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Abstract

Local, manifestly dual-conformally invariant loop integrands are now known for all finite quantities as-
sociated with observables in planar, maximally supersymmetric Yang-Mills theory through three loops.
These representations, however, are not infrared-finite term by term and therefore require regularization;
and even using a regulator consistent with dual-conformal invariance, ordinary methods of loop integra-
tion would naively obscure this symmetry. In this work, we show how any planar loop integral through at
least two loops can be systematically regulated and evaluated directly in terms of strictly finite, manifestly
dual-conformal Feynman-parameter integrals. We apply these methods to the case of the two-loop ratio
and remainder functions for six particles, reproducing the known results in terms of individually regulated
local loop integrals, and we comment on some of the novelties that arise for this regularization scheme not
previously seen at one loop.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction and overview

There has been incredible progress in our understanding of perturbative quantum field the-
ory in recent years. This is especially (and increasingly) true for perturbative theories involving
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massless particles, in four dimensions, with (maximal) supersymmetry, and a planar limit. But
many of the insights gained from studying particularly simple quantum field theories such as
maximally supersymmetric (N = 4) Yang-Mills theory (SYM) in the planar limit have much
wider (potential or realized) applications.

Among the greatest source of progress has been the realization that the difficulties of renor-
malization, regularization, and loop integration can (and should) be separated from those of
constructing loop integrands. Prior to loop integration, loop integrands are rational functions like
tree-amplitudes which can be determined by their residues (or ‘cuts’); and, provided that cer-
tain qualifications about scheme dependence or regulated Feynman rules are taken into account,
loop integrands may be meaningfully defined and computed without dealing with ultraviolet or
infrared divergences. Indeed, there have been enormous advances in our ability to represent per-
turbative scattering amplitudes at the loop-integrand-level in a wide variety of quantum field
theories. And this progress has led to the discovery of many important insights with broad appli-
cations. For example, the discovery of on-shell recursion of tree-amplitudes [1], dual-conformal
symmetry [2-5], the infinite-dimensional (Yangian) symmetry for planar SYM [6], and the cor-
respondence with Grassmannian geometry [7—13] were all discovered from loop-integrand-level
investigations.

However, even for the simplest ultraviolet-finite theories involving massless particles, one
must eventually deal with the fact that scattering amplitudes themselves are not observable: they
suffer from infrared divergences that require regularization. And yet, it has long been expected
that at least some of the symmetries of loop integrands such as dual-conformal invariance should
survive to infrared-finite quantities related to amplitudes such as ratio and remainder functions.
It is not unreasonable to hope that there exists some formalism for computing infrared-finite
quantities, such as ratio functions, in terms that do not require regularization, but we have little to
add to such a hope—except to say that even if such a formalism were to exist, the best developed
methods of loop integration—Feynman parameterization, Mellin-Barnes, etc.—are poorly suited
to preserve symmetries such as dual-conformal invariance (at least as they have been traditionally
described).

In this work, we describe how dual-conformal invariance of planar loop integrands can pre-
served through infrared regularization and Feynman parameterization. The existence of an in-
frared regulator consistent with dual-conformal invariance was shown in ref. [14]. This regulator
works by giving (leg-label-dependent) masses to all external legs proportional to a parameter ‘5’
which is both dimensionless and invariant under dual-conformal transformations. In the limit of
8 — 0, any planar loop integral relevant to SYM is expected to become regularized as a polyno-
mial in log(8). When this is the case, we show how the coefficients of any log(8) divergence
can be expressed in terms of finite, Feynman-parametric integrals with denominators that depend
exclusively on ‘parity-even’ cross-ratios—those rationally related to Mandelstam invariants.

We use these ideas to re-compute the two-loop ratio and remainder [15-17] functions for
six particles in planar SYM, using the integrand-level representation of amplitudes given in
ref. [18]. We do this in part because these functions are well known and verifiable; but we ex-
pect that these methods will prove useful for a wider class of still unexplored cases. Although
the dual-conformal integration techniques outlined here seem valuable quite generally, it is clear
that applications to higher multiplicity, for example, will still require new insights regarding the
‘right’ kinematic variables and the best way to represent integrals that are not polylogarithmic.
We must leave these issues to future work, but we expect that the parametric integral representa-
tions obtained using the strategy we describe here will, at the very least, recast the issues involved
in going further in a sharper light.



J.L. Bourjaily et al. / Nuclear Physics B 942 (2019) 251-302 253

Before moving on, it is worth mentioning that starting from loop integrands may not prove the
most efficient way of computing divergence-free quantities related to observables. Indeed, in the
case of six (or seven) particle amplitudes in planar SYM—the primary example studied in this
work—the symbolic bootstrap approach described in refs. [19-28] has proven dramatically more
powerful than integrand-to-integral strategies. This strategy eschews reference to loop integrands
altogether, determining finite quantities directly from the space of functions expected to arise
from loop integration—fixed by some number of globally-defined physical constraints. Indeed, it
is hard to envision our computation of the two loop ratio and remainder functions for six particles
as being competitive with the symbolic bootstrap which has already been used to determine these
functions through seven loops [29]. Our main purpose here is to improve integration technology
for local Feynman integrals, which have much broader applications than is currently understood
using symbolic bootstraps. Moreover, the Feynman integral approach provides the most concrete
evidence that the bootstrap results are both correct and complete.

This paper is organized as follows. In section 2 we describe how planar loop integrands (at
least through two loops) can in general be regularized and integrated in terms of (Feynman-)pa-
rameter integrals that depend exclusively on ‘parity-even’ dual-conformal cross-ratios—those
rationally-related to ordinary Mandelstam invariants. This will involve the use of the so-called
‘dual-conformal regulator’ introduced in ref. [14] which we review in section 2.1. We describe
the mechanics of Feynman-parameterization in dual-coordinates and the embedding formal-
ism in section 2.2, and we demonstrate—by direct construction through two loops—that these
Feynman-parametric representations can always be transformed in a way that expresses any pla-
nar integral in terms of a basis of integrals that exclusively (and manifestly) depend on parity-even
conformal cross-ratios. For the sake of clarity, we outline how this works at one loop in sec-
tion 2.2.2 and at two loops in section 2.2.3—with several more illustrative examples discussed
in section 2.2.4.

Using the dual-conformal regulator, any ultraviolet-finite integral can be expressed as a poly-
nomial in log(8)'; the coefficients in this expansion are guaranteed to be dual-conformally
invariant. In section 2.3 we outline a general and systematic strategy to extract each coefficient
of log"(8) in the  — 0 limit in terms of finite, dual-conformal, (Feynman-)parametric integrals.
In section 2.4 we discuss how such parametric integrals may be systematically evaluated (in
terms of hyperlogarithms, if possible) using algorithms for the iterative integration of hyperlog-
arithms [30-32] implemented in tools such as HyperInt [33].

