’ ( )
which is suggestive of an n-point result
. oa4
Aflo)(a,b,...,n;i’,j’):< (i) (1.53)

ab)y (bc)y---(n—1n)(na)

This is the Parke-Taylor amplitude [17] and, while it was originally presented in terms of the
squared amplitude and scalar products, it easily translates to the spinor helicity formalism.
This result was not proven until [18] where recursion relations were used to prove this result
by induction. We will discuss recursion shortly, but first let us look closer at this result
and see what features it satisfies and how the spinor helicity formalism lends itself to easy
checks. To start with, the cyclic and flip symmetries are clearly manifest, recalling that
(xy) = — (yx). Another property it must satisfy is the correct momentum weight. We can
see from p** = A*A* and X = (\)* that each \/) spinor carries a momentum weight of 1.
Each spinor bracket therefore has overall momentum weight of 1. An n-point amplitude has
4 — n powers of momentum, and so the overall momentum weight is clearly satisfied.

We also can check the little group scaling. We saw from (1.13) that the spinors may be
rescaled arbitrarily without changing the momentum, this little group scale being given by
t. We can then see from (1.24) then that

gL~ e~ (1.54)

and this gives another check on the amplitude. Looking at Aio)(a_, b, ct,d") as an example
and recognising that |z] ~ ¢t~! and |z) ~ t, if we label the little group scaling of a gluon i as
t; we see

(ab)” taty

~ =26t %t,%. 1.55
(be) (cd) (da) — tyte X totg X tat,  “0¢ @ (1.55)

These properties serve as quick, straightforward and easy to read checks on results and, as
we will see later, provide some limits on what types of functions we may expect to see.
This Parke-Taylor amplitude was the first non-trivial n-point amplitude for a non-abelian
gauge theory and clearly demonstrates the shortcomings of the original Feynman diagram
approach, where the exponential increase in complexity discussed earlier can all be reduced
to a single term. It also demonstrates how more modern techniques have overcome many of
these shortcomings, where recursion and the factorisation properties of tree amplitudes were
used to prove this formula. The next section introduces the basics of recursion.

1.3 Factorisation and Complex Recursion

We have discussed how the spinor helicity formalism provides compact analytic forms for
amplitudes. In this notation there are physical properties that can sometimes be read straight
from the amplitude; one such property is the amplitude’s analytic structure. We see in (1.53)
that if any adjacent momenta become collinear, for example if p; ;1 = k X p; where k is some
constant, then (p; + pir1)? = (1 + k)?*p? = (1 + k)2 (i4) [ii] = 0, and this manifests itself as

11



a simple pole in the amplitude. One must be wary of the presence of unphysical “spurious”
poles appearing in the results of calculations, in which the numerator also goes to zero on an
apparent pole. This will be discussed more later but as there are no spurious poles in (1.53),
we can press on.

These collinear limits are a subset of kinematic regions where internal propagators go
on shell. These regions provide a strong consistency check on a given amplitude. In such a
region where the propagator has more than two gluons on each side of the propagator, the
amplitude factorises into products of lower point amplitudes,

lim AO(1,...ii+1,... AV ... P ) x —L A P+,
P21Hi>0 ( ) 7Z7Z+ ) Z H—l 2 1...1) P12 P n— H—l( 1...sz+ ) 7”)
(1.56)
where ¢ > 3 and we introduce the notation
P j=pi+tpis1+...+Dpji-1+0p; (1.57)

We assign helicity to P;._; as in the collinear limit this momentum goes null and we must
sum over both helicity configurations. This sum over helicities originates from rewriting the
metric tensor from the connecting propagator in terms of a sum of polarization vectors due
to the completeness relation,

D et A~ (1.58)

A

If we know the lower order amplitudes then this provides a strong check which can be imple-
mented analytically or numerically on the n-point amplitude.

In the case of ¢ = 2, this necessarily means the two external particles are collinear. This
leads to a universal behaviour

hmAO)( 2,00+ 1,...,n)

i||i+1

= Split{(i,i + 1 2) AV (1,2, i — LK i +2,..n), (1.59)
A

where Splitf\g) are splitting functions and z here is a parameter that can relate the collinear
gluons via

= (1-—2)k, piy1 = 2k, (1.60)

where k% = (p; + p;4+1)? = 0. This discussion will be extended to loop order later but for now
the tree-level splitting functions are [17,19,20]

Spht(o)( ,J7) = <le> i(_l i) 2)
S50 = [ 7
Spllt(0)< . J ) < ! > 2(11 — Z)
Split (i, 57) = 0. (1.61)
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We may relate the remaining splitting functions to these via conjugation. Other factorising
behaviour may be exhibited in the soft limit of an external momentum [19,20]. This is when
one of the external momenta goes to zero p; — 0 and factorises the amplitude as

lim ASLO)(l,Q,...,s—1,3’\3,8+1,...,n)

ps—0
=Soft@(s —1,s™ s+ 1)AY (1,2,...,s—1,5+1,...,n) (1.62)
where
Soft© (i, 5%, ) = (Soft®(i, 5=, 5)) = —2) 1.63
ot (i, %, ) = (Soft i 57.)) = 5 (1.63)

We can make good use of factorisation properties of amplitudes to implement powerful tools
for calculation. One such tool is complex recursion, used to construct rational parts of
amplitudes using complex analysis and factorisation theorems. This involves shifting select
external momenta into the complex plane, introducing some complex variable z (different to
the splitting function variable z above) and looking at the rational parts of the amplitude as
a meromorphic function of z. The poles in z are then associated with internal propagators
going on shell. The residues of the highest order singularities in the Laurent series around
these propagator z poles are the factorisations of the amplitude.

This observation was first made in [21,22] and was used to generate a set of recursion
relations which can be used to build higher point tree amplitudes as we will now discuss.

1.3.1 Britto-Cachazo-Feng-Witten (BCFW) Recursion

We have shown how colour ordering Feynman rules and colour decomposing the amplitudes
can reduce redundancy, yet we still see the use of Feynman diagrams. We will now discuss how
the factorisation properties may be used to develop recursion relations, massively reducing
redundancies as we can now write the amplitude as a sum of products of on-shell, gauge
invariant amplitudes. This significantly reduces algebraic cancellations by eliminating gauge
redundancy. In this thesis, when we talk about applying recursion to the calculation of
amplitudes, we really only mean the rational parts of the amplitudes although this will only
become relevant at loop order.

We start by considering an n-point amplitude and perform a complex shift of two neigh-
bouring legs, for example 1 and n,

/\1 — 5\1(2) = >\1 — Z)\n,
R = An(2) = An + 21, (1.64)

where z € C. The momentum then gets complexified via

P = PEY(2) = (A = 2A)A,
Pt = () = A+ 220, (1.65)

where the deformation preserves momentum conservation and on-shell conditions,

Pr=pr=0,  Pr+DP0=p1+Dn (1.66)
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As previously mentioned, this shift effectively turns the amplitude into a meromorphic func-
tion of z, A,(z). Propagator poles become poles in z whose locations need to be analysed.
The residue of the highest order pole in the Laurent series corresponds to products of lower
order tree amplitudes, with emphasis here on the highest order pole as we will show later
that at loop order we see the emergence of double poles. This type of recursion can then
provide the double pole contribution but it fails to provide the full simple pole piece. We
also need to analyse the large z behaviour of A(z), requiring it to vanish for a given shift at
large z so that we may perform a suitable contour integral.

For tree-level these simple poles are easy enough to find. Consider the factorisation in
Figure 1.2,

(\)

—>
[
l
[\)

A

n

Figure 1.2: Factorisation of the n-point amplitude AL
sponding to the sum p; + py + ... + p; going on-shell.

=

on the propagator pole zp, , corre-

where we have a factorisation connected by the propagator

1 1 1

B Gt TP PR (-67)
where we introduce the notation [1|P;_;|n) = Ao P2%\1q = 23:1[1|j|n>. It is important that
p1 and p, are on different sides of the factorisation as the sum of the two is independent of
z and so no poles are present. This shift clearly breaks the cyclic symmetry of the problem
and later we will see recovering this cyclic symmetry becomes a highly non-trivial check on
results. Pressing on, we see that A,,(z) has simple poles in z at,

2
Pl...i

zp = et
[1|Pr...i|n)

(1.68)

where i € [2,n — 2]. In [22] it was proven that the residue of this pole corresponds to a sum
of lower point amplitudes and so we can write

7 2 A (10,2, 0 PY(20)
A

A <_151j_§(zi),z' 1., n—1, ﬁ(zz-)) . (1.69)

1 —1
lim A, (z2) =
Zlﬁnzlz (Z) 2 Z [1|P1...i

It is possible to prove this factorisation, but it is easy to convince yourself that the clusters
on each side of the factorisation contain all of the Feynman diagrams necessary to calculate
that particular lower-point amplitude, and that the propagator goes on shell so this becomes
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a product of two on-shell sub-amplitudes. The sum over X is again over both helicities of the
now on-shell pl,.,i(z@-); if one were to consider other theories we would also need to consider
the full particle content that could run between the factorisations.

The amplitude we are interested in is A, (z = 0) and so with our eye on Cauchy’s residue
theorem we would like a pole at z = 0. This does not correspond to any propagator pole and
so we must include the pole manually. This can be simply done by considering the contour

integral
1 A0)
I(z)= —% (Z>dz, (1.70)
gl

2mi z
where dividing by z inserts a z = 0 pole and ~y is a circular contour that we take to infinity,

containing all propagator poles and the pole at z = 0. Cauchy’s residue theorem then gives
us

Z(z) = AP(0) + > Res (1.71)

2; 70

z

M@]
y Zi |

and if lim,_,., A(z) = 0 then the contour integral vanishes, allowing us to write the desired
amplitude as

A(O)(z)
AO(Q) = — " . 1.72
2(0) ;m —.2 (1.72)
We can then combine (1.69) and (1.72) to write
n—2
A 1 =

AP =303 AR @) A (), (1.73)

=2 A 1.4

This is a key result of recursion. It clearly scales significantly better with higher multiplicity
than the Feynman diagram approach, which has factorial scaling. There are still some alge-
braic redundancies present, as can be seen when considering the Parke-Taylor formula (1.53)
compared to (1.73), but it is a huge improvement and can be used to prove the conjecture
(1.53).

For this to work, we need to know the large z behaviour of the amplitude. This can be
considered by analysing generic graphs and seeing how propagators, interaction vertices and
polarisation vectors behave with z. Simple analysis of the worst case scenario leads to the
scaling for the BCFW shift,

A 1 N
A1t n7) ~ =, A1t AT) ~ 2,
z
A7, a7 )~ 2, A7, A7) ~ 25 (1.74)
For the majority of amplitudes, the BCFW shift (1.65) can be used as it clearly vanishes with
large z. The all-plus case does not have this shift as an option and so the BCFW shift fails.

This is fine as there are other shifts available and the discussion is the same. The Risager
shift [23] acts on three momenta p,, p, and p. to give

Aa = Ao = Ao+ 2[bc] Ny,
)\b — j\b = )\b—i-Z[Ca] )\n,
Ae = Ao = Ao+ z[ab] A, (1.75)
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where 7 is some arbitrary reference that has the condition (an) # etc but is otherwise
unconstrained. This shift has the correct large z behaviour for a™, b and ¢t and so can
be used for an all-plus calculation. This will be important in later chapters where we will
calculate two-loop, all-plus, full-colour amplitudes.

The discussion so far has been entirely focused on tree order amplitudes. We will now
move our discussion to loop order and start to specialise to the amplitudes relevant for the
remainder of this thesis.

1.4 Loop Amplitudes

We have thus far focused our discussion on tree amplitudes, outlining the development of
techniques which significantly improve the efficiency of these calculations. As previously
discussed, the momentum conservation at vertices in tree amplitudes allows the internal mo-
menta to be entirely constrained. For loop diagrams, there are momenta which cannot be
uniquely specified and so must be integrated over. There are regions of this loop momenta
integral which cause divergences, namely ultraviolet (UV) divergences for high energy re-
gions, and infrared (IR) divergences which appear for low energy and collinear parts of the
integration region. These need to be regularised and in some cases one can renormalize the
bare parameters in the Lagrangian which absorb these divergences.

For an n-point, Yang-Mills amplitude one can have at worst a loop integral with n prop-
agators and n powers of loop momentum in the numerator. Traditionally, these amplitudes
would be set up with Feynman diagrams and integrated but, as with the tree amplitudes,
this is hugely inefficient and difficult. There now exists integral reduction methods [24-31]
for one-loop integrals which reduce the problem to a more simple basis of integrals. These
basis integrals are built of functions containing branch cut singularities, and the discontinu-
ities across such branch cuts are utilised to construct the amplitude in a highly constrained
method.

This following section will outline how the amplitudes are regularised, introduce the colour
decomposition and colour relations used to build gauge invariant subsets at loop orders,
before going on to discuss integral reduction techniques. We will then go on to discuss how
we use branch cut singularities and discontinuities to constrain the problem, significantly
reducing the calculational intensity. These techniques will later be implemented in this
thesis to calculate the cut-constructible part of the n-point, full-colour, two-loop, all-plus
helicity amplitude. We will also calculate the cut constructible part of the planar five-point,
single-minus amplitude for two-loops.

1.4.1 Dimensional Regularisation and renormalization

Feynman integrals may diverge in the UV or IR integration regions. For example the bubble
integral

12’324(P2)—/(§7T§4£2(€ip)2, (1.76)
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diverges as ¢ — oo in four dimensions but is finite in the IR ¢ — 0 limit. We define these
integrals in the “mostly minus” Minkowski space with metric

1 0 0 O
0 -1 0 0
0 0 0 -1

We take the Feynman propagators off the real axis using 1/(¢ — P + i§)? where we will drop
the explicit 70 unless it becomes relevant. These types of integrals can be regularised by
analytically continuing the integration dimension to D = 4 — 2¢, a process called dimensional
regularisation [4]. This allows both UV and IR divergences to be regularised simultaneously
although usually one has to keep € > 0 so that one can perform UV renormalization of the
bare parameters in the Lagrangian and then continue to ¢ < 0 in order to renormalize the
IR divergences. The loop integration measure becomes

where 1 is an arbitrary mass scale to keep the units consistent. We will set  — 1 for ease of

notation but we must be mindful of its presence. There are subtleties about whether or not

keeping the numerator loop momenta in four-dimensions is valid (it in fact misses terms) but

as we will discuss later there are ways around this. The most common way of course would

be to just take the internal loop momenta into D-dimensions but we will return to this later.
The counter-term for the coupling constant can be viewed as an expansion,

5
g—>g+?g, (1.79)

where 5?9 is O(e71) as it is required to renormalize UV divergences. We expand this within
the perturbation expansion as

() () a0 ()

4 47 4
o ()9 40, (9T 4
+(n=2) <47T> € A +n(47r> € An (1.80)

We need the counter term dg to cancel the UV part of the one-loop amplitude but firstly
we must note that the UV divergence starts a loop order higher than the first non-zero
amplitude, which does not necessarily mean the tree amplitude. Pressing on, the counter
term in the MS scheme for one-loop amplitudes is [32)]

(n —2)(4m)e _ 1IN:

2
| — = ET) (i> (0) 1.81
A UV 2el'[1 — €] \dm Fods”, fo Yang—Mills 37 (181)
and from the perturbative expansion we need
(i)” AD 4 (n—2) (i)_3 %9 qo| (1.82)
4 " luv 4 e "
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We therefore find

(4m)° g\’
%9 = 3ri—d (E) fo- (183)

For the all-plus and single-minus helicity configurations (which are the configurations that
are investigated in this thesis), the tree-level amplitudes vanish and so the UV divergence
first appears at two loops. We can therefore write

i n+2 ) 59 _
(47r> [An uv n (47r) € A =0, (184)
and given dg is now fixed we have
(2) _ (4m) 2 AL 1.85
Ay "2er[1—e]ﬁ0( ) n' (1.85)

This in itself is not so remarkable but when compared with the collinear divergences for these
helicity configurations at two-loops [32] we see

AP

£>2 m109) 4 (1.86)

collinear < 4 € "

where for gluons in pure Yang-Mills v(g) = 5o/2. In the full cross section and upon expanding
in €, the UV and collinear IR divergences cancel, leaving just the soft IR divergences. We
will therefore leave our amplitudes unrenormalized for this thesis. The soft IR divergences
for these amplitudes are already known [33] but before we can discuss them properly we must
first introduce the colour decomposition at loop order and the functional content of these
amplitudes.

1.4.2 Colour relations and Loop Order Colour Decomposition

We would like to extend the discussion of colour decomposition to that of loop order am-
plitudes. We have already mentioned that we extend the SU(V,) of Yang-Mills theory to
U(N.) and how the non-zero amplitudes in SU(V,) are equal kinematically to that of U(IV,) .
We work in U(N,.) for colour dressing purposes as it largely simplifies the colour algebra. It is
also the source of the decoupling identities and we will see later that the combination of colour
dressing and the use of decoupling identities allowed for simplifications in the calculation at
the expense of introducing new redundancies in the final answer.

The U(N,) generators T* have non-zero traces unlike the SU(V,) generators and so there
are N2 of them. The generators span the colour space and have the normalisations given by
(1.34). The U(N,) colour algebra makes use of the Fierz identity,

TaTk;l 5il(5jk> (1'87)
allowing us to derive relations such as

T[T X|Tr[T°Y] = X;;Y;; = Tr[XY],
T[T XT*Y] = Te[X]Tx[Y],
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and
Tr[XTTY] = 0i Tr[XY] = N Tr[XY]. (1.88)

One can write down all possible diagrams and assign colour vertices according to the Feynman
rules, rewrite the structure constants as strings of traces using (1.33) and, after repeated ap-
plication of the above colour relations (remembering that we sum over all colour contributions
of the internal gluons), we derive the colour decompositions of the amplitudes. This works
for the tree decomposition (1.8) but also works to loop order, giving the colour decomposition
for one-loop,

AV = N Y T A )

Sn/P7L:1
[n/2]+1
+ Z Z Tr T“l U Taril]Tr[TbTTbr+l T Tbn]Anlz(al crr Qg b - bn)7 (189)
r=2 Sn/Pnr

and for two-loop,

A®(a,b, ... n) = N? Z Te[T - T A (ay, az, -~ a,)

Sn/Pn:l
[n/2]+1
AN > Y T[T T T[T T T AR (0 api by by)
r=2 Sn/Pn'r

[n/3) [(n=5)/2]
+ Z S>> T[T T T[T T T[T T
t=s n/Pnst
X Ag:)s,t(alv T, Qs b5+17 T 7bs+t§ Csttt+1y """ 7cn)

+ Z Te[T - T“”]Ag)lB(al,aQ,~ “Qp). (1.90)

We have introduced here the “subleading in colour” amplitudes A,,., and at two-loop we have
“sub-subleading in colour” amplitudes A,.s; and A,.15. These amplitudes follow the cyclic
symmetry of the multiplying trace structure, as well as a flip symmetry

AL (a)b,...,r—1;r,...,n) = (=1)"AL (r—1,... bya;n,n—1,...,7), (1.91)

and similarly for the A,.;; amplitudes. This flip symmetry can be derived from the antiher-
mitian group generators

Tr[a,b,...,n]" = (=1)"Tx[n,...,b,al. (1.92)

It can also be shown to be true if one chooses the hermitian convention by counting the
number of flip-antisymmetric three point interaction vertices which apply to each amplitude.
We have also introduced the notation P,.. which are the symmetry sets of the amplitude.
This ensures every colour structure is counted exactly once and they are given by (for r > 1,

140 sAt t#£0 # m,n),
7)nzl - Zn[aa b7' .. ,TL],
P = Zyr_ala,b,...;r — 1] X Zpiq 1, ... 0],
Prst = Zsla,b, ..., s] X Zy[s+1,...,s +t] X Zp_s4[s+t+1,...,n]. (1.93)
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For cases with equal length sets we have,

Pomimi1 =Zmla, b, ...m] X Z' [m+1,...,2m] X Zo[Zm, Z1],
Prss =Zs[a,b,....s] x Zi[s+1,...,28] X Z,_2s[2s+ 1,...,n] X Zy[Zs, Z1],
Pamimam =Zmla, b, ....om] X Z! Im+1,....2m] x Z, [2m +1,...,3m] X S3[Zm, Z.., Z.],
Pomasm—s =Zas[a, b, ..., 28] X Zyn_s[2s +1,s+m] x Z) _[s+m+1,...,2m]
X Zo| T, 21 _]. (1.94)

1

For example at six-point with Ag.02(a,b; ¢, d;e, f) the manifest symmetry is

Pooo = Zala,b] X Zslc,d] x Zyle, f] x Ssl{a,b},{c,d}, {e, f}]. (1.95)

These subamplitudes have gauge invariance just as with tree-level and therefore many of the
redundancies are eliminated. These colour decompositions are the same for both U(N..) and
SU(N.) , although any terms with a single generator Tr[7] vanish for SU(/NV.) as these
generators are traceless. We will give examples of the colour dressing in a later chapter,
but if one considers all colour dressed diagrams, we recover these full colour structures and
the calculation of the single trace term allows us to use decoupling identities to check the
SU(N,) amplitudes. We will later see that one can write all of the single trace terms as sums
of SU(N.) amplitudes and so this provides another numerical check on our results as these
relations are highly non-trivial. The simplest case is seen by setting gluon 1 to be U(1)

A2, m) == 37 Al (Lo), (1.96)
067%:2
where as a reminder P, is the group of cyclic symmetries Z,_1[2,3,...,n] as opposed to

the non-cyclic S, /P, that we see in the colour decomposition. We therefore have tools
for colour dressing, the colour decomposition and will later use U(JV,) relations for tests
and simplifications. We see that the colour decomposition has different powers of N, on
different structures, introducing the concept of “leading-in-colour” terms A,.;. These are
“maximally planar” amplitudes, planar in every definition of the word whether it is being
able to bring external gluons to infinity without crossing any internal gluons on the graph
or when considering colour dressing having no colour lines crossing. See Figure 1.3 for an
example.
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Figure 1.3: A one-loop box ribbon diagram contributing to the planar “leading-in-colour”
amplitude. The closed colour loop in the middle contributes a factor of N, to the colour
structure.

Planar diagrams are easier to calculate and so for a given helicity structure the first calcu-
lation tends to be the “large N. limit” [34] where we consider this planar contribution. When
we calculate the single-minus configuration we will focus on the leading-in-colour amplitude.
We will also consider the “maximally non-planar” amplitudes Aff)l 5 in a later chapter. This
is not the only colour decomposition available to us [35-37] and studying the relations be-
tween different decompositions has been used to derive new group theory identities for the
partial amplitudes [38,39]. We will look at these more closely in Chapter 2 but they allow
us to write Aézi p in terms of Ag} and Ag, though we see this is not possible at six-point or
higher.

In the previous section we talked about how the soft IR divergences are already known
but we needed to first introduce colour notation. Now that this is done we can look at the

soft IR divergences for the full colour amplitudes. First defining the divergent piece

Ii,j = — 2 y (197)
the leading in colour IR soft term is [33]
U (1,2, n) = AN12,..0) Y L, (1.98)
i=1

where I, ,+1 = I,,;1. Importantly here ¢ = 0 refers to the first non-zero loop order which for
all-plus and single-minus amplitudes is one-loop. This means (1.98) is valid at two-loops for
these helicity configurations. To extend this to full colour we write the IR soft term in the
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more telling form of [40]
Lo X [ f" 5 AD ok, o), (1.99)

and we wish to disentangle this simple equation into the color-ordered components. When
considering n-point full colour calculations, it will be convenient to use a list notation for the
partial amplitudes where we use

AD(S) = AV ({ay, as, - a,}) = AY (a1, a0, - ay) (1.100)

Ag)(Sl; Sy) for Al and Ag)(Sl; Sa; S3) for AW

n:s,t*
We then have for a list S = {ay,as,as, - ,a.},

LIS = laa (1.101)
i=1

where the term I, o, = I,, o, is included in the sum. We also define I;[S1, S5] and I;,[S1, So],

Ij[Sly 52] = Ij[{ala ag - ar}a {bh b27 U bS}] = ([al,ar + [b1,bs - [al,bl - [ar,bs) ’
I;[S1, So) = Ii[{ar, a0 - - ar }, {b1, b2, - - b5} = (Lay by + Lorar — Loy pr — Layp,) . (1.102)
giving
IT[Sl D SQ] = ]r[Sl] + ]T[SQ] + ]k;[Sly 52] — ]j[Sl, SQ] (1103)

where {ay---a,} ® {by---bs} = {a1---a,,by---bs}. In this language the leading and sub-
leading IR singularities at one-loop are

AD(S) = AD(S) x L,[9],

n

ADSES) = >0 YT AD(S US) x L[S, Sy (1.104)

SieZ(Sl) SéEZ(SQ)

The set Z(.S) is again the set of cyclic permutations of S.
At two-loops, for vanishing tree amplitude helicities, we have

AP (8) = AD(S) x L[],

(

AP (8y:8y) = AD(Sy:Sy) x (I,[S1] + I,[Ss])

n

+ ) > ADSTUSY) x LSy, Sy,

S1€Z(81) SheZ(Sa)

Aﬁf)(Sl; So; 53) = Ag)(Sl; Sé U Sé) X Ij[sé’ Sé]

+ Y > AD(Sy 8 U S x L[S, 84

+ ) AD(S5; S4 U Sy) x T[S, Sb),
SiEZ(S1) SéEZ(SQ)
APL(S) =" AD(SE; Sy) x L[Sy, Sh], (1.105)
U(S)



where U(S) is the set of all distinct pairs of lists satisfying 57 @ S, € Z(S) where the size of
S! is greater than one. For example

U({1,2,3,4,5}) = {({1,2}, {3,4,5}), (2,3}, {4,5,1}), ({3,4}, {5, 1, 2}),
({4,5},{1,2,3}), ({5,1}, {2,3,4})} . (1.106)

We have now seen how the amplitudes decompose, and we know the universal IR pieces,
and so we can review some techniques that have been developed to improve calculations at
loop order.

1.5 One-Loop Integral Reduction

For an n-point amplitude we can have up to n powers of loop momenta in the numerator
and n propagators. A general Feynman integral with N propagators and rank r is

dPe fHL Pk
1.1
/ 2m)P 20 — P)2... (6 — Py_1)?’ (1.107)

and at one-loop level this can be simplified greatly to O(e°) by use of integral reduction
techniques [24-27]. This can be achieved using Passarino-Veltman reduction [25] in which one
can use the linear dependence of the loop and external momenta to rewrite the numerator as
a sum of inverse propagators and scalar factors which depend only on the external momenta.
This can reduce (1.107) to scalar integrals with arbitrary numbers of propagators.

One can then on a case by case basis keep reducing these integrals by building new bases
and systems of equations and rewriting the loop momenta until we are left with a basis of
integrals,

I](\P(a, b,...,n) = Z Caila; + Z csils; + Z c2,ilo; + Z c1:L1; + R, (1.108)

where, for Z,;, n refers to the set of n-point scalar one-loop integral functions, ¢ labels
the kinematically distinct n-point integrals within each set and ¢, ; is a rational, kinematic
coefficient of this function. R is the totally rational kinematic contribution. We will be using
four-dimensional unitarity in this thesis which has advantage of simplicity in the interactions
of the internal and external gluons, but has the disadvantage that some rational contributions
get lost when we perform these sorts of reductions in the D = 4 limit. At loop level the
recursion techniques we have covered also fail as there exist double poles, but we will later
introduce a method called augmented recursion which bypasses this issue.

The tadpole diagrams I; ; vanish in four-dimensions with massless particles so this entire
contribution vanishes. The remaining integral functions are known in analytic form and
are given in Chapter 2 and so the problem becomes determining ¢, ;. One could of course
manually perform these reductions and keep track of all contributions until we have the
reduction for each integral. This is a very intensive process but one can instead make use of
the branch cut singularities present in the amplitude to massively simplify this process. This
technique is known as unitarity.
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1.6 Unitarity

We have discussed that the problem of calculating one-loop integrals is now reduced to deter-
mining coefficients of scalar boxes, triangles and bubble integral functions, and additionally
a rational contribution. These coefficients are then built by exploiting the factorising prop-
erties of the amplitude itself along with the discontinuities along branch cut singularities in
the integral functions. This process is called generalised unitarity and can be motivated by
looking at the optical theorem of quantum field theory.

The optical theorem can be understood by analysing the S-matrix [41], an object which
describes the trajectory of a particle propagating from the times ¢t = —oo to t = oo with
possible interactions occurring in some finite time within these limits. This is written as

S =1+iT (1.109)

where the identity matrix is the path with no scattering, and 7" describes the interaction states
which contribute to scattering. The elements of the S-matrix determine the probability of a
given interaction occurring and this means they must sum to 1, imposing the condition

SST =1, (1.110)
and this, along with (1.109), gives us
—i(T = T") =TT". (1.111)

We can perturbably expand T and extract coefficients of different powers of the coupling
constant g to find the relations,

7O = 70O —i(T(l) — T(l)T) — T0)(0) (1.112)
We define elements of T' between asymptotic states which we call T,; = (out|T|in) such that
(out|T|in) = (in|T|out)* = (T;0)* = (T,)", (1.113)

where the last part is true due to time reversal invariance. This leads us to Cutkosky’s
rule [42]

—i(TY — Ty = / dp T (1.114)

i0 Op ~pi

where [ dy refers to the sum over all helicities and phase-space integrals over all intermediate
on-shell states. If one extended to other theories this would also be a sum over different
particle contents but importantly it only includes on-shell external states which eliminates
ghosts.

The left hand side of this equation is then twice the imaginary part of TO(Z1 ), which we
may relate to branch cut discontinuities in the integral functions. These integral functions
are made up of polylogarithms and other special functions which can have these branch cut
discontinuities. These discontinuities arise in the regions of loop-momenta integrations when
a virtual gluon goes on shell, and therefore a propagator becomes purely imaginary and can
be thought of as being “cut”. To exploit the factorisation property of the amplitude, we need
to perform two cuts as shown in Figure 1.4.
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Figure 1.4: Schematic diagram of the optical theorem. The LHS being a generic one-loop
amplitude and the RHS how it factorises into two tree-level amplitudes on a two-particle cut,
represented by the dashed lines over the internal propagators.

To practically implement a cut, we rewrite the propagator via the distribution relation

1 1
lim o P (ﬁ) — i (p?), (1.115)
where P is the principle part. We can see that the discontinuity of the one-loop amplitude can
be computed for a given channel by replacing the two relevant propagators with §(p?), thus
introducing discontinuities within the integrand. The dimension of this ¢ function determines
whether we use four-dimensional unitarity or D-dimensional unitarity. We will be using four-
dimensional unitarity but the most common method is to use D-dimensions [43-49]. This
involves decomposing the loop momentum into a four-dimensional component and a —2e
component,

=W 4 (72 =74y, =02 — 2 (1.116)

D 4 —€,,2
/d—gz/dg/d“. (1.117)
(2m)P (2m)* ) (2m)=*
This technique has the benefit of calculating the full amplitude, including the whole rational
contribution, at the expense of more complicated algebra and a larger set of master integrals.
We will not discuss D-dimensional unitarity further in this thesis.
Our discussion of unitarity has thus far been limited to two-particle cuts, but we would

like to extend this method to allow us to calculate the coefficients ¢, ; of (1.108). We do this
by extending unitarity to higher order cuts in the technique known as generalised unitarity.

with the integration measure

1.6.1 Generalised Unitarity

We have introduced unitarity via the optical theorem but we would like to calculate the
coefficients ¢, ; for the scalar integral functions in the decomposition (1.108). This can be
achieved by generalising unitarity to higher numbers of particle cuts. If one performs four
cuts then triangles and bubbles are eliminated, allowing one to calculate the box coefficient
as was initially done for N'=4 SYM [50]. One can then perform a triple cut to isolate the
triangle coefficient, being careful to subtract the box contributions and so on.

We will cover the practical applications when we need them in later chapters, but for now
we will briefly discuss quadruple cuts for pedagogical purposes. Note that on a cut we may
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rewrite the loop momenta in the spinor helicity formalism ¢ = A¢Ag. This momentum has four
degrees of freedom and therefore on a quadruple cut we can use momentum conservation and
the cut conditions to fully constrain ¢ in terms of external gluon spinors at one-loop. The
quadruple cut factorises the amplitude into a product of four trees as shown schematically
by Figure 1.5,

Figure 1.5: Schematic quadruple cut, each corner represents a tree amplitude. Thick external
lines means the corner might have one null leg or many null legs.

AD(1,2,... n)

1 . )
=537 40 (—54“4,1,...,@',43‘0) x A© <—€1)\[1,i 1, ,j,€3£2>
cut
A

X AO (<6 G4 1k G ) ) AD (<6 k1, e, G

: (1.118)

cut

2 2 2 2
x I[Py 4, Py i Pl g Peital

where the sum is over all internal helicity configurations and Z,[ Ky, K, K3, K] is the scalar
one-loop box integral whose arguments are the masses on each corner. There are two solutions
for the loop momentum on the cuts which need “averaging over”, a fact which comes from
extracting the Jacobian factor that is equal on both sides of this equation and hence the
factor of 2 in the denominator.

Inserting the fully constrained loop momenta into the right hand side of (1.118) gives the
coefficient of this particular box in (1.108). One then needs to sum over all configurations
and cuts. Many of these subamplitudes might vanish depending on helicities. Triple cuts
will leave one degree of freedom unconstrained. There are various simple methods of dealing
with this but specific implementations will be further discussed in later chapters.

This decomposition into scalar boxes, triangles and bubbles only works for one-loop in-
tegrals (emphasis on integrals here, as we will see in the next chapter that certain two-loop
amplitudes may be reduced to one-loop integrals using unitarity). For two-loop amplitudes
there is no universal decomposition such as (1.108), but there are reduction techniques which
exist, such as integration by parts (IBP) relations which can reduce a given problem to a
smaller set of master integrals for beyond one-loop [51-62].

We will later use unitarity in a two-loop setting in order to constrain the problem to a
general set of numerators for a series of propagators, and these are integrated by hand. We
argue that our technique should scale well with higher multiplicities but clearly this is still not
the most efficient method given the relative simplicity of the final results. Throughout this
introduction we have talked about methods of calculation which begin as incredibly inefficient
but over time make use of symmetries and functional properties to eliminate large swathes
of redundancies. The two loop techniques presented in Chapter 5 still exhibit cancellations
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and redundancies. We will highlight this as it is suggestive of undiscovered techniques which
may exist to further simplify these loop calculations.

Before we continue on to new calculations there remains one more problem for us to
address, namely the existence of double poles in rational parts of some amplitudes. We will
be performing four-dimensional unitarity in this thesis and as such we will lose rational terms.
For the amplitudes whose rational terms contain at worst simple poles, we may use complex
recursion to recover the entire rational piece. The recursion we have covered so far only gives
leading contributions to the Laurent series and so, for amplitudes containing double poles
and higher, this method fails. We will now briefly review an augmented recursion technique
which bypasses this problem.

1.7 Augmented Recursion

BCFW recursion looks at factorisations of an amplitude and how we can build amplitudes
from these factorisations. We have already stated that this only provides the leading poles
in the Laurent expansion and so anything with double poles will miss rational contributions
if one uses standard recursion. Lets now go into detail about what this means.

At tree-level, the MHV amplitude has the form (1.53). When we talk about simple poles,
we really mean poles in z after a complex deformation of the external momenta. This has
been discussed in more detail in Section 1.3.1 but this means for poles where (i j) — 0 we can

Ci

rephrase it as ——. The complex deformation changes the amplitude to a complex function
(z—24)

A(z) and we would like to recover A(0) from this. We therefore want to invoke Cauchy’s
theorem and find a z = 0 contribution by looking at A(z)/z, forcing the existence of a z =0
pole. For example, the one-loop all-plus amplitude is known to any multiplicity [63],

1 1
AWMt ot oty = —= § Tr_[ij 1.11
1<i<j<k<I<n

2
(1.3). For n > 4 this only contains simple poles but for n = 4 we see the emergence of double
poles in the form (2 3)2 after rewriting the amplitude using four-point kinematics. Recalling
that loop-level amplitudes contain polylogarithmic terms, diverging terms and finite rational
terms, we call the finite rational part of the amplitude R(z) and so

where Tr_[ijkl] = Tr <(1_75)%%%/7/1> = (ij) [7 k] (k1) [li] and we use the normalisation in

R(z) _ C—2 c_1 Y
z Z<2_Zi)2+2(2—2i) +0(( %) (1.120)

where ¢; are the coefficients of (z—z;)? in the Laurent expansion around the z; # 0 propagator
pole. We can rewrite the pole as 6 = z — z; and Taylor expand

R(z) C_9 c_1

= N I B R 0
2 (64 2)0? i (0 + 2;)0 +0(@) ~ 2;0°? * ) ( 2 ) +0(5). (1.121)

We therefore see that the residue around this pole is given by

Res {R(z)}

z

C_9 C_1
T2
Z; Zi

(1.122)

Zj
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and this is what is used for (1.72). The problem is that while c_o (or whichever the leading
pole in z; is) is given by factorisations, as we saw with BCFW recursion, there are no universal
results for c_;. We therefore implement a technique called “augmented recursion” [64], which
has been used to calculate rational parts of various one-loop and two-loop amplitudes [64-71],
where the latter two references are part of chapters 2 and 3.

This technique makes use of the axial gauge formalism [72-74] to extract the “pole under
the pole” term so that we may use recursion. For the all-plus, two-loop helicity amplitudes,
the origin of the double pole can be traced to the factorisation in Figure 1.6 for complex
momenta, where there are one-loop contributions on both sides,

b—I—

+ +

a n

Figure 1.6: The origin of the double pole. The double pole corresponds to the coincidence
of the singularity arising in the three-point, one-loop integral from the left hand side, with
the factorisation corresponding to K? = s, — 0. The RHS of the factorisation here can
be an any loop-level, (n — 1)-point amplitude, depending on the overall amplitude that is
factorising.

and we can build diagrams of the form presented in Figure 1.7 where the internal legs, «
and 3, are taken off shell using axial gauge techniques.

b+

Figure 1.7: Diagram containing the leading and sub-leading poles as s,;, — 0. The axial
gauge construction permits the off-shell continuation of the internal legs.

In this formalism we can assign helicity labels to the internal off-shell legs and vertices
by rewriting the off-shell momenta as a sum of two nullified momenta

KQ
K=K+ g = K+ K, (1.123)
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where ¢ is a massless but otherwise arbitrary reference momenta. The two off-shell legs are
given by

a=all)=l+a, B=B)=b—1 (1.124)

where P, = a+ 3 = a+ b = P, is independent of the loop momentum ¢. For now we will
keep the discussion to leading in colour and so the diagram may be written as

/ dA(—a ™, a6, =)l (0, B et dt, ), (1.125)

where

: dPe
/dA(—a‘*“,a*,b*,—ﬁ‘Aﬂ) = CF(ZZW)D/£2a252V(a,a,€)V(€, b, ), (1.126)

and we can build the vertices V using the axial gauge formalism and these are dependent on
the helicites of the arguments.

7‘7511) is a doubly off-shell current and is the key to augmented recursion. We are only
interested in the residue on the s,, — 0 pole and so, when building the current, we only need
two conditions to be satisfied:

(C1) Tt reproduces the leading singularities as s,5 — 0 with a?, 3% # 0,

(C2) It must reproduce the one-loop amplitude 7'7(1111)(@, B,c,...,n) — A;lz)l(a, B,¢,...,n) in
the on-shell limit o2, 32 — 0, s.5 # 0.

In this thesis we build the current by starting with the on-shell amplitude, written in terms
of o’ and 8’ from (1.123). Historically the reference momentum g has been chosen to relate
to one of the external legs for simplification, but we will keep ¢ general as this helps with
the full colour calculations. We then rewrite the amplitude in such a way that gives the
factorisations in Figure 1.8 which give the leading singularities for (C1).

Figure 1.8: The leading singularities to be found within the current. Both helicities of the
internal propagator need to be accounted for.

We emphasise these factorisations must be built for the s,5 — 0 pole, recalling that
(aB)[Ba] = (o’ + )% # s45 and so care must be taken when taking things off-shell in this
way. These manipulations can make use of s,3 << 1 and add in terms that are proportional
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to o? and B? for free. Once we have the leading factorisations, we should be left with a
piece that is of order O(s;é) that came from the double pole manipulations. This is the
“pole under the pole” piece we seek. Any additional terms that do not contribute a pole
can be discarded, so we do not need the full current. The final step is to then perform the
integration, sum over all contributing integrated currents and perform recursion alongside all
other channels that do not contribute double poles and we obtain the full rational piece.

In this thesis we build several currents for full-colour, all-plus helicity amplitudes and so
there will be examples of this process given in Chapters 2 and 3. We use the Risager shift
(1.75) for the all-plus amplitude and this breaks the cyclic symmetry of whichever colour
structure we calculate. The axial gauge also makes a gauge choice but the final result should
be gauge invariant. These provide very strong numerical checks on results, and we can test
that the result is independent of the choice of ¢ and that the cyclic symmetries are recovered.
These are tested numerically because the expression calculated reads as a large function of
q and so the independence is highly non-trivial. We then fit analytic expressions to this
rational piece, a process which will be described in detail in Chapter 3.

We again see a large intermediate expression reduced to much smaller analytic expressions
(~Mb in size to ~kb in size) which is indicative of some undiscovered technique for calculat-
ing these pieces. This is still relatively efficient and allows us to make use of the much simpler
four-dimensional unitarity to calculate cut-constructible pieces. We have now schematically
introduced all of the techniques that will be used throughout this thesis. We have motivated
modern techniques being vastly more efficient than traditional methods but with an eye of im-
proving calculations in the future. We are now therefore ready to move onto new calculations.

The remainder of this thesis is organised as follows: Chapter 2 extends previously devel-
oped four-dimensional unitarity and augmented recursion techniques to a full colour setting.
We then use this colour-dressed technology to calculate the full-colour, two-loop, five-point,
all-plus helicity amplitude. This is published work [70]. Chapter 3 calculates the same am-
plitude but at six-point. This was a new result at the time of publishing [71] and so we
also discuss functional reconstruction methods used to fit the rational piece of this ampli-
tude. Chapter 4 discusses n-point amplitudes, calculating the full-colour, cut-constructible
part of the n-point, two-loop, all-plus helicity amplitude. We then provide a conjecture for
the rational part of the Af)l p colour-amplitude which has been tested numerically for up to
seven-point. This is the first partial amplitude conjectured to n-points for pure Yang-Mills,
which both has agreement with the explicit calculation for seven-point while also obeying
non-trivial symmetry checks to even higher points. This is also published work [75]. Chap-
ter 5 is unpublished and extends four-dimensional unitarity to calculate the cut-constructible
piece of the two-loop, five-point, single-minus, leading in colour amplitude. This result is
already known [2], but this is the first time four-dimensional unitarity has been used to at-
tempt to calculate such a configuration and, as we argue throughout, once this technique
has been full automated it will scale well to higher multiplicities. We also derive many use-
ful relations along the way, from generalised hypergeometric relations to a very convenient
scalar box integral result with general powers on the propagators and also under a Mellin-
Barnes transformation. Finally, summarises what has been learned in these calculations and
discusses what the author would like to see explored in future calculations.
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Chapter 2

Colour Dressed Unitarity and
Recursion: a Five Point Amplitude

2.1 Introduction

In Chapter 1 we discussed how experimental results in particle physics may be explored
with theoretical calculations. Calculating perturbative scattering not only decreases the
theoretical uncertainty in these tests but reveals deeper insights and understanding into
symmetries and properties of the theories that are not present in the Lagrangian approach.
This perturbative expansion is given by (1.3) and we can further expand each loop amplitude
in terms of colour structures, C*

AP =) AlCe, (2.1)

separating the colour and kinematics of the amplitude. The colour structures C* may be
organised in terms of powers of N..

There has been much progress in computing leading tree and one-loop amplitudes. For
two-loops progress has been considerable in theories with highly extended supersymmetry,
both at the integrated [76] and integrand level [77]. However for pure gauge theory, progress
has been restricted to amplitudes with a small number of external legs. Specifically full
results are only available analyically for four gluons [78,79], and in [80] these results are
presented to all orders in dimensional regularisation.

The first amplitude to be computed at five point was the leading in colour part of the
amplitude with all positive helicity external gluons (the all-plus amplitude) which was com-
puted using D-dimensional unitarity methods [81,82] and was subsequently presented in a
very elegant and compact form [83]. In [67], it was shown how four-dimensional unitarity
techniques could be used to regenerate the five-point leading in color amplitude. The lead-
ing in colour five-point amplitudes have been computed for the remaining helicities [2, 84].
Full colour amplitudes are significantly more complicated requiring a larger class of master
integrals incorporating non-planar integrals [85,86]. In [87] the first full colour five-point
amplitude was presented in QCD -for the case of all-plus helicities. Beyond five-point, the
leading in color all-plus amplitudes for six- and seven-points are known [68,69] and indeed
in [71] and in Chapter 3 we calculate a full-colour, six-point amplitude.