In section 3 we review the notation and formalism involved in the representation of local loop
integrands for scattering amplitudes (and related functions) in planar SYM. We start with a de-
scription of one-loop amplitude integrands in section 3.1, and two loops in section 3.2. While
mostly review, section 3 should establish all the essential ingredients required in the primary
applications discussed in section 4, where we apply these ideas to reproduce the two-loop ratio
and remainder functions for six particles in planar SYM, starting from a local integrand ex-
pression and directly integrating each term. Beyond (merely) a demonstration of the viability of
this approach, this example illustrates several interesting and unanticipated novelties about the
dual-conformal regularization scheme not seen at one loop. Examples of the individual terms
that contribute to the six-point ratio function at two loops are discussed in section 4.2; the
structure of the (cancelling) term-wise divergences is described in section 4.2.2 together with

U'n principle, there could also be poles in §. Such poles would not complicate our analysis, but seem not to arise for
integrals in which we are interested.


http://bitbucket.org/PanzerErik/hyperint/

254 J.L. Bourjaily et al. / Nuclear Physics B 942 (2019) 251-302

the appearance of lower-weight contributions and ‘impurities’. In section 4.3 we describe the
form of the two-loop-logarithm of the six-particle MHV amplitude and discuss its relationship
to the remainder function and the cusp anomalous dimension. All the notation and conventions
needed for this analysis are described in Appendix A. Details of the individual contributions to
the ratio function are discussed in Appendix B, including technical aspects of how they were
obtained in Appendix B.2. Included as ancillary files to this work’s submission to the arXiv
are complete expressions for these contributions—including both the dual-conformally-invariant
(Feynman-)parametric integrals and the explicit hyperlogarithms that result from parametric in-
tegration. These files are also available under DOI 10.5287/bodleian:BRyawJrRN. The details of
how these files are organized is described in Appendix B.3.

We conclude in section 5 with a brief discussion how these ideas may be generalized, and
the new (or newly-sharpened) issues that must be addressed to exploit the full potential of this
technology.

2. Dual-conformal regularization and Feynman integration

In this section, we review the dual-conformal regularization scheme introduced in ref. [14],
and show how (at least through two loops) all dual-conformal integrals—including those that
require infrared regularization—can be expressed in terms of manifestly dual-conformal Feyn-
man parameter integrals (possibly also depending on a single, scale-invariant regularization
parameter). Moreover, we will show that any one- or two-loop dual-conformal integrand can
be expanded into a basis of (not-necessarily pure) Feynman parameter integrals depending ex-
clusively on parity-even, x-space cross-ratios (that is, ordinary Mandelstam invariants), with
coefficients built from more general dual-conformal cross-ratios (which may or may not be
parity-even). We will prove this by direct construction through two loops; and we expect this
fact may be generalized to higher loops.

As dual-conformal symmetry will play an important role in our present work, let us briefly re-
view it here—mostly to introduce some essential notation. Dual-conformal symmetry is ordinary
conformal symmetry, but on the space of dual-momentum coordinates defined by associating the
momentum p, for the ath external particle to the difference p, = (x,4+1 — x,) (with cyclic la-
beling understood). This is obviously translationally invariant; and provided all the momenta are
taken to be incoming, momentum conservation is automatic in x-coordinate space.

Inverse propagators may be expressed in terms of dual coordinates as follows:

(@,b)=(b,a)= (xp —xa)* = (Pa + .+ pp—1)> =sq.p—1 and (£, a) = (xp — x4)°.
2.1
2 k)

Thus, (a, b) is simply an ordinary Mandelstam invariant—often written as ‘x7,’ in the litera-
ture. (We choose not to use that notation here mostly for simplicity.) Notice that for a massless
momentum pg =(a,a +1)=0.

2.1. Dual-conformal regularization: definitions and review

We are interested in regulating those infrared divergences associated with the masslessness
of external momenta—those that would be regularized by giving each momentum some small
mass m and expanding in the limit m — 0. This is close in spirit to the Higgs regularization
scheme described in ref. [34]—which makes the propagators adjacent to external legs massive—
and results in a regularized expression involving a polynomial in log(m). Although obviously
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well-motivated, the principal problem with such a regularization scheme is that m carries mass
dimension—severely breaking any potential (dual-)conformal invariance of the result. Dimen-
sional regularization similarly introduces a mass scale, obscuring ultimate conformal invariance
of infrared-safe functions.

The key idea behind the ‘dual-conformal regulator’ introduced in ref. [14] is to give external
particles masses, but in a way that introduces no new scales into the problem and leaves intact all
scaling-weights under dual-conformal transformations. The later requirement forces us to give
different particles different masses. Specifically, a dual-conformal regulator may be defined by
taking external particles off the mass shell according to*:

2 2
P2 p2 48 (Pa—1+ Pa)™(pa + pa+21)
(Pa—1+ Pa + Pat1)

where ‘6’3 is a manifestly dimensionless, multiplicative number—taken to be small.

This regularization scheme was initially described in dual-momentum space, where each x,
was shifted in the direction of its cyclic neighbor x,| by

(a—-2,a)
(@a—2,a+1)"
This rule matches that given in equation (2.2) up to terms of (O(8?) and so the two rules may

be considered effectively equivalent. Notice that in terms of (a, b) = (xp — xa)2 defined in (2.1),
pg = (a,a + 1), and so (2.2) translates to

(22)

Xg > X5 = Xq +0(Xa41 — Xq) (2.3)

A/\_ (a—l,a+l)(a,a+2)
(a,a+1)— (@,a +1)=(a,a +1)+56 @—1.a+2 . (2.4)

This makes it manifest that (a, a/—i—\l) carries the same conformal weights as (a,a + 1) (would
have had, had it not vanished). What this means is that after the shift (2.3), (a, B) # 0 for all
a, b (without imposing additional constraints); and cross-ratios involving (@, a/—k\l)’ can be
expanded in powers of § times un-shifted cross-ratios that do not vanish even when all external
momenta are massless. Because only consecutive two-brackets (a,a + 1) effectively require
regularization, we will drop the hats from such brackets whenever the meaning is sufficiently
clear.

(It is worth mentioning that the dual-conformal regulator defined above is only one choice
among many potential alternatives. For example, different external particles could be assigned
distinct parameters §, in (2.2)—and these factors could even be modified by arbitrary combina-
tions of conformally-invariant cross-ratios. The choice we make here (following that of ref. [14])
seems the simplest, but it may be worth exploring alternative regularization schemes.)

Given a loop integrand expressed in dual-momentum coordinates, the replacement (2.3) will
regulate all regions of infrared-divergence. In contrast to an infrared cutoff or dimensional regu-
larization, the dual-conformal regulator leaves intact the original Feynman integration contour—
it merely changes the integration measure multiplicatively, by a conformally-invariant factor:

L L
1=/1_[d4z,-z > 185/1_[[(146,- (1_[ EZ%)]I (2.5)
i=1 ’

i=1 a

2 For exactly four light-like particles, the momentum dependent pre-factor in (2.2) is more subtle.
3 When the dual-conformal regulator was introduced in ref. [14], the parameter we call ‘5" was denoted ‘e’. We have
changed this convention to avoid confusion with other regularization schemes.
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One advantage of considering the regulator defined in this way is that it makes it clear
that not all propagators in a Feynman integral really need to be regulated. The places in loop-
momentum space associated with infrared divergences are the soft-collinear regions for which
{ — exg + (1 — €)x,441, where the multiplicative factor in (2.5) becomes O(8); everywhere else,
itis 1 + O(8). Specifically, this means that for any finite integral, Ign = Ifin + O(8). Thus, unless
a propagator (¢, a) is specifically associated with a region of infrared-divergence, the integrand
involving (¢, @) and (¢, @) will differ at most by terms of O(8).

The punchline of the preceding discussion is that we may, without any loss of generality,
consider any vanishing brackets of the form (2.4) as being replaced by § times ratios of non-
vanishing brackets. Moreover, only those regions associated with infrared divergences need to be
regulated—as the difference will always contribute terms proportional to § in the integral (which
vanish in the limit § — 0).

2.1.1. Illustration: regularization of one-loop amplitudes

The most important property of the dual-conformal regulator is that § is the only new parame-
ter; like a mass regulator, infrared-divergent integrals become polynomial in log(s) in the § — 0
limit—but with all coefficients in this expansion being conformally invariant. It may be worth-
while to describe a few examples at one loop to illustrate the kinds of regulated expressions that
arise.

Consider the case of the scalar box integrals at one loop. These integrals combined with
parity-odd pentagons form a complete basis of integrands relevant for SYM. Every integrand in
this basis (once canonically normalized) is manifestly dual-conformally invariant—but many are
infrared-divergent upon integration.

A scalar box is infrared-finite if and only if none of the momenta flowing into its corners are
massless. Such an integral is often called a ‘four-mass’ box. Normalized in the standard way* to
have unit-magnitude maximal-co-dimension residues, the four-mass box integral corresponds to:

(a,c)(b,d)Alu, v]
€, a)(, D), )¢, d)’
where the dual-conformally invariant cross-ratios u, v and the normalization factor Alu, v] are
defined by:

(a,b)(c,d) o= (a,d)(b,c)
(a,c)(b,d)’ T (a,0)(b,d)’
We will show in the next subsection how the integral (2.6) can be performed using Feynman

parameters directly in terms of the two dual-conformal cross-ratios u, v. But for now, let us
merely quote the result (see e.g. [14]):

I v) =l pea = / d*e (2.6)

u Alu,v]1=v (1 —u—v)2 —4uv. (2.7)

1" (u, v) = Lia () + Lir (¥) + %log(u) log(v) — log(u) log(v) — &2, (2.8)

with

1 1

E(1—u+u+A[u,v]) and V= -(1+u—v+Alu,v]). (2.9

U=

4 Careful readers should note that the expression we give here is minus the standard one. We are also rescaling the
standard measure d*¢ — d*¢/72 to simplify our expressions.
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Because the dual-conformal regulator amounts to adding masses to all corners (and taking the
limit as § — 0), the regulated expressions for all infrared-divergent scalar boxes can be obtained
from (2.8) by simply Taylor-expanding in small §. For example, consider the case where b =
a + 1, so that (a,b) — 0. As this involves exactly one ‘massless’ corner, this case is called a
‘three-mass’ box. When b = a + 1, the cross-ratio # defined in (2.7) requires regularization. (The
cross-ratio v remains unchanged to O(8).) The regularization of u is achieved exactly according
to the rule (2.4), resulting in:

. (a,a +1)(c,d) (a—1,a +1)(a,a +2)(c,d) _
"= (a,c)a +1,d) '_) (a—1,a +2)(a,c)(a +1,d) -

Series-expanding (2.8) in small §, we obtain the regulated expression

su'. (2.10)

1 1
P vy =1, g =Li(1—v)+ 5 log(u') log(v) + 5 log(v) log(8) (2.11)

for the three-mass box, which coincides with I*™(8u’, v) up to terms that vanish in the limit
& — 0. Regulated expressions for all other one-loop scalar boxes can be obtained by regulating
u, v as above and series-expanding (2.8) in the same way. (See ref. [ 14] for regulated expressions
for all one-loop boxes.)

Although the canonically normalized one-loop scalar box integrands are manifestly dual-
conformally invariant, they are not directly expressed in terms of dual-conformal cross-ratios.
In the next section, we describe how, after Feynman parameterization (and some Feynman-
parameter integrations), this can always be made manifest. This is important, because naive
Feynman-parameterization would dramatically spoil dual-conformal-invariance, as Feynman-
parameterized denominators would involve sums of terms with different conformal weights. The
fact that this problem seems universally avoidable seems important—beyond merely simplifying
our work below. We will prove this by direct construction for all integrands required through two
loops, and we expect it to hold more generally.

2.2. Feynman parameterization and conformal rescaling

As mentioned above, we find it possible to express any dual-conformal integrand at one or
two loops directly as Feynman parameter integrals which depend exclusively on dual-conformal
cross-ratios (and the regularization parameter &, if necessary). Moreover, all such integrals can be
expanded in terms of those which depend exclusively on parity-even, x-space cross-ratios (those
built rationally from Mandelstam invariants), with coefficients involving more general cross-
ratios. Roughly speaking, this works because the Feynman parameters can always be rescaled
by factors of (a, b) in a way that eliminates any conformal scaling from the denominator. To
understand why and how this works, it will be good to consider some examples.

In the next subsection, we review how Feynman parameter integration works in dual-
momentum coordinates within the embedding formalism (see e.g. ref. [35]). Given a few basic
operations, we will prove the claim above by explicit construction through two loops—with il-
lustrative examples and applications along the way.

2.2.1. Feynman parameter integrals in dual coordinates
In this section, we will mostly review well-known (if still not widely familiar) facts about
how Feynman parameter integration works in the embedding formalism using dual-momentum
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coordinates. For a more thorough discussion, we refer the reader to refs. [36,37]; the most im-
portant role of this subsection is to establish some essential notation and a few key facts that will
be important for us later on.

Before getting started, however, we should perhaps clarify our terminology. What we will call
‘Feynman parameters’ are sometimes more specifically referred to as ‘Schwinger parameters’
or even ‘o parameters’ [38,39]—distinguished by how these integrals are de-projectivized. For
the most part, de-projectivization is a trivial distinction; but to be clear, when we have reason to
de-projectivize any integral explicitly, we will always use §(¢; — 1) instead of Feynman’s choice
of §((3_; ai) — 1). With this understood, we will denote the projective integration measure over
(n + 1) Feynman parameters {«g, ..., a,} by ‘[d”&]’:

not _ dog---day
[a"a] = Vol(GL(1))

We will always consider inverse propagators to be defined within the embedding formalism
in which they may (without any loss of generality) be represented linearly in a vector space of
inverse propagators. No actual basis (nor its rank) will play any role for us here—merely the fact
that inverse propagators may be added linearly. (Inverse propagators represented in momentum-
twistor space automatically have such linearity; we have chosen to avoid that formalism here
for the sake of familiarity to most readers—and because nothing about twistor space will be
important for the propagator structure being considered below.)