In this chapter we examine the one and two-loop partial amplitudes using a U(N,.) colour
trace basis where the fundamental objects are traces of colour matrices T rather than con-
tractions of the structure constants f2*¢. We examine the all-plus amplitude, A, (17, ---n™).
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This amplitude is fully crossing symmetric which makes computation relatively more tractable
but nonetheless is a valuable laboratory for studying the properties of gluon scattering. We
compute directly all the colour trace structures for the five-point all-plus two-loop amplitude.
The singular part is known from general theorems so we focus on the finite remainder. Our
results are in complete agreement with the results computed by Badger et. al. [87] and are
consistent with constraints imposed by group theoretical arguments [38,39].

Our methodology involves computing the polylogarithmic and rational parts of the finite
remainder by a combination of techniques. The polylogarithms are computed using four
dimensional unitarity cuts and the rational parts are determined by recursion. We use aug-
mented recursion [88] to overcome the issues associated with the presence of double poles.
These concepts have already been introduced in the previous chapter but we will now discuss
them in more detail.

2.2 One-Loop Sub-leading Amplitudes

The full one-loop n-point amplitude can be expanded as shown in (1.89), with the manifest
symmetries given in (1.93) and (1.94). This colour decomposition is both a U(N,.) and an
SU(N.) expression. The AS% is absent (or zero) in the SU(V,) case. If any external gluons in
the U(N.) case are the U(1) gluon then the amplitude must vanish. This imposes decoupling
identities amongst the partial amplitudes. For example setting leg 1 to be U(1) and extracting
the coefficient of Tr[T?7T? - - - T"] implies

Ap(1:2,3, - m) + AL (L,2,3,--n) + AGH2, 1,3, 0m) 4o AL (2, 1n) =0 (2.2)
and consequently the AS% can be expressed as a sum of (n — 1) of the A;l)l By repeated

application of the decoupling identities all the A%ll can be expressed as sums over the Afll)l
and we obtain,

AD@2,r=Lrr+lon) = ()70 > Al (o) (2.3)
ceCOP{a}{B}

R

where o; € {a} ={r—1,r—2,...,2)1}, B € {B} = {r,r +1,...,n — 1,n} [Note that the
ordering of the first set of indices is reversed with respect to the second]. COP{a}{3} is the
set of all permutations of {1,2,...,n} with n held fixed that preserve the cyclic ordering of
the «; within {a} and of the §; within {5}, while allowing for all possible relative orderings
of the a; with respect to the ;. For example if {a} = {2,1} and {8} = {3,4,5}, then
COP{a}{B} contains the twelve elements (where {a} is made bold for clarity)

(2,1,3,4,5), (2,3,1,4,5), (2,3,4,1,5), (3,2,1,4,5), (3,2,4,1,5), (3,4,2,1,5),
(1,2,3,4,5), (1,3,2,4,5), (1,3,4,2,5), (3,1,2,4,5), (3,1,4,2,5), (3,4,1,2,5).

The simplest one-loop QCD n-gluon helicity amplitude is all-plus helicity amplitude
(1.119). This expression is correct up to order € but all-e expression exist for the first few
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amplitudes in this series [46],

2 €(1—e)

1) + _ D=8—2¢

Api(17,2%,3%7.4%) = T3 @3 B8 A1) 4 X 1989314 :
A(l)(l-‘r ot 3t 4t 5+) _ 1 6<1 — 6)
LA (12)(23) (34) (45) (51) (4m)2—<

1),D=8—2¢ ,D=8—2¢ ,D=8—2¢

X [823834Li + 5345451i2) + 84555114&3)

+ 851812]i4)7D:8—26 + 812823]£5),D:8—2e +(4—20)2(1,2, 374)]513:10—26 ’

AL (1t 2+ 3T 4T 5T 61) =

)

1 e(1—e) [
2(12)(23)(34) (45)(56) (61) (4m)>—¢
- Z Tr[khPh—H,iz—l%izPi2+1,z‘1—1][£¢T;8¢;26

+(4 — 2¢) Tr[123456] [P=10-%

+(4=20) Y eli+1i+2,i+3,i+ 4)155””3:1026] .

=1

In principle, all the A amplitudes for the all-plus case may be expressed in terms of the
leading colour however the number of terms grows quite rapidly. The number of terms in a

single AS% grows as ,
ﬂn(n —1)(n—2)(n—3) (2.4)

and the summation over COP terms grows with n as

N (n—1)!
(r—2)!(n—r)!

(2.5)

Although the number of terms in (2.3) is growing very rapidly with n and r, there is
considerable simplification. We demonstrate how useful the spinor-helicity formalism is here;
by simply thinking of which expressions have the correct momentum weight, little group
scaling and symmetries, and by making use of previously conjectured sums to guess which
kind of sums appear, we can obtain simple all-n formulae for the subleading terms.

(1 1+ ot . 1 Zi<j<k<l Tr (ijl)
A (17,27, 8% ) = 3(12)(23)---(n1)
(1) f14. o+ . Zz<][1‘zj’1]
Anp(17327,87, o m7) - = T (23) (34)--- (n2)
12’
(34) (45)---(n3)

An123<1+7 2+7 3+a e 7n+)

(PE )
((12) (23)---((r =D 1) ((r (r + 1)) -~ (n)

where P, ,_; denotes the usual 2:2—11 k; and r > 3. These expressions have been tested nu-
merically against the decoupling identities for up to n = 12. These expressions are remarkably
simple given the large number of terms one would expect from the decoupling identities.

ADF, 27,35 (r = )Pt nt) = 2

n:
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Another complication we have discussed at loop order are double poles. They occur in
amplitudes at complex momenta when the factorisation shown in Figure 1.6 occurs. The
factorisation takes the form

1 ab
V(at bt K*) x A0 (K )~ 120

O (F ...
A <ab>2><An_1(K, ) (2.6)

where
VWO (a*t, bt KY)  1[ab] [pK][K d]

= . 2.7
Sab 3 Sab ( )

is the one-loop three-point vertex [89]. As we previously discussed, the all-plus one-loop
amplitude does not contain double poles for n > 4 since the tree amplitude on the RHS of
the factorisation vanishes. The single minus amplitude does have double poles which can be
seen explicitly in the five-point case [90]

11 [ 25 +<14>3[45](35>_(13)3[32]<42>
334l 121 (12)(23) (45)* ’

AW (17 2% 3% 47 5F) =

where there are (a )~ singularities for (ab) = (23), (34) and (45).

The naive application of (2.3) obscures the simplicity of the sub-leading terms. In par-
ticular, there are no double poles in the one-loop sub-leading partial amplitudes for n > 4.
This can be derived from decoupling identities, for example in the Afllz)Q(a; b,c,...,n) case,
rewriting this in terms of the Afll)l as in (1.96) then the double pole in (ab) will only occur
in the first two terms and will be of the form

Viat, bt Kt Vbt at. K+t
o —5— ) XA’ELO—)1:1<K7767'”TL)+ ( 7OLQ KT XAT(lO_)l:l(Kf,C,--‘n)zo (2.9)
Sab Sub
since V(a, b, K) is antisymmetric. The double pole in sy for A,(llz)Q(a; b,c,...,n) vanishes via

a decoupling identity. In the summation only the second term does not contribute and we
obtain

ORGP (Ao A (o
+ "'+A7(10—)1:1<K7d7"'a7n)> (210)

This vanishes due to the decoupling identity for the tree amplitude Aéo_)lzl. Similar arguments

show the vanishing of double poles for all AY for r > 1. Importantly this argument is inde-
pendent of the helicities outside of the three-point vertex and so is true for all configurations
considered in this thesis, including the single-minus amplitude.

The simplifications in the sub-leading terms allow us to present some compact n-point
expressions for the single minus configuration. Explicitly, we can find all-n formulae for
Ag;(l_; 2% .-.n*) and Af}:;(l—, 2+:3%,-.nt):

- Z2gi<j§n<1|ij|1>

D=9t 3t ... pt) =
Ana(l52580 1) = G B e (= ) (n2)

(2.11)
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and

1= ot _ 2 2<icien(Li711)
AN 2580 ) = PRI CETYTY (2.12)

Z(Smn)

where Z(s...,y is the set of cyclic permutations of the set (3,---n).

The vanishing of the (bc) double poles in (2.10) uses a tree level identity, so we do not
expect the argument to extend beyond one-loop. Specifically if we consider the double pole
in Am(a b,c,...,n), a formula for the double pole in (bc) akin to (2.10) will exist but with
the tree amphtudes A 1.1 replaced by their one-loop equivalents ASEM. The combination

of An_m is that of the decoupling identity (1.96) so the double pole does not vanish but
instead is proportional to
VOt ot KT
( 720 : ) x A51121:2(a; Kia d7 T n) : (213)

Sbc

These simplified subleading in colour amplitudes will prove to be very useful in calculating
the two-loop, all-plus amplitudes.

2.3 Two-Loop Amplitudes

A general two-loop amplitude may be expanded as in (1.90). For five-point amplitudes this
reduces to

AéQ)(a,b,c,d,e) = N? Z Tr(abcde)A (a b,c,d,e)

S5/ Ps:1
+ N, Z Tr(a) Tr bcde)A2 (a;b,c,d,e)
S5/ Ps:2
+ N, Z Tr(ab) Tr(cde)AS%(a,b; c,d,e)
S5/Ps:3
+ Z Tr(a) Tr(b) Tr(cde)A 1(a;b;c,d,e)
S5/Ps:1,1
+ Z Tr(a) Tr(be) Tr(de)A o(asb;e,d,e)
S5/(Ps:1,2
+ Z Tr(abcde)A gla,b,c.d e) (2.14)
S5/Ps:1

where we again suppress o notation, similar to going from (1.4) to (1.8) and we have defined
all of the summation sets in Chapter 1. For an SU(N,) gauge group, this simplifies to

AP (abe,de) = N2Y Tr(abede) A (a,b,c,d, e)
S5/Ps:1
+ N, Z Tr(ab) Tr(cde)Aé?%(a,b;c,d, e)
S5/Ps:3

+ Z Tr(abcde)A5 1B(a b,c,d,e), (2.15)
S5/Ps:1
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which gives three separate functions needing to be determined: Ag, A% and Ag - By
themselves the U(1) decoupling identities do not determine any of the three however they
can be used to obtain the specifically U(1) functions A5 5 A(ﬂ , and A5 12

A%(a; b,c,d,e) = —A(Q%(a b,c,d,e) — Ag(b a,c,d,e) — A?) (b c,a,d,e) — Aé?(b, c,d,a,e),
Aﬁ.f{’l(d; e;a,b,c) = ( A? (e;a,b,c,d) — Ag(e a,b,d,c) — A? (e;a,d,b,c)

1
- §A§f§(d, € a,b C)) +{d < e}

= Z Aﬁ(g) - A5?3(d> e;a,b,c)
oce€COP{d,e}{a,b,c}

(2.16)
and
A 5(152,3:4,5)
= —A%(2,3;1,4,5) — A%)(2,3:1,5,4) — A%)(4,5:1,2,3) — AL)(4,5:1,3,2)
=0. (2.17)

Decoupling identities do not relate the A( .1 to the other terms but do impose a tree-like
identity,

AS:)IB(Gv b7 Gy n) + AEzQ:iB(bch?C? o n) +oe AS)IB(b? e ’a’an) = 07 (2'18)

which in itself does not specify A( 1 completely. There are however further colour restrictions
beyond the decoupling identities [38 39] which may be obtained by recursive methods. These,

together with eq. (2.18) determine the Ag B

A (a,b,edye) = —AZ(a,b,d,c,e) + 242 (a,b, e, c,d) + A% (a, b, e, d, c)
—AP(a,c,b,d,e) +2A%)

1
1(@ ¢ d b 6) - 514;?(@, G €, b) d)
~24%(a, ¢, e,d,b) + 242 (a,d,b, ¢, ¢) + AP (a,d, ¢, b, e)
+2A§):1(a7 da €, b, C) + A52£ (a, d, e,c, b)

1
-5 Z (A%(a,b; c,d,e) — Ag?))(a,c; b,d, e)) . (2.19)

Zs(a,b,c,d,e)

Our calculation determines A?i 5 and we use (2.19) as a consistency check. We will now
review the functional content of these amplitudes.

2.4 The Cut Constructible Piece
We can split amplitudes into a piece containing branch cut singularities and a rational piece,
AR = p2) 4 R (2.20)

where P refers to cut constructible pieces and R refers to the rational piece that will lose
terms in four-dimensional unitarity. We label it P as we will hereby refer to this as “polylog-
arithmic” although this also refers to divergent pieces and hypergeometric functions. We use
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¢ here to indicate the different colour structures. We can then split P into diverging parts
and IR finite pieces
P? —y® 4 pe

n:.c n:.c n:.c*

(2.21)

U2 contains a IR singular structure which is determined by general theorems (1.106) as

already discussed. Given the general expressions for U2 are known, the challenge is to
compute the finite parts of the amplitude P

2.4.1 Unitarity

D-dimensional unitarity techniques can be used to generate the integrands [81] for the five-
point amplitude which can then be integrated to give the result [83]. We would like to use four-
dimensional unitarity and cut the two-loop diagrams that contribute to Af) (@™, bt ¢t dr e").
We can categorise two-loop diagrams into two types: what we call “genuine two-loop dia-
grams” where you must cut more than one internal propagator to reduce the diagram to
two sub-diagrams (cut and reduce here being in a topological sense) and (one-loop)? which
are reducible with a single cut. Figure 2.1 gives an example of each type, introducing the
“tricorner box” which will become very important in Chapter 5.

Figure 2.1: (Top) The tricorner box falls under the genuine two-loop category. (Bottom)
An example of a (one-loop)? diagram, where topologically cutting the connecting propagator
would reduce the diagram to two one-loop diagrams.
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We can use unitarity to distinguish between the two types, utilising continuous triple cuts
like the one in Figure 2.2 which factorises the amplitude into A©® x A©) . A very useful result
of this is that for the all-plus configuration these are all zero. This is because there are no
ways of distributing negative helicities on the cut loop-momenta that will give two non-zero
amplitudes. When we look at the single-minus amplitude there are non-zero cuts as you can
then have two negative helicities on two loop momenta in one amplitude and two negative
helicities from the remaining loop momentum and also from the external negative helicity
leg.

Y
Y

A

Figure 2.2: Triple cut contributing to a (tree)x (tree) factorisation.

We therefore find unitarity reduces the problem to only the (one-loop)? diagrams. These
can then be viewed as loop insertions. This is particularly useful as it ties up one of the loop
integrals and effectively reduces this two-loop amplitude to a one-loop problem, allowing the

use of Passerino-Veltman reduction techniques to reduce it to a sum of scalar boxes, triangles
and bubbles such as in (1.108).

Another good indicator that this is valid is by looking at three-point corners with a loop
insert. We would expect on a quadruple cut for the amplitude to factorise into AM x A©) x
A % A©) as opposed to four trees. While there is not a three-point, one-loop amplitude as
such, we may use the one-loop vertex (2.7) as the insertion to test the behaviour. We find
that any quadruple cut containing these inserts vanish, further indicating this method is valid
(compare to the single-minus configuration later where some of these cuts diverge, further
suggesting the presence of genuine two-loop contributions and invalidating this approach).
The non-vanishing four dimensional cuts are therefore shown in Figure 2.3.
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Figure 2.3: Four dimensional cuts of the two-loop all-plus amplitude involving an all-plus
one-loop vertex (indicated by e ) In the boxes K3 may be null but K4 must contain at least
two external legs.

The cuts allow us to determine the coefficients, c¢;;, of box, triangle and bubble functions
in the amplitude. The integral functions are

_KZ)—e
T (K> _ K 2.22
1 L 1 (—K?) — (—K2)~
Im( 772\ _ *  p-2\—l1—e¢ 2m (72 o2 _ - 1 2
1 (K ) = 62( K ) N (Kl,Kz) = (_Klz) — (—KQQ) ) (2.23)
and
2 1
2m 2 2 _ —€ —€ 2\—e€ 2\—e€
I;"(s t, Ky, Ky) = TS KIK? [—6—2[(—3) + (=) = (=K3) = (—=K7) }
K? K2 K? K?
+L12( ——2> + L12(1——2>+L12(1——4>+L12( ——4>
S t S t
. K2K? 1 s w2

where s = (k; + K4)? and t = (k) + K>)?.

The bubbles in principle would determine the (—s)¢/e infinities. However, explicit calcula-
tion using, for example, a canonical basis approach [91] shows that they have zero coefficient.
The triangles only contain contributions to Uﬁ)\, while the box functions contribute to both
the IR terms and the finite polylogarithms. Separating these pieces we have

2

I (s,t, K5, K3) = I§"| — P
244

F2™ (s, t, K3, Kj] (2.25)

IR

where F?™ is a dimensionless combination of polylogarithms.
The IR terms combine to give the correct IR singularities [92],

N3

(z o ZC%,?I%,T) _URC 2t ) (2.26)
R c

1
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where UT(L,QC)’EO(lJ“7 2 ... nT) is the order € truncation and n : ¢ labels the colour structure,
for example it might mean n : 1 or n : s,t etc. The sum over ¢ is simply the sum over all
relevant configurations of boxes and triangles that will contribute to the colour structure c.
We have checked the relation of (2.26) by using four dimensional unitarity techniques to
compute the coefficients and then comparing to the expected form of US’ given by (1.106)
for n up to 10 points. Given these just give results of a known theorem we leave discussion
of triple and double cut calculations for Chapter 5.
The remaining parts of the box integral functions become the finite polylogarithms. The
expression for F\”) is [92]
F® =3 "cFm (2.27)
where where the ¢ sum is simply over all boxes, and
2 2 2
F2m(s,t, K3, K3 =  Lig[l — Z2] + Lip[1 — £2] + Lip[1 — £4]
+ Ligll — 5] — Lig1 — 2255 4 Lin?(s/1) 4+ = (2.28)
and, in the specific case where K3 = 0,

FIms,t, K2) = F7[5,1,0, K2] = Lio[l — 58] 4 Liy[1 — £ 4 Lin?(s/t) + = . (2.29)

Let us now consider the specific five-point case where only the K2 = 0 case occurs.

Figure 2.4: The labelling and internal helicities of the quadruple cut.

In this case the one-loop corner is a four-point amplitude. The colour partial amplitudes
simplify the case since

AN (1234) = A (1243) = A (1324) (2.30)

which implies from the decoupling identities that,
A (1;234) = =340 (1234), AN (12;34) = 641 (1234) (2.31)
which means the full colour amplitude factorises into colour and kinematics as
AV 0y, de) =C x Ay, d, e, 0y) (2.32)

Since the three-point tree amplitudes also factorise, the quadruple cut of this box function
will be
¢ x A (a, by, 0) AV (b, 05, 0) AV (¢, 04, 05) AN (04, d, e, £1) (2.33)
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We then just need the solution to the quadruple cuts. The following works for n-point

one-mass boxes with all-plus helicity legs.

b a

Figure 2.5: A general one-mass box with a?> = > = ¢ = 0 and K? # 0. On a quadruple cut,

(2 =0 fori e {1,2,3,4}.

For the configuration in Figure 2.5 we have

€2+£1:CL
o+ 05 = —b
£3+€4:C

ly+ b = =K = Py,
where we use the notation P, = p; + p; + pr. On the cut, we solve for £,
03 =[lya] {lya) =0,
g% = [(2b] (bL2) = 0,
ly = a@;\b)\a.

(2.34)

(2.35)
(2.36)

(2.37)

The conjugate of this is also valid but causes the subamplitudes on the cut to vanish, and so
we will ignore them for now, although we must average over the two solutions for the final

result. We solve ay, using momentum conservation around two corners

02 = (P + £a)* = [la| Pe|ls) + s = 0,
(cb)

A = _<ca>7

_ _leb)5
b=

Similarly for /3

_ _lab)s
ly = e W0

remembering we cannot have /3 o A due to the MHV corner etc.

ca) A + (cb) Ny (ca) A + (ba) Ny
{ca) Y {ca)

gl == < £4 - )\C.
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Now that we have the solutions, remembering to average over the zero and non-zero solutions,
we can write

254pShe " [de)? .
3 b (o) eas Y

_ Sab;”c x Ass(de;abe) (2.42)

Consequently the different colour trace amplitudes will be of the form

FéQ) ~ Z Ass(de; abe) x Fol g (2.43)

A (a, by, 00) AL (b, 5, 05) AL (¢, 04, 05) A (04, d, e, 01)

where F alg?; de = F'[Sab, Sbe, Sde]- We can determine the terms in the summation by evaluating
C'. Expanding C’ and applying U(N,) trace identities (1.88) we get

Clacarr = 3 ((Txlamn] — Tefman])(Te{opn] — Tr{pbn])(Tr[peq] — Trlpac]))

X (NC Tr[mged] + N. Tr[meqd]/2 + N, Tr[gemd]/2 + N, Tr[gmed)]
— 3Tr[m] Tr[gde] — 3 Tr[q] Tr[mde] — 3 Tr[d] Tr[emgq] — 3 Tr[d] Tr[eqm]
+ 3 Tr[de] Tr[mq] + 3 Tr[dm| Tr[eq] + 3 Tr[dg] Tr[em] + {d <> e})

= N? < Tr[deabc] + Trledabe] — Tr[badec] — Tr[baedc])
+NC< — 2 Tr[d](Tr[eabe] — Tr[baec]) — 2 Tr[e](Tr[dabc] — Tr[badc])
— Tr[a](Tr[debc] + Trledbc] — Tr[bdec] — Tr[bedc])
— Tr[b)(Tr[deac] + Tr[edac] — Tr[aedc] — Tr|adec])
(x| [

|
Tr[deab] + Tr[edab] — Tr[adeb] — Tr[aedb))

(
Tr[dc|(Tr[aeb] — Tr[eab])
Tr[adc]) — Tr[ec](Tr[dab] — Tr[adb]))

|
=
o
=
—~
ks
IS

Q
e

|

+3( — 9 Tr[d] Tr|e](Tr[abe] — Trlbac]) + Tr[d] Trla](Trlebe] — Tr[bec])
+ Tr[d] Tr[b](Tr[eac] — Trlaec]) + Tr[d] Tr[c](Tr[eab] — Tr[aeb])
+ Trle] Tr[a](Tr[dbc] — Tr[bdc]) 4+ Tr[e] Tr[b](Tr[dac] — Tr[adc])
+ Ti[e] Tr[d] (Tr[dab] — Tr[adb]))

+6 ( Tr[deabc] — Tr[dcbae] + Tr[dcbea] — Tr[daebe] + Tr[dceba] — Tr[dabec] + Tr[dcaeb] — Tr[dbeac]

+ Tr[dbaec] — Tr[dceab] + Tr[dabce] — Tr[decba] + Tr[daech] — Tr[dbcea] + Tr[dbeca] — Tr[daceb]) .

This is an expansion of the form

CEde;abC) = Z az\de;abc)c/\ (244)
A

where the C* are the different colour structures. Consequently the finite polylogarithmic
part of the partial amplitudes is

FESQ)? = Z af‘de;abC)A&g(d,e; a,b,c) X Fi’gz;de. (2.45)
(de;abe)
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Specifically we recover the previous results of [83] and [87],

Féi)(a,b,c,d,e) = Z A1 (d,e;a,b, c)Fim

abc;de
Ps:1
F(2) b:c.d _ % A(l) b:e.d plm
5:3 (av - G 76) - 3 Z 5:3(a7 = 76) cde;ab

+ _A5 S(a G b € d) (F;gtli ;ac + dee ac Fil?e;ac)) ) (246)

where again the P sets follow the manifest symmetry of the F5(2)

mine directly the remaining SU(NN,) partial amplitude,

arguments. We also deter-

FéZIB(abcde —22<A1 (a,b:c,d,e) Fipt ,+
Ps:1

A( (CL & b7 €, d) (Fl%gcll ;ac + dee ;ac F?iZZ;ac)) . (247)

This expression matches that obtained by using the results of (2.46) in (2.19).
The specifically U(V,) partial amplitudes may also be extracted directly:

2
F®(a;b,c,d,e) = = (Ag;(a, bic,d,e) Fm
Ps:2

Aélg(b, ¢ a,¢€, d) (Fclzg;;bc + FilZZL;bC - FéZé;bc)) (248)

N | —

+

and
F5 1 l(a b & d 6) Z (Aglg(aa b7 ) d7 6) Figne;ab
Ps:1,1

Aélg(a & b € d) (F;;:Li ac + dee ;ac Féﬁ;ac)) : (249)

These satisfy the decoupling identities (2.17), providing a strong check on the results.

2.5 Recursion

The remaining part of the amplitude is the rational function R'Z). This amplitude contains
double poles and will therefore need augmented recursion to calculate. We outlined the
fundamentals for a general calculation in Section 1.7, but we can now specialise to ng

We will use the Risager shift [23] which acts on three momenta, say p,, pp and p,, to give

Mo = Ao = Aa+2bd Ay,
X = X=X+ zcal Ay, (2.50)
Ae = Ao = Ao+ 2 [ab] Ny,

where ), must satisfy (an) # 0 etc. but is otherwise unconstrained. For simplicity we choose
it to be equal to ¢, the similarly unconstrained reference vector in (1.123). After applying
the shift, the rational quantity of interest is a complex function parametrized by z i.e. R(z).
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If R(z) vanishes at large |z|, then Cauchy’s theorem applied to R(z)/z over a contour at
infinity implies

R=R(0)=-Y Res[R(z)} (2.51)

z
2;7#0

%5

Employing the Risager shift (2.50) yields a shifted quantity with the desired asymptotic
behaviour. This is difficult to tell a priori for two-loops but we can tell a posteriori. Both the
Risager and BCFW shifts break the cyclic symmetry due to making a specific selection of
legs, and the Risager shift depends on 7. Cyclic symmetry is then restored in the final result
when using the Risager shift, but not for the BCFW shift, and the result is independent on
1. This implies the large z behaviour of the Risager shift is correct but is incorrect for the
BCFW shift. This is not too surprising given the analysis that can be performed at tree
level.

The effect of this shift is to excite poles belonging to various factorisation channels; the
(one-loop)-(one-loop) and the (tree)-(two-loop) factorisations, where for the all-plus helicity
we expect non-vanishing factorisations to look like,

. 1

RUTD Al x 5 X AW (2.52)
. 1

RO = A x =5 X AP (2.53)

such that the rational part of the amplitude can be written as
RY = R{"™V + RV, (2.54)

Loop amplitudes in non-supersymmetric theories may have double poles in complex mo-
(1-1) . . . . . . . o
menta. Rj is written as similar to and not equal to since its leading singularity is a
double pole which can be determined by factorisation theorems, however there is additional
sub-leading information that is non-factorising in nature. Mathematically this is not a prob-
lem since, as has been discussed, we may use augmented recursion and the doubly off-shell
current to perform a Laurent expansion. The required residue is then

e[ 1)

=22, (2.55)

2j

and we can use Cauchy’s theorem provided we know the value of both the leading and sub-
leading poles. At this point, there are no general theorems determining the sub-leading pole
and we need to determine it for each specific case.

We will start with the (tree)-(two-loop) piece. It only involves simple poles and their
contributions are readily obtained from the rational parts of the four-point two-loop ampli-
tude [79]:

1 2
RONK* ¢t dt et) = AU (KT, ¢t d* et) (i%) 7
. 3 . ScdSde
. C e = — . c’: e . .
4:3 ) ) ) 9 4:3 ) ) ) SeeSde oS ae P

This allows us to extend to full colour by writing the full colour decomposition of each side
of the factorisation and using U(/V,.) trace identities. The specifically U(1) amplitudes can
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be related to the two rational amplitudes (2.56) via decoupling identities. Figure 2.6 gives
the colour lines that contribute to the leading in colour planar amplitude but again we need
to include the whole four-point, two-loop, amplitude (1.90).

b
_|_ —
at o

Figure 2.6: A ribbon graph representing the leading in colour contribution to a (tree)-(two-
loop) channel. The external legs are dressed in a cyclic ordering to produce T'r[abcde], while
there are two closed internal colour lines belonging to the loops contributing a factor of N,
each.

The rational piece obtained from these factorisations is then obtained from standard
recursion, performing the Risager shift, colour dressing all factorisations that have shifted
legs on both sides, taking the residue and summing over all contributing diagrams.

We then look at the (one-loop)-(one-loop) factorisation. By considering a diagram of
the form Figure 1.7 using an axial gauge formalism (1.123), we can determine the full pole
structure of the rational piece, including the non-factorising simple poles.

The principal helicity assignment in Figure 1.7 gives

/ A (o a® b, B7) 7D (07, BT 6T 0, (2.57)

and we can apply the method to the full colour amplitude. The U(N,) color decomposition
of dA®"°"™ contains a common kinematic factor so we have the colour decompositions

7_T(Ll),colour — Z CCTT(LIC) and /dACOlour _ CA / dA(), (258)

where we can use axial gauge formalism to express three point off-shell tree amplitudes to

write
gt gy L Pt [alt|q)[bl¢lg) (Bq)”
/dAO( ) 7b 76 ) (27T)D /€2a262 <a q> <bq) <Oé q>2 : (259)

Hence the full color contribution is
Z CACC /dAO(a+? (1+, b+7 B_) Télc) (CV_, B—’_a C+7 o n+)' (260)

(1)

. . . 1 . .
The various 7p.c can be expressed as sums of the leading amplitudes T,(Lﬂ) via a series of

U(1) decoupling identities (2.3). We now focus on the five-point case, where the decoupling
identities only make use of two distinct forms of the leading current,

(e, Bt et d et and T (a7, ¢t BT dY et), (2.61)
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which we call the 'adjacent’ and 'non-adjacent’ leading currents respectively.

7'5(:11)(04_, BT, ct,dt, et) has been calculated previously for a specific choice of the axial
gauge spinor A, = Ay [67]. Since we require currents for which all the legs have been permuted
it is necessary to derive this current for arbitrary A,. The non-adjacent case has not previously

been considered.

2.5.1 Obtaining the adjacent current

We do not need the full current, it just needs to satisfy the two conditions outlined in Sec-
tion 1.7. Condition (C2) requires the current Té:lc) to reproduce the full partial amplitude Aélz
in the o — 0, 82 — 0 limit and so the current should have the same colour decomposition
as the one-loop amplitude (1.89). We can use the decoupling identities (2.3) to relate any of

the sub-leading currents to sums of the leading in colour currents 75(:11). The cyclic and flip

symmetries inherited from Ag} mean that any of the Té:lc) can be related to Té}l) (o, B,¢,d,e)
and Té}l)(a, ¢, B,d,e) up to permutations of the legs {c, d, e}.
To build the current we start with the one-loop, five-point, single-minus partial amplitude

Ao, phetdt ety = Y0 A (a7 BT et ) (262)
=i, it
where
AD. (o, B* ct d* et 11 (ee)(ad)’[de]
sai (@5 87, ¢, d7, 3(cd)’ (af) (de)* (Be)
. 11 [Be
yion et dt ety = 2
saii (07, 87,77 e7) 3 (cd)’ [af] [eal
and

1 1 (aq’{Bd)[Bd
3cd)” (de) {e) (Be)*

Aélzzu (Od_, /6+7 C+, d+, €+) =

Condition (C1) requires our approximation to the current to reproduce the correct leading
singularities as s,3 — 0, the sources of these are depicted in Figure 2.7.

Figure 2.7: Factorisations of the current on the s,3 — 0 pole.
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We determine these within the axial gauge formalism. The two channels give

e BE0g? 1 + oy Lo el (ee) o]
T = B o) sap 1) = g s A (A [ Popl )BT

w

for the double pole, and

P L T W S RS L L A1 R L (2.63)

Jaql kg sas 3 [ad [kl sas (cd)?

for the “square bracket pole”, where k=a+ = —c—d— e which is null on the pole.
We start from A5 1, in terms of o’ and 3 and take it off-shell using (1.123) and s,g << 1,
aiming for F g cde  Using the identity

1 _ 1 (glaBla)a|Pasla) | (q8){(qc)lglalg)
<aﬁ><56>_<aq><ﬁq>2< saldlPasle) (B0) (gl Pasle) ) (2.64)
and the expansion
[BIP2sld)  [q] Pagld) (qd)[B4] L o(s2,), (2.65)

BlPasla)  [a[Pasla) " 18| Pasla)laPasla)

which simply makes use of a Schouten identity followed by taking P,z off-shell, we find

0 pel ae] lld) elald) p
Asdi = iy [” "‘ﬁ(kenqwam@*[q|Paﬁ|q>[c|e|d>*[q|Pa@|q>[e|c|d>>+O< 051}2'66)

We see that ASL generates the correct singularity as («/5) — 0. This terms generates
the double pole when integrated and the form in (2.66) explicitly exposes the subleading
contribution. We throw away terms of O(siﬁ) as this no longer contributes a pole, hence not
requiring the complete current.

The F % factorisation arises when [a 5] — 0. This we obtain from Aélf” Using,

kb:k;—%q—oz + B +dq, (2.67)
where
_ B?  Sap
" 2a.q + 28.q 2k.q’ (2.68)
we have
we 11 |8 184 (Bo) ([e81184] [kq) + [B4] e k])
T 5w | maedr T gk ed? (209
Now A, can be rewritten as
am o~ L 1 [Bel’lad] 1 1 [5e'[gf] (2.70)




and noting that

(Ba) 1 (Ba)|ap] — Sap (O‘b + ﬁb)z —Saf _ _ ( o % > 2k.q

Sap B [ 0] - Sap [ O] N Sap [ O] 200.q + 26.q) Saplaf]’
(2.71)

we see that Aglim has the form F$% + A as [a 8] — 0, where A contains terms of order
o® and 2. We therefore include a contribution to the current of the form Aélfn — A to
satisfy condition (C1). As A vanishes when o? = 3% = 0, its inclusion does not compromise
condition (C2).
The remaining piece of the one-loop amplitude, Agim, contains no poles as (« ) — 0 or
[a f] — 0 and we can simplify it using
(Xa) (Xa)yYa (Xa)

Vo) (Va)(va ~ (va OUad) (2.72)

as terms of O({«a)) do not ultimately contribute to the residue.
The adjacent leading current is then

V0 Bt ot dt et) = Fede s [q €] [clqd) lelq|d)
(o BT en A ) @{H_WQ%MW@d+M&MWM®+M%MWM®ﬂ

L <a@2pa@kww> colid (Pl (19 G2) o) _ o)l o0l
3(cd)* (Bq)* | (de)(ea) (de)> \lalPasla)® (ac)lqlPugslc) [l Pasla)?(al Paslc)
oo i (_BLad o (eABdkd+ B eR))

*Eb+g@@2<[aﬂMﬂ+””'> o] [k ] 2bq )*O(W”

(2.73)

We then need the non-adjacent current Té:ll)(a*, ¢, BT,d",e"), which we again calculate by

starting with the amplitude and taking off-shell. This is a non-planar current as demonstrated
in Figure 2.8 and it is easy enough to guess that this will not contribute double poles due to
the non-planar way in which @ and b would need to go collinear. While this would imply you
would only need to perform standard recursion as there are only simple poles, we see there
are no factorisations that contribute to some of these colour structures. This is interesting
as it implies the contributions from these types of currents are entirely non-factorising and
we can still view the residue as in (2.55) but with c¢_5 = 0.

b+

Figure 2.8: Diagram showing a non-planar current
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The non-adjacent leading current is

L{ag) [ fae)led — [ec
3(8g)" \(ca)(de)®  [elald)[clald)

These currents must be integrated before extracting the rational pole. The non-adjacent
case integrates to the simple form,

/dW 1lalflg)[bl¢]q) (ae)led]

2, ¢t Bt d et) =

)+owm» (2.74)

1 lec] (ae)|ab]
6(de)* (ca) (ab)’

202323 (aq) (bq) (ca)(de)?

(2.75)

Q

where the second term in eq. (2.74) has been dropped since it is a quadratic pentagon and
does not contain any rational terms (this is because we need to at least reach scalar bubbles
by integral reductions which cannot be done for a quadratic pentagon). The adjacent current
needs a bit more work to integrate.

2.5.2 Integrating the Adjacent Current
Defining the helicity dependent integrated current as

e = / dAg(a e, a® 0%, 57) 7l (e, B2, et d e ). (2.76)

we can split the it into five parts, picking for now the helicity configuration we have already
discussed,
Cr=Cl +C, +CO 7 +Cm + 05" (2.77)

where C’d_}jr corresponds to integrating the Fg, part; C’a_p+ corresponds to integrating the “pole
under the pole” piece from the double pole; Cs’er corresponds to integrating the F, piece and
the C;™ and C;" bits correspond to the last two terms in the current which come from the
leftovers when deriving F,, and the subtracted k% term when taking the current off-shell. We
have defined this current for general ¢ and so the C*~ is related by simple flip symmetries.
The integrals are the same as in [67] except without the choice of ¢ — b but we outline them
here for completeness.

We will find that we can reduce all integrals to triangles. We make use of the identities
for the general Feynman parametrisation

5(1— z,x)
1 [T )
DTID? Ce DZ” Hz 1 F Vz i1 $1D1 + LL’QDQ + ...+ ann]

(2.78)

where 0 = )" | v;, and the loop momentum integral

dPe  gm . grem . (i piom 1\™ Llo —m — 2] p
[y = U le e (<) S iy
(2.79)

where [(g+)®™] tonsom} ) eans that ; are distributed over m copies of the metric tensor g

in all possible ways. We have all cases of ¢ “capped” with a ¢, in other words ¢|¢) and so the
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only surviving integrals are scalar or ones with Feynman parameters in the numerator. This
allows us to generalise the triangles, writing for the one-mass triangles

I [u — €|T[v —
I;m / d[[‘g/ dl’g .733.1'2 — / d[L‘gl’u 1— 6(1 —CCg)U_e: [U 6] [U E] ]
0

[zows]lte v —e Flu+v+1—2¢
(2.80)

This is easy enough to expand and extract the rational contribution and similar results
can be calculated for the two-mass triangles. The first piece is

o - | dP¢[altlq)[bl¢lg) 1 {gloBla) (ec) [ee]®
® ) Pa?F {aq) (ba) 3 sep {ed) (d€) [l Papla)clPasla)
1 [ce]’ (ec) (qlablg)
18{ab)? (cd) (de) [e] Pula) [c] Pulg)

and we see that both helicities have the same double pole contribution, giving

oy L led’ e lably)
T T 79 b (ed) {de) el Pala) e Pald)

(2.81)

(2.82)

The second piece is

—w_ [ d°C altlg)[blelg) 1
o' = [ gy o o3
" <Q\QBIQ><0d><€C>[06]3( q €] N [clq|d) N le]qld) )
(de) [e|Pugla)[c| Papla) \lce]la|Paslc) — lalPaglg)lcleld) — [qlPagla)lelcld)

L fad)[dlfld) | (ce)lde] ([qIPaald>3 lac){ga) lalalg)  ,(ad) [q|Paa|d>2[q|ﬂ|q>>
(de) (ea) (de)> \lalPasle)® (ac)lqlPugslc) [91Pasla)?(al Paglc)
(2.83)

which are quartic and cubic triangles. All cases of loop momenta are contracted with the
same axial gauge momentum ¢ so only the scalar contributions of the Feynman parameter
shifted integrals survive giving us

1 [ad] |{gladlg) {cd)(ec)[ce] [clq|d) lelq|d)
Co' =15 (¢d)? (ab) [< de) [e| Puy |q)[c] Pas|q) ( Q|Pab| T Py leld) T [QIPabIQ>[6IC!d>)
(ac)[cla+2bd) = (ce)[de ]<[QIPab|d> gc){qa)gl2a+blg) {gd) [Q|Pab|d>2[Q|a+2b|Q>)1.

)2

{de)(ea) (de [9|Fal@)®  (ac)[q|Palc) [9| Fabl)?[g] Pas| )
(2.84)

For the third piece we can make use of the factorisation to write the integral in terms of
splitting functions. This is because if we write it as

o _ [ Jallg)blla) Ba) k) Ba) 1wy g ot
Osf /EQOZQBQ <(lq> <bq> <Oéq>2 [aq] [kq] SaﬁA (k ) ,d ) ) (285)
% LA(I)(]{", et dt, 6+),

Saﬁ

=C,F

tri
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then the triangle integral

. dPe [altlg)[bltlg) (B a)* (k) [Bq)”
Cii = [ (@q) ba) (aq)? [@dlkq (286)

is closely related to the (+, 4+, —) one-loop splitting function such that we find that

gallablbal 1 ot o+ gt o), (2.87)

1
C’ + C’ = —
3 [k? (ﬂ Saﬂ

S

The fourth piece is

C_+:/ d¢ Jalt|g)ltlg) (Ba)*1 1 [ [Bel*lge]
sl EQOPBZ (aq> (bq) (ag)*3(cd)® \ leallad]

! 1 elole)' el Pule)"s -
= Uq)[ble DL O(a?
T ngﬁgwau g LSl o
where kg = kg = 1, k1 = —2 and we discard order a? terms that originate from promoting a
term in the denominator to a propagator,
1 1 2
“ (2.89)

20.¢  (a+q)? - 2c.q(a + q)%’

because they do not contribute anything rational. The n = 2 contribution consists of a
quadratic pentagon and so we can discard it. For the n = 0,1 cases we can reduce the boxes
to triangles using

a*(q|bllq) + B*(qlallq) + *(.q| Pubq)

[al|q)[bl¢]q) = (ab)

(2.90)

As before we only get contributions from the scalar part of the Feynman parameter shifted
integrals, removing two of the triangles completely. The surviving triangle only gives rational
pieces from the quadratic numerator leaving us with

o llgdfab][e]plg)
Cit=—¢ ) o (2.91)

Finally we have the C_" piece which uses the same leading order approximations as in
previous cases to give

1 [at] [eq]

Cot =
18 (ab) (cd)* 2k.

( ! (5[q[Dlq)[elblg) + 3[qlalg)[e]blq) + [q]Dlq)[elalq))

(2.92)

+lﬂ§$§@<aqwm>+dqﬂam»>-

At this stage we have not performed the Risager shift and so these results are quite general.
We have been using (a,b,c,d, e) notation for the most part as these results can be coded
up functionally and then summing over the contributions becomes a simple case of summing
over arguments of these functions. The Risager shift then determines which diagrams we
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need to sum over and we can then perform the shift and take the residue. The result has
apparent ¢ dependence with terms like s, present and once the full sum is done we can test
the gauge independence by testing with different values of ¢ and checking that we recover
the manifest symmetries act as strong checks.

Having summed over all channels excited by the Risager shift, we obtain the full two-loop
colour decomposition. The results are presented in the compact forms

1 1 tr? [deab]
9(ab) (be) {cd) (de] {ea) pz( g TS ) (299

5:1

R (a", b, ¢t dt et) =

R e ) = S e 2 (o) o
and
R (a* b ¢t d,et) = 2¢(a,b, ¢, d) (CPT(b, c,a,d,e)
+ Cpr(a,b,e,¢,d) + Cpr(a,d, b, c, e)
+ Cpr(a,b,d, e, c) + Cpr(a,c,d,b, e)) (2.95)
where

1
(ab) (be) {cd) (de) (ea)’

is the Parke-Taylor denominator for five gluons. These expressions are valid for both U(N..)
and SU(N,.) gauge groups and are remarkably compact. The first two results were originally

Cpr(a,b,c,d,e) = (2.96)

presented in [87] but the result for RS} p had previously been left to be calculated via (2.19).
Clearly the result presented here is more efficient and indeed provided the first clue as to an
n-point result for this colour structure but we will cover that in Chapter 4.

In this chapter, we have demonstrated how the full colour all-plus five-point amplitude
may be computed in simple forms. We computed all the colour components directly and
used colour relations between them as checks. While these results were already calculated,
our methodology obtained these results without the need to determine two-loop non-planar
integrals. This led to quick and compact forms of the polylogarithmic pieces and pushed
the calculational bottleneck to augmented recursion, which compared to calculating two-loop
non-planar integrals is a considerably more simple problem.

Augmented recursion produces relatively large analytic functions in the external momenta
but also in the axial gauge vector q. The final result is independent of ¢ and so one might
imagine compact, analytic forms of the results exist, and indeed for the five-point amplitude
we had the results of [87] to numerically compare with. The next chapter’s results were new
as of their publishing in [71], and so we needed to perform some functional reconstruction
methods to find a compact analytic form. The following chapter therefore addresses this
problem as we calculate the two-loop, six-point, full-colour, all-plus helicity amplitude.

92



Chapter 3

Colour Dressed Unitarity and
Recursion: a Six Point Amplitude

3.1 Introduction

In the previous chapter we extended four-dimensional unitarity and augmented recursion to
a full colour setting. We discussed n-point relations where appropriate but largely kept the
discussion to five-point. With an eye on improved efficiency with higher multiplicity, we will
start to introduce n-point discussions in this chapter but will continue to largely focus on a
specific and new calculation, the six-point, full colour amplitude.

The six-point, two-loop colour decomposition is given by

AP (a,b,c.de, f) =N? Y Trlabedef|AL (a,b,c.d e, f)+
Se/Pe:1

Ne| > Trla) Tr[bede fl A (a; b,c,d, e, f)

S6/Pe:2
+ ) Trfab] Trledef]AGS (a, b, d e, f)
Se/Pe:3

+ Z Tr[abc] Tr[def]Agi(a, b,c;d,e, f)

S6/Pe:4 (3.1)
+ Z Tr[abcdef]AgiB(a, b,c,d,e, f)
Se/Pe:1
+ Z Tr[a] Tr[b] Tr[cdef]Agil(a; b;c,d,e, f)
S6/Pe:1,1
+ Z Tr[a] Tr[bc] Tr[def]AgiQ(a; b,c;d,e, f)
S6/Pe:1,2
+ Z Tr[ab] Trlcd] Tr[ef]Ag%g(a,b; c,dye, f)
S6/Pe:2,2

where we see new structures of Aéﬂ and Aggg, both of which are SU(/V,) amplitudes. For

the five-point amplitude we showed that AgQ = 0 via a decoupling identity but this was
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a five-point result that depended on the flip symmetry. We can derive n-point decoupling
identities by setting one or more legs to being U(1), leaving us with

AZ(152,3, -+, +ZA2% (01)
AR 23,4, n) + AZ (15234, n) = ) A% (o) =0,

cECOP{2,1}{3,....,n}

An%)l’s(l; 2,3,...,s+1;s+2, ... ,n)+z Aﬁfl+2(ag; s+2,. .. ,n)+z Afflﬂ(z, .o, $+1;03) =0,
02

(3.2)
where 0 5 3 are the sums over the different ways of inserting 1 into {2,3,...,n}, {2, 3,
1} and {s+2,...,n} respectively. We also have the tree-like (2.18) for the Aff)lB as has already
been discussed. These again provide checks on our results as colour dressing will recover the
full colour decomposition and using U(JV,) trace identities will allow us to calculate the U(1)
amplitudes and check the SU(N,) amplitudes satisfy the decoupling relations with them.
These are highly non-trivial checks but we will later take collinear limits as further checks.

3.2 Unitarity

In Chapter 2 we discussed the simplification of the two-loop problem to a pseudo one-loop
calculation with one of the loop momentum already dealt with in the form of loop inserts.
The validity of this approach was checked by performing triple cuts which isolated the genuine
two-loop diagrams and we found these cuts to all vanish. This was an n-point check and so
the methodology should continue to the six-point calculation.

We also presented new and compact forms of n- pomt one-loop, subleading in colour
amplitudes for the all-plus configuration. Indeed, for A with r > 2 we see that this is
remarkably only a single term. This makes full colour inserts into the scalar boxes, triangles
and bubbles of (1.108) scale well with higher multiplicity.

The only added complication at six-point and higher is that of two-mass boxes. For
four-dimensional unitarity we need alternating MHV and MHYV trees as all other helicity
configurations vanish on the cut. This eliminates any two-mass hard boxes and so we are
left with two-mass easy boxes and one-mass boxes. We will now calculate the coefficients
of the boxes in the finite polylogarithmic pieces F6(:2C). As a reminder this is the finite, cut

constructible piece after decomposing the amplitude into
(2)
ALY — 2 + F2 + RY, (3.3)

(2)

where Ug,. are the divergent terms given by (1.106) and Ry, are the purely rational terms

which we recover via augmented recursion. The contributions to Fe.(;c) we will consider are
given in Figure 3.1.
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bt 62, n

Figure 3.1: The labelling and internal helicities of the quadruple cut. The loop insert is given
by the purple circle.

3.2.1 One-Mass Box Coefficients

Recalling that we know the n-point solution to the quadruple cuts on a one-mass box to be

62 = - )\b/\c, €3 - __)\b>\a7
a

6 =

e (3.4)

for the configuration in Figure 2.5, we can calculate the full colour coefficients of the one-mass
boxes. We first need to find the independent solutions from the five-point one-loop corner.
The tree corners combine to give

AP (@ 05, 00) AP (0 0 ) AD (85 ¢t 07)
(2 a]’ [cls]” (05 0o)°
(01 a] [0z £1] [cLa] [€4 £3] (€2 D) (b L3)
= [blac|b] (3.5)

which is antisymmetric in a and ¢ so any two terms that are related by ¢; <> £4 in the one-
loop corner are simply related by —{a <> ¢} in the full coefficient, recalling we are inserting
the full colour, one-loop amplitude. This is not too surprising as this is just a relabelling of
{1 — €4 and a — ¢ which is fine for the fully cross-symmetric all-plus helicity configuration.

We therefore only need

Ak dye f), AN et e f), AN e £, AN e b, f)
D de ) AR & e ), A e 6F 0F ). (3.6)

We would also expect Ag% (€1:45,d, e, f) but these all cancel in the full colour sum due to
the antisymmetry of the AS% amplitude, but we would expect at seven-point to see these
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contributing as the Aé , are symmetric. Pressing on we define seven functions

Ca™a,b,c;d,e, f) = Ag,
Ci™(a,b,c;d,e, f) = Ay
C™(a,b,c;de, f) = A;%(d 0 e, AV (at, b, e F™ (S0, Sbes taer)

( )= AN 05 de, IV (at, b7, ¢F™ (Sap, Shes taer)

( ) = A

( )
™(a,b,c;d,e, f) = Aélg(d e 08 AV (at, b, e FY™ (Sapy Stes taes)

( )

( )

( )

(
. (gi_ad Ejl_ve f)V(a+,b+,c+)F1m(sab, Sbcatdef)
(

Q

C™(a,b,cid,e, f) = AANE 0 d e, )V (at,b%, cHF" (sap, Stes taer)
Cl(a,b,¢c;d,e, f) = ALY(0F d; 0F e, F)V (@t 0%, ¢V E™ (Saby St taer)
clm = AW(d, e 0, 05, )V ( )

g

a, b7 G daeaf V (l+,b+,C+ Flm(sabasbcatdef)'

with the tree combinations absorbing the dimensional part of the box function

—2[b]ac\b]‘

SabSbe

V(at,b*,ct) = (3.7)

and F'™ being the dimensionless contribution (2.29). The cut solutions can then be inserted
to give the basis functions for the one-mass box contributions,

1tape(c|dPrcla) + (c|de f Pae|a) + {a| f Pae|c)sey
3 lab){be)(ca)(cd){de) (e f)(fa)

C;m(a>b7 & d7eaf) = X F1m<8ab75bc>tdef)

1 {aldPup|c)(c|dPyc|a) + (ca) (ser(alf Palc) — {al Py efd]c))
3 {ab) (be) (ca) (ad) {dc)(ce) (e f) (f a)

X F'(Sup, Spe, taes)

Cl}m(a7 b7 C; d7 e7 f) =

(ca) [dlef|d] = [d| Pape|c)|d] Pape|a)
{ab) (be)(ca){ce){e f)(fa)

C'™(a,b,c;d,e, f) = — X F"(Sab, Ste, tder)

[d| Pavela) [d] f|c) — [d] Pase|c)[d]e]a)
(ab) (be)(ae){ec){cf)(fa)

Ci™(a,b,c;d,e, f) = X FY(Sab, Ste, tder)

2
abe X Flm(Sab, Sbe, Ldef)

{ab) (be) (ca)(de) (e f) (] d)

Celm(a,b, c;dye, f)= -2

9 [d|PabC|C>2
(ab) (be) (ca) (ce) (e f) (fe

C’}m(a,b, cdye, f)=— ) x B (sqp, Sbe, Ldef)

Im doe f) = — [de]2<ca>2 Im(g o
b D) = 2 feay ta) e ) (< et B9

We next need the two-mass box coeflicients.
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3.2.2 Two-Mass Boxes Cut Solutions

The two-mass boxes have more complicated loop-momentum solutions. We will start with
the specifically six point RHS diagram of Figure 3.1 before generalising to n-point. We have
that

ly+ 11 = a,

Uy + U3 = =B,

s+ 0y =d,

ly+ 1, =—P.y. (3.9)

We first consider /5

g% = [61 CL] <£1 a> = O,
>\€1 - Oé1>\a, (310)

and then ¢, to find oy in terms of 5\41,

(i = ai[li|Pegla) = —s.y,
Sef
= (3.11)
01| Peyla)
which we use for /3,
02— —5of[01|Pocla) = tape[lr| Peyla), (3.12)

and then using momentum conservation and a Schouten identity

serltald|a) = (taey — Sef) 1] Peyla),

= [d|Peg|d)[€1|Pefla) = sef[li]d|a) + [d| Pegla) (61| Peyld),
— [d]| Peyla) 1| Peyld) = 0,

— [Gleld) + [t1]f]d) =0,

- (fd)yXf+ (ed) A
pr— -1
G ( CdGa ) )
where (] is some new scale factor that will contain helicity information. We can then write
Sef
ap = —(ed) (fd
L= DD G el + ed )

N 01 <d(l> ’

where we have used a Schouten identity in the denominator and we see that the scales will
cancel in ¢;. Writing (zy) A, = |z|y), we therefore have the solutions

| Peld)
b=t (3.15)
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_|Puld)

62 <da> )\(M
oo _ [Pl

_ [Pepla)
ly = fad) Ad-

We can test these satisfy momentum conservation as a quick check

€1+€2— <d&> <da>)\a)\a:a
| Poces|a) (da) <

O3+ 0 A — Mg =d

3+ (ad) d (ad) dAd

0+l =

. ((fd))\a+<af>)\d> iy <(€d>>\a+<ae>>\d) __p,

P ((bd) Ao+ {(ab) Ad) Y ((cd) Ao+ {ac) )\d) _p

(da) (da)

This generalises to an n-point box for the configuration in Figure 3.2,

1+1r+1
° K4
A [ J
A Y
° Y .
71— 1
Ky®

Figure 3.2: An n-point two-mass-easy box with Ky = p;+. . .+pisr and Ky = pipio+
where the momentum labelling is modulo n.
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(3.21)

(3.22)
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| Kyli +7 4 1)
((i4+r+1)(G—1))
|[Koli + 7+ 1)
((i+r+1)3i—1))

| Kali — 1) \
((i—=1) (i +r+ 1) b

|[Kuli — 1) \
((i—1) (i +r+1) "+

The two four-point tree amplitudes are related by

1= i—1)

2 = i—1)

63:

AV (@ b et dt) = 2 A0 (@ et b, dY) (3.24)

Sab
and we therefore have the two box coefficients,
1 e f1°
3{ab) (bc) (cd)(da

mpp o 1 e f1° m
C™(a;b,c;dse, f) = 5(@1)} bd) () {ca) X F*™ (tabe, theds Stes Sef)- (3.25)

C*™(a;b,c;dse, f) = ) X F2™ (tabe, Lheds Stes Sef)

The procedure is to then colour dress each corner, use U(N,) trace identities to derive the
trace structures for the external momentum, sum over all kinematically distinct diagrams
where for full colour the order of the external legs on each corner does not matter as all
permutations are captured in the colour decomposition. One can keep this in general form,
tagging every trace structure with the associated amplitude label and arguments before sub-
stituting the results in. We can then look at the full colour decomposition and find the
manifest symmetries by looking at the tags, bring the result into a manifestly symmetric
sum of the above coefficients and finally substitute in the results of these coefficients. This
allows us to then write the solution for the full colour finite polylogarithmic pieces as follows:

7:’6:1
F&(a,b;c,de, f)

= Z (C’;m(a, bc;d,e, f) +CM™(a,c, b;d,e, )+ C™(c,a,b;d, e, f)
Pe:3
- blm(a7 ¢ d’ b’ €, f) - Ogm(ca a, d: b7 €, f) - Ol}m(q d7 a, b7 €, f)

1
—C™(d, e, f;c,a,b) + §C;m(d, e, f;a,b,c)

+4C (c;d, €; f3a,0) + C2™(bse, fra;¢,d) + C2™(f3b,as €5 ¢,d)
— Cy™(e; foa;bye,d) — CF™(fre,b;a; ¢, d)

+ " (dse, by fra, ) = CeM(bid, e fra,0) = O (dse, fibsa, C)) , (3:27)
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F®(a,b,¢;d,e, f)

—Z ( CM™(a,b,c;d,e, f) — C¥™(a,b,c; f,e,d)
Pe:4
+ Cl}m(d, bya;c,e, )+ C,}m(b, d,a;c,e, )+ Cl}m(b, a,d;c,e, f)

1 1
+ C2™(a; f,e;b;¢,d) — 3 (a3 b, fre;c,d) — 3 20 (fra,e;b;c,d)

+Ci™a;0,d; c;e, ) — CFa; b, s dye, f) — Co™(ds a, by ¢ e, f)> , (3.28)

Fé:22),2<a7 b7 ¢, d> €, f)

:—Z< "(a,b,cie, f,d) + C(b,a,c;e, f.d) + Ci™(b,c,ase, f,d)

Ps:2,2
+ GCgm(d;a,b; ce f)— BCfm(a;b, c;dye, ) — SC’fm(b;a,d; c; e,f))7

(3.29)

F6(:21)B(a’7 b7 C, d7 €, f)

— Z (C’}m(a,b, c; f,de) — C}m(c, b,a;d,e, f,)

Pe:1
C’}m(b, fre;a,c,d) + C’}m(f, b,e;a,c,d) + C’}m(f, e,b;a,c,d)
}m(f, b,c;a,d,e) — C}m(b, fica,de) — C’}m(b, ¢, fia,d,e)
+6C2™(f; b, e;d; a,c) — 6C>™(b; f,e;d;a,c) — 6C*™(f;e,d;b;a,c)
+ 6C2™(a; b, c;d;e, f) + 3C*™(f;b,c;e;a,d) + 3C*™(c;e, f;b;a,d)

— 30 (bsc, fre;a,d) — 3C7™ (c;e,b; f a, d)) (3.30)

We also wish to test these results by ensuring they satisfy the decoupling identities (2.17).
We therefore present the U(N,) pieces

Fi3(a;bc.d e, f)
- Z (Ogm(b’ C, d7 a,e, f) + Cim(b7 C, d7 a, e, f) - C;m(a> ba (6% da €, f)
Pe:2

— C’;m(b,a,c; dye, f)— C’;m(b, c,azd,e, ) — QC'fm(b; c,d;e; f,a)

+ G (b e a;dse, ) — CF™a; b, s dye, f) — Co™(b; ¢, ds as e, f)>= (3.31)
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FG(21),1(CL7 b’ ¢, d7 €, f)

- > (Cém(c, d,e;a,b, f) = 3C3"(¢c; d,e; fra,b)

Pe:1,1
- Oclm(ba C, da a,ée, f) - Cim(g b7 d; a, €, f) - Cclm(cu da b7 a, e, f)

+3C2"(by e, d; e; f,a) + 3C2™(c; d, e; b; f,a) — 3C™ (c; d, by e; f, a)> ,

(3.32)

and

F,(asb,c;d,e, f)

-y ( (CI™(c,b,dsase, f) + C(b,e.ds ase, f) + C™(b,d, s ase, f))

Pe:1,2

+5(C™(e,bydsa, fre) + CM(b, e dsa, fre) + CM(b,d, csa, fe))

—5(Cg™(a,d,esb,c, f) + Cg™(d, aesb,c, f) + Cg™(d, e, asb,c, f))

l\:>|»—l\:>|»—l

— ECglm(d,e, fib,c,a) — C™(d,e, f;a,b,c)
m(b,d,e;a,c, f) — lm(d b,e;a,c, f) — Ci™(d, e, b;a,c, f)
+3C™(c; b, fre;a,d) + 3C™ (bye, c; f;a,d)
— BCQm(b e, fica,d) — C’Qm(e b,c; fra,d)
C?™(c;d, e; f;a,b) + 3C2™(ds e, f; c;a,b) — 3C™(d; e, c; f;a,b)
—3C*™(a;d, e; f;b,c) — 3C*™(d;e, f;a;b,c) + 3CF™(d; e, a; f; b, c))
(3.33)

a
and have confirmed that they do satisfy the identities. Given these results are new we wanted
to check collinear limits explicitly. Interestingly, these six-point coefficients are conformally
invariant: a feature noticed for the five-point all-plus amplitude in [93].

3.3 Collinear Limits

The IR and UV behaviour of this amplitude has been discussed and found to be (1.106). The
divergent piece goes as

AP = APLY (3.34)
where
IV = Zn: Liin (3.35)
=1
and

1 u? \°
[ E ()] (330
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General forms of the full colour divergent piece are simple combinations of A n:e and sums of
I; ;+1 which we will denote by

(2) _ 7701
Un:>\ - Un:)\[n:

) (3.37)

We find the correct collinear limits numerically but it is interesting to view them analytically.
We will use the Tr(abc)Tr(def) term as an example.

UP(a,b,c;dye, f) = UN(a,b,c;d e, [ (a,b,c;de, f)
:Agi(aabﬂ;dﬁaf)(ab+Ibc+fca+]de+]ef+Ifd>
+&HMbcdefKQC—ad—Cf+L”>+&ﬂ@abdethp—QJ—QJ+Q0
%(@ b,c.e, f, )(Iac Ioe — cd+Ide)+A61(CG be, f, )(Ib,C_Ib,d_[c,e+[d,e>
AR, e, fod ) (Tae = Ty = Tee + L) + ASL(c,0,b, £, €) (T = o = T + oy )
1wcadefwgb—af—@d+@0+ﬁ%gbcaefdw — loa— Do + 1o, )
( )

+Adbcafde(ab—ae—hf+kﬁ (3.38)
In the collinear limit, k, — 2z X K and k, — (1 — 2) x K = Z x K, and we expect

UL a,b, 5 dy e, Plapy = STHUR) (k, e; dye, f) + STPP AN (K e d,e, f), (3.39)
where
US (k,cid,e, f) = US3(k, c;d,e, IS4 (K, cid,e, f)
:Ag@@¢af1g+@,uﬁ+gf+@0
mwcdefmhrdﬁ+hw—@Q+A @kdeﬂ(m—kw%ﬁu—ﬁo
(k‘ ce, f, )(Ide —Ieg+ Iy — I e> + A;l(C,k, e,f,d)<[ck; — e+ 14— fk,d)
ol )(

k Cfad € [ef_ ce+[kc_ka>+A51(C k f7d€)< ck_[cf+[ef_1ke)a
(3.40)

++,(£) ++,(1)
St St

and are the splitting functions. We are not interested in the splitting function
here as it is purely rational. From the leading case [67] we expect to find additional terms
A coming from the I; ; and expect these to cancel with the finite polylogarithmic piece. We
see that

A (a, b, s dy e, oy = ST x ALK, e;d,e, f),

(
6:
AL (a,b, e d,e, f)lap = ST x AQN(K, e d,e, f),
and

A 2(6%07 b, d, 67f)|aHb —0 (341)

o~
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as well as all other permutations of legs {c, d, e, f}. The last three terms in eq.(3.38) vanish
in the collinear limit and the remaining terms clearly go to the correct limit. We have for

1#£Db
LAY % 1 12\’
Ia,z’_>< ) %1+10g< )6+—10g( ) €
ZSki ZSk; 2 ZSk;
N og (L) et X otog (25 tog () + 10g (7] ¢
= — og| — e+ =|2log| — |log(z og(2)| e
S g . 5 g 02 g g )
2\ € 2 1 2\ 2
Iy — <,u_) ~ 1+ log ('M—> € + =log (M—> €, (3.42)
Sab Sab 2 Sab
and

1\ 1 1 1\’
( ) zl—l—log( >e+—log( )62
2ZSap 2ZSap 2 2ZSap
1 1 1
=1+log|—)e+log|=)e+log|— ¢
z z Sab

log( ! ) + 2log (sap) log (22) + log(zz)2] €. (3.43)
Sab

2

Combinations I,; — I,; or I; — I; have cancelling % terms and the combination ;g + Iy + I
can recovers the correct r** factors where the non-cancelling % terms are combined to form

the (
are given by

? ) piece. We therefore find for the /,; — I,; combination the undesired terms A~

2ZSqb

o= -t (2 s,
A = —log (Sb])log( 7). (3.44)

and from the first term in eq.(3.38) we have

2

S 1 T
A=1 1 1 =1 1 1 1 Z) — —zz+ —. (3.45
og(ﬂ ) og(2z) — Og(u2> og(z) — og(ﬂ ) 0g(z) — log(2z) S22+ (3.45)
We therefore find in total
Aga = ST AW (K c:d e, f)A

+ > (Sf*’“eeAf-j{(k,c, d,e, f)A™ + ST AL (¢, k, d, e, f)Aﬁ}) (3.46)
Z3(d7€7f)

We consequently require
P6(:24)(a, b,c;d,e, f) — Sf+’treePéi)(k, c;d,e, ) — Ag, (3.47)

where Ay, is the transcendental part of Ag.q.
This piece is given by
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P (a,b,¢;d,e, f)

—Z( Ceisila,b,c;dse, f) — Cgliy(a, b, c; fre,d)

Pe:4
+ C6l7lnm(d> b7 a;c, e, f) + 0617{;2(1)7 d7 a;c, e, f) + 0617122(1)7 a, d7 G €, f)

1 1
+C7 (a3 fresbie,d) = SO (a3, frese d) = SO (f;a, ¢ b;0,d)
+ CMa;b,d; cie, f) — C2™(a; b, ¢ ds e, ) — CF™ (ds a, by cs e, f)) (3.48)

and we seek the correct collinear behaviour. The boxes vanish in the limit where the u-
channel becomes collinear. We also have vanishing coefficients for any two-mass box with
a,b € Ky, as well as for when a € Ky,b € K4 and vice versa eg. Ci.(d, a,c;b, e, f)

Using the identities

Lig(1 — z) + Liy(1 — é) = —%log(x)Q (3.49)
and
Li, (1 - i) — Liy(7) = log(z)log(1 — z) — %log(x)Z (3.50)

it can be shown that A’ is given by the combination of boxes
Flm(saln Sbhe tabc) + Flm(scay She tabc) = _A/ (351)
where A’ is the irrational part of A. We see that in the first term

- Z <ng1 a,b,c;d,e, f) + Cim(c,a,b;d, e, f)) s —gthtree gDk e d e, YA (3.52)

Zs(def
cancels the first part of Ag.4’. For the second part we look at the combination of boxes
F1m<3ba7 Sadytbad) - Fl <Sca7 Sab, cab) AC; (353)

and find that the coefficients satisfy the correct collinear limits such that

Z ( — G (c,a,b; foe,d) + C3m.(b,a,d;c e, f) — —Sf+’treeAé2(k:,c, d,e, f)AZ;),

Zs3(def)
> (= Cintab e foed) + Cf.base,de) & =S all(c. k. d,e, [)AL)
Zs3(def)

(3.54)

which cancels the rest of Ag.4.

Any remaining pieces cancel amongst themselves in the collinear limit. All remaining
collinear limits were found to work numerically, remembering to take the logarithmic argu-
ments off the real axis as prescribed by [94], such that

P}, — P2, +1id. (3.55)

This includes both planar collinear limits, non-planar collinear limits and limits between trace
structures, for example taking the a||b limit of Tr[ac|Tr[bdef]. With the cut-constructible
piece calculated, we can move onto augmented recursion.
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3.4 Recursion

The procedure is exactly the same as in the five-point case, albeit algebraically more com-
plicated. We choose legs {a,b,c} to undergo the Risager shift, breaking the symmetry and
allowing us to sum over only the channels excited by this shift. We take the rational results
of Chapter 2 for the (tree)-(two-loop) channels and must build off-shell currents as shown in
Figure 1.7. After colour dressing all channels we can use decoupling identities to relate all
currents to a basis set

Té:ll)(O!_,ﬁ+,C+,d+,€+,f+) ) 76(}1)(&_70+75+7d+76+) and ng:ll)(a_vc+7d+a6+76+7f—z)7 )
3.956

where due to the crossing symmetry we may relate all other currents to these three via
relabellings and flips. The six-point single-minus one-loop amplitude is

Aég(a_,bﬂcﬂdtetfﬂ:1( 1 Picfo) y P
3\ (ab) (be) (e tuelfPualc) * (ed)? (e £) (F @) tralbl Psle)
b7 [dled_die e
(@8] 7 a]teac |0} blPeale) ~ {ed) [fIPule) ~ (ed){de)
C @d’pded) (@ lefldS)

() (cd) (dey (e f) (fa)  (ab) (be) cd) (de)” (e f)°
__ ladP(ed) [P ) (357
() (be) {cd)* (de)’ (e f) (f a)

and we want to build the three leading currents from this.

3.4.1 The Adjacent Current

We start with the on-shell amplitude

AN (o™, B*,ct db et £

_ 1( [/1Pacl)’ . 181 Peal)?
3\(aB) (Be)(de)* tapelf|Pasle) ~ (cd)* (e f) {f @) tacalB Peale)

LBy { Belled  [de][e f] [c¢] 1
(@B [f al teae |(de) [BlPuale) — (cd) [f[Pagle) ~ (cd) (de)

_ {ad) (ce) [d|Pycla)
(@) (Be) (ed)* (de)’ (e f) {f a)

_ (ed’Bdisd) (e fI{dS) )
(Be) ed)® (de) (e f) (o)~ {aB) (Be)ed) (de) (e f)?

(3.58)
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Collecting O(s}, ) singular terms
AGd(a™, B et dt et ) =
( ! [<df><ae>3[ef]_<ce><ad>3[d|0\a>+ [f\c|a>3]
(@B)(Be)(de)” [ (ed)(ef)’  (ed)’(ef)(fa)  taslfIElc)

16 /] [ ce] _ _lde]fef] (6] [cd] }
[f a fo B teae L€

Wl

+

cdy(de) ~ {ed (fIkle)  {de) [5]Pule)
! [ (ce) (@d)’ [dp) | I8 [f|c|a>2]
(@7 (Be) [(ed)® (e /) (Fa) ~ [FTKIOtase
1 ()’ [elld) | [BlPulo)? i
TP e o) [ ) (Bef T BIPuleli )w“ o (8.59)

where k = P,3 = o+ 3. We want to build the current such that its leading singularities give
the correct factorisations. The double pole piece comes from

+

_ [BQ]<O‘Q>2 W (= ot dt et f+
o = B g say T
_l{eg® 1 _(daBle) ([cfr” alkla)* | (ce) lalkld)’ ed]
3(8q)" sap (de)” [qlklg)2 \ [fIFla)[clkla) ~ (cd)* (e f) [qlk|f)
(d ) glkle)? [e f]
T ledy ey [q\k\@)‘ (3.60)

We build this from the O({a )~") piece so isolate this for now and calling it Aéliz
A (e, BF ¢ d¥ et )

1 <<df><ae>3[ef] (ce) fad)* [dlele) “'C'a>3>’ (3.61)

3(af)(Be)(de)? \ (cd)y(ef)>  (cd(ef)(fa)  tapelflKlc)
to which we apply

1 _ 1 (<q|aB|Q>[QIk‘IQ> N (q8) (qc) [QIaIQ>>
(@B)(Bc)  (aq)(Bg)* \  saplalklc) (Be)lglkley )7

(3.62)
giving
Al (™, Y et d* et ) =
i 1 (<QIaﬁ|q>[Q\kIQ> L YaB)ac) [qmlq>)
3ag)(Ba)(de)” \ saplalkle) (B} lalkle)
X<<df><ae>3[ef] (ce) (ad)’ [dlcla) | _[flela)? )

Cd )T e e f) (o) lasel/TKIC)
We collect the three terms
Agii(@i,ﬂ+,c+,d+,€+,f+) =
11 (aloBla)lalkla) <<df> (@e)’[ef]  (ce) (ad)’ [dlela) ,[flcla)’ >
3(aq) (Ba)*(de)*  saplalklc) (cd) (e f) (cd)? (e f)(fa)  tapelfIklc)
(3.64)

(3.63)
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but we want to keep track of the finite terms as well so we will define Aélfzf as a collection of

these O(s2;) terms that we will keep adding to which originate from Agiﬂ.,

A (@, g% et dT e, fr) =

! <wﬂmdMM@<wﬂQWVkﬂ_¢@&MVWM®+ me3>'
(aq) (Bg)* (de)®  (Be)lalkle) (cd) (e f)* cd e f)(fa)  taselflElS)
(3.65)

Wl

We need to take a and [ off shell using axial gauge equation (1.123) where we again choose
the reference vectors from axial gauge and the Risager shift to be equal. Using

(3.66)

BIEX)  [MX) [ . Bl (Y X)
BIEY) mmw>@+k[ >

q|k| X)[BIK[Y)
and capping any (a X) in the bracket with [5 «] we slowly move toward the pole

AN (o, B et dt et f)
1 {ag)®  {glaBla) [alklq)
3(8¢)°(de)®  Sas  lglkl)

(@ aberen (o, 1Blale)
mew&mww30+3wmmawmm)

gkl (Bl
twﬂ%MMW®3O+3wMWdWW®)

(ce) [qlk|d)* [dc] [q]k]c) [Blgld) Bl (fe) )]

‘Wmﬁ@ﬁMWﬁmmm(“”%%Mwwww+%%MMWWﬂ
Y. (3.67)

Here we have turned o’ + 3° — k and so the ellipsis stands for O(a?, 8?) terms as they can
simply be removed due to condition C2 without effecting condition C1. Note k* # o’ + 3
which should be kept in mind as taking &* off-shell introduces k? = Sqp terms which cannot
be thrown away and must be built into the current.

Gathering leading pole terms we have

dp __
Te —

1 (aq)®  (qlaBlg) [alklg) ( (df)[alkle)lef]  [fd’ [alkle)?®
3(Bg)*(de)*  sap  lalkle) \ (cd) (e /)* [qlklq)®  tapelfIKIC)alk]q)?
- @@mmuPdemw>>
(cd)? (e f) [qlk|f)]qlk|q)®

= Fop+---  (3.68)

and we give the same treatment to the Aélif but now add the subleading pole terms that we

67



have just found to give
0.f, —
A((S:i,zf(a ,B+,C+,d+,€+,f+) =

1 (ag)’ [<q6><QC>[q|a|q><<df>[€f][QIk|6>3 (ce) [qlk|d)® [d c] [q|K|c)
( cd)?

3(8¢)% (de)® | (Be)lalkle) cdy (e /)7 [alklg)®  (cd)* (e f) [alkla)®[alk]f)
- u&mwa3>

tapelf1K|c)[qlk|q)?
(qlaplq) ((df>[q|k|6>3[€f] [Blqle) [f ¢’ [qlkle)®  [Blglc)

lalk|c)lalk|q)® (cd)(ef)” [alkle)[BIkla)  tagelfIKle) lalklc)[BIkla)

_<C€>[Q|k|d>3[dc][Q|k|C>[ Blald)  __[Bd{fe) }
(cd (e f)lglk|f)  Llalkld)[BIklg) ~ 3lalkle)[BIEIf)] )|

We have now built the (a3) — 0 factorisation into the current, next we seek to build the
[a B] — 0 factorisation into the current. This is given by

(3.69)

[ag] [k q] sap

~i{aq)’[glBlg)? lqlaBla] S .
= T3 (52 4lala) sl DAk (ed) (de) (e ) Cetlase T Sertass = leldef|e)

S e

(3.70)
The last line of (3.59) contains the [a 8]™" term so we call this Ag.y
AG:l,ii(Oé_>B+a C+, d—i—7 6+, f+)
1 [BfF [ce]  lde]lef] [Bc][cd]
= STl 7 et 07~ e U @ T o7
and use the following rearrangements
1 ([Bx] [FX]\_ 1 [BR]IXY]  (ga)[XY] (3.72)
[p] \ BY]  [KY] [a Bl [BY][FY] [BY][Y|k|g)’ ’
BB laf] B/ [Bd)
@fllfa ~ dlfal  bllad 379
and
1B (B4 (B _ (ak)[B g’ R 4 s [flaley (If B [B4) [F q] + 184" [£#])
[rq] gl [k g] " lalkla) g [k g] |

(3.74)

We therefore write

Ao = (LB @RV e Udad (£6(al [ ) + (Bl [7 F])
5L = 3\ [fal[aqltue  Sap [0 q] K q) foe [q|k|q) [ q) [K” q] teqe

[+ c] [ed] [ce] [de][e f] (q0) [Bf1 [ed] [c] Peale)
) ( ' > il

(de) K| Pale)  (cd)(de)  (cd) [f|k|c) o] [B|Peal€){e| Puaklq) (d €) tege
(3.75)
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which we separate into the leading factorising singularity and a finite piece

w_ L) [alBlae)® [alasld] [f!kIQ>2< [c[klg) [cd] lce] [de]fe f] )
{

T T3 50 ldlala) saslalka)?  tee  \{de) lkPule)  (cd) (de)  {cd) [fIkIc) )
(3.76)

s _ (Bl f) [flade) (f BBl [alkla) — [Bal’ [f]kla))

L3\ [f o] log)teae  [alkla) [ q] [q]k|q)tcae

X( clklg) [ed] _lee] [de] [e f] ) L a@) B [ed [ Pale)
< [

de) (qlkPuale) * (cd)(de) (cd)[flklc)) * 3[f o] [B|Pule) (e Paklq) (d€) teae
(3.77)

We therefore have the two factorising terms and three non-factorising pieces

( B+ C+ d+ + f—i—)
1 (aq)®  (qlaBlg) [alklg) ( (df)[alkle)®lef]  [fd’ [alkle)?®
3(B8g)*(de)®  sas  lalkle) \ (cd) (e £)*[qlklg)?  tagelSIKlc)lalk|q)?

_ tee) lalkld)* [l alkle) ) (378)
(cd)” (e f) lalk] lalkla)*

( ﬁ+ + d+ 6+ f+)
_ L{ag)’ [alBle)* lglasld] [fIkICJ>2( clklg) [ed] ,[ee] [de][ef])
- 3(Bq) [alo]a)? saplalkla)® teae \(

de) (qglkPale) ~ (cd)(de) (cd)[f[k|c) )"
(3.79)

Ao 5, e, £

_ 1 f{ag)’ (cq)lglalg) ((df)lefllalkle)*  {ce)[alk|d)® [dc][qlk|c)
3(Bq)° (de)” | lalklc)[alk]q)?

(cd) (e f)* (cd)* (e f) [alk|f)
_ [f P lalk]e)?
tapelfIKlC)

[q]5]q) <<df> lqlkle)®[flelg)  [f )’ lalkle)® (ge)

T AR\ (alkle) (e /)7 faselfIFlS) alkle)
 (ee) lalbldy [l alHle) [ {ad) . lalkla) S o
i R i e * ) )] (3:50)
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A (@, Bt et dt et )
_1<aq>2[< [£18lq)? +([f|ﬁ|q>[q|6lq>[q|k|q>+[q|6|q>2[f|k|q>))
[

~3(8¢)% | \[flela)dlelq) [qld|q) gl k|g)?
L ( [clkla) [ed] el [de][e/] > B [£18lq)? [ed] [c| Pgle)
teae \(de){qlkPule) ~(cd)(de) (cd)[flkle)) [flelq){q|BP.ale)(e|Peaklq) (de) tege |’

(3.81)

1 _
Aé;i,m‘(a ,ﬁ+,C+,d+,€+, f+) =

_lleg®( (ce) [alk]d)? 1/ ¢ lalkle)
JRICTS ( (e [W et Py e Hlaliiolarig oYY [f\k|c>taﬁc[q|k\q>]

- 1 ) [q|k|c) (B9)° [B| Peal)?
(e ) [[ T WRTT) T e3Pl (f ) (g ) ) (3:52)
We have used simple rearrangements of the form

{glaBlg)[Bla|X) 2

etc. to write the finite pieces as above where many simplifications can be made due to this
being the finite part of the current so any O(a?, 52, s.5) terms may be discarded. The two
conditions are satisfied:

7-é:ll) (Oé_7 B+7 C+7 d+7 6+7 f+) - [Tde + 7—6Sb + Aéli:{ + Ag%:{z + Aélz,zn](a_v B+7 C+7 d+7 €+7 f+)
= Agila™. 8%, d%, e, f7) + Ofsag) + 0(a?) + O() (3.84)

where we have kept track of the O(s,s) terms but ultimately they do not contribute to the
residue so we do not need them explicitly, and

hm 7'6(:11)<(I_7,3+,C+7d+,6+,f+) = -de + -Fsb- (385)

SaBf—0

To aid integration we use

. [Q|k|d> c a? B2 s
[C‘ﬁ|d> - [q|k|q>[ |6’CI> +O( 75 ) aﬁ)a
albla)® _ oy lqlk|g)*
f1Blo)alBle) _ Slelg)lalkle) | [f1klg)lalk]g)
ol PO Tl T lalg

[f16la)? [flalg) 2[f|k‘|q>Jr [f1k]q)”

[flalg)lglalg)  [qlalg)  lalale) — [flalg)lglalg)’
[f18]a)°  [flalg)? +3[f\OéIQ>[J”Vf|q> 3[f|/7f\q>2 N LfIE]q)®

[flalg)(q|BPeale) (q|BP.dle) (q|BPeqle) (q|BPeale) ~ (qlBPele)[flalg)’
(3.86)
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as well as

BIPalal B0 lalkla) ([mPch PPl )
<f06> tﬁcd<Q|5Pcd‘€> <OéQ>2 [Q|k|f> <Q‘6Pcd|e> <Q‘6Pcd|e> <QIBPCd’€> tﬁcd<Q|6Pcd|e> 7
8Pl By = LD iy 4 dlka)) + O(ss) (3.87)

(qa)

This reduces everything to either triangles which we can integrate, quadratic pentagons (or
other such integrals which do not have rational pieces), and boxes which may be reduced to
triangles via (2.90). This current was calculated for general ¢ in [69] but there is a mistake
in the paper for the integrated non-factorising current. Using the notation of that paper, the
correct integrated current for the non-factorising piece is,
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saor, 18(ab) (de)” (gl Pula)® _ {de)[cla+2b|g)[a| Pulc) g| Pus|d) g| Pusla)
[ad] (cd)® (e f) [al Pus| £)
N (de)? (a| Pgalq)[a| Pasla)® ( — 35ca (g @) (glaPuale) + (a| Peaalq)(5(glaPrale) + 2{q|bPeale))
(cd)® (e f) (qa)® (glaPele)?[q| Pus| f)
+2< e)” (a| Pgalq)[q| Puslq)® (qlaPeale) ((a| Peablq) + 3 (g a) ([c| Puslc) + [d] Pas|d)))
(cd)* (e f) {qa)* (glaPeale)?[q| Pus| f)

(df) [Q|Pab|6>2< —(cq) e fllal Pavle)[q]2a + blq) + 3[flela)[q| Pulc)[gla + 2b|q>)

(cd) (e )? [q| Palc)?
(ce) [q|Pu|d)?[d]a + 20|q)[q| Pas|d) [q| Pas.f ) [a] Pus )
(cd)* (e f) [a Paslc) q| Pas| £)?
| See) [l Fwld)® [d ] (cq) [q] Pusld) (| Ps| f)[a|2 + blg)
(cd) (e f) [al Paslc)a| Pas| £)?
(ce) [q|Pu|d)® [dd] [qla + 20q) (3 {qd) [a| Pasl ) [q| Pas| ) + (£ ¢) [a| Pus|d) [q| Pusl0)))
(cd)* (e f) [a| Palc) [q| Pas| £)?
LU o [a| Pusle) (3[f1a + 2b|q) (gl Paslg) + [f ] ({cq) [g]2a + blq) — 3 (g ¢) [gla + 2b]g)))
| Pas|c)tape

(de)[cd] Lf al [e| Pasla) ([fla +20]q) [q| Pasl@) + [ Pusla) (61a| Pasla) — [q|2a + b|q)))
_l’_
Lede (q|PapPeale)

+

[C|d|e>[f|a|Q>[Q|Pab|Q>2(2<Q|bpcd|Q>[f|a|Q> + (alaPulq) (5(f|alg) + 2[f[blg) — 9[f|Pab|q>))

" (€| PeaPan ) (qla Proal) gl aPral )
(@e)feel [f (ma 28 gl Pala) + L1 Paolad 6lal Pasla) — [gl2a + b|q>>)
<Cd> tcde
(@) [del e f1 [/ d ( ~ [fla + 2blg}lalPula) + LF1Pasla) (~6la| Pula) + [al2a + b|q>>)

<Cd> [f|Pab‘C>tcde ’
(3.88)

+

+

where t;;, = (pi +pj + pr)? and note the difference in convention of factorising a factor of
i out in (1.3). The remaining integrals from [69] are correct and so will not be presented
here. To be clear, it is only in the appendix of [69] that this mistake exists; the final results
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presented in [69] are correct. The remaining two currents are given by

e, et B dt et f)

:1< (df)loey’lef) (ovd)® (B e) [d]c|ar)
(cB) (de)* (e f)* (ac) (Bd)  (eB)(de)* (e f)(fa)(ac)(Bd)’
. [eld]ay? . [flcla)?
(e f) (fa) (Bd) [c|Psaledtesa  (cB) (de)’ () [FlelB)[c| Pasle)
e /T B e] e8] [84] [de] e f]
Falladtm ™ [<de> ) T A ABade) ~ ) (115 )W(S“ﬁ) (359

and
o et dt Bt et £

:1<_ (B)ady’led  {ae)(Bf)le]]
3\ {ed)* (@B (e ) (fa)(Be)  (cd){dp)(ef) (ac)

(Be)’
eld]a)” ., [f1Pudfe)”

(d8)" (e ) (f @) [l Pusle)teas  (cd) {arc) (B e)” (| Pacld)tocs

e /) [ dd . fed)[dB]  [efl[Be]

Follocltase ™ [(@B) (Be) * (Be) elusle) ~ {dB) [f]Pucld)

+

) 4 O(505).  (3.90)

Many of the terms in the non-adjacent currents do not give rationals upon integration. We
are thus left with

/ dPe i [alt|q )[b|€\Q>Tl (o=, ct, Bt dt, et e
> , s y )

PP 3P (aq) (ba) ’
:_[ab]( (@) (0 e f] (b )’ (@ d) (be) [dlcla) {ba)®
510ty \ (et) (e (e )7 (ac) (bd) aq) (b (el (e ) (F a) {ac) () (aq)?
Flelay® (b )?
* en) (de) (ac) (a ) b Pale >> (3:91)

and

d”t i [alf|g)[blllg) ), -
/5204252 2m)P (aq) (bq) Tep (7, C >d+7ﬁ+7e+7f+)‘(@

:l[ab]< (ae)’ b f) (ba)*lef] (cb) (ba)* (ad)” [cd] ) (3.92)
(cd) (db)

6 {ab) b) (e f)*{ac) {aq)* (be)*  (cd)® (db)* (e f) (f a) (aq)” (be)

Summing over all the channels excited by the Risager shift and all helicities we recover the
full colour two-loop amplitude. The results obey the correct collinear limits and decoupling
identities. As with the five-point calculation, the results in their present form are large and
have ¢’s scattered throughout, clearly involving massive redundancies. The next section will
discuss functional reconstruction using numerical fitting and ansatz building, rewriting the
answers in much more compact analytic form.
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3.5 Rational Results - Fitting a Function

For the leading in colour amplitude we expect the Parke-Taylor denominator (2.96) to be
able to be factorised out. With double poles we then expect to be able to fit functions that
might look like

1 ( Ndp + -/\[overlap
(ab) (bc) (cd)(dey{ef)(fa)y \(Gi+1) (ii+1){i+1i+2)
where we expect Nap and Noyerap t0 be obtained from factorisation theorems, the overlap part
being double poles that contribute to multiple channels and so we need to be careful about

overcounting terms. We can then fit Ny, by building an ansatz with no spinor weight/helicity
scaling and has momentum weight m = 4 such that

() (be) {ed) {de) (e f) (f a) R =3 ((;\%U it 1/;[<2+13z +2)

+ Nsp) , (3.93)

) — Ny, (3.99)

where R((ff is the rational result that we will have calculated in terms of ¢ in the previous
section. While this is not necessarily an easy process for leading in colour, it is a bit simpler
than at subleading colour orders. This is because the amplitude is maximally planar and
so we only have poles between adjacent gluons meaning the Parke Taylor denominator is
clearly able to be factorised out. For subleading in colour amplitudes, one might expect the
denominator to be a global Parke-Taylor-like one but for whichever manifest symmetry is
(1)
present such as with the all plus Az

(P12,'r—1>2

((12) 23) - ((r =D 1)(Ar (r +1)) -+ (nr)’
but we find this to not be the case. We must subtract double and multiparticle poles and then
numerically sit near simple poles and test which types are present. This allows us to build a
picture of what kinds of structures we expect to see, allowing us to identify possible spurious
simple poles from the factorisations. Once the factorisations are identified, the author used
the singular structure from the factorisations to guess what kind of rational functions we
could expect. This will be more clear with an example.