For us, the embedding formalism is merely used to simplify how inverse propagators get
combined through Feynman parameterization. So long as inverse propagators may be added
linearly, then in the standard Feynman parameterization,

=doy---day, 6(; —1) (foranyi). (2.12)

1 T 1
— =T d"'a , 2.13
&, ap)-- (¢, ay) (n)O/[ 05] (010(&511)+---+an—l(67an))n ( :

the sum of inverse propagators in the denominator on the right hand side may be expressed more
simply as,

agl,a)) + ... +ap_1(£,a,) =, Y(x)), whereY(@)=aolay)+...+a,_1(a,).
(2.14)

That is, we may simply add dual-coordinates linearly when Feynman-parameterizing propagators
in loop integrands.

As always, Feynman parameterization trivializes the integral over d*¢—trading an integration
over loop momenta for another one over Feynman parameters. It turns out that everything we
need to know about the map from loop-integrals to Feynman-parameter integrals follows from
the simple fact [36]:

b, 11
F(4)/d ¢ R =2 AR (2.15)

which, for our purposes, we may consider an identity. (More interested readers should consult
refs. [36,37] for more thorough discussions and derivations in momentum-twistor space.) Iterated
differentiation of each side of (2.15) with respect to Y and contracting with arbitrary reference
dual-points ‘N’—that is, acting with (N, diy)—allows us to derive analogs of (2.15) for integrals
with more internal propagators:
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4y (LN) _ (N)
F(S)/d ¢ (£, Y)5 (Y, Y)3’

r(6)/d4e (ENOE M) _ (3(Y’ NI, Ny) (N1, Nz)) ;

(2.16)

(¢, Y)° (Y, )4 (¥, Y)?

etc. We may refer to the right-hand sides of (2.15) and (2.16) as ‘box’, ‘pentagon’, and ‘hexagon’
Feynman parameter integrands, respectively—reflecting the number of loop-dependent propaga-
tors in the initial integrands (and not the number of particles). It turns out that only these three
cases will be required in the representation of amplitudes in planar SYM through two loops (for
arbitrary multiplicity).

In the following subsections, we illustrate how Feynman parameterization in the embedding
formalism leads to manifestly dual-conformal expressions for loop integrals—represented as
Feynman-parameter integrals. This is achieved by strategically rescaling the Feynman param-
eters so that, once rescaled, every factor in the denominator depends only on dual-conformal
cross-ratios. At one loop, this is nearly too trivial to warrant a detailed discussion; but we include
it here as an illustrative example of the much less trivial examples we will consider at two loops.

2.2.2. Manifestly conformal Feynman integrals at one loop

Let us now briefly review how one-loop integrals can be integrated via Feynman parameteriza-
tion, and how the Feynman parameters involved may be rescaled in such a way that the resulting
representations are manifestly dual-conformally invariant. This will be admittedly somewhat
trivial, but it will allow us to illustrate some of the elegance of the Feynman parameter represen-
tations (in the embedding formalism) and highlight what we desire at two loops (and beyond).
Moreover, as we have discussed in section 2.1, understanding how this works in the four-mass
case will directly lead to dual-conformally-regulated expressions of all other scalar boxes re-
quired to represent amplitudes in maximally supersymmetric theories at one loop.

Recall that the four-mass box integral is defined in loop-momentum space by

) E/d“ﬁ (a,c)(b,d)Alu, v] 2.17)
' (,a)(L,b)(L, o), d)’

where A[u, v] and the conformal cross-ratios u,v were defined in (2.7). While manifestly
conformally invariant, the integral representation (2.17) is unsatisfactory for at least two im-
portant reasons: first, it is a four-fold rational integral representation of a function (2.8) with
transcendental-weight two; and secondly, while it is manifestly dual-conformally invariant, it
is not directly expressed in terms of dual-conformally invariant cross-ratios. The first complaint
may be addressed through Feynman parameterization (and integration), but at the cost—however
temporarily—of (dramatically) enhancing the second problem. Let us see how each of these is-
sues may be resolved in turn by explicit analysis.

Using Feynman parameterization to represent the propagators in (2.17) and performing the
£-integration (using (2.15)), we have:

(@.¢)(b. d)Afu, v] 7[d3 ]2(a,c)(b,d)A[u,v]

4m _ 357 54
I (u,v)_r(4)/[d a]d ¢ o R ,

(2.18)

where we have defined
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Y =ap(a) +a1(b) + az(c) + as(d)

(2.19)
=ao(a) +(Q)
so that the linearity of (Y, Y) in oo is made manifest:
Y, Y)=2a0(a, 0)+ (0, 0). (2.20)

Because of this linearity in o of (Y, Y), integration over « is trivially recognized as a total
derivative, resulting in

e ¢]

I4m(u,v)=/|:d2&]/da 2(a, c)(b,d)Alu, v]
0

" Qao(a, 0) + (0, 0))?

0
00

:/I:dz&:l (a7c)(bad)A[u, U] .
(a, 0)(Q, Q)

2.21)

Notice that by introducing Feynman parameters and recognizing one integration as a total deriva-
tive, we have addressed our first complaint above: equation (2.21) is now a two-fold integral
representation of a function known to have transcendental-weight two (see equation (2.8)). How-
ever, in the process of introducing Feynman parameters, we have dramatically obscured the
dual-conformal invariance of the result. To see why, notice that the integrand (2.21) involves
the factors

(a, Q) =ai(a,b) +az(a,c) +az(a,d),
(0. Q) =2 (a102(b, ¢) + are3(b, d) + ara3(c, d)) ,

which are sums of terms with different conformal-weights under rescalings! Thus, however com-
pact, (2.21) is still quite far from being manifestly conformally invariant. Nevertheless, it turns out
to be easy to rescale the Feynman parameters «; in a way that completely cures this non-manifest
invariance. This would be achieved provided that, after rescaling each Feynman parameter by
some kinematic-dependent factor, o; s'(X)a;, each factor in the denominator, (2.22), trans-
forms into a function with uniform conformal weights. One choice of rescalings (among many)
that achieves this is the following:

(2.22)

a1 = op(c,d), ary—>ax(b,d), a3+ a3(b,c). (2.23)
Under this rescaling (and allowing for the slight abuse of notation),
(a, Q)= (a,0)(b,d)(aru +az + a3v),
(Q, Q)= 2(b, )b, d)(c, d) (a0 + o3 + 2013)

with u, v defined as in (2.7). Including the appropriate Jacobian associated with the rescaling
(2.23) (which in this case is a factor of (b, ¢)(b, d)(c, d) in the numerator), and factoring out the
two-bracket-dependent pre-factors in (2.24), we find:

(2.24)

o0

1M, ) = % / [dz&] Alu, v (2.25)

(a1u+o+oa3v)(@ar +aja3 +oas)
0

As (2.25) is a two-fold integral representation of the weight-two function (2.8) directly ex-
pressed in terms of dual-conformally-invariant cross-ratios, we have addressed both of the unde-
sirable features of the initial integral (2.17) discussed above.
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This example illustrates how Feynman parameterization has the potential to (deeply) ob-
scure dual-conformal invariance, but that this problem can sometimes (always?) be addressed
by rescaling Feynman parameters appropriately. This could have been addressed earlier in our
analysis by ensuring that ¥ (@) in (2.19) had been assigned uniform conformal weights—which
would indeed have been possible.