We will go over some examples now to explain how we generated compact results for
subleading in colour.

AVt ot 3% Lo~ Lreont) = 2

n:

3.5.1 R6;2’2

We first consider the Tr(ab)Tr(ed)Tr(ef) structure. This contains only multiparticle poles.
Colour dressing the factorisations and summing over diagrams gives us the following contri-
bution to the multiparticle pole

1 _
=1 > AR et b — CAQT et ) = 1 S R (3.99)
Ps:2,2 ab 7’622

The other factorisations have no contribution to this amplitude. Looking at one term and
using the freedom to cycle legs according to the sum this gives

mo 4 1A Paerlb)d] Paeyle) [be]
22 ab) (be) {ca) (e ) tase

(3.96)
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Rg.25 has no double poles so (e f)2 is unphysical and needs to be removed. Multiplying by
(de)

o) and using
[d| Pacs|b) {d €) = [d| Pacy|d) (b€} + [d| FPaesle) (db) = —[d| Paseld) (be) + [d] fle) (db)
= (tabe = ser) (be) + [f1d[b) (e f) (3.97)

cancels the physical ., pole in one term which no longer contributes to the residue, and
cancels the double poles in the other two terms, leaving us with

[/ | Pae|b) [d| Paeg|c) [bc]
(ab) (be) (ca) (de) (e f) tabe
We therefore have isolated the multiparticle pole contributions to the amplitude and can fit

the simple pole function. This looks close to an r = 4 Parke-Taylor like denominator and so
we rewrite it as

Ry, =4 +O(t%,). (3.98)

4 (blkfdk|c) [bd]
) (de) (e f) (fd) tabe
1
(

(ab) {be) f
i)
@by (60) {eay (de) e ) (Fd) 022 (3.99)

as this might indicate a form for the simple pole structure. With this in mind we build the
ansatz,

m,b
R6:2,2 -

ca
ca

W= 3 [ paea aaere (Gt Meas)| - @10

Ps:2,2

Note the denominator partially breaks the Pg.2 2 symmetry and so we cannot factorise it out
of the manifest symmetry sum. However there is an antisymmetry in Zs(a,b) and Zy(e, f)
and a symmetry in Zs({ab},{ef}) X Za(c,d). The ansatz for Ng.o can be built to have this

partially broken symmetry and we finally get,

1 (
(de) (e f)(fd)
(0] Papef dPapelc) [bC]

tabc
G([S%]Z’Q(a, b,c,d,e, f) = Sqale|Pocle) — Sacle|Pral€) — SafSae — SacSca- (3.101)

(2 _ 1 2
R6:2,2 - Z |:<a b> <b C> <C (l> G6:2,2<a7 b7 ¢, d7 €, f) + G6:2,2<a7 b7 ¢, d7 €, f)) :

Pe:2,2

GE}Q,Q(a) ba c, da €, f) =

)

3.5.2 Rega

This colour structure has both double poles and multiparticle poles. Consider the Tr(abc)Tr(def)
structure. colour dressing the multiparticle and double pole factorisations gives

1
Roa =50 3 |AR(F, ab bt e ALK e £5) + 340 (@ b7 k) AG (R cFdt e, )|
Pe:a A=%
(3.102)

75



First we may note that under the Z3(abc) symmetry within the Pg.4 sum, we can cycle legs
freely to write

>o AR et b == 3T (ARGt b et + AR D e ) + ARG et b))
Z3(abc) Zs3(abe)

=3 3" AN 0", b, ) (3.103)

Z3(abc)

which reduces the rational piece to

R6:4

1
:gz AN a* bt AR EY et 1) + AV (@t 0t kAL (et dt et 1 |
Pe:4

(3.104)

Next we consider the double pole factorisation. We have presented the form for this one-
loop single-minus at n-point in Chapter 2, and noting that again that with the freedom to
exchange legs according to the Pgs.4 symmetry, we may write

- (k|ij|k) S o (Kig|E)
(1) : c<z<]<f - c<i<i<f
%A&?)(k , C§ daeaf ;23(%}0 Cd €f> <fC> - 3% <Cd> <d6> <€f> <fc> (3105)

where the numerator is
(Kle(d + e+ )[R (kld(e + k) + (kleflk) = (kledlk) + (klef|k) (3.106)

and we use the one-loop vertex (2.7) to write this factorisation as

ap _ 1 [ab] (a|cd|b) + (alef|b)
o4 = =3 ed) () e ) () (3107
Next considering the multiparticle pole we have
_ _ (k|delk)
Al D =g e 7
Akt a,b,¢) = — L1 a (3.108)
4:1 ,a,0,C) = 3<bc>2 .
which gives
w1 Ll Pdd)lalPle) [de] 5,100

Y9 (de) (e f) (F d) tane
which contains a spurious double pole in (bc). We again make use of a Schouten identity to
write
1 [b| Pave |d) [a] Pavcle) [d ]
9(ca){be)(de) (e f) (fd)tape

Ry, = — + O(t2,.). (3.110)
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This hints to an ansatz of the form

1 1 m m
i =5 2 [<ab> (el (ea) ey (e fy gy (ot TN

Pe:4

[;Lb] : : (GgiJrNg{g)]‘ (3.111)

We find
A (a,b,cid,e, f)lg =

1 1 1 9
Roalabe.de.f) =360 [(ab> ey eay (e (e 7y ol b ) & Gralesbe dres )

Pé:4

12 3 4
+(ab>< DS e o (Geu(a,be,de, f) + Ggyla,b,c, d,e,f))],
bt A Tl
G2 (a,b,c,d e, f) = 825+ 106 sgpSaq + 102 [a]bed|a) — 4 [albde|a) — 4 [a]dbe|a)
[a 0]
Ghalabyesde, f) = = ((aledb) + fale 1)
Ggala,b,c,d e, f) = [a|cd|b] + [alef|b] (3.112)

3.5.3 Res

This colour amplitude has overlapping double poles and multiparticle poles. If we consider
the factorisations given in Figure 3.3 and Figure 3.4

Figure 3.3: Double pole factorisation contributing to the (e f >2 double pole.
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d C

Figure 3.4: The 4.5 multiparticle factorisation. Both helicities are accounted for.

then we find something that looks like

Z Ndp<a7 b7 C, d7€7 .];) : (3113)
P (ab) (be) (cd) (de) (e f)" (f a) taey

from the double pole factorisation and
Z M(aa ba ¢, da eaf) (3114)

o (ab) (be) (cd) {de) e )" (f a) taes

from the multiparticle factorisation. The double pole and multiparticle poles are not spurious
and each factorisation gives contributions to both. There is clearly an overlap and therefore
an overcounting issue if we simply leave it like this. The goal is then to be able to rewrite
each factorisation as

Nap(a,b,c,d e, f)
pzﬁ; (ab) (be) (ed) (de) e £)* (f a) taes
_ cgp(a7bvc7d7€7f) Mdp(a,b,c,d,e,f) O(le -1
2 T 00 e d) [ e 17T a) T @l 0 ted) (de) e A Fartay T OLEDT
(3.115)

for the double pole factorisation where O({e f)~') implies that there are no double poles in
(e f) but says nothing about the multiparticle poles, and

Ni(a,b,e,d,e, f)
pz&; (ab) (be) (cd) (de) (e f)* (f a) taes
o ./\/;/<a, b, C, d, €, f) Mdp(a7 ba Cy da €, f) 0
N Z (ab) (o) (ed) (de) (e f) (F @)ty PZ (@b} (be) {cd) (de) (e 1) (F ) taey Oltier)

(3.116)

4 and N here are numerators for the function which only contains the double pole and

multiparticle pole respectively and we need to get Mg, to be the same contribution from
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both channels, where we can then include a symmetry factor to account for the overcounting
(or equivalently throw one of them away). This can be done algebraically or we can try to
build an ansatz for this. For this amplitude we needed the following result

Aég(cﬁ, bt ,dt,et) = Ag;b(a’L, btiem,det) + Ag:),,b(bﬂ atie™,d",e)

- Agi)’)b(a’—'—? b+; C_v €+7 d+) - Aéli)’,b(b+7 CL+; C_, €+7 d+>

where

(ab) (ae)(be)(cd)(de)  {(ab)(ad)(de)[cd]]|ce]
(3.117)

AL (0t b5 d o) = —i ( {ce) {cfbelc) L [de] (scalbe] - [b\da\e])> |

which we fit numerically as it was easier to algebraically manipulate than using the decoupling
identity. We used this to find N ép, N/ and N4, which we will see in the results section.

This covers the tricks used for numerical fitting and spurious pole cleaning that was
performed at six-point. As an aside, it seems going to seven-point also introduces overlapping
multiparticle poles. This does not cause issues, for example the Rr.o2(a,b;c, d;e, f,g) has
contributions to the %, poles,

Nl(a, b;c,d;e, f)g) + NQ(avb; Cad;€7f7g)

(3.118)
tabetcdf tabetcdg

then we can manipulate the factors multiplying the ¢ poles such that Ni(a,b;c,d;e, f,g) =
Na(e,d;a,b; f,g,€) + O(tape) and we can then halve this to account for the symmetry factor
when summing over the full Pr.s 2 (% because one of the two terms gets contributions from
the t.q, factorisation and the other term gets contributions from the t.4 channel). N is a
rational function not just a numerator. This implies the ¢, contribution from this channel
would be

1/\/’1(@,6; ¢, d;eaf7g> + 1N1(07d; aab; faga 6)

Ot? 3.119
2 tabetcdf 2 tabetcdg * ( ) , ( )

abe

although going to seven-point clearly becomes algebraically /numerically more complicated.
Back to six-point, we find the following results.

3.6 R,

We below present the rational parts of each of the colour amplitudes in the two-loop colour
decomposition.

3.6.1 R

1
RN (a,b,c.de, f) =2
6‘1(aa G, 4, e, f) 9 <

6:1

Gfli:l + G%:1 + G%:l + Glﬁl:l + ngl
(ab) (be) (cd) (de) (e f) (] a)

(3.120)
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where

Gézl(&, b, C, d’ e, f) _ Scdsdf<f|az Pabc‘6> Sacscd<a|f Pdef|b>

<f €> Labe <CL b> Lef 7
b 2 2 d 2 2

Ghalawbedienf) = (5 0 ) 00+ 5 F 0 A

Ghla,b,cde, f) = 24 f? dld]],

Gg.(a,b,c,d e, f) = % (3.121)

and

. 5 1 1

Ggi(a,b,c,d e, f) = StaShe + SacSpe + o SafSed — 8lalbcf|a) — 8[a|cde|a) — §[a|cdf|a> - 7[b|cef|b>

(3.122)

This was first calculated in [68] and later presented in a alternate form [69]. It was susequently
confirmed by Badger et al in [95].

3.6.2 R

1
Ré2?),<a7 b7 CJ d7 6, f) = Z [g <H61:3(a’7 b7 C7 d7 67 f) - Hé;fi(aa b7 07 d7 f7 6))
Pe:3

(G%:S(av b7 C, d7 ¢, f) + Gg:i’,(a’ b7 G, d7 €, f) + Gé;S(aﬂ b? ¢, d7 €, f))

1
"3 (@b} (b<) cay {de) (e 1) (f d)
i Gis(a,b,e,de, f)
* W 60 (cd) (de) (e ) <fa>] (3129)

where

Gesla,b,c.de, f) [cd]  (cf){db)[b]f]d)
(ab) (e} (ed)* (de) (e f) (fa)  (cd)® (ab){af)(bf)(de)(ef)
Ghsla,b,c.d e, f) = seelclbf|d) — ser(clbe|d)
[d| Paesblal{d| f Pacg|a) + sael f|cbd|f) + [bldf €] (bcPubcle)

Hé3(a7 b? C7 d? 67 f) =

G%:‘B(a? b? C7 d? e? f) =

tdef
 sld DI el Pale)  sae(fldble)eldle)
G2:3<a7 b7 C, d7 €, f) - <d €> tdef <€ f> tdef

Ggs(a,b,c,d e, f) = —spasae — |a|bde|a) + [b|cde|b) — [a|bdf|a)
+ [bledf |b) + [blce f|b) — [blde f|b)
G s(a,b,c,d e, f) = =482, + 25450d — 25acSad + 25abSae — 25acSac + 250g — 255, + 23§f
— 85acSed + 45peSea + 125pa8cd + 6505 — 8SacSce + 125pc5ce + 165pa5c0
+ 4SpeSce + 85casee + 257, 4 2575 — 8SacSde — 4SaaSde — A5bcSde + 4ScaSde
+ 48ceSae — 8lalbeela) — 39[albef|a) — 18albdf|a) + 2[albef|a)
— 10[a|cdf|a) — 2[a|cef|a) — 4]aldef|a) + 8[b|cde|b) — 4[b|cdf |b)
— 4[b|cef|b) — 4[bldef|b) — 4[c|def|c) (3.124)
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We chose to organise the results to follow the form of Ass(a™,b%; k™, c¢",d") here but we
could have organised it by pole structures as we do for the other amplitudes.

3.6.3 RY)

(GéA(a, b,c,de, f)+ Gz, (a,b,c, d,e, f))
(ab) (be) (ca)(de) (e f) (fd)

1
R((fi(a,b, c,dye, f) = 36 Z

Pe:4
(G%A(a, b7 ¢, d7 €, f) + Gé:4(a7 ba ¢, da €, f))
112 , 3.125
(@) e (@) (e ) (7 (2122)
where
Ggala,b,c,de, ) = : <6|Pabcalb> [e|dpabc|b],
abe
G2, (a,b,c,d e, f) = 82, + 106 SapSaq + 102 [albed|a) — 4 [a|bde|a) — 4 [a|dbela),
3 _ [a 0]
Ghalabe,de, f) = = (Galedi) + (ales 1),
Ggala,b,c,d e, f) = [a|cd|b] + [alef|b]. (3.126)
3.64 Rg,,
Giasla,bye,d e, f) + Gégola, b, e de, f)
R a,bye,d;e, f) = 822\ 0 00 o 822\ 0 00 0 , 3.127
o3l )2 TG e @ e H U (3127)
where
Ghaalaboc.d,c, f) = Nl |DDCTaeld]
abc
Giaala,b.c,d e, ) = saale|Pocle) — Sacle|Pral€) — SafSae — SaeSed- (3.128)

3.6.5 R

We will conjecture an n-point formula for this amplitude in Chapter 4 for which we find full
agreement here.

R 5(a,b,c,d,e, ) = RE), (a,b,¢,d, e, f) + Ry g, (a, b, c,de, f) (3.129)
where
—2 .
Ré?iBl (a7 b,c,d,e, f) - Cy(% b.c.d e, f) X Z 6(7/,], k, l) (3130)

a<i<j<k<I<f
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and

€<C7 d7 67 f) _'_ 6(67 d7 67 f) + 6(67 d? 67 f)
Cy(a,b,d,e,c, f) = Cyla,be,c,d, f)  Cyla,b,e d,c, f)

Ré?iBQ (G, b7 & d7 €, f) = 4(

e(a,b,c,d) B e(a,b,c, f) e(a,b,c,d) B (a,c,d, f)
Cy(a,c,d,b,e, f)  Cyla,c,d e b, f)  Cyla,d,b,ce, f) Cyla,d,b,e,c,f)

€(a,b,c,d) N e(a,b,d, f) B (a,c,d, f) €(a,b,d, f)
Cy(a,d,c,be, f)  Cyla,d,ce,b, f) Cyla,d,ebc,f)  Cyla,d,ecb,f)

e(a,d,e, f) e(a,c,e, f) e(a,c,e, f) e(a,b,e, f)
Coaebedf)  Cuaebdef)  Claedbef) Claedaob f))&l?)l)

where Cy(aq, as, as, as, as, ag) is the cyclic Parke-Taylor denominator for six gluons,

Cy(a,b,c,d,e, f) = (ab) (bc) (cd) (de) (e f) (fa). (3.132)

3.6.6 RY),
We also calculate the U(N.) amplitudes

Gézl’l(a, b,c,de, f)+ G%;m(aa b,c,d,e, f)
(be) (cd) (db) (ae) (e f) (fa)

R j(asbse,doe /)=

Pe:1,1
G%:l 1((1, b7 ¢, d, e, f)
7 3.133
T 1ad) {ed) (db) (be) (e ) <fa>> (3.133)
where
Gflizl,l <a7 b,c,d,e, f) _ [C|Pbcd ibfdeCd b|C> :

G%zl,l(a7 bv Cy da €, f) = 23abscd — SacSae t SacScd T SadScd — Szd — ScdSce = ScdScf — ScdSdf
1
— lalcde|a) + §[c|def]c)
and

3 _ 2
G6;1,1<a7 b7 C, d7 €, f) — 2Sab5ac + 28@5 + 25acsad + 23acsae + 2Sacsbc — SaeSbe T SabScd T SacScd

+ SadSed — 23aescd + 2Sadsce - QSGCSCE — ScdSce — Sge — ScdScf + SceSdf
1
= 5 SedSef + 2[a|cbd|a) 4 2[a|cbe|a) + 4[a|cde|a) — [c|def|c). (3.134)

3.6.7 Ry,

<Gé:1,2(a7 b7 G, d7 ¢, f) + G%:I,Q(av b) &) d7 €, f))

@) .1 . _
Rﬁ:l,Z(CL)b? G d767 f) - Pﬁgl <6 f> <f CL> <(I €> <bC> <Cd> <db> (3135)
where
Glaalorbcrd,e, f) = —47 P’”dbPCd|€>t:d[e|PCdbCP”da|e> ,
Gio(a,bc,d e, f) = [albee|a) — 2[b|dce|b) + [b]de f|b) (3.136)
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3.6.8 R

It is compactly written by its decoupling identity which was checked numerically.

RE(a;b,e,dye, f) = =Y Rgl(a,b,c.de, f) (3.137)
Pe:2

where the sum is over legs Z5(b,c,d, e, f). These expressions are valid for both U(N.) and
SU(N,) gauge groups and are remarkably compact. We have confirmed that they satisfy the
constraints arising from the decoupling identities. The SU(N.) amplitudes have the correct
collinear limits: all non-adjacent and inter-trace limits vanish and adjacent limits within a
single trace factorise correctly. All of the partial amplitudes have the correct symmetries.
Again, recursion involves choosing specific legs to shift, breaking the symmetry of the am-
plitude. Restoration of this symmetry is a powerful check of the validity of our results. We
have checked that none of the Rgz are annihilated by the conformal operator.

This was the first full-colour, six-point, two-loop amplitude to be calculated. Going to
seven-point, we should not see any more types of currents needed and the leading, adjacent
current has already been calculated in [69]. Indeed, the seven-point, full-colour, two-loop, all-
plus helicity amplitude has been fully calculated and we now have compact forms, although
this publication is presently being prepared. Of course, n-point expressions are highly desir-
able and we move now onto an n-point calculation and conjecture.
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Chapter 4

n-point QCD Two-Loop Amplitudes

4.1 Introduction

We have thus far looked at how the study of scattering amplitudes has evolved over the years,
from Feynman diagrams to the techniques of today. In this discussion we have covered the use
of four-dimensional unitarity and augmented recursion to simplify calculation, and in doing
so have calculated the full-colour, two-loop amplitudes for the all-plus helicity configuration
for five- and six-points. We briefly mention how the seven-point version of this amplitude has
also been calculated but we await the publication of compact results for the rational part of it.
These calculations become more complicated with added legs, although we argue that with
these techniques, higher multiplicity does not pose anything more complicated than larger
ansatz and numerical files to fit against in the functional reconstruction step. Nevertheless,
an n-point formula for amplitudes is clearly highly desirable.

In this chapter, we continue the all-plus helicity discussion and we will present a conjecture
for a very specific colour partial two-loop amplitude which is valid for an arbitrary number
of legs. We have already discussed this amplitude as being the “maximally non-planar”
amplitude Aff)l g from (1.90). From a very different viewpoint, this partial amplitude arises
in open string theory from the non-planar, two loop orientable surface. Although it is very
specific this hopefully will provide a useful multi-leg two loop expression from which to study
the structure and properties of amplitudes.

We will also explicitly calculate the n-point, full-colour, cut-constructible part of the two-
loop, all-plus helicity amplitude (cut-constructible from a four-dimensional unitarity perspec-
tive). While this is not the full amplitude as we do not get the rational piece, it serves as a
good check for future calculations.

4.2 A String Theory Interlude

We assume here that the reader has already read the details of two-loop colour structures from
previous chapters. As a summary, there are no decoupling identities that relate Aff)l p to other
partial amplitudes but they do exhibit a tree-like decoupling identity (2.18). Further group
theory relations exist [39] which do give relations between Af)l p and other SU(N,) amplitudes
but do not fully constrain this amplitude beyond five-points. The origin of this partial
amplitude is easier to understand from a string theory perspective, although we do not go
into the details of string theory in this thesis.
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String theory contains massless gauge bosons as part of its spectrum of states and much
can be gleaned from the string theory organisation of the scattering amplitudes. An open
string has endpoints with the quantum numbers of quarks and anti-quarks (Chan-Paton
factors). A string amplitude is obtained by summing over all world sheets linking the external
states. A simple example is shown in Figure 4.1.

. 4
> N

Figure 4.1: In open string theory, the surface linking external open string states may be
mapped to a disc where the external states are vertex operators lying on the boundary.

The surface linking the external states can be conformally mapped to the surface shown
with vertex operators attached to the boundary. Each vertex operator contains an adjoint
colour matrix 7. Tracing over the colour indices naturally gives an expansion of the ampli-
tude in terms of colour traces

A= Z(colour traces) X A(«a)

where « is the string tension. The string theory amplitude contains contributions from an
infinite number of states however in the infinite string tension limit the amplitude reduces to
that of field theory. The colour structure survives this limit.

Figure 4.2: A typical surface with three boundaries. Vertex operators can be attached to any
of the boundaries.

A typical surface contributing at two-loop is shown in Figure 4.2. This has three bound-
aries to which gauge boson vertex operators may be attached. If any edge is free of gauge
bosons, a factor of N, is generated by summing over the colours the boundary may have.
Populating this surface by vertex operators generates the expansion of (1.90) ezcept for the
single trace term Aff)l - This arises from a different category of surface. If we consider the
surface shown in Figure 4.3 with the edges identified as shown then the surface is a two-loop
surface which is non-planar, but nonetheless is oriented and has a single boundary. Attaching
gauge bosons to the edge gives the single trace term and is, in string theory, the source of

2
A7(’l:)1B'
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0 B

B 0

A o

Figure 4.3: This surface with edges A — B and C' — D identified is an oriented surface with
a single edge. In string theory attaching vector bosons to the edge of this surface generates
the sub-sub-leading single trace colour term.

4.3 The All-plus Amplitudes

We are now in a position to look at the specific amplitude where all gluons have the same
helicity. Again we will assume the reader has seen the details of this amplitude in the
previous chapter so we will only summarise here. The tree-level amplitude vanishes for
this helicity configuration. Consequently, the one-loop amplitude is rational (to order €” in
the dimensional regularisation parameter) and the two-loop amplitudes will have a simpler
singular structure in e.

The leading in colour one-loop partial amplitude has an all-n expression [63]

AD (14 9%ty = _% 3 (23§~--<n1) S w406, (41)

1<i<j<k<l<n

This expression is order ¢ but all-e expressions exist for the first few amplitudes in this
series [46]. In this expression,

tr_fikl] = (L0 ) = SRR — LGk D) = G LR (D] (42)

and £(i, j, k, 1) = try[ijkl] — tr_[ijk]. tro[ijkl] is similarly tr(<£2 Kk ;¥ K;). This amplitude

has the same denominator as the Parke-Taylor amplitude. This combination will reappear
in many places so we define

1 1

<a1 Cl2> <a2 a3>"'<ana1> Cy(a17a27a3a"' 7an)

(4.3)

CPT(a17a27a37 e 7an)

Interestingly, the numerator of (4.1) can be split into trace terms and e pieces (originally
called E,, and O, in ref [63]). Specifically for the five point amplitude,

_1 S12893 + S23534 + S34545 + S45551 + Ss1512 + (1,2, 3,4)

AG(17,27,37.47,57) = —3 (12) (23) (34) (45) (5 1)

+0O(e) .

(4.4)
The expression (4.1) was first conjectured by studying collinear limits starting with n = 5 and
later proven correct using off-shell recursion [96]. This division into F,, and O, and collinear
limit viewpoint is important as we will shortly conjecture an n-point expression using only

86



collinear limits and inspired by this division. In fact, we will see that O,, appears again in
the two-loop amplitude.

Continuing with the all-plus summary, in [70] and Chapter 2, we presented compact
expressions for the subleading terms

A2 37, ) = — PIREI

ez LG 1

Cy(2,3,--,n)
and for r > 3
Dt ot ..o p—1tpt o0t = — (K12-~r—1)2
Anp (17,27, r = L) = e = D ) (r 1)) ()
(K2, )

Cy(1,2,--- ,r = 1)Cy(r,r+1,---,n)

These expressions are remarkably simple given the number of terms arising in the naive
application of (2.3). They will also be useful in calculating the n-point cut-constructible
piece.

At two-loop, the all-plus amplitude has been computed for four, five and six-points, its

relative simplicity making it the first target in computations. We have already covered the
five and six-point calculation in this thesis and we previously separated the amplitude into a
cut-constructible piece and a rational piece,
Here, by cut-constructible piece we mean singular pieces and polylogarithmic pieces, four-
dimensional unitarity might recover some rational pieces but it will not capture the whole
contribution and so we discard anything rational and finite, using augmented recursion to
obtain the entire rational piece as a separate calculation.

The IR singular structure of a colour partial amplitude is determined by general theo-
rems [33]. Consequently we can split the cut-constructible amplitude into a term containing
both the IR and UV divergences, Uffg, and finite terms Fﬁ) ,

PR = U+ Fi +0(e) (4.5)
where F\2 is the “infrared finite hard” function of reference 87].

We have seen that for this helicity configuration, both the UV divergences and collinear
IR divergences are proportional to n and cancel leaving only the soft IR singular terms [32].
We have also seen that UL is known via general theorems [33] and that it is given for ¢ = 1B
in (1.106).

Given the %eneral expressions for Uﬁfc), the challenge is to compute the finite parts of the
amplitude: F2 and RZ. We calculate the polylogarithmic piece using four-dimensional
unitarity and for this partial amplitude we can calculate the rational term using only the
factorisation properties of the amplitude, which we will discuss in the following section.
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4.4 Factorisation Properties of Af)l B

In this section we make some comments regarding the singularity structure of the sub-sub

leading amplitudes: Agi p and A,(fit In general amplitudes have:

1. Multiparticle Poles
2. Double Complex Poles
3. Complex Poles

4. Collinear Poles

We will demonstrate that A,.;p is lacking the first two and that only the last is determined
by general theorems. Fortunately this will be sufficient to generate a form for the rational
functions.

As the all-plus amplitude vanishes at tree level, multiparticle poles can only arise if the
amplitude factorises into two one-loop factors,

—LO0O0; 1 —L0O0, —
Allp(-~,KiA)><ﬁ><Allp(~~,—KiA). (4.6)
This is non-zero with one amplitude being the single minus one-loop amplitude and the other
the all-plus. Both of these are rational. Only the subleading amplitudes from each of the
one-loop factors will contribute to the NO term and the colour terms must be of the form

~ Tr(iS)) Te(Sz) x Tr(iSs) Tr(Sy) (4.7)

where we sum over the colour matrix 7% and we have suppressed the explicit colour matrices
for the lists of legs .S;. The S; and S3 may be null and if both are null, we obtain a factor of
N.. Otherwise we obtain

Tr(5’153) TI"(SQ) TI"(S4) . (48)

st DUt not in Ag)l p- Therefore A7(12)1 B
has no 1/K? terms for K being made up of more than two particles. The presence of
the single minus amplitude within the factorisation makes all-n expressions difficult to find
because there is no compact n-point expression for the one-loop single-minus amplitude.

Amplitudes also contain double poles in complex momentum. These arise from diagrams
such as shown in Figure 4.4 where one factor arises from the explicit pole and the other from
the loop integral.

So there are (one-loop)-(one-loop) factorisations in AP

Figure 4.4: Contributions to amplitudes giving a double pole with color indices shown.
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The colour structure of the double pole diagram therefore contains
e £ R A, ) (4.9)
We can turn this into colour traces and evaluate:

(Tr[aki] — Trlkai]) (Tx[bji] — Tr[jbi]) (Tr[kjm] — Tr[kmy])
= N_/Tr[bam| — N.Tr[abm)] .

Hence there is no N2 contribution and so both AS)I z and A,(flt are free of double poles.
Unfortunately, the single poles are not as simple as one might imagine. For example, at
five point the potential factorisation

_ 1
AL — AV (a* b K ) X X AP (K ) (4.10)

vanishes since Afi p(17,27,37,47) = 0, nonetheless Ag p has poles in (ab). These single
poles arise from non-factorisating terms as computed in [70,71] where the double and single
poles are determined for the n = 5 and n = 6 cases. These may be seen as “pole under the
pole” parts of double poles as seen with other colour structures, but with the coefficient of
the double pole piece being zero.

Finally we consider collinear limits. If adjacent legs a and b become collinear with k, = 2z K
and k, = (1 — 2) K, then we expect

Afmz)lB( o >a+> b+’ o ) — Sf*(a, b’ K)A51221:13<' o 7K+a o ) (4'11)
where
1
S (a,b, K) = . (4.12)
2(1—2){ab)

The amplitude has no collinear singularity if a and b are not adjacent. Demanding the
correct collinear behaviour was sufficient to generate the conjecture for the one-loop all plus
amplitude, and we will now generate a conjecture for the rational part of Af)l p using collinear
limits. This will be proceeded by an explicit calculation of the finite polylogarithmic part of
the full all-plus amplitude at n-points.

. . 2
4.5 Explicit Formula of Rf%% B

The four point amplitude Rf} 5 has been calculated in [78,79] as part of the full four point
computation and found to vanish:

R (14,2437, 4%) = 0. (4.13)

The five point amplitude has been computed. In [87] , five point amplitudes Ag and AéZ?))
were computed explicitly. Using the results of [39] this implies a form of Agi 5. In [70] the
Agﬁ were recomputed using augmented recursion [64,69] and four dimensional unitarity and
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Agi 5 was computed directly in a simple form. The explicit form is

RE,(17,27,37,4% 5%) = 2:(1,2,3,4) > Cpr(1,2,5,3,4)

Z5(1,2,3,4,5)

= 2¢ (1, 2, 3,4) (CPT(L 2,9,3, 4) + CPT(Q, 3,1,4, 5) + CPT(3,4, 2,9, 1)
+ CPT(4; 5, 3, 1, 2) + CPT<57 1, 4, 2, 3))

Since the summation is over the five cyclic permutations of the legs (1,2, 3,4, 5) this expression
is manifestly cyclically symmetric. However it is far from unique since the Parke-Taylor
factors Cpr are not all linearly independent. Since they are manifestly cyclic symmetric there
are clearly (n — 1)! terms. They also satisfy identities identical to the decoupling identity for
tree amplitudes which can be used to reduce these to a basis of (n — 2)! independent terms.
Specifically we can rewrite

/
g aiCPT(LaZ;aSa"' >an> = E O{Z-CPT<1,CL2,CL3,"' aanflan)
(0‘27a37'7a’ﬂ)€P(2737"' 7n) (a27a37'7an—1)€P(2737'" 7n71)

(4.14)

If we choose to rewrite Rq(f% 5 in terms of this reduced set, cyclic symmetry will not be manifest
but there is the advantage of working with a basis rather than a spanning set. For the five
point amplitude we then have

Ré?iB(1+,2+,3+,4+,5+) =2¢(1,2,3,4) (—CPT(1,2,3,4, 5) (4.15)
+2 <CPT(17 3747 27 5) + CPT(1747 37 2a 5) + CPT(1747 27 3’ 5)))

This can be split into two parts

RE (1%, 2% 3% 4t 5%) = R, (1%, 2%,3% 4% 5%) + RY), (1%, 2,3, 4% 51 ]4.16)
where
RE), (1%,2%,3% 47 5%) = —20(1,2,3,4) Cpr(1,2,3,4,5) (4.17)

RE), (1%,2%,3% 47 5%) = 42(1,2,3,4) (Cpr(1,3,4,2,5) + Cpr(1,4,3,2,5) + Cpr(1,4,2,3,5))

The term Rg , 18 reminiscent of the one loop expression which allows us to propose the
n-point expression

R'ELQ:;Bl(]-+72+7" : ,TL+) - _ZCPT(1727 e, N — 17”) X Z €(i,j, ka l) (418)

1<i<j<k<I<n

90



The expression for R6 ip, has fourteen terms,

3,4,5,6) £(3,4,5,6) £(3,4,5,6)
R(Z) 1+ 2+ 3+ 4+ 5+ 6+ _4( 5( ) Ey Yy ) Ey Yy ) Ey Yy
1. ) Cy(1,2,4,5,3,6)  Cy(1,2,5,3,4,6) * Cy(1,2,5,4,3,6)
e(1,2,34)  £(1,2,3,6) e(1,2,34)  £(1,3,4,6)
C,(1,3,4,2,5,6)  Cy(1,3,4,5,2,6)  C,(1,4,2,3,5,6) C,(1,4,2,5,3,6)
N £(1,2,3,4) N (1,2,4,6)  £(1,3,4,6) N £(1,2,4,6)
C,(1,4,3,2,5,6)  Cy(1,4,3,5,2,6) C,(1,4,5,2,3,6) C,(1,4,5,3,2,6)
B e(1,4,5,6) N £(1,3,5,6) N £(1,3,5,6) B e(1,2,5,6) ) (4.19)
C,(1,5,2,3,4,6)  Cy(1,5,2,4,3,6)  C,(1,5,4,2,3,6) C,(1,5,4,3,2,6) '

This expression was first constructed by demanding it satisfy the correct collinear limits and
subsequently verified using augmented recursion techniques as we saw in Chapter 3.
While this is the minimal expression, it is not the best for generalising. Defining

m

p
5({(11’ Ag, - 7am}> ba c, {d17 d27 e 7dp}) = Z Zg(aia ba C, d]) ) (420)

i=1 j=1

we can replace £(3,4,5,6) by €({1,2},4,3,6) etc. which makes the following pattern clearer
[97].
Then by demanding the correct collinear limits we are led to the expression

n—4 n
2
R (1725 )y =43 Y
r=1 s=r+4
s—2 s—1
SN et b g s, ) (=) ) Y Cer({as,,,, ) - (4.21)
i=r+1 ]:’L-‘rl QGST‘ ERN]

To define S, 5 ; ; we divide the list of indices,

{172737"' 777‘}:{17 7T;T+17"' 77’_172a2+17 aj_17]7]+17 78_1;87”' 7n}
={l,-nrn}teSie{ileSe{jleS;®{s - ,n} (4.22)

with
Sp={r+1,-,i—-1}, Sp={i+1,---,j—1}, Ss={j+1--,s—1}. (423)
The sets S; may be null. Then
Srsij = Mer(St, Sz, S5) (4.24)

where S, is the reverse of Sy and Mer(Si, Sy, S3) is the set of all mergers of the three sets
which respect the ordering within the S; and

as, i — {17 T 77} D {]} Dad {Z} D {57' e 7n} . (425)

The expression for Rfﬁ B, bresumably has other realisations, however within the chosen
basis the coefficients of the Cpr are uniquely given. The expression has the correct collinear
limit of legs n—1 and n but does not have manifest cyclic symmetry, however we have checked
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to a large number of external legs (up to 14) that the expression is cyclically symmetric, that it
has all the correct collinear limits and it has the correct flip properties. The Rﬁ B, and Rg By
do not individually satisfy the decoupling identity however the combination Rﬂ B, T Rfﬂ B,
does, another strong check satisfied.

The term Rff)l B, can be rewritten in a form which looks more similar to Rff)l B, Dy manip-
ulating the tensors

RO 5 (17,2, 0ty = —2Cpr(1,2,- ,n) x Y eli,jk,l) (4.26)

1<i<j<k<I<n

n—4 n
= —2Cpr(1,2,---,n) XZ Z e({1,2,---,rt,r+1,s—1,{s,s+1,--- ,n}).

r=1 s=r+4

This result, while only conjectured, satisfies several highly non-trivial properties and is the
first n-point rational amplitude at two-loops for QCD. A,,.;p will in fact be the first two-loop
QCD amplitude for arbitrary numbers of legs after we calculate the finite polylogarithmic
piece. We will now calculate this piece and will do so for the full all-plus amplitude.

4.6 Polylogarithmic Terms

We will now calculate the finite polylogarithmic piece of the all-plus amplitude F2 . This
will give future calculations a formula to test against. It also gives F7521) p which along with

Rq(f)l g and the known IR divergent piece, will give the full n-point partial amplitude.

KZ/ Yo
K

Figure 4.5: Four dimensional cuts of the two-loop all-plus amplitude involving an all-plus
one-loop vertex (indicated by e ). K may be null but K, must contain at least two external
legs. k, and k; are single legs and all external legs are positive helicity.

We will again assume you have read the details of previous chapters but will summarise
what is needed for the calculation here. The expression for the E2 for the all-plus colour

amplitudes is [92] of the form

where summation variable i refers to summing over different configuration of scalar boxes, ¢;
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are rational coefficients of these boxes, and

K? K? K? K?
F?™[S, T, K3, K7 = Liy (1 — —2) + Li, (1 — 72> + Li, <1 - —4) + Liy (1 — 74)
S S

K2K? 1 s
CLip (122 40 2(—).
12( st >+2Og /

The F?™ are the combination of polylogs which appear in the two-mass box with the ori-
entation of Figure 4.5 with s = (Ky + k,)* and ¢t = (K3 + k). In the specific case where
K2 =0,

2 2 2

F?"[s,t,0,K;] = Lis ( — %) + Liy (1 - %) +%log2 (;) + % :

The key features needed for the calculation are as follows: the ability to reduce the two-loop

problem to a pseudo one-loop problem which we argued for in Chapter 2; quadruple cuts then

completely constrain the loop momentum and we can solve the box coefficients in (1.108);

compact, analytic forms of the subleading in colour, one-loop all-plus helicity amplitudes
which are presented again in Chapter 2 and presented below,

1 Zi<j<k<l Tr_(ijkl)
S 3(12)(23)---(n1)

Ale)l(lJra 2+a3+7 e 7n+) =

> i Lli7 1]
A(l,) 1.2t 3t ... nH) = — i<j
e N R
12)°
AW 4+ 9+. 3+ ..oty — 9 [
n.3( ) ) ) y 10 ) <34><45><n3>
P2 2
Agllq)n(1+72+,3+’ 77"—]_;7’...n+) = -2 ( 1...7‘71)

((12) 23) - {(r =D D)({r (r+ 1)) -+ (7).

Looking to an n-point calculation we change to set-based notation, allowing us to write things
in terms of sets of arbitrary numbers of legs. We start by defining the dimensionless two-mass
box function where the massive corners are described by the sets of legs A; and A,,

F(a’ b; Al; AQ) = Fzm[Kc?Ap thbv K,%llv KizL
and
F(a,b;{}, As) = F(a,b; A1, {}) = 0. (4.27)

We then need to consider all of the possible partial amplitudes that might appear on each
corner. We therefore define the following kinematic coefficients with associated box function,
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starting with the leading in colour amplitude where T} or T, might be empty,
Ci(a,b, Sy, 8,11, T5)
A(O)(k L S1, 17, 8) A (at k)AL (1 bt i) AR 6 T 5 T)
- ab> Cpr(a, Sy,b,52)Cpr(b,T1,a,T,)

-
3
% <<b|T1T2|b>l<)a|T1T2|CL> X Z tr [uvwiL‘ 4 Z K4 b|U’U| >< <CL|T2U/UK4|()>

ba)

<CL > u<v<w<reKy u<veTy

N Z (b[vaTz\a)_i_ Z (b\uva4|a>+ Z (b| Kyuvw|a)

u<v€eTy <b CL> u<v<we Ky <Cl b> u<v<weTy <Cl b>
a|uva4|b)
+ > X Fla,b; Ko =81 @ So; Ky = T) & Ty), (4.28)
u<v<weTs

where S = |91 @ S| + 2 and T = [T, ® Ty| + 2 etc. For AS) with r — 1 > 1 there are two
cases,

Cy(a,b, Sy, S, Th, To, T3)
:A(O) k.S 1. S A(O) S e A(O) It bt A(l) T T it T T
S<71772)3(a77])3(771)7';7(@717]7273)
2
=2 <CL b>2 OPT(Z), Tl,a,Tg) CPT(Tg)CpT(CL7 Sl,b, SQ) X (K%3>
X F((l, b, Sl D SQ;Tl D T2 D Tg) (429)
where r — 1 = |T3| and
CS(aa b> 517827T17T2)
= A (k™. S0, 17, So) AP (0¥ K, ) AP (07 )AL (7 T ¥, )
= 2<6L|KT2KTI |b>2CpT(CL51bSQ)CPT(le)CpT(TQCL).
X F(a,b, Sl D SQ;Tl @D TQ) (430)

where r — 1 = |T3| + 1. For the U(1) corners we have two coefficients
Cy(a,b, Sy, 82,11, Th, t3)
= AP (K™, 81,17, So) AV (a*, &+, 57 )AL (1, 0% i) AR, (807, Th, 5, )
= (ab)?> Cpr(a, S1,b,55)Cpr(b, T1,a,Ty)

ts| K. ts| (K7, — Kp,)|b
« [ 3| 4|(1>[ 3‘( Ty T2)’ > + 2[t3|T2T1‘t3] + Z [t3]0w|t3]
<a b> v<w€EKy
X F(CL, b, Sl D SQ, T1 D TQ D t3) (431)

where t3 is a single leg within K, so Ky = K, + K, + k3 = —i — j and
Cs(a,b, 1, 82, T1)
= AD (k= S1,17, 8) AD (a*, k*, )AL (1 vt i) AL (it 5 )
= — Cpr(a,Ty) Cor(a, S, b, S2) x (K42<a|T1K4|a> + 3 <a\K4uvK4ya>)

u<veTy
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This fifth coefficient will never contribute to the boxes when fully colour dressed due to the
ever present colour contribution

(Tr[bil] — Tr[bli])Tr[i] = Tr[bl] — Tr[bl] = 0, (4.33)

where b, ¢ and [ are the momentum around the tree corner indicated in Figure 4.5. Colour
dressing the two-mass boxes we extract the contribution to each trace structure in the fol-
lowing section.

4.6.1 Leading
Defining the sets
Uab: {a+17a+2>"' ab_ 1} and V;zb - {b“‘ 1, , a4 — 1} (434)

ie split the list {1,2,--- ,n} into {a, U ,b, Vop} where a is cycled to the front we have

F7E21)(1+’ 2JF7 cee n+) — Z <C1 (CL, b, Uab , O, ‘/;l,b , 0) + Cl (CL, b, 0, Vab , 0, Uab)-) (435)

a<b

This is another way of writing the previously obtained n-point result [69].

4.6.2 SU(N.) N. Double Trace Terms

Considering terms like Tr[X|Tr[Y] =Tr[z1, z2, -, 1| Tr[Y1, Y2, -+ s Ynt1-r), if @ and b are
within the same trace we define U, and V,;, as before with respect to the elements of this
trace, and define new lists X;,Y; = X/{i} and Y/{j} respectively. The ordering of these sets
matters, for example X; is defined to start with the (i + 1)th element such that,

X={1,2,ry = {ii+1,,i-1} > X;={i+1,i+2--,i—1}. (4.36)

We also need to define Spls as the set of splits of a list into two lists maintaining list order.
So if U = {uy,us, -+ ,u,}

Splo(U) = {UY = ({uy, ua, -+ ui b, {tigr, - un}). (4.37)

This includes splits involving the empty set ({},U) and (U,{}) and counts them sepa-
rately. For later convenience we will define the sum over Sply(U,) as the sum over the
sets {(A%, AY)} € Sply(U,) and similarly for leg b, {(Bi, By)} € Sply(Uy), where legs a and b
are the legs on the massless corners of the two-mass box.

Finally it will also be useful to define the following double sum

dYoo=> >, (4.38)

CSpl2(U)  VezZ(U) Spla(V)
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which is a sum over the splits of all cycles of the set U. We can now write the amplitude as
E@at 2t ... (r ="t 0" = EP(X,Y)

=33 Y Y [Guab B AL B AY + Cala,b, AL B AL BY)|

a€X beY Spla(Xa) Spla(Ysp)

+ Yy ([CZ a,0,0, Vap, 0, U, Y) + Cs(a, b, Uy, 0, Vg, 0, Y)]

Zo(X,)Y) a<beX

+ Z [Cl<a7 b7 Uab>AilaV;1baAé) + Cl<a>ba Aéa‘/t-zvaé>Uab>:|> ’ (439)
(A%, AL)eCSPl(Y)

where we have suppressed notation such as the sum over Z, meaning swapping X and Y
within that sum and @ < b € X being in terms of the ordering of X. This expression
works for = 2 with the suitable U(1) modification. For example when |Y| = 1 we replace
Co(a,b,0, Vo, 0, Uy, Y) with Cy(a,b,0, Ve, 0,Uu,Y) and many of the above sums become

trivial.
4.6.3 SU(N.) Triple Trace Terms

We now consider terms like Tr[X|Tr[Y]Tr[Z] with obvious generalisations of previously de-
fined sets.

Féi(l, ST DT (s (s E )T nt) = FEL (XY 2)
Z Z Z |:02(a7 ba Uaba AZl? V;ﬂn Al27 ) + 02(a7 ba All? V;va Aga Uab7 Z)
2(X)Y

X (Al,AL)eCSpla(Y)

(a,b, B, A, B, Ai, Z) + Cola,b, A}, B, A3, B, Z)] ). (440)

E(EE
TELE L

Again if s =1 or s =t = 1 we simply replace Cy with Cy in the sum where appropriate.

Xa) Spl2(Ys)

4.6.4 N.independent Single Trace Term
Finally, completing the Aq(f)l p all-plus amplitude, we have

FT(L:ZI)B(1+72+73+a Tt ,7’L+) =

Z - Z Z |:C3(avb7 US’VY;)VYIZUD —1—03(&, b’ va‘/lsz;?V;)]
a<b (U3:US)€ESPl2(Uap) (Vi:VE)ESPla(Vap)
+ Z 03((1, b7 Uab7 ‘/217‘/127‘/35) + Z C13(0'7 ba U;a%baUéaU;)>
(Vi V3, V5)ESpls(Vap) (U1,U3,U3)€Spl3(Uab)
(4.41)

These results are easy enough to encode and have been shown to satisfy the decoupling
identities (3.2) for up to n = 7. This is the last piece of the colour decomposition and so we
now have the full £\? finite- polylogarithmic piece.
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4.7 Conclusions

We have presented an ansatz for a very specific colour amplitude at two loops which is valid
for an arbitrary number of external legs. Although we are short of a proof of the ansatz
it satisfies consistency conditions and factorisations which suggest it is correct. We have
explicitly calculated the all-n finite cut-constructible piece of the all-plus helicity amplitude.
All-n formulae provide a very useful laboratory for testing conjectures and behaviour. For
example, it was recently shown in ref. [93] that the one-loop all-plus amplitude is conformally
invariant: however the all-n expression allows us to check that Rﬂ 5 1s not conformally
invariant although the coefficients C3 are. The all-plus amplitude at one-loop is very special
and has relations to amplitudes in other theories. In particular the N =4 MHV amplitude
is related to it by a dimension shift of integral functions [46] and also the one-loop amplitude
coincides with that of self-dual Yang-Mills [98,99]. It would be very interesting to see if any
of these or similar properties extend to two-loop and beyond.

We have so far discussed full colour, all-plus helicity amplitudes. They have proven to be
remarkably simple using four-dimensional unitarity, with the main bottleneck being the need
for augmented recursion and functional reconstruction for the rational piece. We will now
turn to the leading in colour amplitude for a different helicity configuration, the single-minus,
two-loop amplitude.
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Chapter 5

Five-point, Two-Loop, Single-Minus
Amplitude

5.1 Preliminaries

We wish to calculate the leading in colour amplitude Ag(a—, bt et dt, et). We will again
assume knowledge of certain details from previous chapters but we will review necessary
details here. We can split the amplitude into two pieces

A% bt et dt ety = PO (am, bt ¢t dt, et) + RE (a7, bt et dtet), (1)

where P refers to cut constructible pieces and R refers to the rational contribution. R will not
be fully captured with four-dimensional unitarity and therefore needs augmented recursion.
This chapter will focus on calculating Péi)(a_, bt,ct,d" eT). Ps; can be further split into
two pieces

P& (a bt et dt et = U (o=, 07, ¢t db et) + F2(am, b, et dt e, (5.2)

where U® is the diverging piece and F'® is the finite remainder. As with the all-plus case, the
tree amplitude of this helicity configuration vanishes and so, for reasons given in Chapter 1,
we will deal with unrenormalised amplitudes. We know that the infrared diverging piece
takes the simple form [33],

Ué?l)(a_,b+,c+,d+,e+) = Aé}i(a‘, bt ct,dt,e") x Is[a, b, c,d, €] (5.3)
where [5 is given by (1.101). We again use four-dimensional unitarity to calculate P5(:21) and
we can use Uﬁ) as a good check that the calculation is correct. This amplitude is already
known and has been calculated in [2]. We develop this technique with an eye on automation,
once it has been finalised it should scale well to higher multiplicities. We will discuss Rézi
at the end but we believe it should be at worst algebraically more difficult than the all-plus
case and should not present any further issues.

Moving on to the calculation; in the previous chapters we were able to make use of
properties of the all-plus amplitudes to reduce a two-loop problem to a pseudo one-loop
problem. A good indication that this was viable was looking at three-point, one-loop all-plus
insertions on a scalar box. For the single-minus case we may perform similar tests but discover
an issue. Using the configuration in Figure 5.1 as an example, we now need ¢, = ab;\a/\b
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for A(I5,a™,15) to be finite but this causes (2.6) to diverge. The other cut solution causes
the tree corner to diverge which tells us the problem cannot be reduced to a pseudo one-loop
problem. We must therefore approach this as an explicit two-loop calculation.

bt ct
\\. N i 4 ; I+
+ I
* - ¥--
- +
+
a- et

Figure 5.1: An insert which diverges on a quadruple cut. The small black circle indicates the
one-loop insert.

We generate numerators for a given diagram using four-dimensional unitarity. We dis-
cussed in Chapter 2 that we classify two types of diagrams; genuine two loop diagrams such
as the tricorner box where you must cut (in a topological sense) more than one internal
line to reduce the diagram to two separate diagrams, and (one — loop)? diagrams which are
reducible by a single topological cut. Our strategy is to then look at all of the continuous
triple unitarity cuts that contribute to a product of tree amplitudes, fully constraining the
numerators of the genuine two loop diagrams. All (one — loop)? diagrams vanish on such
cuts. We discussed this for the all-plus helicity configuration, in which case there were not
enough negative helicity legs to make a non-zero product of trees on a triple cut. The single
minus has no such problem.

bt ct
. A . d+
bl
05

e Ween

e
a~ et

Figure 5.2: An example of a triple cut on a tricorner box. This contributes
to AO(a=, 001,032, 033) x AO (g —g;*2 07 bt et dtet) where {A, Ay, N5} €
{_7+7+}'
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The technique was to look at all of the cuts and try to form numerators that could be
generalised and mostly blind to helicity. For example we might look at the cut,

> AT 0 052, 0°) x A (=079, —0572 — 07N BT e d T eT) (5.4)
A1,A2,A3

where the sum over \;’s is the sum over all helicity configurations for the cut loop momenta,
many of which will vanish but all must be accounted for. We would expect the cut in
Figure 5.2 to contribute to (5.4), and so we can manipulate this equation in a way that
would provide a numerator for the remaining set of uncut propagators of this diagram. If
one then accounts for all remaining cuts that can be achieved in Figure 5.2, we can look for
a numerator that is common to all cuts for that diagram, and this numerator is then the
starting point for integration.

This needs to be done for all possible cuts of the amplitude, and we do it in a way
that manages to achieve a general set of numerators, N, (a, k,@,1,j,w). Here 7 indicates
which diagram the numerator is for, a is the single negative-helicity leg and the remaining
arguments refer to the external legs indicated on Figure 5.3 etc. Any of these remaining
arguments may be a, but @ is labelled as such to indicate that all numerators vanish for
a = a. We will shortly discuss how these numerators get pieced together, but for now the
numerators and associated diagram are given as follows [100]:

Nie = (a@) [a]|(—L3)|a){(w|QLs|a)|w|LiPLsy|a), (5.5)
a )
L:s Q A )
ng Ly
Afz
PY
k L:l W

Figure 5.3: Tricorner box. n = tbx

Nive = (a@) [a|l,|w){a|LaLlgla)|w|l.l,Lala). (5.6)
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Figure 5.4: Bubble in box between two null corners. n = n fbbzx.

The remaining numerators for diagrams with all-plus bubbles will be left to Appendix A.
It will later be shown that while they are needed for the cuts they all vanish upon integration
as they contain (a|L4Lg|a). The remaining all-plus triangle diagrams are as follows:

Nar = — (a@) [a|(—Ls)|a){a| L2Q| k) [k L2|a)
+ 8} (a@) [al(—Ls)|a) (a k) [k| L Q(—Ls)|a), (5.7)

! i
kX T™\J
W
Figure 5.5: Triangle in triangle, n = stt. There is an extra term when the negative helicity
leg is in the middle of the massive corner a = j.

where here ¢/ indicates an additional term only present when a = j is in the middle of
massive corner. Pressing on we have

N = (aa) [a|ly|a) (a k) [k|P|a)
+6) (aa) [a|Pla) (a k) [k|P|a)
+62 (aa) [a|ly|a) (a k) [k|ly|a), (5.8)
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9

SN

Figure 5.6: Kite diagram with two null corners and one massive corner, with n = K21. There
are extra terms when the negative helicity leg is in the middle of the massive corner a = j.

Nis31 = (aa) [a|ly|a) (aw) [w|L|a), (5.9)

Figure 5.7: Kite diagram with three null corners and one massive corner, with n = K31.

Nicrz = (@) [al(—Ls)|a)(al Lo(—Ls)|a), (5.10)

a

Figure 5.8: Kite diagram with one null corner and two massive corners, with n = K12.
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and finally,

Nkig = %<a|aL3|a)<a|EQ|a>. (5.11)

a

Figure 5.9: Kite diagram with one null corner and one massive corner, with n = K1Q).

Note that the numerators are written in a way that is valid for on-shell or off-shell loop
momenta. The flips of these diagrams were also built into the numerators, where the flips
of the diagrams are demonstrated in Figure 5.10. Using the same normalisation as in the
all-plus cases, the numerators were built such that in total we need

I3 (a=, b, ¢t dt et) =

B 2 (a,k,a,i,j,w)  Ny(a,k,w,j,i,a)
~ {ab) (bc) (cd)(d Z Z ( (a,k,a,i,j,w) + P,(a,k,w,j,i,a) (5.12)

) it 7

where the sum over {k,a,1,j,w} is over Zs(a,b, c,d,e), P, are the propagators for the dia-
gram, and Z® is the object that needs to be integrated. One must not forget any relevant
symmetry factors for diagrams such as K21 whose flips are not distinct diagrams. Noting
that all of the ¢ < 7 diagrams with all-plus triangles may be related to the tricorner box with
various propagators pinched, the task is then to integrate these numerators, first using the
two-mass triangle parametrisation of the all-plus triangle in n = tbz. For the second integral,
one could either separate them out into box, triangle and bubble integrals but, as we will
see, we elected to treat the second integral as a box parametrisation across all structures.

/

Figure 5.10: Two distinct diagrams but whose numerators will be related by a flip.

Before we integrate, it behoves us to address the (one — loop)? diagrams. We can view
these diagrams as pseudo one-loop diagrams with loop inserts in a similar way to the all-plus
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case. The difference here is that a quadruple cut will not simply give us a product of tree
amplitudes and we need to calculate the numerators for each insert. This is done by looking
at double cuts on the already constrained numerators such as the one in Figure 5.11 which
contributes to the following amplitude cut,

1
Con = 555 Y AV b7 0 07) x AV (=57, =7 et dT eh). (5.13)
A1,A2

bT ct
i A . d+

51 / :

Uy
A Y

2

a~ et

Figure 5.11: An example of a double cut on a tricorner box. The cut will act on the numerator
Nipz(a,a,b,c,d, e) in this case.

We then find the inserts via

4—D
TUD (@, b+, et dt, et) = Copg — —o— / dP0Z(a™,b", ¢t dT, et |aw (5.14)

m2 e Y

where Ic(dl)z,l) is referring to the pseudo one-loop insert pieces that will need to be integrated,
abl is referring to cuts which constrain legs a and b to the one-loop side of the cut. We take
e — 0 once the first integral of the genuine two loop pieces Z(?) is done as it is a cut in four
dimensions.

It is important to remember that a given insert might contribute to multiple cuts and we
therefore need to find the overlaps between cuts to ensure we have the correct numerator.
For example, in Figure 5.12, if we have b on the loop corner as with Figure 5.11, then
the left diagram contributes to A (a™, b*,éi\ll,ﬁg&) X A(O)(—EQZAQ, —El_z“,ﬁ7 d*,e™) while
the right diagram contributes to AV (£, 652 b+, ct, d+) x AO (e, a=, —0,7, —0,™1). We
therefore need to look at both of these cuts of the amplitude and find a common numerator
to each with the associated uncut box propagators. We do this for every cut and look for
every diagram that contributes to multiple cuts. Once this is done, the remainder will then
be inserts into one-mass triangles and massive bubbles which only contribute to one cut (and

as we will see are the source of the IR piece for this amplitude).
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Y

N

Figure 5.12: A loop insert that contributes to multiple double cuts, with the loop given by
the black circle. We find the numerator that is associated with each box of this type such
that it correctly contributes to each cut.

These inserts are given in Appendix A [100]. We can use standard one-loop techniques
such as generalised unitarity to isolate scalar box, triangle and bubble coefficients. We will
therefore begin by integrating the inserts as this simply uses techniques discussed in the
all-plus configuration.

5.2 Inserts

We now have a set of genuine two-loop numerators which gives us the correct triple-cuts
into tree-tree pieces. We also have a set of inserts in one-mass boxes, two-mass triangles,
one-mass triangles and bubbles that, along with the two-loop numerators, give us the correct
double cuts into (one-loop)-tree and tree-(one-loop) pieces. The inserts already have one loop
momentum accounted for, and so we can use generalised unitarity to calculate the remaining
loop integral. This will involve performing quadruple cuts, triple cuts and double cuts in a
way that isolates the coefficients of the scalar box, triangle and bubble integrals.

5.2.1 Quadruple cuts

We will begin with the quadruple cuts. As previously discussed, we perform four cuts which
can fully constrain the loop momentum. The previous calculation of the quadruple cuts
were for the specific case of factorising the all-plus amplitudes into a product of three tree
amplitudes and a one-loop amplitude, where one solution caused the trees to vanish and the
remaining solution gave the entire coefficient. Here we are cutting a box with an already
specified numerator so we will need both solutions. Keeping the general external momentum
labels as in Figure 5.3 we have

0 — ¥y = w
by — U3 =k
b3+, =1a
ly+ 0 = Py (5.15)
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Solving for /5

= [law] (lzw) =0, (5.16)
= [t Hk&>:0, (5.17)
ﬁgl) = iV N, (5.18)
65 = oD X\ (5.19)
We solve ay, using momentum conservation around two corners
0 = (P — 2)* = —[la| Pigllo) + s1a = 0,
o — KD
> (wa)
2 _ kd]
YT wa)
ggl) _ <w a’) Aw + <k CL> Ak W : 652) _ [w CL] Aw + [k a’] Ak S\w‘ (520)

(wa) lwal
We then average over both solutions after simply substituting them into the insert numera-
tors.

5.2.2 Triple Cuts

As discussed in previous chapters, the triple cuts will leave one variable unconstrained and
also picks up contributions from the scalar boxes. There are simple enough ways of approach-
ing this problem, for example one way of extracting this coefficient is given in [101] but one
has to be careful of the Jacobian when performing these cuts on box structures. This prac-
tically translates to there being a vanishing solution and non-vanishing solution depending
on which propagator you start your parametrisation with, and then you must average over
these two solutions. This takes some extra work to ensure you have the correct solution and
so we develop a new parametrisation for triangles with at least one massless corner.

We start with the general condition that cut momentum ¢, flows away from a massless
corner and towards a massive corner, as shown in Figure 5.13. The number of legs in the
massive corner is irrelevant and the following is blind to what the mass is on the third corner.
We have the three J-functions:

0(6)  ((lo—P)?) (b +e)?) (5.21)
and we can write P as a sum of two null momenta as we have done previously
2

P=P+
[n|P[n)

n= P+ P (5.22)

/p N e

Figure 5.13: Triple cut configuration, with £y lowing from null leg e? = 0 and towards P? # 0.

o~ A

n
U

106



We may use the null momenta in (5.22) to construct an orthogonal basis for £5. We choose

(q P%) lq P¥]

+ z’D( <q >APbAPu _ (i Apmpb> (5.23)

b Pb
EO—A(Pb+Pﬁ)+B(Pb—Pﬁ)+O< <q >)\Pb)\pu—|—f[ ]APuAPb>

(q P%) lq P¥]

Here f is an arbitrary scalar and ¢ an arbitrary null vector. To keep ¢y real we impose that
A, B, C, D, f, Pt, P* and q are all real. This is clear when writing

G- - p Ul e o)

= P*(4* - B>+ (C* + D?) (5.24)

where we have made an obvious choice of f2? for the last line. We also make the choice in
(5.22) that n = e, so that (P*e) = [P*¢e] = 0 and we can write

(ly— P)* = P*((A—1)>— B*+ C*+ D?)

(o +e)* = P*(A* = B>+ C* + D*) + 2(A + B)e - P’. (5.25)
Making the change of variables to {A, B,C, D}
/ d*y — (P*)? / dAdBdCdD, (5.26)
and recalling that
Sz —z; oz —;
Slgfa)] = 3 or ) _ 5 O - 1), (527)
NG90 5 10
where z; are the roots of g(z), we do the B integration using d; = 6(¢3)
1 1
B*=A*+C*+ D? and — = : (5.28)

0] |2v/A2 + C? + D2P2|
Next we can do the A integration using &, = 0((lo — P)?) = §(P?[(A — 1)* — A?]), finding

1 1 1
A== d = 2
5 an o 2P (5.29)

The last constraint is 65 = 0((lo + €)?) = ¢ ([1 £ V1+4C?+4D?e - P’) which leads to
(performing the C integration)

1 V144C?+4D?
&' |4e- PO

(5.30)
There is an issue here that the only real solution to the constraint is that C? + D? = 0 —

C = D = 0 and the integral diverges. Luckily this is just a coordinate singularity and we
can switch to polar coordinates for the remaining integrals

C' = pcos(d) D = psin(0) /dCdD — /pdp de, (5.31)
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and so

/d05 ([11\/1+402+4D2]6-Pb> —>/ aptY Lt Arlol (5.32)

plde - P’|

where we see the p in the Jacobian cancels the p from the § function and we can constrain
p = 0. There may be cases where this integrand being naively finite might cause issues but it
would be easy enough to put in a small mass for e which would keep p small but finite, and
then set e massless later. However, this might be overcautious as everything here is algebraic
and we find that this parametrisation matches the parametrisation in [101] with the suitable
corrections already discussed in place. The remaining integral is just an angular integral and
we see that cutting a box, with uncut propagator P({y) and numerator N (¢y), schematically
gives us

N (¢ ox
/ d*046,605 P(<£§)) / 46,026 ( PE i+ cm) : (5.33)

where ¢y, 18 the coefficient from the quadruple cuts and c¢y,; is the scalar triangle coefficient
associated with this cut. We then simply have

N(EO) — Chox
Cri = W‘éozm' (5.34)
One then just has to be careful that nothing diverges at ¢, = P# = [e‘ P‘ 7€) but otherwise

(5.34) is a very simple way of extracting the triangle coefficients. There are some interesting
patterns in the results thus far that may be worth further investigation. The box and two-
mass triangle inserts were organised so we could identify which pieces would contribute to
different double cuts. We then had the one-mass triangle and bubble inserts which only
contributed to one double cut. We find that for every box and two-mass triangle insert,
N (P*) = 0. This means that all of the ¢, for these inserts go as — 5> and so the IR
contributions of the box cuts cancel exactly with the triangle cuts on these inserts. We are
then left with the one-mass triangle and bubble inserts. Triangle cuts on the bubble inserts

vanish. Interestingly we found that for every one-mass triangle insert,

id 1 Ni,i+1 ij B 1 B B
Ctrz+ljlm(si,i+1) - _2#(—3@%1) ‘= __QAS)(@ >b+7C+,d+;€+)(_5i,i+1) ‘
€ Siit+1

where N1 is referring to the insert in the one-mass triangle with mass P?;,,, and % i 18
the IR divergent structure (1.97). This is true of all of these inserts and so summing over all
of the triangles gives the entire IR piece. Perhaps there is some deeper reason for this but this
was surprising to me as it means we should expect an overall zero coefﬁment for the & pieces
from the (tree)-(tree) genuine two-loop side, and that any remaining ; pieces from bubble
cuts should cancel with all % pieces from the genuine two-loop side. The inserts themselves do
not resemble each other apart from ones that can be related by flips so it was also a surprise
that they all reduced to the one-loop single-minus amplitude. Closer inspection of the inserts
may be warranted as there may be lessons learned from seeing which pieces cancel with each
other. Can we reduce calculation further if we know a priori where the redundancies occur?
These are questions that the author did not have time to study further unfortunately.
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5.2.3 Double Cuts

We use the canonical basis approach [91] to extract the scalar bubble coefficients. This
involves rewriting numerators on specific cuts into a canonical form where the coefficient of
the respective scalar bubble integral may be extracted. The canonical bases can be organised
into terms with uncut “massless” propagators of the form (¢; & k)? where k% = 0 and ¢; is
one of the cut loop momenta, or “massive” propagators where k? # 0. Of course they are all
massless in the sense that there is no internal mass but we will hereby refer to massless and
massive to indicate the value of k2, similarly to how we refer to massive triangles etc.

Looking to higher multiplicities there were some interesting features that simplified the
form of the massive propagator results, independently of the number of legs.

&

/.
1
Figure 5.14: The bubble considered in the double cuts.

First lets review some results of [91] for completeness. In the following ¢; and ¢5 refer to
the cut momenta flowing in the directions indicated by Figure 5.14. Note that this differs
from how we have defined them in the double cut, A x A© where ¢; — —¢;. Starting
with an example, a piece of an insert may be written in a canonical form with a massless
propagator
(hB) _ [Alt]B)

(G A) (6 —ka)? (5-36)

7'[1(14;3;51) =

where k4 = 0 and k4 is taken to be real. This was then evaluated as a covariant, linear
triangle integral shown in Figure 5.15 and then the coefficient of — log(—P?) was extracted
to give

5. py _ [AIPIB)
Hi(a; B; P) = AP (5.37)
P —ky loN P

Figure 5.15: Double cut on a triangle. Configuration used for H; calculation.

This is all easy enough to automate in Mathematica, where one has to rewrite the inserts
into canonical form but then can simply replace the canonincal forms with the results. The

109



massive propagator cases take a bit more work to automate. Starting with the example

[D]1|B)
(t+ Q)%

one can define null linear combinations of P and @),

: 1 VA, - 1 VA,
P“:Q\/A_S(PQQ“—<P~Q— : )P“), Q“:Q\/A_3<—P2Q“+<P~Q+ : )P“),
(5.39)

Go(B; D;Q; 1) = (5.38)

where Az = 4(P - Q)? — 4P?Q? is the Gram determinant of the triangle integral that has
legs of momenta P, Q and —P — (). This linear combination (5.39) is of course valid for
any momenta P and (. The scalar bubble coefficient associated with (5.38) can then be
separated into two H; pieces which are rational conjugates of each other, and then combined
to give the totally rational,

D|P(QP — PQ)|B) _ [D|P[Q, P]|B)

Go(B; D;Q; P) = [ A = A, : (5.40)

This again is easily generalised for a given configuration, needing only P and () to be specif-
ically entered as arguments and with B and D being determined by code similar to the
massless cases. Going to O(¢) and higher, naively plugging the results from [91] gets messy
but there are features of double cutting two-mass easy boxes that simplify the form of the
results, and we can reduce the redundancies a bit earlier rather than at the end. This will
be done in a way that scales to any number of legs and can be automated.

Higher order, massive propagator terms can be reduced to G? and G; forms, where

(D (C ) (BY)
[e1Qle) (A )

with f(¢) being a polynomial of degree n in £, and we have used the fact that (¢ — P)* =0
to rewrite the massive propagator

gr ="

(5.41)

(+Q) = Q2+ QI = [1Q+ 5 PI0) = (1210, (5.42)

We can rewrite (5.41) as

G (A|PQ|A)
P00 (DIQIA4) (€ 4) 1 ([DIQP)CIPOIA)  [DIQIO)(CIPIA)
71210) an P [¢5) (to

_ [DIP|A)(CA) 4 ([DIPIP)(CIPQIA)  [DIP|Q)(CIQP|A)
rown (P oo T () )

(5.43)

Here the P and Q are the null linear combination (5.39) but with @ — Q. This splits G}’
into pieces with either only massless propagators, or terms with the massive propagator but
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of lower order in ¢. This can be iteratively applied until everything is in a canonical form.
The remaining terms of interest are then

[D{Ce) (B

G = e (5.44)
11Qln ( Q1)
o _ ,IDIQ.PIPIO)[QIPIB) + (PDIQIB) — (P- Q + V4:/2)[D|P|B))[Q|P|C)
1 - P2A3 )
(5.45)

and a similar result at O((), again all given in [91]. GF is simply related to (5.45) via rational
conjugation.

These results generalise to any multiplicity but quickly become unwieldy and we would
like to reduce the size of our results for faster numerical evaluation, especially in future
calculations when numerical fitting will be required. Naively applying these results for this
case leads to a lot of redundancies which can be dealt with analytically without losing much
generality, the only constraint being that the cuts are on “two-mass-easy” boxes, including
the one-mass box limit of this as we see in the five-point case. This constraint is fine for

single-minus calculations as we do not expect to see “two-mass-hard” boxes or higher mass
boxes [100].

v o Q9 v o P
A \ 4 A \1..62
T, \k=—(P+Q) ) k=—(P+Q)
P—w Q—w

Figure 5.16: The two independent double cuts that contribute to the non-zero scalar bubble
coefficients. Here k% = (P + Q)% =

The simplification comes from making a suitable choice of ¢; such that (P + Q)% = 0.
This can always be achieved for the two-mass-easy boxes, as shown in Figure 5.16. Of course
it may be easier, depending on the numerator, to write the uncut propagators as both being
massless but with different cut momenta ¢; and ¢, but this often leads to canonical forms
that require more work. From here we see that

4 2 2
=Q°+ Q -+ QQ—P Q= ¢ B3 (P + Q) = (5.46)
This is useful as if we write P and Q as nullified combinations of each other the corresponding
Gram determinant simplifies to Ag = 4 (P - Q) and so \/As is rational. Keeping the labelling
from Figure 5.16 such that P + Q) = —Fk, it is easy to show that further simplifications can
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be made such as

2
2P.Q=2P. <Q + ﬁp> — [k|P|k),

o (—-P*Q" +2P - QP") = P
T 4P Q’ - 2[k|PlR)
(XIPQIY) = (X[KPIY),
k|P|k
(xlkgly) = M0 i pipy),
A(P.Q) = 4(P- Q) - 4P'Q?
S ((P+QP = PP = Q) —aPQE = (PP Q= PR (54)

Q being null only relies on the massive propagator being (¢; + Q)? with (¢; — P)? = 0 such
that (P + Q)? = 0, or equivalently with £; — —¢;. The uncut propagators simply specify P
and Q. All of the above allows us to write the reduction (5.43) in a more useful form

(D) (B (BL) P ([DIQ\A><CA>+P2[D|Q\Q><C|k’Q|A>>
[1QI6) (A L) (AlPK[A)\ [£1Q]6) (AL) [k|P|k>2<€Q>

_([D|p|A><CA>+ P ([D|P|]5><C|Qk:|A> [D|P|Q><C|kQ\A>)>>’ (5.48)

(AL) [k P|k)? < > <£ >
as well as
o _ 2[D|[Q7P]P|C>[Q|P|B> — P2[D|k|B)[Q|P|C)
' P2[k|P[k)? ’
5 . IDIQ, PIP|C)[P|P|B) + (P?[D|Q|B) + Q*[D|P|B))[P|P|C)
Gy =2 PERPIk)? ) (5.49)

At two-loop we only see cubic terms so this only needs to be performed once per cubic term
as the results for all of the special cases are known up to quadratic order. All of these results
are easily coded up with only P and () needing to be specified. The results here work for
any two-mass easy box with any number of legs so this should all scale well going to higher
multiplicity and reduce computational requirements.

One final thing, the inserts required a new canonical form to be calculated of the form

H3(D,, Dy, Dy, By, B, By) = [D:|¢| B1) [ Da|¢| Bo) [ D3| Bs). (5.50)

A new parametrisation is proposed here where we again define P = P°+4 P! for (> = ({—P)? =
0:

(= (P + PHYA+ (P" = PB4+ ApApiC + AptAps C* (5.51)

and we want to change to spherical polar coordinates. To do this we need to be careful that
P} >0 and P} > 0. This is because the magnitudes of the basis vectors are P?, —P?, —P?
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and —P?, and for the mostly minus metric we want P? > 0 to have the correct spherical
integration region. Having changed to spherical polar coordinates and imposing the cuts, we
have left over

P’ + Pt P’ — P* Ao\ CAwid
b= —; + cos(f) —— + sin(0)cie 2PN sm(e)e—w—AP";Pb
= cos? (g) P’ + sin? (g) P* + sin (g) cos (g) e'”\ps Aps + sin (g) oS (g) e Npi A ps,

(5.52)

and we can read off that

0 0 , N 0\ ~ O\ o+
Ay = cos <§> Ap» + sin <§> e Xpi, A\ = cos (§> Ap» + sin (5) e\ p:. (5.53)

We may then define

z=e (5.54)
include a normalisation measure of
sin(6)
_ 5.55
2(2mi) 2’ (5.55)

and then perform the 0 integral and the z integral via Cauchy’s Theorem to obtain (after a
little tidying)

HS(D17D27D37317BQ7B37P)

1 P2
= Z[D1|P|Bl>[D2|P|B2>[D3|P|Bs> D) [Dy D3] (B Bs) [D1|P|By)
P2 P2
ST [D3 D1} (B3 By) [Da| P| Ba) — I (D1 Dy] (By Bs) [Ds|P|Bs)
1
=5 2 (IDIPIBYIDslPIBis) [Diral PIBisa) = P*[D; Diga (B Bisy) [Diral PIBisa) ).
1€273(1,2,3)

(5.56)

We therefore have target canonical forms, an automated piece of code which takes them and
gives the coefficient of the scalar bubble, and a way of reducing the algebraic complexity
of massive propagator pieces on two-mass easy boxes. This is all written to scale to higher
multiplicities.

Some preliminary tests that we can perform include checking the correct flip symmetries
of the results. We expect the insert numerators to have the same flip symmetries as the
amplitude, and indeed the numerators have been built to accommodate these flip symmetries.
We therefore expect the cuts and integrated results to also have the same flip symmetries, as
indicated by the example given in Figure 5.17.
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e
Figure 5.17: Two insert structures related by flips. The integrated result of the left diagram

with {a,b,c,d,e} = {1,2,3,4,5} is equal to that of the right diagram with {a,b,¢,d, e} =
{1,5,4,3,2).

With that said we now have all of the inserts integrated and can move on to the genuine
two-loop structures.

5.3 Two-Loop Pieces

We have so far only needed to deal with pseudo one-loop calculations but it now behoves us
to look at explicit two-loop integrals. We can look at the structures and expect at worst a
two-mass triangle integral followed by a box integral. These integrals will have varying powers
on the propagators and Feynman parameters in the numerators. Every numerator associated
with a diagram that contains a bubble within an internal propagator looks schematically like

(Lala))™(alLatula)  (Lala))™(a|Lalula)  ((La+2ly)|a))"{alLalyla)
L%(La — Ly)? ((La— 2,)? + 2(1 — 2)2)? (L2 + 2(1 — z)e2)”

(5.57)

where we have suppressed integral notation, (L4|a))™ indicates that any other factors of L4
are capped with leg a, and x is the Feynman shift variable. We are then left with tensor
integrals that integrate to 0 either because they are odd powers of L4 as there is always at
least one power, or because the result contains (aa) .

We therefore only have contributions from diagrams with triangle insertions. We see some
of the numerators go up to as much as (L3)* and so expect at worst quartic powers in the
Feynman parameters. We can solve these integrals using some well established techniques
such as dimension shifting the integrals and making use of generalised scalar box integrals.
We will briefly review these two techniques but then calculate a new version of the generalised
box result which is much more compact and easier to perform e-expansions on.

5.3.1 Dimension Shifting

We make use of the identities for the general Feynman parametrisation

SR Yo P 5 (1 X5w)
DY'Dy...Dy [ P(w) Jo 25 7" Dy + @Dy + .+ 2, D)

5 (5.58)

114



where 0 = Y, v;, and the loop momentum integral

de pr | PHem 1. ph2m " Tlo—m— % 2 .\ —o+m+L2
/Zﬂ.2 [g R2+15] (_1)0 [(g)®m]{ } (_%) [ F[U] ]<R _25) +3 ,
(5.59)

where [(g)®™] toisomd ) eans that w; are distributed over m copies of g in all possible ways.
Given ) . x; = 1 we complete the square to write

v1Dy + -2, D, — 2 — R* +i0, (5.60)

and so we can combine (5.58) and (5.59) to give a scalar integral

dPs (c—2) imzo(1— 3", x;)
ID Lo, Up) = _ = d ; vi—1 j=1J
s (Vly y Vi ) / Dllll o D;/Ln ( 1—[Z ] F l/z / ]i[ T x,; [RQ B 2.5]0-,% ,
(5.61)

where D is the dimension and does not have to be 4 — 2¢. We also need to consider tensor
integrals with possible extra powers of the Feynman parameters dv;,

ID(V175V17V275V27”' Vna(sy’n
(51/J 1 m n
o /dD / de xuzﬂnj 175 e g (1 = YT T
Pl - m“QmHl 1F Vi) [11D1 + 29Dy + ... + x,D,]°
j|{ﬂ1 H2m} (_1) F(Un_ m—7)
2 [T (i)
1 -
" de s o(1 =2 %) (—1)
0 [R2 N 25]o+6a [ +m+d0]
o li2m "
e ()

YL +0v) b 5. 5p
XEWW (=17 TP (1 + Ovy, - -+, vy + O, (5.62)

=P, "'meHQm[

. D
T2

where 0o = > | dv; and the shifted dimension is
D = D +2m + 200. (5.63)

This allows us to relate any tensor integrals with bonus powers of Feynman parameters in
the numerator to be related to scalar integrals with shifted powers on the propagators and
shifted dimensions. Again, we expect at worst a two-mass triangle integral followed by a
one-mass box integral with quartic power of loop momentum. We therefore would like to
consider a general form of a scalar one-mass box integral with arbitrary dimension or powers
of propagators. This has been previously calculated but we will push it further and provide
a much more compact form.
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5.3.2 Generalised scalar one-mass box integral

Fq ky

Vy

ks

I/’A

n2
Figure 5.18: A generalised one-mass box with k2 = M? and all other k? = 0. The internal
propagators { Ay, Ay, Az, Ay} have arbitrary powers {vy, vo, v3, 14}

Our starting point was the result from [1] which used a derivation in [102] which we will
summarise here. Starting with the labels in Figure 5.18, the generic scalar one-mass box
integral is given by

dPe 1
ir3 Al AZ AP AL

IP (v, v, 3, 045 8,1, M?) = / (5.64)

where more generally the {s, ¢, M?} = {Q?} are all external kinematic scales for a given setup.
We use incoming external momentum k; for this derivation so we can write the propagators
as

1—1
Ay =0+is,  Ai=(0+) k)P +id, i#£1 (5.65)
j=1

where for the one-mass box we consider k? = M?. This ordering of v; will be used for the
rest of this paper. We rewrite (5.64) using Schwinger parameters x;,

4

Lo [ 4P s
]4D(V1,V2,V3,V4;{Q?}) — (_1)JHF(V-)/ dz; ¥ 1/2'7T§ 62;1:1 JA;
7 0

=1

dPe
_ / Da / Lesiima (5.66)

1T

and then perform the Gaussian integral to give

IP (v, 09, 03,045 {Q?}) = /Dxp%egﬂ), (5.67)
where
P =1+ 29 + 3 + T4, (5.68)
and
Q = 11235 + Toxal + T4 M2 (5.69)
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This is then evaluated using the suggestions found in [103-105], where we treat the dimension
D as a negative, even integer for (5.66) and (5.67). This allows us to write (5.66) and in

(5.67) as a multinomial expansion. This expansion can be written as

2
l/l,VQ,I/g,l/4,S t, M?)

/ Dr Y / d¢ fﬁA M (2y Ag)2 (w5A5)" (24 A4)™

T 2 TLQ! ng! n4!

ni,n2,n3,n4>0

/D I1x35)‘11 (wayt) ™ ($1$4M2)q3 ot al
S>0

RPN o X (et pe s+l (5.70)
41:92:qs° p1!palps!ps!

S ={q1, 92,43, 1, P2, D3, pa} and with the constraint

G+t tp+p+tpstpi=—— (5.71)

2 )
which ensures the powers of P and Q are correct. This equality in (5.70) comes from ex-
panding (5.66) and (5.67), and given that the z; are independent variables the integrands
themselves must be equal. Calling v; = —n;, we can take the z; " coefficients and compare
these with the other side of the equality, extracting the Schwmger integrand to give

Z 1+p1+p2+p3+p4]
Fl

IP (v, 09,13, 045 8,1, M?) =
1204 + @1 + go]T'[1 + g3]

5>0
LT[ — v
X . —— 3‘1115(12(M2)q3, (5.72)
paiy F[l + pi]
where we can read off the constraints
¢1+q+p1=
Q2 + p2 = —Vo,
q1 + p3s = —Us,

G2 + q3 + Py = —y,

G1+q+qg+pr+p2+ps+pi=——= (5.73)

5
We are left with a system of five constraints on seven summation variable, meaning two
variables will always be unconstrained and so we have fifteen possible pairings (twenty-one
total pairings but six have no solutions). We have also assumed here that both D and v; are
negative integers and need to analytically continue the solutions to forms that converge for
positive and possibly non-integer D and v;. The procedure for presenting these solutions in
a sensible closed form is to first convert any I'-functions into Pochhammer symbols

I'[z +n|

(I = —Frr (5.74)

as this is the most suitable way of presenting generalised hypergeometric functions. Following
the example in [1] and solving for variables ¢; and ¢o, we have the solution (labelled Itd1-a2}
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for obvious reasons)
[[1— Tl — w1+ 0 — D]
r 1+%—U}F|:1—|—U123—%}F[l"‘l/gg;l—%}

(0= %) e W () (22) (L)
)

1
(T+vis—2) Q1+ —2) ¢! ¢!

o} — (M2)§fo

q1,92>0 q1 q2
D D D
— (_1)%(M2)%7UF [U — 3] I [5 — 1/123} r [7 — V234]
'y T v T'[D — o]
D D D
x Fy |:J—§;V3,V2;1+V123—5,1+V234—E;S,T , (5.75)

where S = 35, T = #, Vij = Vi +Vj, Viji, = V; + v + 1, Fy is a generalised hypergeometric
function, in this case the Appell function

D) (B) 2™ 3"
Fyla; b,V ¢,dsa,y] = Z (Dt O)m (U ™ y

m,n>0 (©)m()n m! nl’

(5.76)

and we have used the identity

3

11 Plod _ _jysti6i-an H % (5.77)

with 327 (8 — oy) = D and we assume 2 is an integer. This assumption has already been

made when performing the multinomial expansion. This final result is analytic in D and v; for

D being non-integer and v; being positive integers. It is also analytic for non-integer v;, which

is something we will have to consider. A similar process may be followed for the remaining

fourteen solutions. In all cases we can write the solutions as some prefactor multiplying a

generalised hypergeometric function, a total list of the relevant functions is given in [102].
These generalised hypergeometric functions have different convergence regions. These

regions are fully detailed in [102] but as an example, for F; we require |z| + |y| < 1 whereas

for the Horn function Hy has convergence for —|x| + ﬁ > 1, |z| < 1, ly| < 1. We can divide

the kinematic regions indicated in Figure 5.19 which is provided in [1], and as follows:

region 1

|s| + |t] < M?

region II(a)

[t| > M?* + |s| and M? > |s|;

region II(b)

[t| > M? + |s| and M? < |s|;

region I1I(a)

|s| > M? + |t| and M? > |t|;

and finally region ITI(b)

|s| > M? + |t| and M? < |¢t|.

In any one region there will be solutions to the system that converge and solutions that do

not converge. The generalised scalar box integral is then the sum of all of the convergent

functions in any given region. Some of the solutions will appear in multiple kinematic regions

and there are certain values of v; that would appear to cause individual solutions to diverge

but they can be regularised and seen to cancel in the full sum. It is also possible to relate
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the functions to each others via analytic continuation. This is the main result of [1] but we
would like to take it further.

It/ M2

(L)

lIi{=)

1 1 ]
D 1 2 q 4
|| / M2

Figure 5.19: The kinematic regions for the one-loop box with one off-shell leg as shown in [1].
The solid line shows the phase-space boundary |s| + |[t| = M?, together with the reflections
|s| = |t| + M? and |t| = |s| + M?. The reflections are relevant for the convergence properties
of the hypergeometric functions which only involve the absolute values of ratios of the scales.
The dashed lines show the boundaries |s| = M? and |t| = M? .

We will only consider working in the fundamental region (region I) as this helps when we
need to perform a Mellin-Barnes expansion. In this region the general one-mass scalar box
integral has the form

]4D(,/17 Vo, U3, V43 S, T, MQ) — Jlave}y o e} o plevpay o pipasee} (5.78)

where it is to be understood that the functions on the right hand side of the equality have
the same arguments as on the left hand side. We have already seen 1199} the remaining
three are

vl g2 g_UF[V234 — DIT[2 — v493]T[2 — v34]
(A7) DU [m)T[D — o]

Jievay — (_1)

D D D
x Fy |v1;vs, 5 T s 14 vi93 — 5 1+ o Vs S, T, (5.79)
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Jiprpal (_1)%5%*1/12377%*1/234(MQ)gfd
v Iv103 — %]F[VQ:M ]F[§ V12]F[§ - V23]F[§ — V34
L[ |Cwe]Uws]L[va] DD — o]
D D D D D
x Fy [5 — V235 9 — V2, = 9 — 3 1+ o V123, 1 + 5 Vo343 9, T] (5-80)
and
Jlpea2} — (—1 )%S%—V123(M2> F[V123 — %]F[% — VlQ]F[% — Vo]
L[ |T[ws|I[D — o]
D D D
X Fy {V4; 5 T Vi 1+ 5 T Vi 1+ va34 — 5 S, T} . (5.81)

These are results that we pick up from. Looking ahead to the second integration, we expect
to see boxes that have undergone a Mellin-Barnes identity which we will see functionally
adds a further infinite sum to these boxes. We expect to see many different types of boxes
and would like to eventually e-expand them all which we can already see will be an unwieldy
endeavour.

5.3.3 A New Compact Form of the Scalar One-Mass Box

We would like to push these results to a more manageable form. We will be making use of
hypergeometric identities which can be found in many places such as [106].
First note that these have a common structure

(=1)2 (M2) 2= f(S,T) /
F[Vl]F[VQ]F[I/S]F[V4]F[D_O_]F[a] DI T[T

1 — ][l — d]Fs]a; b, 05 ¢, S, T, (5.82)

where f(S,T) are combinations of $% 125 and T2 ~*2. [{0.@} and [{P192} have i and ¢ in
common so we will add them together for now

]{q1 ,q2} + I{m,qz}

D D F[Q — 1/234]
=(=1)2 M2 5—0 2
(=02 (M) e D — o
[lo — 22 — v193] D D
( 2F[V42] 12 2 [ —§;V3,V2;1+V123—§,1+V234—§;S;T]

F[V123 - %]F[g - V12]
F
2 2

D D D
Vg — — Vig, Vo, L + — — 1193, 1 + 1934 — 5§57T} )

e D Dlemw e

D
0 1+V234 — 5)71 n!