The enhanced flexibility in finding suitable rescalings obtained after oy had been integrated-
out was somewhat superficial in this example. However, it becomes much more important at
higher loops. To see why, consider if point (a) had been (the dual point associated with) another
loop momentum, (£3), say. In such a case, (a, Q) would take the form of another propagator,
while (Q, Q) would become an ¢;-independent factor in the integrand; it would be a bad idea
(from the perspective of subsequent £, integral) to render these equal in weight through various
£,-dependent rescalings of Feynman parameters.

2.2.3. Manifestly conformal Feynman integrals at two loops

In this section, we show that introducing Feynman parameters (loop-by-loop) and performing
suitable rescalings can make manifest the dual-conformal invariance of all (possibly regulated)
integrals required in the representation of amplitudes or ratio functions at two loops. We will
start with the most general case required at two loops: the general double-pentagon integral,

(2.26)

As described in ref. [18], all four-dimensional two-loop integrands with SYM power-counting
(or better) can be represented in terms of double-pentagons—possibly as contact-terms. To be
clear, this includes all (possibly elliptic) double-box and penta-box integrals. Although this truly
general case will prove the applicability of our approach, such generality will prevent many
simplifications that arise for actual integrals in which one may be interested—for example, the
‘chiral’ double-pentagons of ref. [40] (which are actually used in the representation of two-loop
integrands in ref. [18]) admit much further simplification. Thus, to highlight the additional sim-
plifications that may arise in concrete cases, we will end this subsection with a thorough analysis
of some specific integrals relevant to amplitudes involving six particles.

Let us consider the general double-pentagon integral (2.26) of the form:

/' 4, 4 (L1, N1)(€2, N2)
I=|d"¢,d" ¢,
(L1, a1)(l1, a2)(£1,a3) (L1, ag) (L1, £2) (L2, b1) (L2, b2) (€2, b3) (€2, bs)

= / d*e,d*e, T . (2.27)

The numerators in (2.27) are required for the integrand to behave asymptotically like a scalar
box (for each loop) in the ultraviolet, but our analysis will not require any particular form for
the numerators: the integrand need not have ‘unit’ leading singularities, nor must it even be
dual-conformally invariant. Indeed, our analysis will make little use of the numerators at all—
focusing instead on the denominator-structure. In general, we will find a representation of (2.27)
as an expansion in terms of manifestly dual-conformally invariant, parity-even Feynman param-
eter integrands; the coefficients of (2.27) in this expansion will be dual-conformal if (2.27) were,
but they need not be.
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In a moment, it will be important for us that we may assume that none of (a;, a;), (a;, b;),
(b, bj) vanish. This requires no loss of generality because we may always consider the integral
as dual-conformally regularized if necessary. (However, if the integral had had massless corners
that did not require regularization, several key simplifications would be possible that we are not
currently permitting ourselves.)

Let us now begin to do the space-time integrals in (2.27) one loop at a time by introducing
Feynman parameters. Let us begin with the ¢; integration, introducing

Y1 =ay(ar) +azx(az) + asz(as) + aslas) + y1(£2)

(2.28)
=(01) + 1)

so that

Y1, Y1) = (01, Q1) +2y1(€2, Q1) .. (2.29)

Now, using (2.16) to do the space-time integral over £, and then recognizing the y; integral as a
total derivative, we see that (2.27) becomes:

/dﬁﬂ[:]Tf&lfd” 4((Q1, N +2 71 (€2, ND)) (2, Vo)
0 0 ((Q1. Q1) + 2142, Ql))3(ﬁz,b1)(€2,b2)(52,b3)(ﬂz,b4)
=/[d3&]< (01, Ny) N (€2, Ny) >
/ (01, 0D*(t2, Q1) 2(Q1, Q1) (L2, Q1)?
(L2, N2)

x . (2.30)
(€2, b1)(£2, b2) (€2, b3)(£2, ba)

Both terms in (2.30) have the same set of £, propagators—merely with different powers of
(€2, Q1). Thus, introducing Feynman parameters for the £, integral will be structurally similar
in both cases; provided we de-projectivize these parameters by setting the coefficient of (Q1)
to one, these two cases will be even more uniform in their treatment. Thus, let us define the
Feynman parameter factor for the ¢, integral in (2.30) according to

Y2 =(Q1) + Bi1(b1) + B2(b2) + B3(b3) + y2(bs)

(2.31)
= (Q2) + y2(b4)
so that
(Y2, Y2) = (Q2, 02) +2y2(Q2, ba) . (2.32)
Gathering terms and performing the y» integral (a total derivative) results in:
o
I= / [d3&] Pers
0
o
2 (01, N1)(Y2, N2) (Y2, N1)(Y2, N2) (N1, Na)
x | dys 2 3 A 3 )
(Q1,01) \ (Q1,01)(Y2,Y2) (Y2, Y2) (Y2, Y2)

ni2 ni3 na2 na3 n3j na

v .
= dald? — 4+ 4+ = —-—=, 2.33
![4 %Uﬁiﬂﬁ+ﬁﬁ+ﬁ+ﬁﬁ+ﬁ ﬁ) (239
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where

1 1
flEE(Qth), fzfi(Qz, 02), f3=(02,b4), (2.34)

and where we have identified the numerators in (2.33) as corresponding to:

ma = (01, N)(Q2, Na) 23 = (02, N1)(ba, Na) + (ba, N1)(Q2, N) )
n13 =(Q1, N1)(bs, N2), n33 = (ba, N1)(ba, N2), (2.35)
ny =(Q2, N1)(Q2, N2), na =(Nyi, Na).

Equation (2.33) is a six-fold Feynman-parametric integral representation of the general
double-pentagon (2.27), where we have made absolutely no assumptions about the form of
the tensor numerators involving Np, N». The representation (2.33) is still not manifestly dual-
conformally invariant because the pieces, f;, n;, n;; are not. Let us now show that the Feynman
parameters may be rescaled in a way that renders the denominators manifestly dual-conformal.
So long as no two-brackets vanish, we may rescale the Feynman parameters as follows:

a1 = aj/(ai, ba), Bi = Bi/(bi, ba) . (2.36)

Under this rescaling

i (g +ax+a3+oag+ 1+ B2+ B3), (2.37)

and f1, f> become uniform in dual-conformal scaling weight—for example, we could choose to
factor them according to
(a1, a2)

(a1, a)
N2 bt 2t ) = G S b

where every term in the parentheses has a coefficient directly expressible as products of parity-
even, dual-conformally invariant cross-ratios. After absorbing the non-conformal pre-factors
of the rescaled denominators—together with the global Jacobian factor from the rescaling
(2.36)—into new (also rescaled) numerators, the result will be manifestly dual-conformal pro-
vided the original integral were. Because the numerators are simply polynomials in the Feynman
parameters, we may consider the final integrals as sums of terms which depend exclusively on
parity-even dual-conformal cross-ratios with some kinematic-coefficients—being what it was
desired to prove.

There are many places for simplifications to arise in the above analysis that we were unable
to exploit in the interest of generality. To better illustrate these potential simplifications, and to
gain more intuition about how the analysis described above works in detail, it will be helpful to
consider a few more concrete cases.

flas (2.38)

2.2.4. Exempli Gratia: the double-pentagon integrals Q® and Q@

A double-pentagon integral (that is not a contact-term) must have at least six external legs;
there are exactly two (cyclic classes of) infrared-finite double-pentagon ‘hexagon functions’
those associated with Feynman diagrams involving six particles. As hexagon functions have
played an important role in recent years (see refs. [19-22,24,29,41]), they will comprise our
primary concrete examples in the following sections. Let us therefore start by considering the
simplest of these at two loops.

The two distinct, two-loop hexagon functions associated with Feynman diagrams are conven-
tionally called Q®@ (uy, ur,u3) and Q® (u1,uz,u3) (see e.g. [28] for a more recent discussion),
where {u1, uo, u3} are cyclically-related dual-conformal cross-ratios defined for six particles:
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_ (1,3)(4,6) _ 2,4)(1,5) _ (3,5(2,6)

“=T a6 Tesnd “CTeecs (239)

As cyclic rotations merely permute their cross-ratio arguments,” we will often more simply write
Q@ and Q@ when the order of their arguments is the canonical one.

As integrands, these two cases are nearly identical—with exactly the same propagators, and
differing only in their tensor numerators. In loop-momentum space, 2@ corresponds to the
integral:

6 1
Q@ (uy,uz,u3) & 5 @» 9. (2.40)
4 3

Q@ would be the same, but with N> replaced by its (parity) conjugate N,. Concretely expressed
in dual-momentum coordinates, they correspond to

Q(Z)E/d4£1d4£2 (L1, N») (€2, N2) ’
(61, D(€1, 2)(01, 3) (L1, D (&, £2) (L2, 4) (L2, 5)(£2, 6) (€2, 1) (2.41)
5(2)5/(1461(1462 (L1, N1)(£2, N2) ’
(€1, (L1, 2) (L1, 3) (L1, ) (L1, €2) (L2, 4) (L2, 5) (L2, 6) (L2, 1)

where the tensor-numerators are most naturally defined using momentum-twistor variables (that
we briefly review in Appendix A); but for the sake of concreteness, they can be expressed in
terms of (the dual-momentum-coordinate points associated with) the bi-twistors:

Ni = (612) N (234), N» = (345) N (561)(1346), N, = (46)(13(345) N (561)). (2.42)

Less explicitly, but directly described in dual coordinates, these numerators Nj;, N; may be de-
fined as the (complex-conjugate) pair of points in x-space that are light-like separated from the
four propagators involving ¢;. These are not rationally related to the six dual-coordinates x, (de-
spite being rationally related to the momentum-twistors associated with these points—as is clear
from (2.42)).

As the actual form of the numerators will play only a very small role in the Feynman-
parameterization and rescaling, our analysis for both integrals will be quite similar. In both
cases, the integral is infrared-finite, and thus no regularization is required. This will prevent
us from choosing the arguably simple Feynman parameter rescaling used above in (2.36), but
it will also mean that greater simplifications are possible along the way. For example, allowing
some two-brackets to vanish will allow us to recognize more Feynman-parameter integrals as
total derivatives, resulting in better (meaning, lower-dimensional) parametric representations of
the final integrals.

The ¢1-dependent parts of both integrals in (2.41) are identical, and so let us start there. Fol-
lowing the analysis above, we introduce Feynman parameters for the £ propagators according
to:

5 Actually, Q@ includes a part that changes sign under a three-fold cyclic rotation, so it should more specifically be
described as being a function of {u, up, u3} and a disambiguating sign +1.
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Yi=oai(D) +o2(d) + B1(2) + f23) +10(l2),

=(Q1) +n(f2).
The attentive reader will notice that we have chosen to label our Feynman parameters in a some-
what unusual way—the reason for which we hope to become clearer when we generalize this
analysis to higher loops.
Relative to what we saw for the general case, we may immediately recognize one great sim-
plification:

(Y1, N1) =y (€2, Ny), (2.44)

because (Q1, N1) = 0. (As mentioned above, this is precisely the defining property of the dual
point N7 (up to complex conjugation).) Thus, recognizing that the yy integral is a total derivative,

(2.43)

47d (Y1, N1) 47d yo(€2, N1) 1 (€2, N1)
Yo =3 )
.13 ((Q1, 01 + 22, 01 2(Q1, Q1) (62, 01)?
(2.45)
we see that (2.41) become:
C / & [d'f] ! / 20 (2, N (E2, No) ;
2 (Q1, Q1) (L2, Q1)* (L2, 1)(£2,4) (L2, 5)(£2, 6)
(2.46)

o0 J—
5(2) _ l/dz_. d ,3 f (€2, N1)(€2, N2) )
2 , (Ql, 01) 2 (62, 012 (2, (L2, 4)(€2,5)(¢2, 6)
We can now recognize the ¢, integral (2.40) as an instance of a ‘hexagon’ integral from
(2.16) after Feynman parameterization. Let us label the Feynman parameters for the ¢, integrals
according to

Yo=(Q1) +a3(l) +as4) +y1(5) + 72(6)
=(02) + 115 +1(6).
As before, we have de-projectivized the Feynman parameter integral by setting the coefficient
of (Q1) in (2.47) to 1 for Y,. However, in contrast to the analysis of the general case, we have
singled-out two Feynman parameters, y|, yo—which will be integrated-out momentarily. This is

related to another concrete illustration of the simplifications that are afforded to us in a concrete
case: exploiting the fact that (5, 6) = 0 (without any regularization required), we have that

(Y2,Y2) =(Q2, Q2) +271(Q2,5) +272(Q2,6). (2.48)

This is helpful because there is no term in (Y3, Y2) proportional to y;y», making it possible to
recognize both integrations as total derivatives. To see this, notice that using Y, as defined in
(2.47), the Feynman parameter integration of £; in (2.46) results in:

(2.47)

o]

Q<2>=/d4& [dlﬁ]dzf/ ! <6(Y2,N1)(Y2,Nz) _2(N1,N2)>;
0

(01, 01) (Y2, Y2)* (Y2, Y2)3
(2.49)

=fd4& dglars L (@2 N0 M) (N1 No)
J (Q1. Q1) (Y2, Y2)* (Y2, Y2)3
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Using the fact that the numerators in the first terms of (2.49) simplify considerably,

(Y2, N (Y2, N2) = (715, ND) + 726, ND) ) (B2 N2) + 23, Vo))

L L L (2.50)
(Y2, N2, W) = (115, ND) + 726, N) ) (B1 2, M) + 23, W) )

(which is part of the inherent magic of the (‘chiral’) numerators Ny, Ny defined in (2.42),) we
recognize that the y part of (2.49) is schematically of the form

o0
/d237<6 mMyEtm o, 20 )— : (2 + 2 o)
J (g0 + g1y + g v)? (go+g1y1+g1)3 808182\81 &

(2.51)
Comparing (2.51) with (2.49) (and being careful about factors of 2), we have
i 1
QO us, u3) = /d4& [dlﬁ] _— <n_1 + 12 —no) ,
, fihegiga\g1 &
~ 1 o (2.52)
5(2)(u1,u2, uz) = /d4& I:d],g] _— <2 + 12 —ﬁo) ,
, fif2g182\81 &
in which we may recognize,
fi=5(0i.00). g1=(Q2.5), g2=(02.6),
no= (N1, N2), ni=(5,N)(Q1,N2), na=(6,N1)(Q1.N2), (2.53)
g = (N1, N2), 11 =(5,N1)(Q1,N2), na= (6, N)(Q1,N2).