Tlo — 2172 — — Dy D D
o lo — SIT[5 — vasl(o — F) oy |0 — — +n,v51 + 1493 — —; 5
F[V4] 2 2

[[v123 — IT[5 — vi2] (va)n

D
+ 57
[[vs]

D D
2F1 |:l/4 + n, 5 — V19; 1 + ? — V1923, S:| ) s (583)
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where we have used the fact that

n b/ n "
Fyla;b, Ve, ia,y) = %% oFy(a+n,b;c;z). (5.84)
n>0 n )
This begins to look like the identity
Tlell'|b — a 1
oFi(a,b,c;2) = FMFL — a} (1 —=2)"%F [a,c —bya—b+1; = z}
[[e]la — b] b 1
1— Fy|bc—a;b— 1; .
T e —g 1~ eft |he-wboat i1, (58
if weseta =0 — %—l—n, b=vs+n, c= v +n. This leads us to
Jlavez} +I{p4¢12}
D _ n _
_ (_1)%(]\/[2)%70 F[2 V234] Z (V2) 5 T_F[a]r[b]r[c a] g
NP2 a] (1 + vogg — F)n 1! I'[c]
C[c]T'[b — a] yLlc]la—b
¢ o F —b;a—b+1; b b— 1;
X (S T[oTe = q) 211l e~ bra = b LS4 S'pp = o Bl a+1;5]
D _ D _ Tyn
_ (—1)25Eo (23 LL15 — vesdll'[5 — vig) Z (12)n _ (3)
P Tm]l[D — o] 2= (14 va3a — 5)n 7!
Llo— 2 +n|lvs+n D S —1
[ 13[”34i7£]4 ]2F1 {g—§+n,y4+n;u34+n; S ], (5.86)
where we have set S = . Similarly for the other pair
Jieva} o ppupa}
= (_1)%7"%*11234 (MQ)%fUF[VQPA B %]F[% - V34] Z (%D_ V34)n E
F[VQ]F[I/4]F[D — O'] >0 (1 + 3 V234)n n!
D D
X (P [5 - V123} (1)n 251 {M +n,v3; 1+ g3 — 5 S}
+ S%*V123F[V123] — 305 — vl (5 — vasl(§ — vas)n
INTZYINIZY
D D D
X oI [5 —1/23+n,5 —V12;1+§—V123;S} ) (5.87)
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Wherewenowseta:u1+n,bz%—uggﬁ—n,c:%—l/g—l—n and rewrite

7irnai} + J{p1pa}

[lvass — 5IT(5 — vsd] (% —vsa)n T T[aTBT[c — df
L D[] P [D — o] £ (1 + D — Ugza)y 1! '[c]

F[C]F[ b] e ah— a1
T[a]C[c — b] 2rlbe—ab—atd S])
o Dlvass — SI0[5 — v1o] 0[5 — vsy] Z (8 —vsa)n  (5)"

PlCa]CpallID — o] o= (1+ 5 — vosa)n 0!

Ll + 002 — e +n D D S—1
X i D][ = ]2F1 1/1—|—n,5—u23+n;5—1/2+n;T].

L[5 — vy +n]

S—a

= (=1)TT T (M2)T°

(gLl a] . ;
(s F[b]F[c—a]QFl[ —bia—b+1;5+S

= (=1)Z8™MTT "4 (M) T

(5.88)
We can push these expressions further by using a Pfaff transformation [107],
oFifa,bye; 2] = (1 — 2)7 %o F) {a, c—b;c; Ll] (5.89)
Z —

and then writing the hypergeometric function in integral representation

[{q1 ,q2} + [{p4,q2}

oy o T[S —vas]T[5 — v4y)] (Vz)n (%)n
= (S ) R R ] Z( n

Ilo — 2 +nl[vs + n] D S —
21 |0 — — + N, Vs + N3 + 1
[[vsg + 1)

2 ; ]
D D o Dlo—2INE — vas] 5 — 119
L[| Dva|T[D — o]

Vo) T (0 — 2),)0lva+n
B I VN 3 81\ 7R

(]_ —+ V934 — %)n n' F[I/34 + n]

JTlo = 202 — vy T[2 — vy

D
oI [5 — V19, V4 + N34 + 15 1 —S]

57—V123 (MZ)

(0 = $)n () (uT)"

(14 vo34 — %)n n!

X /0 du(l — u(l _ S))mz*%umfl(l . u)ug—l Z

n>0

(5.90)

and following the same steps

ipna} + Jip1pa}

[Mvazs — %]F[g - V12]F[§ — v34]
L[wo] T3] [m)I[D — o]
(5 — v30)n(v1)n (ul)"

(1+ % — Vaga)n M

= (—1)%5%‘”123]”%—11234 (M2)%—a

1
X / duu® 7 (1 —u) 7 (1 - u(l - §))2 e Y
0

n>0

(5.91)

Strictly speaking, (5.89) is only valid for z ¢ {1, 00} which is not true for ! in some parts
of the fundamental region. We will see in Section 5.5.4 that it actually benefits us to be a bit
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loose with which region we are in for intermediate steps, and worry about which Riemann
sheet we are on later. Having said that, it is still good to keep these assumptions in mind as
we never know what complications might arise for higher multiplicities.

We can then combine all four terms, pushing towards (5.85) with a = vy, b= 2 —v3y, ¢ =
vi2 and uT' = = to give

I4D<V1, Vs, Us, Vs 8, 1, MQ) — Jlave} + J{Pe.a2} + Jirva} + Jiprpa}
Plo — ZI0[5 = v2]T[5 — vad]

F[V;;]F[ vy Do) D — o]

/ duz (I —wu(l—9))"=~ 4’1(1 — u)”?”l

— (_1)%5%—V123<M2)%—0

u Clv]l[8 — vasd] (v2)n(0 — 2)n (uT)”
() F[% vag|Ulv] (14 v34 — %)n n!
o, Tl [vess — 51 (5 — vsa)n()n (uT)" -
(uT) L[]0 — %] (1+ % — U934)n N (uT)
= ( )%37*1423(]\/[2) F[U_ %]F[% _V12]F[§ _V34]

N2 ZRIN

/ duz 1 —U V12_3UV4 1<1 - u)l/3_1 [(VQ)nEyw;nVM) (uu;; >n (uT)—Vz

[lo — 202 — vo]T[2 — vs4]

2 2

F[Vg]F[V4]F[V12]F[D — o‘]
/ duz 1 — u 1 _ 1/12 Ut~ 1(1 . U)V3_1 [(V2)n(0' — 3)11 (1 _ uT)n

n>0 (V12)n n!

= (=1)2 8= ()2)2 0

(5.92)

where the last line comes from performing a Pfaff transformation followed by an Euler trans-
formation

oFi[a,bic; 2] = (1 —2) Py Filc —a,c— b;c; 2]. (5.93)

We arrive at a compact form of a general one-mass scalar box function. It is an integral
involving a hypergeometric function, or as we will see, an infinite sum of Appell F; functions
but we will see later it is quite simple to e—expand and usually simplifies greatly for specific
cases. We will also see later that with a bit of work we can simplify the Mellin-Barnes sum
of the general box that we will need for the tricorner box.

With the triangle integral in mind, we can use this result to derive an expression for a
general two-mass triangle by setting v3 — 0. We use Picard’s integral representation of the
F function,

L[]

1
Fila; by, by c;x,y] = m/o duu (1 —u) " (1 —uz) ™ (L —uy) ™™ (5.94)

for Re(a) > 0 and Re(c —a) > 0, as well as

Filaby,bssas ) = (1 — )™ (1 — )™ (5.95)
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to express (5.92) as

1—3[)72m<1/1,]/27]/4;t7M2> = I4D(V17V27V3 — O7V4;8,t,M2)
O’S%_V123F[% o V12]F[0' B %]F[% - y34]

F[Vg]F[V4]F[V12]F[D — 0']

D _

~~
[\
~—
N

v3—0

Xy e %):<V.2)m /01 dun” (1 —u)* (1 —u(l - 8)"> 72 (1 — ul)"

T[2 = vya]T[o — 2I0[2 — vy

INIZNNPANZIN

D
Fy (V4; — — Vig, —m; U351 — 5, T)

2

v3—0

% 12) F[% — V12]F[O' - %]F[% - 1/4]

INPAINZPNI

% D F[% — Vlg]F[O' - %]F[% — V4] 2F1 (0_ _ 12)

[[v4|C (120D — o] o V2t 1 — T) . (5.96)

This agrees with previous calculation although it is more compact than the form presented
in [102]. We can do the exact same procedure for one-mass triangles by setting v4 — 0 to get

I:?’lm(Vl, vo,vs;8) = I (v, va, v3, 4 — 0;5,t, M)
= (—1) D[2 — vio]lo — 202 — 1]

D D
oL 2 217 13

L[vs] D[ |T[D — o] ’

%
S 123

(5.97)

agreeing with the already well established result. These results were checked numerically for
several configurations. A quick check of the standard scalar triangles shows us

m e o L=+ €'l — €
122711, 1 8) = (— 1<) LI AT =

2
oF) {1%,1;2;1—%]

['[1 — 2¢] P2
_ (—1)*%( 2 -1 [ 9 (()) = = (13) )] _ rrl(=ph) " = (—=p3) ]
5 P3) 2 _ 2 2(2 _ 2
€ P1 — P> e2(pi — p3)
() = (s e B

as we would expect.
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5.3.4 Integrating the Numerators

a 7
L S Q A; J
Ew \ 4 Lo
AL,
pY
k Ly w

We are now prepared to perform the first integration. Using the labels in Figure 5.3 and
above, we choose L3 as the loop momentum to integrate and so rewrite

Ly=Q — Ls ly=—Ls—a . (5.98)

Using the tricorner box numerator as an example

N = (a|a(—Ls)|a){a| Ly PLywQLs|a)
= (ala(=Ls)|a){al(Q@ — L) PLywQ(Q — Ls)|a)
= (a[a(=Ls)|a){al QP LywQ(—Ls)|a) + (ala(—Ls)|a){al(=Ls) PLywQ(—Ls)|a) + . ..

(5.99)

where the ellipsis means a propagator was cancelled creating lower order diagrams (which we
still keep track of). Next we Feynman parametrise

3
L%Lglz} — ((1 — X9 — JTg)Lg + l’g(Q — L3)2 + 1’2(—L3 — 6)2)

- <L§ +2L3 - (x9a — x2Q)) + 1’3@2)3

= <<L3 + xoa — JZgQ)Q + 1'3(]_ — IL‘3)Q2 -+ m2x3[6|Q|E)> .
Ly — L3+ ZL‘3Q — Toa. (5100)

Note here that every Lj in the numerator appears as . .. Ls|a) so any tensor integral involving
the Lz would be proportional to (aa) = 0. This is all easily automated in a way that performs
the substitutions and counts the powers of the Feynman parameters. This can then easily be
generalised by combining (5.62) and (5.96) to give

irs (L3)"((Ls +@)?)*2((Ls — Q)?)"
[[va + m|Tvs +n iom e o
= [ 21“[,/ ]]I‘[[l/j] ](_1)m+n[3D 4+2m+2n—2¢,2 (v1, s + M, v + 15 PQ’QQ)7 (5.101)
2

where given it is the first integral v; = vy = vy = 1 here. These integrals had previously
been calculated using Feynman integration and provided to me but (5.101) served as a good
check.
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We can inspect the results here to find they each provide bonus powers of the remaining
loop integral propagators,

(@) (P
(pz _ Q2)1+m ’ (p2 _ Q2)1+m'

where m = {0, 1,2}, as well as various I" functions and powers of € which are kept track of.
These are the bonus powers of propagators that come from the first triangle integrals. We will
eventually need to expand the (P? —@Q?) in the denominator using a Mellin-Barnes expansion
but there are some simplifications we can do first. We use the following replacements

(5.102)

[w| L, Pla] — L? [wa] + [w|Lk|a], [w]|L1 PQla) — L2[w|Q|a) + [w|L1kQ|a),
[k|L,Qla] — —P?*[ka], [w|liQla] - —P?*wa) — [w]kQ]a],

[@|Pla) — —[alQla), [k|L1]a) — —[k|ala) — [k|Qla),

[wlLila) = —[w|Prala) — w|Qla), [k|Pla) = —[k[ala) — [k|Q]a) (5.103)

followed by further replacements

[al@[F) {a ‘> [E|Q|‘> (ka)

[@|@la) —
Li[ G\Pwk| 2 P2lajwla) [@|Qk) [k|w|a)

[ |Q| ( — +é <ka> W_[W|Pk6|a> <kw>+T>

1 L3 a\Pwk] 62 (ka)[ka] P?*lwd](ew) APl (k7
[k|Q| (kw> <k:w) [ |Pka| >[k ]

G\QW [k w] < a) | [aQa)[w|k|a)
o) (k ea)

a1k}~ 7 ( aAQIK) () + [7IQfa) (k >)

(w|La|k) — <P2 wal — [a|Q[k) [kfw]>

Lia|Pwla) P?lwal wa) [alQlk) [kw] (wa)
wilifa) — <wk)< [k a] Elak)+ [k a] [k a] )
(5.104)

with the goal of having all the loop momentum contributions being in the form of either
an inverse propagator, [a|Qla) = P? — Q? to reduce the Mellin-Barnes denominator, or
[k|@Q|a). This means our second integral either has cancelled propagators or only an x4
Feynman parameter being contributed. This means v3 < 1 for all terms which makes the
later expansions more simple.

Something to note here is that a triangle with an ¢2 x [k|Q|a) will pick up a tensor integral
if the second integration is Feynman parametrised as a triangle. This can either be dealt
with by explicitly performing this tensor integral but we found it to be easier to automate
by simply treating this as a box with v, = —1. It is easy to show these methods are equal,
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for example

/ dP  2[k|Pla) _/ dP (P — k — w)?[k|P[a)
2 P2(P+aR(P—k)? ) in2 PP +a)2(P — k)2

/ / QLogdlry P F2¥s5ka & Sko — (W]p — 220 + 23K|w) — [Klp — z2alk)) [Klpla)
27'(' 2

[p2 — R% 4 2'5}3
0 \MM[WI‘)
=0 /mm /d 2023 R2~|—z5}

2 2 1
/ / podig p)< Aakip) = (4w - Aay) x I672(1,1,1,0)
it —R2—i—z5} 2

= [klwl@) x ZJ7*(1, 1, 170> (5.105)

where here we have used (5.62) to perform the tensor integral after a triangle Feynman
parametrisation. Opting instead for the box parametrisation

P — p— x9a + w3k + x4 Py, (5.106)
we see schematically, again using (5.62),

dP [k|P|a) dp  z4lk|wl|a@)
/ in? PRQRLA(2) ﬁ/ in? P2Q2LY(12)
r[0)
T—1]

and so we see (5.105) and (5.107) are equal. All cases of tensors being treated as scalar pseudo-
boxes have been checked by hand and numerically. Having now rewritten the numerators
to simplify the second integral and choosing to use a box Feynman parametrisation for
everything to avoid the need for tensor integrals and to aid in automation, we must now
consider the Mellin-Barnes expansion.

= [k|w|@) == (=1)Z%(1,1,1, -1 + 1) = [k|w|a@) x T672¢(1,1,1,0) (5.107)

5.4 Mellin-Barnes Expansion

We now have a set of integrated structures which can be sorted into boxes, two-mass triangles,
one-mass triangles and massless bubbles. We have written the numerators of these structures
to contain only propagators, [a|@Q|a) and [k|Q|a) so we expect only scalar integrals. We also
have (P? — @?) terms in the denominator which need to be expanded via a Mellin-Barnes
expansion

1 1 1 erico  Pl—2]T[1 + K + 2]
]/C (5.108)

= dz .
@R ™ ~ 2miT + 4] Jos (P2 H(—Q2)1H"
The T" function is never zero so we can use Cauchy’s Residue Theorem by closing the contour
either to capture the poles in I'[—z] or I'[1 4+ k + z] to solve the z integral depending on the
relative size of the Feynman parameters associated with P and (). This can be seen with a
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simple example

1
(@ (P Q)
1 1 c+1i00 . 94 a4 /6
T omiT[l + K / el [=2]T[1 + 5 + 2] (=) F[oz([) + 2]13[50 E] Z]
a0+z 1 Bo—z—1 . B - B
/ dxl/ i s fan T
[p? — R? + i0]

c+ioo F[2 —+ o + ﬁ ]

e 14+K+2 0 0
~2miTl /c ioo Azl =20l w4 2)(=1) [lag + 2]T[Bo — 2]

ao 1 Bo 15 1 _ _ _ i z
/d[L‘l/de‘Q/dlL‘g/dlL‘4 :El x2) ( xlao-i—ﬁ.CE()Q—f—Q 3 1'4) (ﬂ) . (5109)
[p? — R? + id] T2

where any cases of v; before the Mellin-Barnes expansion will pick up 1+ k + z and v, picks
up —z. We have denoted this as v; = oy — 1 — k and vy, = [y. After the expansion any
cases of v; 4+ v, will have cancelling z and will not contribute to the contour integral. Closing
the contour on left side of the complex plane, the residue at I'|—N] is IS[11+)]]\\;] =
happens for all integer N > 0 and so we can write the contour integral as

(=)®>  T[1+k+N] i\
2 N Ty + M - N (=) >:410)

27 1s always smaller than x5 and so this summation converges, allowing us to interchange the
integral and summation representation. This all translates to us being able to simply rewrite
our functions as

LI+ k
f(l/i, V9, Vs, 1/4) — Z(—1)1+ (]V,—‘>Nf(V1 + N, Vo — N, Vs, V4) (5111)
N>0 ’

where we define v; = 11, — 1 — k. We can now go back to our simplified general box function
(5.92) and look at a Mellin-Barnes expansion, where the reason for choosing the fundamental
region can now be made clear. If we want to perform a loop integral on objects of the form
(5.111) then we would ideally like to commute the dz and d¢ integrals. However, in doing
so we might introduce new poles if the loop integral result has gamma functions of the form
['[11] ete, and there is an ambiguity about whether to include these poles in the contour
integral. Looking at (5.92), we see that all gamma functions are either free of v; and s,
come with the combination 1y 4+ v5 where the z cancels, or do not contain poles within our
chosen contour.
Pressing on, we can rewrite (5.92) using an Euler transformation,

F[% — I/lg]F[O' — Q]F[Q — V34]

(—1)% (M?)277(5) 2 F[Vg]F[V4]F[V12]2F[D2_ ]
/ du 20 1 — u V12—UuV4—1(1 — U)Vg—l (Vl)n((ZZ;nV:M)n <1 _an‘LT)n (UT)%_VQM

(5.112)
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where we can see that the bit that the Mellin-Barnes expansion effects is

[y (1 + N)n(5 — v34)n (1 —uT)™ (uT)=z 2N -vass
= > > 1+ R)y—t
V12 ( )N

n! N!
N>0n>0

— 1+f€ I/l N+n 1/34)n(1 + K/)N (1 — uT) (UT> +N V234
2.2 o

| |
N>0n>0 n(V1)N s N

D
= (_1)1+H(UT)%_V234F2 |:V1§ 5 T Vs L+ kv, 0151 — T, UT]

D
= (—1)1+”“(uT)%_”234(1 —uT) ' Ry [5 — vag; Vg, 1+ Ky 1 — T, 1]

b Ll — 2] D
— (=) (uT) 7 (1 — W)~ 20 |2 = vaa, v vig; 1 — uT
F[V12]F[6 - Q] D
= (=) (1 —ul) 1" 2 F |6 — =, v 1 —uT| 5.113
( ) ( u ) F[ViQ]F[U—%] 241 |0 2 Vo 1/12 u ( )
where we have used the identity
Byla;b,b;c,a;x,y] = (1—y) U Fy [b;a b, Ve, : < } , (5.114)
-y
and the fact that
Fila; by, by c; 2, 1] = oFi[a, by c; 1] 9 Fi[a, by; ¢ — bo; 2], (5.115)
which further reduces via
Clelc — a — b
Fila, b;c; 1] = ) 5.116
2Flabieil] = 5 e Ty (5.116)

This last reduction has the condition that ¢ —a — b > 0 so we have assumed ¢ — % > (0 with
0 = 0 — 1 — k. This condition is not satisfied for all of the boxes, but it always contains € so
we can analytically continue the € into a range that keeps this condition satisfied, then bring
it back for the expansion. &, has now been reduced from a double infinite sum back down
to a single infinite sum and can now be replaced in (5.112) to give

D,MB . 2
I4 (V17V27V37V4757t7M )

iy Bt 2y B g B ming L5 — Vo] U[6 — FIT(G — vad]
= (NP ETS AN

1
D
X / du(l —u(l — S))”m_%(l —uT) N (1 — )BT Ry |6 — o V2 Via; 1 —uT
0
(5.117)

which trivially simplifies to (5.92) for k = —1. With these results, we took our numerators
and performed the first integral, then took the box Feynman shift, counted the extra x4
powers and performed the necessary dimension shifting. It is easy enough to store the values
of {v1 = v + 1+ K, 9,13, 14,014, K, D}, strip the coefficients from the relevant terms and
compile a list of all of the boxes to be e-expanded. While we treat everything as a box in
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terms of the Feynman shift it is convenient to separate the terms into boxes, triangles and
bubbles for a few reasons: it made it easier to track down bugs, we only expect to see certain
initial structures as a triangle followed by a triangle etc, one-mass triangles reduced to I
functions so we could just use Mathematica’s built in Series function to e-expand them and
we can discard massless bubbles straight away as they have no kinematic scale (although this
was of course checked in the debugging stage to be sure). Regardless we will hereby refer to
all structures as “boxes” for simplicity as they have all been treated as such with respect to
the Feynman parametrisation.

It should be noted here that this procedure has been so-far automated in a way that is
blind to the number of legs in the massive corner of the box. Our numerators are written
entirely in terms of @, k, w and loop momenta so this, along with the inserts code which has
all been written to scale with multiplicity, should be simple enough to translate to higher
multiplicities. The only additional structures we expect to see would be two-mass-easy boxes
which would need the same treatment as (5.117).

5.5 e-Expansions

There are several ways we can expand these boxes. An easily automated method is the nested
sums approach which we will review later as there was a small number of cases where this
approach was straightforward and bypassed issues of diverging integration spaces. The form
of (5.117) however suggests we should expand this in an integral form. Schematically this
involved taking a piece like (1 — uZ)%™ and expanding it as

2.2

/0 duf(u)(l — uZ)*tb = /0 du f(u)(1 —uZz)® <1 + belog[l — uZ] + bTelog[l — uZ]2>
(5.118)

and integrating the result. In some cases the integral diverges near the limits but it was
mostly enough to integrate with respect to v and take the series expansion of u =1 — ¢ and
u = 0, seeing that the divergences cancelled explicitly. In a few cases this was not enough
and some extra work was needed which will be outlined shortly. Indeed, these integrations
are being done using Mathematica which has its own built in Riemann sheet and branch cuts
which we will ignore for now. Once we have covered the e-expansion in a bit more detail we
will outline how we fixed the correct Riemann sheet but suffice to say that the worst problem
this approach seemed to cause was somewhat large and unwieldy intermediate expressions,
although still no larger than ~ 10kb in size per box.

Using this method we found 55 boxes (v3 = 1 and vy > 1), 27 two-mass triangles (3 =0
and v4 > 1) and 22 non-vanishing one-mass triangles (v3 = 1 and v4 < 0). The vanishing
referred to here is specifically due to parametrising the triangles as a pseudo-box, where in
some cases this leads to the triangle gaining (> powers due to x4 shifts, promoting it from
a one-mass triangle to a box again. In any such cases, the coefficient trivially vanishes due
to the F[Vf‘;jy“] factor. These cases can be identified and discarded, reducing the number
of terms needed (again, in the debugging stage these were checked to make sure there was
no diverging box which might multiply this zero to give something finite). Within the 22
one-mass triangles, a few of the triangles integrate to zero so are also vanishing. The rest
were all massless bubbles (v3 = 0 and v4 < 0) which integrate to zero. Any cases of k < —1
simply had their [a|Q|a) expanded in the numerator as P? — Q2.

130



It is possible for both loop integrals to provide 6% terms although we expect cancellations.
The boxes and triangles generally come in pairs of

Li(rn =m+evs=n)— 1,1 =m,vo =n+¢) (5.119)

where m and n are integers and whose leading order in € terms cancel. When we perform the
Feynman shift and collect the full coefficients of each box for the second integrations, we see
that some boxes do not have a pair (more accurately they have a pairing box with vanishing
coefficient). These unpaired boxes were at worst O(e~3), which meant overall we see at
worst, E% terms at leading order, so our }4 coefficient is correctly vanishing. Perhaps some
closer inspection into the nature of these cancellations would be enlightening, for example it
seems that the leading nature of the (P?)~¢ term differing from the (Q?)~¢ term has some
dependence on whether P leads to a null corner and @) leads to a non-null corner.

On the subject of future investigations, it is worth noting that when going to higher
multiplicities we expect to see a lot of overlap of these one-mass boxes and triangles. The
numerators should not get any higher in powers of loop momenta and so we expect to see a

lot of the one-mass boxes have already been expanded here.

5.5.1 Boxes

We will now review some techniques we used to aid in the e-expansions. First it is useful to
highlight cases of (5.117) where the hypergeometric function collapses. In cases of vy = 0
and v, = —1 we can rewrite (5.117) as

F[% — 1/12]F[€7 — %]F[% — V34]

ID,MB —(—1 %—‘,—1—&-/{ M2 %—05%—1/123
(Z1) 7 Tl D vs Ty DD — o]

4,v9=0 —

1
« / du(1 — u(l — §))"> w1 (1 = u)s (1 — uT) 1"
0

T2 —vp]T[6 — 2IT[E — vad]

e —1 §+1+K M2 %—O'Sg_ylmi
(—1) (M7) [y Tvg,] T [D — o]

D
X Fl |:I/4; 5 — V19, 1+ R; V34, 1-— S, T:| (5120)
and
D _ 5 DL
If;i\ifil — (_1)%+1+H<M2)%—US%—V123P[2 V12]F[U 2]F[2 V34]

[vsa] T U[D — o]

D -2 D
X <F1 {V4;— —V12,1+K;V34;1—5,T} — 2R [V4;——V12,/€;V34;1—5>T] )
2 Vi2 2

(5.121)

For the vy = 1 cases, we have the freedom to push the hypergeometric sum forward without
changing the factorial in the denominator. This is not always needed but in some cases
o — % was causing divergences when expanding so it helped to make this argument bigger.
It also allows us to rewrite the Mellin-Barnes expanded boxes in ways that relate to the
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pre-expanded boxes

D I
D,MB _ -‘rl-‘rl‘{ 2 7—0' 5 —V123
Tipmr = (FLPR(ME)=708 AT AT, T[D — o]

X / du(l — u(l — 8))"2 2u (1 — w)* (1 — uT) 1"
0

X - % 1 . UT) i (5- - %)Q"Fﬁ‘f‘l (1 . uT)q—l-H—l-l
p= ) g=p—kKk—1=0 (ViQ)Q-Hﬁ-‘rl

F[% — 1/12]F[% — V34
L[] D sl [D — o]

— (_1)%+1+K(M2)%_US%_V123

“T[6 — 2+ p]Tws]D[v]
[vgy + p|T[vs4]

D
Fy [V4, 5 u12,1+/£—p;yg4;1—S,T}

! D
—]/ du(l — u(l — S))”m_%u”“_l(l —u) Ry {0 -3 1509951 — UT:|
0
(5.122)

which is a sum of Appell F; functions followed by the pre-Mellin Barnes expanded box up to
a factor of (—1)*. For the (P?)~¢ cases we perform a Pfaff transformation to give

D ~ D
[vaB _ (_1)%+1+K(M2)%7O'S%*V123P[5 - V12] [ - 3] [ V34] L&
Jr

Pws]Tpa] Pl JU[D = o]

1
x / du(l — u(l — §))2~ zuz iz~ (1 — u)* (1 — uT) ™"
0

. D ul — 1
X oF) |:0' — ViV T (5.123)
and can similarly look at collapsing v; = —1 and v; = 0 cases. This time we may use the
identity
. y—x
Fia; b1, ba; 01 + bas v, y] = (1 — )~ 2F1 | a, ba; by + by = (5.124)
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to reduce one of the summations and give

1M
Bt 2\ B B L5 — v12lT[0 — FIV(G — sl b,
= (CDFTTQLETS AR

1
x/<mu—uu—5»m&ﬁ’m3%1—w%1u—uT)l
0

F[% — vl — %] [ — vyl [D Vigal D _s
F[D 1/12 [ le]F[D — U] e
D D D B }

X Fy |:§_V123;5_V1271+’f; 5 — Vjg; 1

— (_1)%+1+H(M2)%—US%—V123

L[2 —v)l[6 — 2IT(S — vsa| T[S — viy3) D_s
[[2 — v DT lD -]~

D S§+T-1

E‘””_T?_W

— (_1)%+1+H(M2)%—GS%—V123

Vigs, 1 + K; (5.125)

D
x SViz~% L F [5 —

and

D,MB
14 wi=—1

P[% — Vlg]r[a' — %]F[% — 1/34]
Ppa]T{pg,]TD — o]

D S+T-1
y YRy

D_5

— (_1)%+1+H(M2)%—US%—V123

F[% — Vi) D D
X | —2— 22" GViss™ 2 ,F | — — e, 1
[F%—wﬂ i[5 by
~ DD
0 — 5[5 — vipg — 1]
+ D

Viga — 1, K;
Vig F[E_ViQ_l] 1

D MH

Vioa—2 D
Sl+ i23 22F1 [__ 5—V12—1, 5

2
(5.126)

We can peel off the x’s again for v; = 1 cases to give
D,MB
[4 wi=1

F[% — V12]F[§ — 1/34]

[[vs]Twa|T[D — o]

_ (_1)%+1+/€(M2)%—0’S%—V123

K A D D
% Z(_DPF[U -5 +p]F[1/31lF[7 — Vigg — P]Tg,;,,pspﬂ,izs,g
Ilviy + pl[5 — vip — P

p=0
D D S+T -1
X oFy 5—V123_p>1+/f_p§5_’/12_P,T

(5.127)

This is a sum of hypergeometrics but unlike the v = 1 case the last term is not exactly the
pre-Mellin Barnes expanded box as we have the v; = 1 argument in the hypergeometric. We
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may define vy = 15+ 1+ k and then the final term looks like the pre-Mellin Barnes expanded
box but with v; and v, as arguments instead of v; and vs.

From here, most of the expansions could be done using the integral representations and
then using (5.118) as a schematic way of expanding as we have previously discussed. However
in some cases the integration region near the limits would diverge in a way that would not
allow this simple method. We can find ways around this by deriving some identities using
Appell functions and summations. For example, we often consider the Fi[a;b,V; c; x,y] with
a = vy and ¢ = vy in Fifa; b, ; ¢; x, y] and for all of our boxes/triangles we have v3 < 1 which
gives commonly occuring special cases of ¢ = 1 + a. Taking the v3 = 1 boxes, we will take
the general case of expanding in some small variable §, rewriting the logarithms in (5.118) as
their summation representation

I ! ;
Fila; 8,051+ a; 2, y] = 1 +d] / duu® (1 — uz) % (1 — uy)~°
I'[a] 0
I[l+a) 2" k—1 -
= o a, ;1 +a;y| +6 — [ dwu N1 —uy) T +
['[a] ; kE Jo
= QFl[CL b/1+&y] +5§:x—kﬂgﬁa[a+k b'1+a—|—ky] +
7 ) ) k:1 k (1+a)k ) ) )
(5.128)
We can relate F to an infinite sum of 5F}’s via
Fila;b,V;c;x Fila+kb;c+k; 5.129
[ Yl = kZ:O () I k] oI Y] ( )
and then remove the k£ from the logarithm and relabel the summation variable
0 = zF
G—Z?—2F1[a+kz Vil4adt byl
k=1
i o1 + ), Fll+a+qb:2+a+qyl
2+aq:01—‘1+q 2+> 2471 y Uy )
1
=— ] (1,02 ; . 5.130
a(1+a) 1[ +aa s Y —i—a,m,y] ( )

We would then like to integrate this with respect to x but first lets derive a useful result for
this. Using

Yoo fmtnm—n)— Y Y f(s,2A—5) (5.131)

m,n>0 s=m+n>0 A=0
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we can resum an Fj function as

(a)ern
Fila; 1, 11+ a;2,y] = —a"y"
m%o (1 + a)m+n

-y ((aﬂx([m+n1+[m—n1)/2y<[m+n1—[m—n])/z

m,n>0 1+a)m+n
Yy 1+a -
s>0 A= 0
_Z s (T =y aoFia, 1514 a,2] —yoFi[a,1;1 + a5y
B 1+a x—y B r—y '
(5.132)
We can then take the special case of (5.130) with a =¥ =1
0 = 2F (1)
8_2?2_25 +k,1;2+ k;y]
k=1
1 Fi[1,2;3;2] —yoF1[1,2;3;
_ = [211’3$y] Hop) 1[7 737':6] Yo 1[7 73Jy]
2 -y
log[1 — y] — ylog[1 —
(fﬂ—y)wy
which we can integrate between boundaries {0, 2} to give us
log[1 —
[[1;6, 125 m,y] = _loall = 4]
Y
+510g[ “Jlog[%=7] — Liz[2] — Lis[$=}] — log[1 — yllog[*;] + Liz[7]
Y
(5.134)
and similarly
log[1 —
Fi[1501, 1,2 4 0232, y] = _Loall ~ 4]
Y
log[1=2]log[“=F] — Lia[z] — Liz[2=] — log[1 — y]log[ %3] + Lis[7L;]
+ 03
Y
—log[l —y] + = + log[1 — log[#7] + Li L
+ 0y Lot L~ vlloglym) + Lol (5.135)

Y

We can then perform exactly the same tricks multiple times, differentiating to deal with the
% from the logs, collapsing Fi’s to oF7’s then resumming these back into to F}’s which can
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again collapse, then integrating. This allows us to find

1 1-—
F[5146,1;22,y] = 10g[1 x}
—y

20 1—y y—x =1 Y
1 log |=——| — L — log[1 — yllog | ——
+y—w[%{1:JogL—l} 14@—J °¢| wogb—l}

) 1 T ) 1 w2
+ Liy L —y} + log[1 —x]log{ J — Liy L —x] +E

T (5.136)

If we need to go to higher orders in 9, these again usually can be expanded and then integrated
without too much issue using Mathematica. If not we can use the same tricks to get general
expansions of F}’s. For example the second order term for the above expansion involves

ZZ LK ﬁFl[erJrk’;1,1;1+a+k+k’;x,y]
+/

k>1 k'>1
Z Wprw T2F[Latk+kil1+at+k+ ko] —yoR[llatk+ ki 1+a+k+Ey]
kk/>1 kkl 1+a k+k/ x_y
(5.137)

and we can again deal with the by differentiating as

W

()k+k’ / /
Fill,a+k+k;1+a+k+ kK Z]
8waw k1 k k' 1+a/)k+k./
_ F[l + G]F[Q + CL] Z wq(w/)qlzm (2 + a)q+q/+m
a3 a2, 3+ @grom
L1+ a2+ a+q] )
= F2+a+q¢l,3+a+qw,Z
2; MalBratq U 4 w2
_Z 1—|—a 24+a+qw 1,2+ a+¢34+a+qu']—ZF[1,24a+¢;3+a+q; 7]
I'[3+a+q| w' —Z ’
(5.138)

where we we need to consider the Z = x and Z = y cases. In both of these cases we integrate
w and w’ between boundaries [0, z]. This is easy enough to do in Mathematica and gives us
Fi[1;1 46, 1;2; z,y] to second order in §. The same game can be played for expansions on
other arguments in Fj.

This procedure can be generalised to cases with ¢ # 1 + a. We can look at the box with
arguments {1 = 2,1y = 1+e,13=1,1,=5,D =12 —2¢,x = 0} as an example and go into
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some detail to give an example of tricks used.

IM012,1+ €,1,5,12 — 2¢€,0]

(1) (M) 732G 2372 (3 — 2€] D[ —¢]
B (240[3 — 3€]T[2 + €]T[3 + €])

X ( —TT[3+ €l[2 + 2¢] /1 dun (1 —u(1 — 8)) (1 —uT)!

! T-1
+F[2+e]r[3+2€]/ du(u' =2 (1 — w(l — 8)) ™2, F, |3+ 26, 1,3 + ¢, 7 D
0 u

= pre(col, + cply) (5.139)

where pre is the prefactor in the second line and we take ¢; to be the kinematic coefficient of
the integral I; on the third and fourth lines. Taking the first integral,

]a%/o duu2(1—u(1—5))_3(1—uT)_1(1+262(1 —ku) —QEZ—U (1;5) )7

k>1 k>1
(5.140)

where the leading order term is simply %Fl(?); 3,1;4;1 — S, T) which is simple to evaluate.
The first O(e) term goes as

268% Z/O duw?(1 — u(l — §))*(1 — uT)"

k>1

(1= u)k X*
k

:262/0 duw?(1 — u(l — §))*(1 — uT) (1 — u)t+1x*

T[3IT[2 + k] X*
— 2y BITR + KX s 154 g1 — 5.7

=0 I'[5 + k]
Cr = TBIR 4 KX .1 T
=2eS7°(1-T)"" |2 1
ST(1-T) ; F[5+k] (24 k315 4 ks T
Xk‘ S—1 T n
s o7y 3y TR 8 (0, XS )
k>0 m>0 n>0 LB+ k+ m+n] k!m!n!
Closing the k and n sums
LIS —T)" — (2)m(3)m(®5)" T
= Fil2+m1,1 X, — 141
2 Y S R R L s e X (514

We can reduce the F; by partial fractioning and then a reordering of the sums into m +n as
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before,

3—|-a xmy"
Fila;1,1;3 + a; x,
| Z>ogo (a+2+m+n)la+1l+m+n)(a+m+n)

3—|—a 1 1 1
sz ( 2+a+m+n) * )

s l+a+m+n  2(a+m+n)

3+a . 1 1 1
ZZ ® A( 2—{—a+s)_ + )

Trats ' 2ata)

T3+ a — oyt 1 1 1
- F[jz_] ;( x—z )X<2(2+a+s)_1+a+s+2(a+s))

I2+dfz2F1[1,2+a;3 4+ aja] —yoFi[l,2 + a5 3 + a5 y]

21'[a] T —y
CIB+all+afz (L1 +a;24 aja] —yo2 P11 1+ a;2 4 a3y
['[2 4 a|T'[d] x—y
LB+ a]l xoF[1,a;1 +a;2] —yoFi[1,a;1 + a;y]‘ (5.142)
2I'[1 + a r—y

Applying this to (5.141) we have (with ¥ = -I2)

QEFBM?%(l—QU—l22(2%43%4§§5m

r'[5] = (5)mm!
L[4+m] XoFi[1,44+m;5+m; X] — Y oFi[1,44+m;5+m; Y]
oT[2 + m) X_v
B +mIB+m] Xl 1,3+ mid+m; X] = VoIl 3+ mid +my Y]
L2 +m|I'[4 + m)| X-Y
LBh4+m] XoF[1,2+m;3+m; X| =Y o Fi[1,2+m;3+m;Y]
oT[3 + m] X_v
—3(1 _ -1
:265 (1-1T)
2(X -Y)
T[4] S—1 T3] S—1 2] S—1
CUUXE (43,1552 2 X| — 2200 R (303,154, 2= X |+ o Ry (253,13, 2~ X
X (F[5] l|:737 75a IS ) :| F[4] 1 3737 ) 5y S ) +F[3] 1 737 a37 S )
T[4] S—1 T3] S—1 T2 S—1
— —=YF, 43,15, ——.,Y 2—YF 1,4, — Y| — ==YF |2;3,1 Y
g 1{ 10 g ]* TR R TR R
(5.143)

From here we can integrate these Fi’s with respect to X between boundaries [0, 1 — S|, again
not being too careful about the Riemann sheet here. For the next piece we can simply use
derivative tricks to push the arguments of the Fi function around. For example it is easy to

138



show

0
Fla+ 10+ 1,05 c+ La,y] = — B,V ¢ 2, y),

ab Ox

0
Fila+1;0,0 + 1;¢+ 12, y] = éﬁ_yﬂ[a;b’ Ve x,yl, (5.144)

as well as a general result
Fila;1+ N 46,0 ¢;2,y] = 1 19 N a1 46,0 ¢ y]] (5.145)
1%, sy Uy by by (1+5)N$68$N 1%, s Uy by by . .

With these results in mind we can calculate the last part of the expansion of I55,

O3 [ w1 =t - )1 —ury 1 X
— 26— /duu 1—u(l— (1 —ul) " —
0X =1 Jo k
1
= —262/ duv®™* (1 —u(1—8) 31 —ul) 1 X*
k>0 70
['[4 + k] X*k
=2 —— P4+ k3,104 k1-85T
€ZF[5+I€] 1(+a77+7 7)
k>0
(Dx(2)x X" 0o
= Fi2+k1,1;3+ kY, T
6; B)kk’| 2Y 1( + sy Ly Ly + s Ly )
82 Z(l)k(Q)ka T2F1(2+k’,1,3+k‘,T)—Y2F1(2+/{5,1,3+]{3,Y)
=€
0?Y e (3)x! T-Y
0y (TF(2;1,1;3;,X,T)—-YFi(2;1,1;3; X,Y)
= . 14
EGQY( T-Y (5.146)
We know that Fy(2;1,1;3;2,y) = 2($1°g[1;y?é__yyl‘))g[l_x]) so this expression can be integrated

with respect to X between boundaries [0,1 — S], and then differentiated with respect to Y’
and set Y — 1 — 5. [, does not provide any other tricks so we will stop this example here,
but needless to say these are easy to generalise and adapt from one problem to another. It
is also apparent that many of the same F} functions will appear so these expansions become
very quick to perform.

The final term in the ; = 1 and v, = 1 cases can largely be dealt with by converting
the hypergeometric function into its integral form and performing the same tricks. Care
must be taken when looking at the integral representation as it diverges for some arguments
of the function. In these cases we found it easier to expand the hypergeometric function
using nested sums and then perform the u integration after. Nested sums quickly become
cumbersome as the value of their arguments increase but most of the problematic terms we
find have simple arguments. We will now review this approach.

5.5.2 Nested Sums and Expansions of Hypergeometric functions

This technique is explored in more detail in [108]. Appendix B has a detailed calculation of
an Appell F; expansion using nested sums. It is clear from this that while it may be possible
to automate the nested sums approach it takes a lot more computing power than necessary
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when the integral representations are easily expanded. We will review the necessary steps
for the present calculation.
We define the sums

1
Zufin) = Syl = 3" 5
=1
Z'““V[n] - Z g
1<i<j<n J
and
1
Sull= 3 5= Zulnl+ Zusulnl (5.147)
1<i<j<n

Note the difference in the double sum between Z and S is simply ¢ < j instead of ¢ < j. The
gamma function for positive integer a is

llat+el=(a—1+€)(a—2+c¢€)...(1+€6)(1+e¢). (5.148)
Extracting the e coefficients we have
Tla+e =T[1+€l[a] (1+eZija— 1]+ €Zpfa—1] +...) (5.149)

and the reciprocal expansion

1 1 )
Tard ~ Tt~ Sl U+ eSule—1+ ). (5.150)

For hypergeometric expansions we will need the more general nested sum

n

b
Zn;my, ..., mg;xq,. .., Tkl :Z;imllZ[z—1;m2,...,mk;x2,...,mk] (5.151)
and
Slnsma, ..., me;xy, ..., T = Z fmmllS[i;mg,...,mk;:pg,...,a:k] (5.152)

- 7
=1

We also define Z[n] =1 for n > 0, Z[n] = 0 for n < 0 and S[n] =1 for n > 0, S[n] = 0 for
n < 0. We finally need the special case of

Zlooymy, ... mg; &1, ..., @) = Lim, g [Tk, -+ 21, (5.153)

where Lin,,  m[®k, ..., 21] are the multiple polylogarithms of Gonochorov [109]. These are
a whole subject to themselves and while more work was done on them in Appendix B, we
did not need to go very far with them for the final version of the calculation. What we
will need to know is that a subset of these multiple polylogarithms are Nielsen’s generalised
polylogarithms [110]

Sn,p[x] = Li1717._.717n+1[1, ceey 17 I‘} (5154)
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where there are p arguments of Li so there are (p — 1) “I’s”. These functions are very
well documented and can be easily related to the standard polylogarithms. For cases where
m; # 1 but with all but the last z; = 1, we have the harmonic polylogarithms of Remiddi
and Vermaseren [111]

Hoi o) = Liy g [1, 1,000, 1, 2], (5.155)

noting the reversed orderings of the subscript labellings between Z, Li and H. They have the
useful property that you can find simple enough ways of manipulating the order of m; using
relations like

Hipy i 1,mo, ., mk[m] /dxlfohﬂ my,ma,..., k[xl] (5-156)
0
and
Hetmonle] = [ o flei Ho ] (5.157)
0
where
fole] = 2 frla] = — (5.158)
] = — x| = ) )
0 ZU, +1 ].:FZE

We can then combine all of these definitions to calculate some hypergeometric expansions
where we rewrite the hypergeometric oF) as
r [i [
[ s~ Lli+arli+y
Ia]l'[b] & Tli+ cJl'fi + 1]

oFila,b;c;x] =1+ (5.159)

and we can then use all of the above together to perform this expansion. For example we
have a box with parameters as before, {1, —1+4¢,1,2,6—2¢, —1}. The spinor coefficient from
the first integral is finite and the box looks like

Ifui:l[l, —14¢1,2,6 —2¢, —1]
B (_1)—2€(M2)—2ES2—26T—26F[3 _ 2€]F[—€]F[26]

['[3 — 3¢]|T[e]
< [ dunt= = a5y e ]
(1) (M) 8T >T[3 - 2T~ T(2d

['[3 — 3¢|T'[€]
X /1 duu'2(1 —u(l - 8)) 3+ (1 —2(1 —uT)(1+ elog[uT])> + O(€?) (5.160)

where we have used nested sums to rewrite the hypergeometric function as

[[be] i z'T[i + ael

oFifae, 1;be; 2] =1+

[[ae] &= T'[i + be]
=14 g L[1 + adTlb i 1+ (a—b)eZili = 1] + ae®Zy[i = 1] + b S i — 1] + ..
= 1—|—beF 1:11‘ a €411 a€”Z411(2 € 0112
a x 2
:1+51—x 14+ (b—a)elog[l — x] | + O(€?). (5.161)
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The coefficient is finite and the box goes as O(e71), so we only needed to go to O(¢) but had
we needed to go to O(e?) then we could rewrite Sy1[i — 1] = Zy1[i — 1] + Z3[i — 1] and each
of these cases can be related to a Nielsen’s polylogarithm. We find similar results

log[1 —
oF1 (14 ae, 1;1 + be; ) = M

(b—a)

.. 5.162
— [ T ( )

oF1 (=1 + ae, 1; —1 + be; x)
D[—1+be] o=~ ,I[-1+1
1+ E]sz [—1+ i+ ae]

= T e & T 4 i+ b

1t a(1+ (b= a)e) +x£[[jisj ixﬂzi‘g

=1+ (14 (b—a)e) ”ZEZE—:;)) D (14 (a—b)ezifi — 1))

=141+ (b—a)e) + b(la”fx) (1 +e(b—a)(1 + log[1 — x])), (5.163)

and

o F1(2 4 ae, be; 1 + ce; x)

+ (be — abe?) (1 f — - log[1 — x])

+ abe? (—210g[1 — x| — M

gloglt — ol + Ligf

11—z
rlog[l — x]

1

2
+ b*€*(Li_y o[1, 2] + Ligao[1, 7]) — bee? ( log[l — z] — .
-z

1
+ Elog[l —z)? + Lig[x]) :
(5.164)
This last expansion was needed to O(€?) for the box {—1+¢,1,1,1,4 —2¢, —1} which we will
briefly discuss. The spinor coefficient of the box is finite and the box goes as

If,,Fl[—1 +6,1,1,1,4 — 2¢,—1]

_ (_1)—26(M2)—2651—26F[2 — 26]F[-€]F[2€] /1 du<1 B u(l B S))—2+26 2F1(2€, el — uT)

['[2 — 3¢]l[€]
_ (—=1)72¢(M?) 28122 — 2€]T[—€]|T'[2€]
I'[2 — 3¢] (€]

1 _
X / du(uT) 1 (1 —u(l — S)) 22, F (—6, 1;¢; M)
0 ul’

(—1)72¢(M?)~2S172[2 — 2€]T'[—€]T[2€]
['[2 — 3¢]T[€]

x /1 du(uT) 11 — u(l — 5))—2“6(2 —uT — 2¢(1 — uT)log[uT]), (5.165)
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but there is a convergence issue at u = 0. This is an issue with our general box result but
we can take a step back to earlier results for this. We have

D D D
Ié‘hv‘ﬁ} + I{p4,q2}|y4:1 — (MQ)%—O'(S)%_VI23F[7 - VlQ]F[U - 5]1—‘[5 - y234]

F[Vl]F[V34]F[D — 0']

VQnV4nTn
Z( Jn(va)

D
— o | = —vig, v+ njus + 051 =8
~  (vsa)n nl 2

D D F[Q — V12]F[O' — Q]F[Q — V234] D
— M2 50 5 V123 2 2 2 . . . 1 _ T
( ) (S) F[Vl]P[V34]F[D — O'] 1 (V47 2 V12, V2; V34; Sa ) )
(5.166)

and given that for this box we have vy = 13 = vy we have some freedom to relabel things
(this is very much not generall). vy, = 1 gives cancellations and so we write

D D D D
I{phlh} + [{p1,p4}|y 1= (T)%—V234(MZ)%—O’(s)%-VlZBFI:E - V12]F[V234 - 5]F[§ — V23]F[5 — 7/34]
b = [[vo] D[] T[D — o]T[2 — 1y

2
7~ vos)a(va)n T D D D
Z<2 D ) _|2F1<__V12=——V23+n;——V2+n;1—5)
n>0 (5_1/2)“ n. 2 2 2

— (T>%7V234(MQ)%fcr(S)%fymg,F[% — Vlz]r[l/234 - %]F[g - V23]F[% - V34]

L[] D[ T[D — U]F[% — U]

D D D
x Iy (5—V23;5—V12,V1;§—V2;1—57T> . (5~167)

These results then look like

[ gy _ (M2 ST — 2qT[- 1 +
b T[2 — 3¢|T'[1 — €]
X Fi(—2—2¢,—1+4+¢1—¢€1—-5,T)
(M?)~2eS1=2e7=17<[2 — 2¢]T[—€]*T'[1 + €]

[[2 — 3¢]I'[1 — €]
X (1 =T)oF (2 —2¢,—¢;1 —¢ T—;T> (5.168)
and
Ig1,q2} + [ipaa2}
:(M%J%Ejfi&ﬁfié_d”%huL2—2@L11—&T) (5.169)

The Appell function is easily expanded using the integral representation and we now have the
nested sums results to expand the hypergeometric function. This was the only case of (5.117)
not converging properly and there were only four cases where nested sums were needed at
all. Everything else was expanded using (5.118) and we used the other tricks covered in this

section in some rare cases. With the boxes done we can now look at two-mass and one-mass
triangles.
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5.5.3 Triangles

We take the triangles to be special cases of our general box result (5.117). We have already
done something similar for K = —1 cases earlier but now we can do the same for Mellin-Barnes
expanded cases.

D.MB _ tD,MB
]3,2m _I4,z/3—>0

. Dyting 2\ 2o g_mF[?—m] [0 — 2IT[5 — vad]
= (RS AN

X %): o / du* (1 — ) (1 — w1 — §))2E (1 —uT)"

. Dot 2 Do By LU — V12]0[6 — ZIT[Z — vs4]
= Jim (=1)= (M) 2708 AR
- (6 = 5)m(v2)m T3] [v4]

(Vig)mm! [[vs4]

D
F1 <V4;5—V12,1+/€—m;1/34;1—S,T) (5170)

Take the v3 — 0 limit and get

D K 5—0
Iysy, = (=12 (M)

T[2 = )16 — 202 — v)]

Ppa]lp,U[D — o]

D
X oI (& = 5 V2 Vi 1— T) (5.171)

and for the one-mass triangle with vy — 0

F[Q — Vlg]r[a' — Q]F[Q — 1/23]
72 717\{15 — ()5t ltRg T r2s 12 21712 5.172
St (=1) [ [ws) T[] T[D — o] ( )
Recalling we used a box shift to avoid tensor triangles, we expect cases of vy, = —1 with
v3 = 1. With this in mind, we will need to use
1
mlﬂ(—l; a,b;0;z,y) = —(ax + by), (5.173)
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which is easy enough to derive using the summation representation, to give

ID,MB
4v3=1v4=—1

F[% — Vlg]r[a' — %]F[% — 1/34]
[wi,)TD — o]

(5’ — %)m(VQ)m 1 D

E -1, —=— 1 —m;0;1—-5,T

X = (]/iQ)mm' F[O] 1 ) 2 V12) _'_ R m? Y Y
m>0

— (_1)%+1+H<M2) %—US%—I/lzg

D ~ D D
_ (1B 8o gBonam Iz = vaalllo = ST - vl

[[v3,|T[D — o]
X mz;o (6 (_VE))ZZZM ((1 —9) (um - g) FT(m—1— @)
_ (_1)%+1+H(Mz)g_gsg_mgF[% - VFME]ZS[(—T ;]F%[E][% — ] <(1 9 <V12 B g) g K))
+(—1) 3 M2)%—05%—u123r[§ - V;Q[]VTQ[TF[_D%]FU? — V34 mZ:O EZH_) i)?;z(ile);T
- (_1)%+1+H(Mz)g_asg_ymF[% - Vliz[]ll;[i ;]F%[]Vl:][g — v <<1 ) (m B g) Ty H))

4 (_1)§+1+H(M2)%—0'S§_y123 vl [2 — D1+ 6 — 2IT[L — vy Z (1+6—-9)n(l+v2)m

[l + v, ]T'[D — o] o (1 + vip)mm!
_ (_ 2+1+n NL & 2—1/123{‘[% - 1/12]1_‘[6 _ %]F[% _ 1/2] — — 2 -
= (—1)BFR (M) B0 S TD —oTbi] ((1 8) (ne—3 ) -1+ ﬁ))
+ (_1)%+1+K(M2)%*US%*V123 VQF[% - VlQ]?[[iiTFTD__gi?[g T l]T (5174)

These were the only exceptional cases, the remaining one-mass and two-mass triangles were
easy enough to expand using methods outlined previously or even just Mathematica’s inbuilt
Series function. Now that we have introduced all of the tools necessary for the e-expansions,
we can discuss how the Riemann sheets were fixed.

5.5.4 Riemann Sheet Problems and Solutions

We know what our target solution is from [2] but there are other tests that our solution must
satisfy. We know that the IR piece is (5.3) but we also know a priori how the transcendentality
of the result should look. If we define 7 to mean the order of transcendentality, i.e. 70 implies
rational functions, 7! implies logarithms and 7’s etc, then we expect the amplitude to have
mazimum transcendentality

i

2
S (5.175)
€

=0

where we say maximum transcendality because we also expect rational pieces at O(¢~!) and
rational and 7! terms at O(e"). This was the first clue that we were on the wrong Riemann
sheet as we will discuss shortly. Looking back to (5.12) these expansions were all performed
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for the general arguments {k, @, i, j,w} with the aim of summing over all configurations after
the expansion was performed. We chose to work in the fundamental region but we were
intentionally careless about kinematic regions when expanding the boxes, making sure they
worked for 0 < S < 1,0 < T < 1and S+ 7T < 1 only. This does not cover the whole
fundamental region but we will see this is fine.

After completing all of the expansions and summing all of the contributions, we first
found that the O(e3) vanished, we had the correct O(¢~2) terms but there were problems
beyond this. There were 72 terms at O(e™!) and 72 terms at O(€®). For the kinematic region
that we were expanding in these pieces were numerically zero, but taking the result outside
of this region we found non-zero results. We of course expect zero to analytically continue
to zero so this was a good first test to ensure we were on the right Riemann sheet.

To resolve this, we can make a few observations. Firstly, the result from [2] tells us a
posteri that it can be presented in terms of six-dimensional boxes. One can therefore write
code that would give the initial alphabet of arguments in the polylogarithms and try to
manipulate them in such a way that reduces them to only having arguments {1 — S,1 — T}
for the dilogarithms and explicitly vanishing 73 terms. The ambiguity would then lie in
the logarithms, where log[z] — log[—x] + cim, where we are uncertain of which value from
¢ ={—1,0,1} should be taken on a logarithm to logarithm case. We hereby take ¢ to mean
that each logarithm gets a tag ¢; € ¢ and we hope to constrain all of the ¢;’s to give us the
correct Riemann sheet.

Secondly, the form of (5.117) makes it clear that for 0 < S < 1,0 <T < land S+7T < 1,
the boxes will be completely real apart from the (_1)§ factor. Removing this factor allows
us to track any time a branch cut was crossed and therefore some imaginary value would be
picked up. The idea here is that the final result should be completely real in this kinematic
region, so if we could isolate the imaginary contributions after bringing the result into a form
with the correct alphabet in this region then we could test for a solution of ¢ which caused
this imaginary part to vanish, and what was left over would be the result on the correct
Riemann sheet.

First we looked at the boxes individually. For example if we take the box with Glover
parameters {1y = 0,15 =€, 13 = 1,1y = 1, D = 4—2¢, k = 0}, we find that there are only three
dilogarithms present, {Lis[1 — 5], Liy [%} , Lig [%]} Noticing that S+§ L—1-— (%)
and using

2

Liy[2] + Lis[1 — 2] = —log[1 — ]log[2] + % (5.176)
followed by
: ! 1 72
Lis[z] + Liy {;} = —§log[—z]2 5 (5.177)
we get to
| S+T -1
L12 |:—S :|
) S 1 S+T -1 2
5

This did not cancel the existing Lis [ ] but if we create a list of all boxes whose coefficients
from the first integral were equal to each other up to some real rational factors, then the sum

146



of these boxes reduced to only having Lis[1 — S]. Again we are being intentionally careless
with kinematic regions, (5.177) requires z ¢ (0,1) and it is unclear where 1ZF lies in the this
range, but we press on. Now that we have this combination of boxes reduced to only having
dilogarithms Li[1 — S], we can look at the logarithms. We again are focusing on the region
0<S<1,0<T <1land S+ T < 1so we can rewrite the logarithms in a way that they
would be real and then include a tagged im as previously mentioned. For example

S+T-1

log { S } — log[l — S — T — log[S] + c(im) (5.179)

where c is just a tag to keep track of these pieces. Rewriting all of the logarithms this way
then the combination of boxes reduced to

Z C Ifi,MB

i€B

- f(log[s], log[t], log[M?], Liz[1 — S], Lis[1 — T, (m)?) + g(cmogu - T]) (5.180)

where By = {1,2,3,4,10,11,13}. What is interesting here is that when crossing branch cuts
and going between kinematic regions (and therefore picking up an imaginary part), we see the
entire imaginary part is contained in the function g, and in fact g is entirely this imaginary
part. f is therefore the real part and the piece that matches the expansion for 0 < § < 1,
0<T < 1and S+ T < 1. There is a non-trivial solution for all of the tags ¢ that eliminates
g and this is the solution that puts us on the correct Riemann sheet, practically translating
to just keeping f. It is important that it is non-trivial as f contains (cim)? = —|c|*7? and
which requires |¢| = 1 in the final result.

This is essentially the procedure that was used for all boxes but we will highlight a case
which made use of a further identity. The box with Glover parameters {v; = 1,15 = €,v3 =
1,v4 =2,D =6 — 2¢,k = 1} has the dilogarithms

: : : S : T : ST
{ ng(]_ — S), LlQ(]_ - T), LIQ (ﬁ) ,ng (m) 7ng (m) }, (5181)

upon expansion, and again we collect all boxes with similar coefficients. Noting the identity

Lig(w?) + Lis <M) 4 L, (M)

1 —wz 1 —wz

:Lig(w)—i—Lig(z)—log(1_w)log( L=z ) (5.182)

1 —wz 1 —wz
we can use 1 — 3 fg_l = (lif)s(i;T) and the solve for { 3 f}_l = Zf:;z), (ﬁfé(i;ﬂ = wl(_l;?}

which gives us {w=1-T,z=£}. We then use (5.177) on the Liy(z) and Liy(wz) terms.
This successfully reduces these boxes to having only Liy(1 — 5) and Lis(1 — 7).

We earlier mentioned the existence of 73 terms at O(e?). We performed the exact same
tricks but making use of identities such as

2

Lis[2] — Lis H _ élog3[—z] ~ Tlogl—2 (5.183)
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and

z —

Lig[z]—FLig{ : J + Lig[l — 2]

2

= élog?’[l —z] = %log[z]logQ[l — 2] + 7%log[l — 2]+ ¢(3). (5.184)
We were generally aiming for the alphabet { 3 +§_1, s ;;_1, 3 fg—1} as these seemed like com-
mon arguments across all boxes. We found that using these identities and reaching this
alphabet would lead to these trilogarithms having vanishing coefficients, and then rewrit-
ing the logarithms as discussed above lead to all 72 terms explicitly vanishing. With these
techniques discussed we can look closer at the structure of the results.

5.6 A Summary of Results

We can break down the possible contributions in terms of powers of € and transcendental
weight, as shown in (5.175) and in Table 5.1. We will quickly discuss the contributions to
each piece and summarise how the genuine two-loop diagrams and inserts interact to give
the amplitude.

|
N
|
W)
|
o
|
—
=]

€ € € € €
T3 v v v v v
T2 v v v v v
7l v v v v X
79 v v v v X

Table 5.1: A table to show the current results compared to the results presented in [2]. €
refers to the dimensional regulation scalar and 7¢ are terms of transcendental weight 4.

6_4

We expect vanishing coefficient at O(e~*) and indeed we get no contributions at all to this
order.

6_3

We also expect vanishing coefficient for O(e~3). We do get individual contributions to O(e~?)
from the one-mass triangles coming from 17 = {K21}. These contributions arise only from
the “a in middle” part of this structure and we find they cancel amongst themselves leaving
us with an overall zero coeflicient.

We expect O(e72) to follow the universal IR equation (5.3). We see that all contributions
that come from the box and two mass triangle inserts cancel with each other, and the whole
IR contribution comes from the triple cuts on the one-mass triangle inserts. All contributions
from the genuine two-loop structures cancel amongst themselves.
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el 7t and 7°

We again expect this to follow the universal IR equation (5.3). We can expect interac-
tion between the genuine two-loop and insert pieces here. This is because double cuts on
the inserts will provide rational contributions to this piece, but the IR function is only made
of logarithms at this order in €. The double cuts should then be completely cancelled by
the genuine two loop integrals. Indeed, we see the double cuts are completely cancelled by
the one-mass triangles n = {stt, K21}. The box-like second integrals of n = {tbx, K31}
and two-mass triangle-like n = { K12} have completely cancelling divergent pieces amongst
themselves.

9,70

We already know that this will not get all contributions due to four-dimensional unitar-
ity losing rational pieces and so we can discard these for now, where we will use augmented
recursion to calculate this contribution at a later date.

60, 7_2

We find full agreement with [2]. We get contributions from the box cuts on the inserts
and then contributions from n = {tbz, stt, K31, K21}.

€, T

We find agreement with three of these pieces, as demonstrated in Table 5.2. Interestingly,
the 7 contributions match which suggests the correct Riemann sheet has been found.

The pieces that we do not find agreement are the logarithms of Mandelstam variables
including only positive helicity legs. This immediately suggests that the possible bug comes
from the one-mass triangles as these vanish or integrate to zero if either of the massless legs
are the negative helicity leg. Further evidence of this is found by sitting near kinematic poles.
As an example, if we extract the coefficient for the log[sy.| from our result and the result
of [2], we can then numerically evaluate them near various poles, finding that if

i

2
Igtt)‘(x y)—0 ™~ <‘T y>

then the difference between the two results is also (’)( (x y}’) This is true for all poles for
each of the mismatching logarithm coefficients, suggesting that either the bug is contained
within the n = stt structure or that there is a piece elsewhere that should be consistently
cancelling this n = stt piece.

T log[sa] log[Seq] log[spe] log[sed] log[sge]
v ve ve X X X

Table 5.2: A table showing the present agreement with the results given in [2] for €°. Here
the helicity assignment is {a—, b, ¢, d" et }.

If there was a mistake in the insert calculations, it could only come from the bubble cuts.
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We would need there to be contributions of the form,

C<paapbapcapd7pe) X (]2(8120) + ]2(Sde) - 2]2(Scd))7 (5185)

or any such combination of bubble integrals that have cancelling % terms but non-cancelling
logarithmic terms where C' is some common kinematic coefficient that can be factorised out.
This would provide transcendental one terms at finite order without effecting the already
correct IR singular terms.

We already have flip symmetry checks on the results that are all satisfied. We have also
recalculated them using a different method; where we initially had ¢; = ¢5 + P and generally
tried to write things in terms of ¢;, we decided to calculate the double cuts again with most
things written in terms of /5. This required a completely different series of algebraic manip-
ulations and required different types of canonical forms and we found complete agreement
with the first set of results. This leads us to strongly believe that the insert calculations are
correct and therefore that the problem must lie either in genuine two-loop integrals or in
something more fundamental.

There are numerical checks at every step of the automated two-loop integral and coefficient
generator. These checks allowed us to track down errors in the 6% calculation. The new
checks lead us to also believe that the generation of the lists of box/triangle integrals and
their associated coefficient is also working correctly. Much of this stage has also been checked
by hand and found to match.

The unitarity stage also has extensive numerical checks, and so the most likely location of a
calculational error would be the epsilon expansions and integrals themselves. The expansions
of the boxes have been checked numerically against the explicit Appell functional forms (5.78)
from [1] for kinematic points 0 < S < 1, |T| < 1 and S+7T" < 1. The final form of the expanded
boxes after the Riemann sheet cleanup has also been tested numerically and found to be the
correct to O(e€) in this region.

For the triangles, these tests are harder to perform due to slow convergence of the sums
if comparing specifically against the form (5.64). There are forms of the one-mass and two-
mass triangles presented in [102] that we may compare against for triangles that do not need
a Mellin-Barnes expansion. Alternative derivations of the Mellin-Barnes expanded triangles
are given in Appendix C. All integrals are then tested numerically and found to have the
correct expansions.

There are a few other consistency checks we performed: changing the algebra for generat-
ing the list of one-mass triangles such that we had a new list with a different set of triangles
and coefficients, but the final expanded result matched the previous list. We see in the “a in
middle” part of the n = K21 numerator that the two terms are flips of each other, and inte-
grating one side first necessarily gives us a scalar triangle as the first integration. We isolated
this piece and changed the order of integration such that there was always an x3 Feynman
parameter in the numerator but found this to match as well. The specific integrand,

€2
i S 5.186
P22’ ( )
provides the case of vy = —1 and 3 = 1 case which was presented earlier. This integral is

calculated explicitly using triangle parametrisations as a tensor integral in Appendix C.
One last note is that while there are no checks stated in [2], the coefficients generated
for the all-plus logarithms in our calculation are certainly incorrect. Sitting on the collinear
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limit a= ~ b, we expect the result to have the limit

2
lim A% a”,bt,ct,dTet) = S a”,bt) x A0 —K ¢t det). 5.187
i A2 )= 3T < Al ) (GasT)

The flip symmetry here implies that in this limit we should expect the coefficient of log[s.4]
and log[sg.], defined as C.q and Cy. respectively, to obey

lim Ccd = —lim Cde; (5188)

allb allb

and indeed the coefficient in [2] obeys this whereas our coefficients do not.

With hundreds of integrals needed to be calculated, there is of course the possibility that
one of these tests has not been performed correctly, and indeed this is likely to be the case. If
this is not the case, then the technique must have a more fundamental problem that we have
overlooked, although with so many of the pieces being correct in highly non-trivial ways, it
is more likely the case that there is some undiscovered bug in the code. Unfortunately, the
author ran out of time in locating this bug.

5.7 Conclusion

In this calculation we

e Used four-dimensional unitarity and triple cuts to constrain some numerators for various
two-loop structures.

e Used double cuts to find one-loop insert type structures built into one-loop structures.
e Used existing and developed new one-loop techniques to calculate the inserts.

e Used dimension shifting, a new representation of generalised scalar one-mass boxes and
new techniques in e—expansions to calculate the genuine two-loop integrals to finite
order.

e Summed these results over all diagrams.

We have unfortunately not been able to calculate the correct coefficient for the all-plus
logarithms at finite order, but we are hopeful that this is simply an overlooked bug in the code.
Should this be the case, then the technique will in theory scale well to higher multiplicities.
The existence of a compact n-point tree amplitude for the M HV configurations means that
numerators for the genuine two-loop structures are able to be calculated for n-points, and
indeed they have been calculated [100]. The challenge would then be to calculate the loop
inserts, calculate a compact form for general two-mass easy boxes and extend augmented
recursion to the single-minus configuration. This is of course academic until the technique
can be proven to work for the five-point case.

Regardless, this calculation has uncovered many new results for generalised hypergeomet-
ric functions, for general scalar integrals and e-expansions, as well as a simple method for
fixing the Riemann sheets. While it is disappointing that the final result was not able to be
calculated in time for this thesis, the investigation has been interesting and has felt like a
very worthwhile endeavour.

151



It is worth noting that some steps have already been taken towards future calculations
and they are showing some promising results. Pieces of the augmented recursion for the
single-minus calculation have already been calculated and a set of numerators for the genuine
two-loop structures has been calculated at n-points. This set of numerators has been built in
a way that require generalised two-mass easy boxes and so the next stage of the calculation
would be to find a compact form of this ready for e-expanding. The initial steps for this, as
well as some notes on augmented recursion for the single-minus amplitude, are included in
Appendix D.
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Chapter 6

Conclusion

In this thesis we have calculated new and existing results using four-dimensional unitarity
and augmented recursion. The technique scales very well to higher multiplicities. The largely
algebraic nature of the calculations allow close inspection of the intermediate steps and un-
covers interesting relations between different structures. Augmented recursion has previously
been used to calculate the full rational piece of amplitudes of various theories, and we extend
this technique to the full colour, pure Yang-Mills case for all-plus helicities. It continues
to prove the most promising method of calculating rational contributions containing double
poles.

In Chapter 2, we calculated the full colour, five-point all-plus amplitude at two loops,
agreeing with the previously calculated result. This involved extending the pseudo one-
loop calculation to one which included the full colour one-loop insert, made easier by the
compact forms of the subleading in colour amplitudes presented. The rational calculation
also extended the augmented recursion technique to full colour, instead opting to use the
decoupling identities to express each subleading in colour current in terms of two independent
leading in colour currents.

Chapter 3 calculated the two-loop, six-point, full colour, all-plus amplitude using the same
techniques as for five-point. This was a new result and required functional reconstruction of
the rational piece.

Chapter 4 calculated the cut-constructible part of the full two-loop, all-plus amplitude at
n-points. We also conjecture the rational part of the Af)l p amplitude for all-plus helicities,
completing this partial amplitude. The conjecture matches the explicit calculation for up to
seven gluons.

Finally, in Chapter 5 we present a new technique for calculating the cut-constructible
part of the five-point single-minus amplitude at two-loops. This leading in colour calculation
has not been completed, although the IR divergent piece and finite, transcendental two
pieces are correctly calculated which are highly non-trivial results. Only the finite order,
all-plus helicity logarithms are incorrect, and an extensive list of consistency checks has been
presented. Several new results are calculated for generalised hypergeometric functions, for
general scalar integrals and e-expansions, as well as a simple method for fixing the Riemann
sheets.
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Appendix A

Bubble Structures and Inserts

A.1 Genuine Two-Loop Bubble Contributions

We showed in Chapter 5 that all contributions of bubbles in propagators vanish upon inte-
gration. They are still required for the unitarity checks and so we will list the numerators
here. Starting with n = fbbx for completeness,

Nosove = (a@) [ally,|w)(a|LaLgla)|w|l.lyLala). (A.1)
a ‘ 7
L‘*‘ A J

LA LB A

#k W

Figure A.1: Bubble in box between two null corners. n = fbbx for no pinched propagators,
1 = pbbx for ¢, pinched towards @. No contributions for both ¢, propagators pinched.

Noppor = (a @) [a|l,Liwl|a){a|LaLg|a), (A.2)
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/@I

L4 Lgp

Fk

Figure A.2: Bubble in box between two null corners with a pinched propagator. n = npbbz.
No contribution for the other ¢, being pinched.

Sl

W

Ningobe = (a@) [a]ly|w){a|LaLlpla)w|l.LsLala). (A.3)
a . kg
AN A J
L
ng A 62
L
k W
Figure A.3: Bubble in box between two massive corners. n = m fbbx.
Nopbbe = (a @) [a]ly|w)(a|LaLp|a)w|l,LsLala). (A.4)

155



L
k w

Figure A.4: Bubble in box between two massive corners. n = mpbbz. No contributions for
both L3 propagators pinched.

Nogam = (a@) [@| Ly LsLala)(a|lLaLpla), (A.5)

Figure A.5: Bubble in one-mass triangle between a massive corner and null corner. 7 =
mftlm

Nopiim = (0% + 09){alak|a){a|L4Lg|a), (A.6)

where §° and §“ are one when the single minus gluon is in position 4 or w respectively and
zero in all other cases.

Figure A.6: Bubble in one-mass triangle between a massive corner and null corner with a
pinched propagator. n = mptlm. No contribution for doubly pinched bubbles.
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Naugaim = [alk[@)((a|LaLsla))?, (A7)

iJw

S

I~
B

Figure A.7: Bubble in one-mass triangle between two null corners. n = nftlm

Noptim = —(a|kLala)(a|LsLgla) + (alaLala){a|LsLg|a), (A.8)

I~
B

Figure A.8: Bubble in one-mass triangle between two null corners with a pinched propagator.
1n = nptlm. No contributions from doubly pinched propagators.

Niiom = (alaLala){a|LpLala), (A.9)

I~
B

Figure A.9: Bubble in two-mass triangle between a null corner and a massive corner with a
pinched propagator. n = ft2m. No other contributions.
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A.2 Inserts

The following inserts contribute to multiple double cuts, with the loop insert being indicated
by the vertex in the corresponding figure. The following is for {a~,b",¢",d" e"} and the
propagators are left out of the equations but are indicated by the corresponding figure. There
is also a Parke-Taylor denominator factorised out 1/({ab) (bc) (cd) (de) (ea)).

(P +d)*{ad)’ (ac) [a| Pr|c)[c| (P, + Pac)la) (e a)

6 (cd)(de)
(ab) (e a) sp[blc]d) [ !P1!&>>[b!(P1 + Pae)|c) (A.10)

Ib; =

6lab]{d

hi¥

Figure A.10: Insert diagram corresponding to /b;. The vertex on the massive corner indicates
the one-loop insertion.

(ab)* (ac)* [alPr|c) [c|(P1 + Pac)la) [be]
6¢be)

L lab) (ac)* (ad) [a|Pife) el (Py + Pac)la) [b ]

6 {cd)

[bgz—

(A.11)

Na~

Figure A.11: Insert diagram corresponding to Ib,. The vertex on the massive corner indicates
the one-loop insertion.

P
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(PL+b)* (ac)* (ad) [a| (P + Py)|d)[d| Pi]a) (ba)
6 (bc) (cd)
_ {ea) (ab) sacleld|c)[d|(P1 + Poe)|a)[e| Pr|d)

Ib;g:

(A.12)

6lea) (bc)

—

Figure A.12: Insert diagram corresponding to /b3. The vertex on the massive corner indicates
the one-loop insertion.

1 — _te) (ad)’ [d|Pr|a)[al (P + Pc)ld) [de]
) 6 (de)
(ea) (ad)® (ac) [al(P, + Py)|d)[d|P]a) [de]
i 6 (cd) (A.13)
a- bt
f)4 l\‘

> ~

P3 A \ 25|

€+/( P, \ dJr

Figure A.13: Insert diagram corresponding to Ibs. The vertex on the massive corner indicates
the one-loop insertion.

(e a)Z (ce) le|(Py + Puyla)e| Py + Pula)[c| Py|d)
6 (de)
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P

Figure A.14: Insert diagram corresponding to Ib5. The vertex on the massive corner indicates

the one-loop insertion.

(ac)* (de) [c|Pr|a)[c|Pr|a) [e] (P + Pus)lc)

Thg =~ 6 (cd)
(ab) {ac) (de) [d|Pi]a)[c|Pila)[e|](Py + Pu)|c)
+ 500 (A.15)
et a”
P4 A
> > b"‘
Py A \ 251

dV P N\ C+

Figure A.15: Insert diagram corresponding to Ibs. The vertex on the massive corner indicates

the one-loop insertion.

__{ab){ac)(ea)|a|Pi|a)[c|Pr|a) e[ (P1 + Pup)c)
Ihy = — 603 (A.16)

d¥
Figure A.16: Insert diagram corresponding to /b;. The vertex on the massive corner indicates

the one-loop insertion.
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(ab)* (db) [b|P1]a) (b Pr|a)[d|(Py + Pua)c)

Ibg = A17
® 6 (bc) (A.17)
d+ et
f4 l\‘
-
P A 7%}

C—V P, \ b+

Figure A.17: Insert diagram corresponding to Ibs. The vertex on the massive corner indicates
the one-loop insertion.

(ad)” (b) [d|(Pr + Pea)la)|d|(Py + Pug)|a) [b| P1|d)

Iy = 6 (cd)
| {ea) {ad) (be) [el(Pr + Puo) @) d] (P + Peo) ) [ P2 ) (A.18)
6 (de)
dt e’
> a_
P3 VPI

P

Figure A.18: Insert diagram corresponding to Iby. The vertex on the massive corner indicates
the one-loop insertion.

(ea) {ad) (ab) [a|(P + Fea)|a)[d|(P1 + Fea)|a)[b| P1|d)
6 (de)
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Py

CV

Figure A.19: Insert diagram corresponding to Ibyy. The vertex on the massive corner indicates
the one-loop insertion.

( (ec) [e[ Pr|a)[albla) B (P + Fea)la) + [e| Prle) (e c) [e|bla) (b (Py + Fed)a)
— (P1)* (ec) [e[bla)[b| Py + Peala) + [bI(P1 + Pua)[b) {e c) [e| Pi|a) [bI(Pr + Pua)la)

— le|Pile) (be) [b| (P + Pea)la) [b(Py + Pcd|a>> (A.20)

et

Figure A.20: Insert diagram corresponding to Iby;. The vertex on the massive corner indicates
the one-loop insertion.

(ab)* (ec) [Dl(P1 + Pua)|a)b|(P1 — e)lc)[c] Pr|d)[e| Pi|e)
6 (bc) (cd) [ad]
(ea)” (bd) [e|Pr|a)[e| (P, — a)|d)
12 (cd) (de) [eal

Iy =

X < — (Py)?[b| Pyle) + ((Pl +c)? — [d|P1|d>)[b](P1 + Peq)lc) + (P + Pcd)Pld]c)>

_ ({ab){ea)(be) (de) [be]® 2 ) B o lble i
6led [af] [oa <<<P1> (PRI — (P[elble) + BIPye)] |Pcd\b>)
(A.21)
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Py

CL_/(
Figure A.21: Insert diagram corresponding to Iby5. The vertex on the massive corner indicates

the one-loop insertion.

Iy, = LRl ( (P (ab) B|(P: + Pua)ld)
+ (P2)2( (bd) (ea)leb] + (ab) [b|(P; + Pcd)\d))

— (ea) ({bd) [ab] [e| Prla) + ((P5)* — (P4)2)[6\P1\d>> (A.22)

y
y

P3 A 72}

a¥ p, Ne

Figure A.22: Insert diagram corresponding to Iby3. The vertex on the massive corner indicates
the one-loop insertion.

(ac)” [c|Pr|a)

Ihia = 6 (bc) (cd)

( (be) (= (ed) [c|Prla) + (da) [c|(Py + Palc)

+ (ab) (cd) ([d|(P1 + Puw)|d) + [e|](P1 + Pab\e>> (A.23)
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Figure A.23: Insert diagram corresponding to Iby4. The vertex on the massive corner indicates
the one-loop insertion.

{ea) [c|Pr]a)

Ibys = —
Y 6sge (de) [ab]

(2 (de) [bl(Py+ Fap)lc)el(Py + Fasla) (e[ (PL + Fab)le)

— sae (ac) [ab] ((de) [e|(Py + Pula) — 2 {(ea) [e|(Py + Pu)|d)
+ (da) (sqe + le|(P1 + Pab)\e>))
)

b
+ S84 (ad) ({(da) {ec) [ab][de] + 2[b|(Py + Pu)|c)le| (P + Pab)]e>))>
(A.24)

dTe"

Py Py

<

Koo *[;L a

Figure A.24: Insert diagram corresponding to Iby5. The vertex on the massive corner indicates
the one-loop insertion.

1o =75 <cd><?§ l> gy {ae) ad)® (ae) [ad] [de][alPald) + sne (o) (e )* o] [bPla(Q )
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bT ¢t

+
_ o d

a et

Figure A.25: Insert diagram corresponding to Iby4. The vertex on the massive corner indicates
the one-loop insertion.

(ad) <<ab> (@)’ {ad) [be] [al Pile) | suc (ea) (cd) [de] [e|P1|a>> (A.26)
(cd) e a] |

bT ¢t

P Py

<

<t > +
CL_/ Py *6-1— d

Figure A.26: Insert diagram corresponding to Iby7. The vertex on the massive corner indicates
the one-loop insertion.

2
I = (A.27)

Figure A.27: Insert diagram corresponding to Ibys. The vertex on the massive corner indicates
the one-loop insertion.
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{ab) (ea) [b](Py + Pus)la)le| Pr|a)
6

Iy = (A.28)

a b"

Py Py

< >— |
6+/ Py *d%— ¢

Figure A.28: Insert diagram corresponding to Iby9. The vertex on the massive corner indicates
the one-loop insertion.

1
65cq (bey (cd) (de) [ab][eal

< (ac)(cd)(de)lea] [b|(P1 + Pua)le)[d|(Py + Peula)e| Pr|d)

x ((be) [e|(Py + Pugla) — (ab) [c| (P + Puglc))
+ Seq (bey [b|(P1 + P.g)|d)]e| Pr]a)

X ((da) se, (de) [d|(P1 4 Pulc) — (cd) (ea) ((de) [ce] [d|Pi|c) + seald|(P1 + Pea)|d)))
+ Seq (ca) (de) [ab][eal

x ((ad) (ab) (ce) [d|(Pr + Pea)la)le|P1|d)

+ {ea) (cd) ((be) [c| (P + Pug)|a)le[Pila) + (ab) [d|(P1 + Fea)|a) [€!P1!d>)))
(A.29)

Iby =

P, Py

+
6+ P d—l-c

Figure A.29: Insert diagram corresponding to Ibyy. The vertex on the massive corner indicates
the one-loop insertion.
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Tby, — (da)” [d|Pr]a)((e a) (cd) ([bI(Py + i) |b) + [c] (P + Pyclc)
G{cd)(de)

+ (ca) [d|(P + Pic)ld))
)

_ (da)’ [d|P]a)({cd) [d| P1]a

(A.30)

)
6 (cd

Figure A.30: Insert diagram corresponding to Ibs;. The vertex on the massive corner indicates
the one-loop insertion.

{ab) [d|Pr]a)
6spe (b ) [eal
—spe (ac)’ (bd) [ea] [b]

= spe{ad) [ea] ({be) [BI(P1 + Pocla) = 2(ab) [b|(Py + Fye)lc))

+ s (ac) ({ad) [ea] (s — [bI(Py + Pic)[b)) + 2[bl(Pr + Pac) b} [e] (P1 + Pbc)|d>)>
(A.31)

Ity = (= 2(be) BI(P + Pula) bI(Ps + Prclb) el (Py + Pu)|d)

+ bt
d *c*

I~
B

Figure A.31: Insert diagram corresponding to Ibss. The vertex on the massive corner indicates
the one-loop insertion.

1oy, — (a0 BIPi o) A2
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< > +
+ e
b ~ *a/ -

Figure A.32: Insert diagram corresponding to Ibs3. The vertex on the massive corner indicates
the one-loop insertion.

t~
oS

(ab) (ea) [b| Pi|a)[e| Pia)

Tbyy = - (A.33)

cdt

+
+ e
b A

Figure A.33: Insert diagram corresponding to Ibos. The vertex on the massive corner indicates
the one-loop insertion.

1
65cq (bey (cd) (de) [ab][eal
( {ad) (be) {cd) [ab] [b| Prle)[c|(P1 + Peala)[e|(Pr + Pea)|b)
x ({de) [d| (P + Feala) — (e a) [d](P1 + Fea|d))
+ Seq (ca) (b c) [a b]
(bd) sea[b| Pr|c)e](Py + Pea)la)
e) [b| Prla)[c|(Py + Peo)|d)[e| (P + Pea)lc))
{ad) (be)lab][ed]
[

b|Pile)[c|(Pr + Fea)la) + (de) [b| Pr|a) [d|(P1 + Pea)la))
de) [b|P|a)

Py + Peo)lc)e|(Pr + Fea)lc) + (bc) [bd] [c|(Py + Pea)|d)[e|(P1 + Pea\6>)>
(A.34)

Ibys = —

— Seq (cd) (
< ((
+ Seq (cd) (

x ((a
+ (a ><
) {ab)
((ea)
ab)
(

X (Sav[c]
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cdt

P Py

< >+
+ e
~“D
Figure A.34: Insert diagram corresponding to Ibs;. The vertex on the massive corner indicates
the one-loop insertion.

The remaining inserts are either one-mass triangles or one-mass bubbles, both of which
only contribute to one channel on a four-dimensional double cut. As an example, for
A (=, b+, 01, 65) x ... we denote the insert It, whereas the A (a=,b*, 01, 6,) x ... is de-
noted I/,,. We define ¢; and /5 to be going away from the massless corners. We present
the insert as they appear on the cut, with cut propagators removed and, in the case of the
one-mass triangle, the uncut propagator remaining. We still factorise out the Parke-Taylor
denominator.