The parametric integrals in (2.52) are simple enough, but they are not yet manifestly dual-
conformally invariant. If we wished to regulate all the massless legs in these integrals, we
could use the same Feynman-parameter rescaling as described in our analysis of the general
double-pentagon integral (2.36)—which would indeed render the representations (2.52) mani-
festly dual-conformally invariant. However, because we know that both 2 and Q@ are in fact
infrared-finite, we should instead tailor how we rescale Feynman parameters a bit differently.

As always, the problem is to rescale all the Feynman parameters in the representation such
that every factor in the denominator is uniform in conformal weights. There are (as always) many
solutions to this problem; in our present case, the following rescalings will suffice:

@ TR a e e e T N aae s (2.54)
i (1.5)2.6) (1.5)2.6) :
> a3——, 4> g —————, o> o —— .
(1.4) (1.4(2.5)6) (1.4(2.5(.6)

Upon rescaling the Feynman parameters, redefining f;, g; to be their rescaled versions modulo
uniform pre-factors (absorbed into new numerator factors), we find the same essential form as
above (motivating the abuse of notation in the following):
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o0
R . 1
9(2)(u1,uz,u3)5/d4ot [dlﬂ]— (n_1+n_2 —no),
, fifergz \&1 &

00 (2.55)
Q(z)(ul,uz,ug) = /d45( I:dlﬁ] - <—1 + = —ﬁo) ,
. fif2geigz \g1 &
where
fizoaa+urarfo+uranfi, gi=artoz+pr+uszpo,
h=fAtoias+oas +azastuiazfo+uraafi, g2=ar+as+ p1+ B2,
(2.56)
and
no=us,
ni =1 —uuz Bi + Jus(l —uy —uz +uz + Ag) B2, (2.57)
VZZE%(I—MI —up+uz—Ag) 1+ —upuz pa,
while,

no=(1—uy —ur+uiur),
ny = %(1 —up)(l —uy —up+uz —Ag)B1 + (1 —u)(1 —uz)uzfz, (2.58)
=0 —u)(I—u)Bi + 51 —u)(l —uy —uz +uz + Ag)fa .
Here, the numerators are manifestly dual-conformally invariant functions of the cross-ratios,
including the ‘parity-odd’ factor of Ag defined by

A6E\/(l—u1—ug—u3)2—4u1u2u3. (2.59)

Importantly, Ag should be understood to change sign under a rotation of the dual points by
three—and this sign reflects the fact that it is odd under parity. See Appendix A for variables in
which this sign may be disambiguated.

In general, we may define the ‘even/odd’ parts of any six-point function by,

1 1
I=1°+1° where 1e55(1+r3)1, 1055(1—r3)1, (2.60)

where r : x, — x,41 defines a rotation of all external dual-coordinate points. As all the cross-
ratios u, map into themselves under a three-fold rotation, while Ag changes sign, it is easy to
extract the even/odd parts of each integral. For example,

1 S A N S wr— D1 (1 —u)p
~(1-rH[Q® :—6/d4 d' < ) 2.61
2( iy 2 / a[ ﬂ] fihgig 81 * g2 26D

We could write an analogous expression for ), but we may observe that the initial (Ioop-
momentum-space) definition of Q) in equation (2.41) is in fact symmetric under a rotation by
three. Thus, the ‘odd’ part of Q® must vanish:

e ¢]

1 A . R 1 usfp  Bi
21— e = 26 /d4 d! < P2 _) =0. 2.62
p=r [e”] 2 ; a[ ﬁ] fifgiea\ g1 & 20y
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This implies a Feynman-parameter integral-level identity among the terms in the representations
of (2.55), allowing us to write the considerably more compact expression:

oo
Q® Efd4 !
) f1 28182
1— 1—uy — -
5 (( uz)us B N (I —uy —uz +u3)f1 + (L —u1)us B _u3>. (2.63)
g1 82

While these Feynman-parameter integral representations of Q2 are and Q@ do not yet make
their transcendental weight manifest (both being five-fold integral representations of weight-four
functions), they are manifestly functions of dual-conformally invariant cross-ratios. Moreover,
standard integration approaches can now be used to convert these representations into, e.g., hy-
perlogarithms (see, e.g., ref. [42]).

2.2.5. Exempli Gratia: all-loop (‘ladder’) generalizations: QL)

Interestingly, the analysis above generalizes to all higher loop ‘ladder’ integrals, denoted Q%)
in ref. [28], in a very simple way. These integrals involve the same double-pentagon denomina-
tors (and tensor-numerators) as 2® and ?2(2), but with an arbitrary ladder of boxes between
them. To be clear, Q) is defined in loop-momentum space as the integral,

Q) :/ ) (€1, N (1L, A 2 (L, No)
(€1, 2)(¢1, 3)(TTizy € D@, D) (1, €2) - (Cr1, £0)) (€L, 5)(¢1, 6)

(2.64)
Graphically, this corresponds to the Feynman integral,
6 1
QP (ur,uz,u3) & 5 N, N, 9. (2.65)
4 3

The integral QD) would be defined analogously—with N, <> N,. Following the same sequence
of Feynman parameterizations—and recognizing every intermediate box integral along the ladder
as having one Feynman-parameter integration which is a total derivative (resulting in a two-fold
representation of each), and rescaling the Feynman parameters in the same way we did before,
we obtain the following (2L + 1)-fold Feynman-parameter representation of Q(1):

o0
Qb Efd”& y —
J Ji--freig

(2.66)

((1—M2)u3/3 (I —ur —uz2 +u3)B+ (1 —up)us )
X + —u3zj,
81 82

where
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k
kaul(a}+...+a]f)+u2(aé+...+a§)ﬁ+ Z a’iaé,

ij=1 (2.67)
g=us+p+ (@ +...+ab),

=14+ +...+ab).

Here, relative to the analysis for Q®), we have de-projectivized the §; integral by setting f; —
B, B2 — 1, and we have relabelled o1 — otll‘, o) —> 0/2‘. Notice that the numerator structure is
completely L-independent. As such, the L-loop integral of QW s directly analogous to (2.66),
with identical denominator factors as those defined in (2.67), but where the numerator factors n;
would be given by 7; defined in equation (2.58).

Direct integration of the representation (2.66) using the package HyperInt [33] has been
completed through four loops analytically, matching the known results obtained via the hexagon
bootstrap program and differential equations [28]. (Curiously, although our analysis seemed to
require L > 2, setting L = 1 in (2.66) results in a representation of the unique (up to rotation)
finite hexagon Feynman integral at one loop—also referred to as Q( in [28].) We expect that
differential equations for (2.66) could be found directly in this representation.