(ab)® (aly) () [la]tr]a)
6 (bc) (bly)

Iy = — (A.35)
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1( (ba) 5106 >Wl]+<a0)< e) (da){ea)[ce]
6 5152 (de)
_fac) )

61 a)’ {lzc)[cti] _ {ac) (ba)(db) (b a)’ (o c)* [cl]

< c) (61 4s) (04y) (cb) (cd) ({1 l2) {l2a)

(be) (ed) (ea) (L2a) [b6s] [cb) [cla] | (ac)(ea) (tra)” ((2d)” [dc]
)

i (de) [ab] [aly] i &) (6 6) (6 01)
(1a)* Ly d)* [de]
7

(

(
(ac)(da)(ea){lia) (lad)[de] (ac)(ea)

d) (€1 l2) (€2 1)

(da) (e

a

e
d

(cd) (€1 42) (c
(ba) (ce) (ea) ((1a)’ (lrd)" [de] i (ad)(da){ea) (¢1a)[d ]
(bl1) (cd) (de) (€1 Lz) (lza) (ba 1) (de)
(ac) (da)* (ea) (tya) (2 d) [d 4] L (bd) (da)(ea) {lic) (trd) (L2a) [be] [d 4]
(cd)(de) (laa) (cd) (de) (€1 2) [ae]
(ac)(ba)(ca) (lra) (lad)[clo][dli]  (ab){aly)(ea)(lra)[els]

(be) (cd) [cd] (btr)
(ea) (€1 a) (3 a)” [e ly] N (be) (ea) (1 a) (01 d) (lza)” [e ls]
(01 02) (bl1) {de) (1 L)
(ad)(ea) ({1 a) (lya) (lse) [els] B (ca)® (ty a)? (Lo d) [£; ]
(de) (ly0s) (cd) (ly ls)
() ea){tia) (L d)’ (a)* [6d]  {ad)(ea) (tra) {Laa) [0 6]
(1) (cd) (de) (0 £o)” (de)
n (ab)’ (ca) (tra) (f¢) (6>d) [(2 1] 4 lat) (ca)(ea) (Ld) [cbr] |6 B
(be) (cd) (b1 42) (de)[ab]
_{ea)(lia) (ba) (b d) [cb][dO] 0] (ba)(ca) (b a) () (lad) [clo] [d ] [ D]
(cd)[ab][cd] {be) (cd) [ab][cd]
(be) (ea) 0y d)? {0y a)® [0 d] _ ({be) (cd) {ea) (tra) (L a)? [cly]?
(bty) (cd) (de) (0 £5)° (1) (de) (01 o) [£o 1]
(ab) {ac) (tra) {aa) [l 62] | (ab) (be) (de) (ea) [eb]” [b]¢2|b)
{be) [b]¢1]b) {cd) [a b] [e a]
~ (be)(de) (ea) (tra) (3[e[bla)® + 3[e[bla)[e|¢2]a) + [e]l2|a)
(bty) (cd) (ty £5) [05 0]

L 2ea)(ta) () [be] (b [elble) | (ac)(da)ea) (he) (ra) e e]) (A.36)

{
{
d
+

+

(de)lab][de] (de) {t62)
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be) (be)
_ {ab){ac) (ad) (L¢) [clo] [Blefa)  (ab){ac)” (da) [b]t]0)
be

S

16, = é(w <“<L> {alti]a) | {ab)*(ac)*b]

(cd) (be) (cd)
(ab) {ca) (1 b) [e (1] blla|a)  2(ab)® (tr c) [e (] [b]La]a)
i (cb) [ea) " (ch) [ea)
(ab) (ac) (ad) [b](1|b)[b]l2]a) N (ab) (l1a) [e la] [b]¢1]D)[b]¢2]a)
Spe (C d) Spe [€ a]
_ {abd) (ba) [blla]a)®  (ab) (£1D) [e 4] [b]l2]a)?
Spe She [€ a]
2(ab) (ac)(aly)eli] [bla]b)  {ab){ac){ca)[c|li]a)
(be) [eal (be)
N (ab) (ac){ad) {lac) [blo][c]lr]a)  (ab)(ac)(cb) [blc|a)(c|¢i]a)
Spe (Cd) [e|ti]c) (be)
_ {ab) (ac) [bti|a)[c|t1]a) . (ab) (ac) [blla]a)[c|li]a)
Sbe [c|t1]c)

| fab) (ac) (ad) [plts|c)[cl(a]a) , (ab) (cb) [b|€z|a>2[c\€2\a>) (A.37)

+

elrle) (e d) " AR
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Ity =

=

(

_(ab)(ad) (ae) (dl) (ea)[de]  (ad)*{ae)(cb) (dls) (ca)[de]
(de) (L) (cd)(de) ((2b)
{ad)’ (cb) (cla) (ea) (tre) [de] s (ab) (cd) (ea) [bc] [ed]
(cd) (cty) (de) (L2 b) (de)lab]eal
N {ab) (da) ({1 a) (lya) [¢; d] N 2 (ab) (aly){ea) ({zd) [ed] [l €]
(03 b) (l30) [eal
. (ab) (d ) (ea) (ta)* [ a] [t €] L+ (ab) (ac) (atr)* {clo) (de) (d ) [(1 6]
(de) (l2b) [ae] (cd) {ctr) {ed) (L))
{ab) (dy) (ea) (tad) [ed) [te]  {ab) (dbs) (ea) {1 a) (rd) [de] [y a] [¢5 ]
(0) [ea)? (de) (0) [eal’
{ab) (cty) (dbs) (ea) (tra) [fre] [lae]  (ab) (cly) (dls) (ea) (lad) [de] [fse]”
(cd) (62 b) [e a] (cd) () [ea)?
n (ab) (dlo) (ea) (t o) (L) [de] [(ra] [Le]”  (ab) (cla) (dla) (ea) (o) [t1 €] [l e]”
(de) (0) [eal’ (cd) (tyb) [ea]?
n (ab) (ds) (ea) (6 £o)” [t a] [ty €] [f €] n (ad) (aly) (ea) (tya) [l 0]
(de) (L) [e a]3 (de)
(ab) (dly) (ea) (6, 05)° [0y €] [05 €] [a 01] _ spc{ab) (ad) {ea)[eb][c|ls|c)
(de) (62 b) [ea]? [c]ti]c) (de) [ea]
_{ab)(be)(ea) [be][cb][eb][c|la]c)  suc(ab) (ad){ea)[bd][e|ls]c)
[c|ti]e) [ab] e a] [c|ti]e) (de) [eal
(ac) (ad) (ea) [clts]e)[elta]c)  (ab) (da) (ea) [be] [e]ts]c)?
116 (o) (de) 1o (e e ) A
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Igcd =

D~

(

(ac){ad) (allsl;]|a) N (a d)2 (ae) (b1 a) (b1 c)[cly][d ]

(cd) Seq (d €)
~ {ab) (be) (de) {ea) [be]® L lab)lec) {lie) (b d) (L a) [ebi] [db] [ed] [e ]
(cd) [ab][eal Seq (cb) [ab] [eal
, {ab)lec) {te) (pa) (Lad) [cb][db][eblel] | (ad) (b a)* (1.¢) [c 4] [d 3] [01 b]
Sea {cb) [a ] [e q] Sca [a D]
_fae){tia) {tic) (b d) [clo] [d o] [ec] [ 0] (ac)(ad) (l1a) {lza) [¢1 0]
(de)[ab][cd][ea] (cd)
(ad) (ca) (t1a) (tic) [cb] [£2 D] n (ad) (ta)® (6 ¢) [ ] [d 6] [62 0]
(cd)[ab] Sea [a D]
L lae)tta) (o) (bd) [ch][db]ed [0 _ (a e)’ (ta) (z.d) [ct1] [eb] [2 d]
(de)[ab][cd][ed] (de)[ab]cd]
N (ad)*{ae) (trc) [dby] [clr]a)  (ab) (b a) (Cya) [dbs] [e 1] [c|6r]c)
Seq (d €) (cb) [dc][eal
 3(ca)’ (da)[dd [cltz]a)  3{ca)(da)’ [cd][d|t:]a) (ac)({ad) [clts]a)[d]lz]a)
[c]]c) [c]t1]c) Secd
~{ac)(ad)[c|ti|a)|d|t:]a)  (ad){ae){dc)[c|ti]a)[d](1]a)
Sed Seq (d €)
(ad) (6 c) [ebo] [c|ti|a)[d[li|a) | (ad){ae) {lic)elo][c]li|a)|d]l:]d)
+ Sed € al * sea (de) [eal
| {ab)(a 0)* (trd) [cta] [d]bs]a)  {ab) (ac) (b d) [62 ] seald]lo|a)
Seq (Cb) Seq (cb) [ab]
_ {ab) {lya) [ebo] [c|ti]c)[d|lz]a))  {ab) {ac) {lid) [¢1b][c|li|c)[d]ls]a)
(cb) [dc][eal Seq (cb) [a ]
(ab) {ac) (cd) [c|lz]a)[d]la]a) = (ac)(lid) [l Y] [c|lz]a)[d]ls]a)
Sea (Cb) + Sea [ab] ) (A.39)

]tcd =

=

(

 {ab) (ac) (aly)’ (db) (ea) (trc) [bls]  (ab) (be) (de) (ea) (1 L) [be]”
(ae) (cb)(dlr) (tic) (d 1) (trc)[ab] [ea]

n (ad) (atr)? (ce) (dls) (ea) [e 1] L lac){ea) {ba){tra) [l ]
(de)(dly) (l1c) (ty )

 {ab) (ac) (als)® (Cic) [1 L] N (ad) (ba) {tia) ((2a) [(2 D]
(cb) (4 ¢) (6 d)

(ad) (ae) (aly)® (Lyd) [0y 0]

(e} (6rd) ) (A40)
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Igde =

D~

[

(ac)(a d>2 (ae) (01 d)[d ] N (ad) {(a e>2 (da)[ed]

(dc) (ed) (de)
(ac)(ad)(ae) (l1d)[el][dlz]a)) = 2(ae)(lra)[ly][e|d|a)
* 52 (d0) + ]
2(ae) (laya) [ 0] [e|ti]a) ~ (ad) (ae)[d|ls]a)[e|l:]|a)
b 2] d)
_ (ae) (ea) [e|ti]a)? N (ae) (de)[d|li]a)[e]l1]a)?
Sde Sqelellq]e)
(ac)(ad) (ae)[d|lz]a)lelti|d)  (ad)(ae)[d|e|a)[d|lz]a)[e|1|d)

[d|12]d) (d c) Sae[d|12|d)
_f{ac){ad)(ae){lre)[els][e|la]a)  2(ae) (l2a) {lae) [els] [(2 D] [e]la]a)
Sqe (d€) Sqe [a b]

(ad) (ae) [d|t:]|d)[d|ls|a)[ella]a)y  (ae) (da) (l2a) [la]l1]a)
* Sac 121d) - (de] ) A
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(ab) {ac){ae) (ba) (cli)[cb] ({ab) (ac)*(ba) (cly) (de) [cD]

(cb) (¢ €) (cb) (dc) (¢ e)
_{a &)* (ba) (de) (dly) (63 b) [cb] _ ({ae) (ba) (ca) (dls) [ed] e ls]
{cb) (dc) (d o) (Lre) {cb) [ea]
(ac)’ (ad) (ba) (d i) (€2) [61 0] {ae) (ba) (cby) (frc) [be]* [ D]

(tre) [ba)®
eb] [ 8] (ae) (ba)(

)
_ sae{ae) (ba) (cly) ()| c0y) (d0y) {0y ¢) [eb] [¢1 ]
{dc) (lre) [ba][ed] (de) (¢ye) [ba)®
Sqe (ae) (ba) (cb) (dy)* [eb] [6, b] N (ac)® (ad) (aly) [t c]
le|ly]e) (dc) (de) [ba][eal (dc)
 {ad) (aly) (ca)® [ty ] N (ac){aty) (ba) (lsa) [ty Ls]
(dc) (cb)
sae (ae) (ba) (clr) (L2 l1) [eb] [l ba]  (ae) (ba) (cli) (ic) (laa) [cb] [610] [(ral
{cb) (tre)[ba] lea] (cb) (tre) [ab]?
N (ae) (ba) (cly) (b1¢) (b ly) [cb) [(1 D) [laa]  2(ae) (aly) (ba) (6 c) [be] [lyb]
(¢b) (£ye) [ba)® (¢ye)[bal
| Sde (ae) (ba) (clr) (lalr) [10] [l 0] (ae) (ba) (cly) (db) (laa) [(1 D] [(2 0]
(cb) (01 e) [ba)? (dey (€ye)[bal
_{ae) (pa) (i) () (6 bn) [ 0] (€] 4 lae) (ba) {cly) (o a)” [2 a] [¢5 b)
(dc) {0y e) [ba)? (cb) (tye)[ab]
(ae) (ba) (cly) (o) [0 [laal [l2B]  (ae) (ca) (¢1a) (Lya) [t ]
(cb) (tye) [ba)’ (1 e)
(ad) (ae) (als)* (cb) (ch) (dbr) [l a]  saclac) (ae) (ba) (d ) [0 ] [e]bs]d)
(be) (de) (dlz) (Lre) lelta]e) (de) {de)[ed]

sae (a€) (ba) (ca) (d6y) [6 d] [e]o]d)

T hl b o e ) (442
1 fae (ead (6 d) et elalo) )

6 (ed) (e ly) [(5 €]
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(ey) (L 01)° (el)
(t1a)” (£ya) (62 b) [b 1] , {ab)lac) (ba) {Lra) [blr]
(cb) (e ly) (Lo ly) (cb)
a) (trc) (taa) [cb] | (ba)(da) {t10)* (ta)" [cb]
c) (01 4z) (dc) (b b) (o 4r)
ea) (016)° (0ya)° [cb] _f{ac)(ba){da) (tic) ((2a) [cd]
la) (1 a) (ly €3) (o 47) (cby (€1 Ls)
da) (6y¢) (lya)[cly]  (ba) (da) (ed) (£ya)® (£yc)® [dc]
by (d ) (6 0) (cb) (de) (e o) (b (1)
) (baa) [des]  {ad) (ea) (1 d) (£ a)* [d L]
) (ed) (£507)
a IMCTOMUA L ba){da) (b ) (tza) [ed) [e 1]
(dc)(de) ( Uy a) (0o ly) (cb) (01 43) [ed]
(ba) (dc) (ed) (tra)* (bya) [d1]*  2(da) (t1c) (laa)’ [dLo] [e 5] [l1 ]
(cb) (ea) (s ly) [¢1 al (dc)[dc]leal
(da)* {1 ¢) (aa) (L €) [d L] [e o] [ €] L laty) (ba) (61b) (b a) [b o] [6 b] [ €]
(dc)(ed)[dc]lea (cb) [cb] [ea]

(ad) (ae) (l1a) (lya) [l ls] N (d a>2 (ea) (01 ¢y by a) [0 ls]

(ed) (dc) (ed)
Sqe (ba) (dc) (€1 a) (b a) [dl;] [¢4 Cs] N (ba) (ca) (€1 0) (L a) [¢y €] [€5D]

(ch) (ea)[ae] [t d] (ch) [ed]

(ad) (ba) (1 b) (b2a) [bd] [lre] [l20]  {als) (ba) (b1 D) (laa) [blo] [¢1e] [ 0]

(cb) [cb][eal (cb) [cb][eal
(da)® (£y¢) (Lya)’ [lad] ~ (ba) (ca) (£, ) (Lya) [bly] [lse]

(dc) (lylq) (cb) [eal

(ba) (cty) (da) (lya) [¢,d][lse€]

(cb) [eal
(ba) (cb) (e d) (l2a) (3[ble]a)® + 3[ble|a) [bl¢1|a) + [B41]a)?)
(dc)(ely) (b ly) [ty 3]

L ab)(ac)(ec) (ad) be] [e o] [ellale) _ (ba) (cb) (ea) {ed) [b e [e|€1|e>> (A.44)

) (tia)” (o)’ [be]  (ae) (als) (ba) (tra) [b4)]

(ad) (ce) (e

(cb) (de)[ab][ae] [elé2]e) {dc) [ab] [ed]
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Appendix B

F5 Expansion via Nested Sums

We consider the expansion of Fy(1+61;1,1;2+ 09,2+ d3; x, y) using a nested sums approach,
mainly to demonstrate how much more efficient the integral method is. Writing it as

Fg(l+51,1,1,2+52,2+53,$,y)

F2+6) o= ;T(E+140) T(2+68) = ;Ti+1+6)
=1 - i
+r(1+51)i21xr(¢+2+52) P(1+51);yr(¢+2+53)
~ T(2+0)0(2 + d3) i I(n+1+6)
I'(1+61) —~ I(n+1)

n—1 .
n ’ , L@i+1) , T'(n—i+1)
—1 —D)¥(—=x)" n—i ‘ .
we start by defining

1
Zuln] = Sulnl =3
=1
1
ZW[”] Z R
1<i<j<n J
1
Swhl= 3 5 = Zuln) + Zunslnl (B.2)
1<i<j<n

We also define Z[n] =1 for n > 0, Z[n] = 0 for n < 0 and S[n] =1 for n > 0, S[n] = 0 for
n < 0. The gamma functions expand to

(n) 1)y TG+ DT —i+ D2+ 6)0(2 +65)0(n+ 1+ 61)
) D(i4+2+8)0(n—i+246d)T(n+ 1)I(1+6)

(ZL) (;;11);2719?;?/1_;) x (1 +05(1 = Za[i +1]) + 63(1 = Zafn — i + 1)) + 61 Zu[n]

+ 01 Z1[n)(62(1 — Z1[i + 1]) + 03(1 — Z1[n — i + 1])) + 8203(1 + Z1[i + 1] Z1[n — i + 1])

— (824 03)(02Z1[t + 1] + 03Z1[n — i + 1]) 4+ 07 Zua [n] + 63511 [i + 1] + 6551 [n — i + 1]>
()t () et
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where the last line has made use of the partial fractioning as before. We can reduce the
denominator (i + 1) — i via

> MV st 1= n-lunfl ) sti-
(i +c) :

i=1

B.1 Leading

For this case we have (B.4) with S[i] of zero depth. Therefore the ¢ = 1 term in the RHS
vanishes.

iZ( )% O () s

n=1 i= n=1 i=2
e y yn—i-l
" — (1 m. B.5
n§:1 D1 n+2) Syta)t ==+ (y+ )" 2"~ (1+ny (B.5)

We are therefore left with sums of the form

°° i2)Xn:_(1 1 +Log(1—X))

2 X X2

n=1

and
- 1—X)Log(1—-X)+X 1
Z X" — ( )Log( )+X 1 (B.6)
—~ (n+1)(n+2) X? 2
The leading part of the binomial piece is therefore
(1 -y—a)Log(l —y—=) y(l—=x)Log(l—x)+ (1l —y)Log(l —y) + zy
z(x +y) %y
1 1 Log(l-—
T (Ct) S (B.7)
2y y?
The leading result for the first 3 terms in F3 give in total
. i P2+0) TE+1+06) F(2+0) Ii+1+ 51))
~\T(1+0) T +2+06) T(AL1a) T(i+2+0)
Log(1 — Log(1 —
_ _y_Logl—x) Log(l—y) O(e) (B.8)
T Y
Putting both results together and simplifying yields
Fy(1+01;1,1;2 4 62,2 + 0352, )
1—2—y)Log(l —x —y) — (1 — 2)log(l — ) — (1 — y)log(1 —
_(1-2—ylogl -z —y) - (1 —2)log(l —2) — (1 —y)log(l —y) o) (BY)

Y
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B.2 O()) Terms

We have for the binomial bit

3 1 ( >—n+2)<52+55+5121[ ]—5ng[z+1]—53Z1[n—Z+1]> (B.10)

n=1 i=

The first two terms are given by (B.7) so we’'ll focus on the Z; sums.

01

The 0, term has no i-dependence so is given by (B.5)xd;Z[n]. We therefore have terms like

> Zl[n] Zl
Z n+2 ; (n+2 +Z n+2

1]l X - X" CS(X) (1 -=X)log(1-X) 1
X Xizl_zl[”_”_;(n)(nﬂ) ToXz X? X
Clog(1—X)2 (1—X)log(1—X) 1
- = - (B.11)
and
S Zy[n] PR 71 () /A1 )
;(n—kl)(n—i—Q)X _izl n+1)"  (n+2)

(X - 1);0521 - X2 (- X)l;g(l —X) | % (B.12)

We then have from the non-binomial terms

= 2 L log(1 —z)?
> an 1>Zl[z] == (B.13)

i=1

In total this comes to

Fo(1+ 651,152 4 65,2 + 8352, 9|,

— = ((1 —)log(1 — ) x (log(1 ~ 2) ~2) + (1~ )log(1 — y) x (log(L —v) ~2)
—(1—z—y)log(l —z—1vy) x (log(1 —x —y) —2)) (B.14)
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B.2.1 06

We will begin by considering just the first set of terms in (B.3) ie will include the {z <
y, 0y <> 03} after. Starting with the binomial term

(n+ 2§(n+ 1) (%) i (nzﬂ)(_l)i (‘%)ZZIM a i (n{jz)
<%>f‘z“<”#>—

—~
—
.
/T\
< |8
~_
N
=

n=1 =1
[e.e] xn
— +1] — B.15
;(n+2)(n+1 tln 2 (B.15)
The first term can be evaluated by introducing raising and lowering operators
(xT)™ 1= 1 In™(x)
m
e [HE
x - f(x) = /o e
X flx) =7 (@) (B.16)
v) =z fl@ :
and then redefining the Z;[i] = S1[i] via
N ZL“j
Sili] = 1[N = Y = (B.17)
i=it1 J

where we will take an N — oo limit and an z; — 1 limit at the end. Consider the second
term and rewrite the sum using the raising operator

i n+2 n+1) (y>xl+nz+l <n:-r1>(_1)i (‘g)i i 7 (B.18)

n=1 i=1

The j-sum is evaluated using

, x
Z o = e p—— (B.19)

it 1—I‘1 1—1‘1
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where the second term can be neglected as it vanishes under the x;” operator in the N — oo.
Calling X = g for convience we have

- y" T e n+1
_ + 1 X i
S w2 ()

n=1

n

Y + 11 X o )
;X<n+2>(n+1>xll—w1(( +Xo) )

0o yn n1n+11 1 i .
:ZX(n+2)(n+1)< <1+X)+Z (1+X) A

) (B.20)

The last line cancels the S;[N] from (B.17). NOTE typo in eq.(57) of [108] where sum to oo
should be a sum to n. Taking the x; — 1 limit leaves us with

S e (O () (1) @

((1 +X n+l

Sl

||M2

o0 xn (o) yn
_;(n+2)(n+1)Zl[n+I]_z:1(n+2)
o (etym S
_;x(n+2)(n+1) (Zl["+1]_zlz(1+;)z>
o0 xn o0 yn
R e e TR P Pl ey (B:21)

Focusing on the second term we need to first define the general nested sums

N o
Z[N;mq,ma, ..., My T1,Tay ..., Ty ::Z,xllZ[N—1;m2,...,mk;x2,...,xk] (B.22)
/I/m
i=1
N g
SIN;my, ma, ..., My; T, Ta, . .., Tkl ::Z 1S[N Mo, .., My; T, ..., o] (B.23)
/Lm
i=1
allowing us to write the second term as
OO n—|—1
—Z (z+y) Z[n%—l;l;L}
—~x(n+2)(n+1) T4y
o n+l n n+1
__Z (z +y) <Z[n—1;1; ]zl + d 1Z[n—1]).
—~z(n+2)(n+1) 4yl n(z+y) (n+1)(z 4+ y)"t

181



The first term goes as

(e +y)! Y
_;x(n+2)(n+1)z[n_1’1’x+y}

:_<xl_y)§:(m+y)n(ni1—niQ)Z[n—l;l; i (B.25)

Leaving us with terms

O e ]

n=1
I @ty
= Z[n —1;1; ] Zn—-1
(z +y) nz;: n Zl n(n+1) )
1 log(l — ¢ —
= Z|o0i 1,1y 4y, 2 }+Og( TY) 4
(z+y) T4y Tty
1 : Yy log(1 —z —y)
_ Li (—m + ) + ey B.26
@ry M \aryt Y x+y (B.26)
The multipolylogarithm is defined as
:L“ill x? xlin
lel ..... mMn (Ila 7:1771,) - Z ZTI Zgna DR Z:Lnn (B27)

0<i1<i9<...<in

We can evaluate the Multiple Polylogarithm (MPL) Liy; (74, z+y) by considering it’s relation
to Generalised Polylogarithms (GPL) [112]

o d
Glars- . aniz) = [ P Glaa,... i) (B.28)

0o Y—a
G(;x) = (B.29)

. 1 1
Lim, . momy (Zny -y 22,21) = (=1)"G [ 0,...,0,—,0,...,0,—,...,0,...,0, =—; 1
‘,T/ 21 ‘,T/ 2122 \,T/ Hi:l Zi
mi— mo— My —
(B.30)

and so evaluating the integral gives us (within the fundamental region |z| + |y| < 1)

11— 1
Lil 1 (Zl, ZQ) 10g(£)10g<1 — 2122> + ng ( 21Z2> - L12 < >
’ 21—]_ 1—21 ].—Zl
. Yy x . 11—y ) 1
L = log(1 — y)log(—————) + Lip (-~ —) — Lip (———).
11’1<x y,x—l—y) og( y)og<($—|—y—1)>+ 12((1—:1:—y)> 12((1—$—y)>
(B.31)
Returning to (B.25) we have the term
Z—(x+y) Z[n—l;l;—y ]
“—~ (n+2) T+y
1 = (z+y)" Y - y"
- Zn—1.1,—2 | -S -4 _zm-1 B.32
(x+y);(n+1) [n :U—i—y] ;n(n+2) [ —1] (B.32)

the first of which has been evaluated and the second is standard.
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B.2.2 )3 piece

Finally we have

_nz:l 1()2—1—1 n+2)Zl[ i+1]
__Z <) i+ 1) n—|—2)<Zl[ ]Jr(n—t—l—l)) (B-33)

n=1 =1

where the second term partial fractions to

A i A |
ZZ() (n+2)? ((i+1)+(n—i+1)>

n=1

SR y
Zn—|—22< (n+ 1)y» y"(n—i—l)_x(l%—n)_l)—i_{xHy}

n=1

n+22n+1)+5(n+2)2(n+1)+(n+2)2 r (n+2)2n+1)
Y} (B.34)

y y" y" (z+y) (z+y)" )

Il
i M]3
$A

,—H

These easily evaluate to polylogarithms. The other term is

— Z+1)(n+ )
Z() (—3)%—@1
- i::xnn—l—l:() <_§> n—z+§; v (B.35)

where we have reduced the 7 + 1 denominator, the ¢ = 1 term vanishes due to an implicit
S[i — 1] term in the second line and we relabel n — n — 1 in the third line. We've evaluated
the last term before, and upon relabelling © — n — ¢ and using the result implicitely derived
in the d, section

n

> (M)eali =z -0z - rigi=] -1 @

— 1+ ax)] n
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we can rewrite (B.35) as (dropping the last sum)

B IO

n=1 i=1
n—1

finm () 2t (50) 2l v )= (7))

_ : x y" (z +y)" L (z +y)"
- ‘Z e R ree KR e K (R e B sea 1 K0

(B.37)

We now have all of the O(d) pieces for the binomial terms. Returning to the non-binomial
bit we have

L2+ 68) v ,[(n+1+6)
F(1+51)Zx D(n+2+ &)

n=1

— i (nai: D (14 65) x (14 6:Z1[n] + 02 Zy1[n] + 63 Zya[n] + ...

n=1
X (1 — 5251 [n + 1] + (5%511[71 + 1] — (535111[” + 1]) (B38)

which can be evaluated easily.

B.3 (%) terms

B.3.1 42

Starting with non-binomial terms we have

= /1 h x" x"
:;(E—Zn[n—l]— eV R ey Ziln—1))
= éLiln(l, l,z) = —w +{z < y}. (B.39)

From the binomial we have terms like

. X" <1 Xn
E ——Z = E = Znn—1
— (n+2) n[n] — 1X(?”H—l) nfn )

_ bg(l—_?) XZ(Xn n—1] - ()j_l)Zl[n—l]>

log(l —X)3 log(1—X)* 1

/1 X" xr
- Tt x o (x Al - ) (B-40)




all of which are previous results. The other terms to consider are

[e.9] 7’L o0

X?’L
= (n+1)( Z” g( n+1) n+2)>Zn[n] (B.41)

both of which have been calculated.

B.3.2 &3

We need to consider

co n—1

i+1)(n—i+1)

o n-l /. (=1)i(—z)iyn— ) . |
%;;(J D+ X 02(Syli+1] — Sii +1]) + {z <> y, 0, ¢ 05} (B.42)

where the S;[i + 1] term was previously evaluated so first consider

Z() fl)”ﬂ““ i(ﬁ)w X i1 - X

- (i+1) ! (n+1)511[n+1]'

(B.43)
where we’ll first consider

n

Z (ZL) (_1)i(zf1) X Suli+1] = <_ %) (n i 1) f <n+ 1) (—1)'X'Sy[i] — 1. (B.44)

]

As before we redefine

N i1 02
. T,y X
11=1+1 11=1+1 120=191+1

where we will take the i1,io — 1 and N — oo limits at the end. The fist term can be
rewritten as

N
1 1 1-— 2 2 S, [N12 2
Sll[N]:<ZH[N}+Zi—2>‘N%m:M LSV T
=1

—. B.4
2 zn—1 6 2 +6 (B.46)

The second term is similar to the O(d2) term. Let’s generalise this

g (7;) (—1)'X 1ZZH le () ) (Xa)'< flml = —x{ flxl (1 (1- Xa:l)”)
— (1 —X)”i%(ﬁYP ~-x)] - (1- - X)) SN

= - x)(s[n:1: ﬁ] —8iIn]) — (1 (1= X)) Su[N]
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The last term contains terms like

+ 1. L2 L1L2 [1_ 1—X n+1
X2 0% ]_—.1'21—1’1%2 ( $1x2)
n+11 1 i
— (1 — Xx)"! —(—) + 1—(1—X
(-3 3 (ox) o Tl - 0 Xew)
N N [L’il‘iz
1—(1—Xx)"*! gz B.48
+( ( ) )Zl '+1i 19 ( )
1=1 i2=1

The last line cancels the Sj;[N] contribution from (B.46). The operator x; acts as

o — [1-(1—)(3;2)] (1—(1—X)i>51[N]

1—33'2

+ (1= X)) 1?@ Z%( )j [1- (- Xny|  (Ba9)

The second term vanishes as discussed earlier as

TR R B.50
T A (B.50)
i=N+1

so vanishes in the N — oo limit. (B.48) therefore reduces to

(1— X)™1Si[n + 181 [N] — (1 — X)"*1S,[N]S [n 11,

P2 S (sl g - )

l—X]

= (1= X" Sufo+ S, N] = (1= X)" S NIS [0+ 1,1 _1X}

1
+(1— X)) (5 [n-l— L1 1, — X} Suln + 1]) (B.51)
The first line cancels the Si[N]> >, ., 111 contribution and we are left with

i (?) (—1)1'(?1) x Sy li + 1]
1

1 o nl i ol g 1
S I T YA P P LESD 9D SE PR B
_ <_ %) (n—lu)(l _ xye (Sn[n—i- 1] —S[n+1;1,1;1,ﬁ}> 1. (B52)
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Returning to the original problem we have

; (TL—:Q (Zl (7;) (_1)i (ile) X Sll[i + 1] - %Su[n—f— 1]) |X—>—%

(n+2§(n+1) <(_ 1 ;(X>(1 _X)n<5”[”“] _S[”“’l’l’l’ﬁ])

o0

n=1

First we look at terms like

’VL

X" Sll 7’L +1 Z

[M]8

) <Z11[n 1]+ Zo[n + 1])

nz1(n+2)(n 1) — (n+2)(n+1
:i X ( L i —— 2]+ Zan — 1]). (B.54)
—~(n+2)(n+1)\(n+1)? n? (n+1)
We consider terms
> =—Zyfn—1] = Z[oo; 1,2 X, 1] = Lip, (1, X) = Hy 5(X) (B.55)
n
n=1

where H,,, (z) are the harmonic polylogarithms [111] which we evaluate in Section B.4. We
also look at

; (n+ 1)2(n+2)21[n] = ZX ((TL+ 1)2 - (n+ 1)(7”L—I—2)>Zl[n]' (B56)

n=1

We've evaluated the second term before so look at

= X X ~ Lie(1,X)  S{(X)
D Zl[n]——ZﬁZl[n—l]— = (B.57)

n=1

where SP(x) is the Nielsen generalised polylogarithm. Next we consider terms of the form

:01 n+2 )S[n—i- 1;1,1;1, %] (B.58)
where first we rewrite in terms of useful Z sums via
Sin+1;1,1;1,X]=Zn+1;1,1;1, X| 4+ Z[n + 1;2; X]
— Zln—1;1,1;1, X] + <%+ (ni1)>Z[n—1;1;X]+%
+ Zn—1;2; X] + (7;)(:21)2 + % (B.59)

187



and so we will need to look at terms

2%2_ 1,1,1,1,)1(] Lij 1, (%,1,X-Y):—G<%,1,%;1>, (B.60)
n=1 B
—~(X-Y) 17 . /1 B 11
;Tz_n— 1,2?} — Lis, (Y,X&/) - G(O,T,?,1>, (B.61)
© (X-Y)" _r 1 1 B r 1
;TZ_"_M’X} Lini (X ) = 6 (53 51) (B.62)
and
— (X-Y)" ! 1 11
;TZ[”_ i1 ] = Lina(5p, X +¥) = 65570 531). (B.63)
B.3.3 3
We look at

_ i n_ll (T;) ((‘Ui(_“})i,ym x 6281 [n — i+ 1]

i+1)(n—i+1)

S (0 (CD =)yt _
_>Zizl <> (i+1)(n+2) X 0351[n —i+ 1+ {x <y, 05 <> s}

(B.64)

As previously seen we can evaluate this by reducing the S sum

f?ni ( > G+ 1) n>f; X 5§(Sll[n — i+ m&[n —i+ 1]) (B.65)

n=1 i=1

and starting with the second term we partial fraction to give

i”z ( ) n+2))zyn_i<(n—1+1) * (z‘i1)>51[”_”1] (B.66)

n=1 i=1

where here the first term can be related to (B.47) via a relabeling and the second term goes
as (B.35) where we reduce the denominator offset and then relabel. We are thus left with
the term

5 () e s




Generalising from earlier

n

i( )X’Sn Zi( )X’Sn — X"Sy1[n]

=1 =1

—(14+X)" (S [n; 1,11, H—LX} - Sn[ﬂ]) — X"Sun] (B.68)
reducing the problem to
1 & " (x+y)" L x y\" Xy
;;nmm( - (Sﬂ[”] —5[”’“1’@}) () 5”[”]) 2yl

(B.69)

which can be evaluated by converting S sums to Z sums and reducing denominators etc. For
completeness we'll look at (B.66) more explicitly. Taking the first term

S () (D )y .
ZZ(Z) (n+2)2 (n—i+1)Sl[n_Z+1]

- in:l n(nx: 1)2 21 <7Z) (%)isl Ui 5 n(ny—jl)ﬁl n=>" 0 i o (B.70)

all of which have been previously evaluated. The second piece is

S () (D () .
2 (1) (n+2)2 (z'—l—l)Sl[n_H_l]

n=1 i=1

(B.71)

which is same as (B.33) except with (n +2) — (n + 2)? but otherwise has the exact same
procedure. Finally we have the non-binomial terms for both §3 and 43

1 o= 2"
; SH [n+1] — Sy[n+ 1]) 5;? (S11[n] — Si[n]) (B.72)
which have already been evaluated.
B.3.4 0,09 and 903
Starting with the non-binomial term we have
53 m$—:l)(zl[n] — ) Zfn+ 1) + { oy, 6 © 6} (B.73)
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where we have evaluated the first term before and the second term required us to deal with

products of Z-sums for the first time. This can be done by reducing the argument to the
same value and using the formula

. . . / I, ! /
Zn; ml,.. ST Ty vy T X Z[nymy, .o mp a1y
_ xlz 1 . Z‘ 1_ / 1.1 /
s [i—1;ma, . ymys oy x| 20— 1sm, o my a1y
xlz' 1: . 70 1:m/ 1o /
+ o [i = 1sma, .o ymp; @y, .o x| 20— Lymg, oo mys L 1y
i=1

+ Z Efbﬁi}lZ[@ — Lima, .. my; Xy . xp| 20— 1ymy, o s, 1] (B.74)
which reduces Z;[n|? to 2Z11[n] + Z[n]. For the binomial piece we have

mginzl ( ) —0Y (L= Zufi + 1))

n=1 i=1 7’L+2)

+515322() @+'1 n);y;)i><Zl[n](l—Zl[n—i—i—l])%—{xHy, 5 65} (B.75)

n=1 i=1

The first term for both 405 and d;03 has been evaluated previously and the second term of
d102 can be derived from (B.21).

S s (s S

_ g o 25;":n - 1)Zl[n}zl[n +1] - :1 (y—:z)Zl[ ]

B g I(éxﬁ;;;(ii 3 (Z [n; 1,1:1, ILW} + Z[n; 1,1 ILW 1} + Z[n;Q; xL—l—y]>

_nf:lm;:nm@z” ek i n+2n i ”:2 o
(B.76)

all of which have previously been evaluated. Looking at the second term of d,d3 we use (B.34)
and (B.37) to split it into two parts

" 1 y" 1y 1 (z+y)"
ZZI”_ ( n(n+1)? +5n(n+1)2+§(n—|—1)2_En(n—kl)?)+{x<_>y}' (B.77)
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and

:_Zzln—l}(nzxn - Zl[n]+7(f+—y)nz[n_1;1;xx ]_fl:chy)”Zl[n])

—~ (n+1)  n(n+1) (n+1) +y (n+1)
o0 yn
+ ; le[n]Zl[n]. (B.78)
B.3.5 903
This goes as
o n—1 i, n—i
5263;; < ) it 1) n)fz) X (1 — Zy[i+ 1] — Zi[n—i+1] —i—Zl[i—i-l]Zl[n—z'—i-l])
+ {7 < y, 09 <> 03} (B.79)

The first three terms have been previously calculated so we consider the last term. This
cannot be reduced to product sums of the same limit so we need a new technique. First we
reduce the Z-sums to

(i+1)(n+2) (n—i+1) (t+1) (i+1)(n—i+1)
(B.80)

i11<) )lyn_i<Zl[i]Zl["—i]+ Zlivl]  (Anzivd] 1 )

n=1 1

We reduce the offset of the denominator for the first term

5 ) e 1= 15 ey )

n=1 i=1

n n—1

RO MYIOIC a5 o)

and look at the first term which can be rewritten using [108]

n—1
Z (?)XiS[i;ml, ]S —a;ml, ]
i=1

= (1+X)";m; (Z) (jffll)zS[i;mg,...]S[n—i;m'l,...]

N SR =2 AN o L
+ (1+ X) ;m;(i>m5’[z,m1,...]5[n—z,mQ,...] (B.82)
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to

o0 n n—l ;
in: n(ny—i— 1) & <Tzl) (g) ZiliZiln —
% " e = : .
Yt (T S S (16 + ) an)
1 <= ( " - 1
T — nﬁ?j—fl);j(xiyy
x ((”Jyry)J(S[ x—iy} +S[j;1;ﬁ] —28[j]) + [G)] +1] SM) (B.83)
all of which can be rewritten as Z[oo;...] after some algebra. We next look at
o0 n—1 g
_%;nn—i—l — n)(g Zln :
AT ] e
xnlnn—i— jzljlzl Y ! 1 \y '

which requires the evaluation of

j—1 J . ;
X XY
=x0" ) (?)X@——,
=1 () ’ =1 g J

; (%) - % 201,14 X] = Z[j,1,1] - % (B.35)

and the rest has been previously evaluated. Returning to (B.80) we next to consider
3 (n) (=)' (=a)'y"" 2]
; i) (i+1)(n+2) (n—fH—l)
oo n—1
(=D =)'y, a1 1
= Z B.86
¥ () 4y o) (50

which is simply (B.66). The third term of (B.80) involves reducing the Z-sum arguments,
reducing the offset of the denominator and then various partial fractions and denominator
reductions but overall introduces no new techniques or general results. The last term is

R (1) (S () 1
ZZ(Z) (t+1)(n+2) ((+1)(n—i+1)

: ; ; (7;> _1();(:2)?”_1 <(z' +11)2 - {(i - 1)1(n oy Tl y}} ) (B.87)

where again we’ve done enough that this introduces nothing new. We now have all of the
O(e?) terms. Clearly the integral method is better.
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B.4 Multiple and Harmonic Polylogarithms

A few results are given here

Gy, y,2y;1) = —%log[ﬁ} log[—y]?
- %log[l — y|*(log[~ay] — log[1 — xy] + log [%]) log[—y] Liz [(1 i x)}
+log[l — y](log[(x - 1)] log[—y] + Li, [ﬁ}) + Li [(1 i x)} ~ Li [8 - m (B.88)

Looking at Lis (1, X) we have

/1 da, / dzy / doy /1 dz; / log(1 — x5)dxy
L 1'3—1 :c1—§ 0 i)

L12 (1) Liy(z1)
d =X B.89
/ T1 — ¥ o / 1- XiUl ( )

Alternatively noticing this is a Harmonic polylogarithm we can use the relations

Ho e (8) = | A0 Ho s (1) (B.90)
0
and
R / Qs fir (21) oo (B.91)
0
where
folw) = = fir (@) = — (B.92)
0 - ‘T’ +1 1 :F T .
We therefore have
B T 1 B T LlQ(.Tl)
Hl,z(l') = dﬂflfl(l“l) dili'zfo(l'z)Hl(iCQ) = dzy 1
0 0 0 — T
— log[1 — 2] Lis[z] — 2 Lis[z] — 2 Lis [L] 4+ Logll — 2 (B.93)
(x—1) 3
We also need
H173($) = / dl’lfl(l‘l) ng(ﬂ?) = (B94)
0
H2,2($) = / d$1f0($1)H1,2(!E2)
0
= —% Lip[x]? — 2 Liy[z] (B.95)

We similarly calculate Hy 1 2(x) and Hy21(2).
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Appendix C

Mellin-Barnes Expansions of Triangles
and a Specific Triangle Integral

C.1 Mellin-Barnes Expanded Triangles

First the two-mass triangle. Starting from (5.96) we close the contour on the left side of the
complex plane (after performing the initial Gauss shift)

F[% - I/lz]F[U — %]F[% - 1/4]

7D 4 M?) = (1 SR (250
sars (V1 va vast, M?) = (=1) 271 (M) 2 LT DD — o)

+ R)N D
ZF ?V]2F1<0‘—§I/2 Nl/lg 1—T>

N2>0

F[V4]F[V12]F[D — O']

(1—|—/€)N N D
E TV S F | — — N:vig:1 =T
XN>0F[1+N] 21| 5 Vg, V1 + N9,

F[% — Vlg]F[O' — Q]F[% — 1/4]

_ (_1)5+1+H(M2)§70T%7V24

F[% — Vlg]F[O' — %]F[% — 1/4]

F[V4]F[V12]F[D — O']

(1) m+N (1+r)N (D Va)m N
X (1 -1
N;O V12 F[1+N]F[1—|—m] ( )

— (_1)§+1+H(M2) %70’1’1%71124

F[Q —

2 —nalfo — 202 — vy]

2 2

= Q) T D — o

D
X Fy |:V1;1+’£75 — vy vy, v T 1 —T]

r

5 V12]F[O’ — Q]F[Q — 1/4]

2 2

= (T e N TT LD — o]

D
x(1-=T)"'""F [5 —vy 1+ R,vy5010; 1,1 — T}

[[L —vu)lo — 2|02 — vy
L[] T[vo]T[D — o]

I[6 — L]0 [uo)

Iyg,)lo — %]

L5 — viellls 5IT(5 — vl
Pua]C[pip]U[D — o]

_ (_1)§+1+R(M2)§—0T§—u24

D
x (1-=T)"'""yF [5 — Uy, Vj; Vjgs 1 — T]

_ (_1)%+1+K(M2)%7

D
X (1 —T)iliﬁgFl |:(3' — E,I/Q;ViQ; 1-— T‘| . (Cl)



For the one-mass triangles we similarly have

L2 — v — w2 — vy — 3]l — 2]
D CM2) = (—1) 3t tRg T L2 2 2
Darp (v, va, vg M) = (1) 37103 L[ ]T[ws]C[D — o]
XZ (1+ k)N (%—VQ—V?,)N
N>0 (v1)n
D

L
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e
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= (ZDFs st [D — o] (©2)
C.2 A Tensor Integral
There is a tensor integral of the form
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= I; + Skw (ISD:4—25(V17 Vo, V3) — %15—6—%(”17 vo, 1+ V3))
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where the triangle mass is S,z and
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__ Tl el -1 )
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This agrees with the box result presented in the main body of the thesis when setting v, = —1.
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Appendix D

Starting Points for Future
Calculations

D.1 General Two-Mass-Easy Box

We can add in the second mass to the derivation of the generalised one-mass box. {Q?} from
(5.66) now contains {s,t, M?, MZ}.

ky ky

Vy

ks

Figure D.1: A generalised two-mass easy box with k3 = M2, k2 = M3 and all other k7 = 0.
The internal propagators {A;, Az, Az, A4} have arbitrary powers {yl, Vg, V3, U4}

This extends to the two-mass case as follows:
P =ux1+ 20+ 23 + 24, (D.1)
and
Q = 11235 + Towyt + 1124 M? + 2003 M]. (D.2)
The proceeding multinomial expansion can be written as,

2
V17V2,V3,l/4,5 t M

/ pr Y /d ) (s (5o (i)

1T 2 TLQ! ng! n4!
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5>0

q1!g2!qs! p1!pa!ps!pa!

X (p1 + p2 + p3 + ),

(D.3)
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S ={q1,9, 95,94, p1,D2, D3, P4} and with the constraint

D
O+ @t atatptp P tp= - (D.4)

which ensures the powers of P and Q are correct. Calling v; = —n,; we can take the z; "
coefficients and compare these with the other side of the equality, extracting the Schwinger
integrand to give

[l + p1 + p2 + p3 + p4l
“ T[1 4+ qu]I[1 + @2]I[1 + g5]T'[1 + 4]

D2m . 2 a2y _
I4 (l/l,VQ,V37V4,S,t,M1,M2)—

5>
" (H %) sUE(MDROE), (D)

where we can read off the constraints

¢1 + g3 +p1 = —U,
g2 + Q4+ p2 = —Va,
¢1 + qa +p3s = —Us,
g2 + (3 +ps = —lu,

D
Q1+QQ+Q3+P1+p2+p3+p4=—§- (D.6)

There are 56 potential solutions to & under these constraints but there are only 35 existing
solutions. There is plenty to explore here, both in terms of kinematic regions and in pushing
the results to a single, compact form such as with (5.117), and the result will be required for
pushing our single-minus technique further to higher multiplicities.

D.2 Augmented Recursion for Single-Minus Amplitudes

This thesis has not touched upon the rational part of the single-minus amplitudes. We
expect that we can use the BCFW shift for this amplitude which will reduce the number
of factorisations needed to be considered, and indeed with the results known this has been
tested and the rational contribution does vanish for large z under this shift.

In the all-plus case, there were double poles originating from the all-plus, three-point, one-
loop vertex. There was no contributions from the two-loop vertex because the tree amplitude
in the factorisation vanished for the all-plus configuration. The single-minus amplitude will
contain contributions from the two-loop vertex as now the tree becomes an M HV tree. We
could look at all of the two-loop diagrams that would contribute double poles individually
but it might be easier to take two separate currents as shown in Figure D.2.
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Ql
H\Q
AN

i

Figure D.2: Schematic diagram for the (two-loop)-(tree) channel containing the double pole
contribution which comes from the two-loop, all-plus, three point vertex. The LHS circle
indicates a doubly off-shell two-loop, four-point current. The RHS circle indicates a doubly
off-shell n-point, tree amplitude. The external legs are BCFW shifted on legs a~ and bt

The remaining channels either contain simple poles and only need standard recursion, or
use the same methods as seen for the all-plus configuration.
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