2.2.6. Exempli Gratia: an ‘elliptic’ regularized two-loop hexagon function

Let us conclude our discussion of concrete examples with one that explicitly requires regular-
ization of infrared divergences. Specifically, consider the double-box integral,

5. 6 1

(1,3)(2,5)(4,6)
(€1, D(€1,2)(£1,3) (01, £2) (€2, H) (L2, 5)(€2,6)

&= /d4€1d4€2

(2.68)

This integral is log4 (8)-divergent. (In dimensional regularization, it would have a term propor-
tional to 1/€%.)

The collinear regions associated with divergences are precisely the massless legs {p1, p2, p4,
ps5}—the momenta { p3, pg} are not associated with infrared-divergent regions in loop-momentum
space, as they do not flow into three-point vertices of the graph. Thus, only four of the six mass-
less momenta require regularization. Following the discussion of the dual-conformal regulator in
section 2.1, we see that among the six vanishing two-brackets (a,a + 1) the following replace-
ments should be made:

1,2 s LDEO g 5y, s DL 5y G006
(3,6) (1,4) (3, 6)
5.6 1> 5 LG
1,4

With these replacements understood, we may proceed with the Feynman parameterization in the
ordinary way.
For the £ integral we introduce

i=Q2)+a1(1) +o23) + y1(£2)

(2.69)
=01+ r);
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and for the ¢; integral we define

Y2 =(0Q1) +a3(4) +a4(6) + 7205
=(02) +n0®).
Following the now familiar sequence of steps, we obtain the following four-fold Feynman-
parameter representation for the integral (2.68):
- 1,3)(2,5)4,6
124/d4a (L3256
(Q1, 01)(Q2, 02)(02,5)

Rescaling the Feynman parameters according to,

) 0 .20 )
o o—, o aO—, o az——, o oy —,
T Ay T Ee P P ae T M@

results in the following, manifestly dual-conformally invariant (regulated) representation of the
original integral (2.68):

(2.70)

fi=arar + (a1 + ),

d*a
,  Where h=ul fi+oiaz + oo + o3 + s + @304, 2.71)

I =
fif2fs

f3=1+oaus +oous + §(azus + aquz).

What is especially interesting about this example is that when & # 0, the integral (2.71) is
in fact non-polylogarithmic: it has no residues with maximal co-dimension, and a co-dimension
three residue of (2.71) taken about f = O results in an elliptic integral over the remaining variable
[43]. This could have in fact been noticed immediately from the way that the dual-conformal
regulator regulates an integral such as (2.68): by adding masses to each of the corners of the
double box, the regulated expression is essentially a fully-massive double-box (which is well
known to be non-polylogarithmic [43]).

Nevertheless, in the limit of § — 0 the integral (2.71) becomes a simple polynomial in log(§).
This may or may not be surprising at first glance, but it turns out to be easy to understand and in
fact prove in broad generality.

In the next section, we will prove that any dual-conformally regulated expression becomes a
polynomial in log(§) in the limit of § — 0. Moreover, we will describe how the coefficient of each
log¥(8) in this expansion can be extracted analytically in terms of finite (and dual-conformally
invariant) Feynman-parameter integrals.

2.3. Analytic extraction of divergent and finite coefficients

With the dual-conformal regulator §, infrared-divergent integrals admit an expansion

N
1(8) = Z Ii - (log8)* + terms vanishing with § — 0, (2.72)
k=0

where the coefficients [y of the polynomial in log(§) denote §-independent, dual-conformally
invariant functions. For the concrete calculations described in the previous section, we found it
most efficient to first compute 7 (§) with its full dependence on §, and then expand this result for
small 6. However, the functions 7 (§) tend to be much more complicated than the coefficients I
that we are after, wherefore this approach is clearly not optimal.
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In this section, we sketch an alternative strategy, which circumvents the computation of 7 (§)
itself and instead permits direct access to the coefficients I;. As we will demonstrate below,
this method transfers the added complexity due to the dependence on § (an additional, mass-
like parameter) to an analytic regulator. The latter seems easier to mesh with current parametric
integration tools, and we therefore hope that the following will be useful in applications.

Consider a dual-conformally regulated Feynman-parametric integral of the form®

da
(g(@) 8+ f(@)n*”
It is a fundamental property of the Mellin transform M {/}(z) that its poles correspond directly

to terms in the asymptotic expansion of 7 (§) at § = 0. Let us briefly recall the basics, while we
refer to [44] for a detailed account. The Mellin transform’

1(8) = 2.73)

o M@0, —2) dii
M) = | ds ¥ 1(8) = / _ 2.74
{1} 0/ ) 00 G (2.74)

converges in some strip © < N(z) < v and extends to a meromorphic function of z with poles at
rational numbers. This fundamental strip and the loci of these poles of such analytically regular-
ized parametric integrals can be calculated from the Newton polytopes of g and f. The Mellin
inversion is a contour integral along a parallel to the imaginary axis, within the fundamental strip:
ioco+o J
1(8) = / Z—Z STEM{I}(z) where u<o<v. (2.75)
i
—ioo+o

To obtain the asymptotic expansion at § = 0, we close the contour to the left and pick up all
residues at poles to the left of the line 9i(z) = u:

1(8) = Z Res,—+ (az M{I}(z)) ) (2.76)
R(Z*)<p

In our applications, this expansion is always dominated by a pole at z* = yu = 0, which immedi-

ately implies the claimed expansion of the form (2.72). The coefficients I; of log®(8) therein are

determined, via (2.76), by the polar part of the Laurent series

—1k
( k!) 1. 2.77)

M{I}z) = Z I - 2!, namely through I =
k>—N

As discussed in [45, section 5.8], the coefficients E( can be obtained with standard techniques
such as sector decomposition [46-50]; but a decomposition can be avoided with analytic reg-
ularization [32], and Mellin-Barnes techniques [31] have been proposed as well. All of these
result in convergent parametric integral representations for the coefficients Ix. Given that our in-
put integrand is a rational function of integration parameters and only dual-conformally invariant
cross-ratios, also the derived integrands for 7; will be dual-conformally invariant.

6 This assumption constitutes no restriction, because any integral involving a product of several factors (each linear in
8), like (2.71), may be brought into the form (2.73) by introducing more Feynman parameters to combine the §-dependent
denominators into a single linear form.

7 1In the fundamental strip, the integrals over § and @ commute by dominated convergence.
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If 1(6) is finite at § = 0, we note that M{I}(8) =1(0)/z+ O (zo) has a first order pole with
residue Iy = 76 = 1(0) as expected. However, if M{I}(z) acquires higher order poles at z =0,
these will induce terms proportional to powers of log(5).

To illustrate this procedure, let us consider the dual-conformally regulated, so-called ‘two-
mass hard’ integral:

o0
1 R 1
120y, p) =~ / [dza] . (2.78)
2 ((nay +va)d + a3)(ajaz + ooz + ax03)
0

Its Mellin transform M{I?™}(z) is T(z)['(1 —2) =z "' 4200+ O (13) times

= +0(), 2.79
e +aje3 + oy Z2 2z 2 @) (2.79)

oo
1 / [dZ&] o (e +von) T 1 log(uv) N log(u) log(v)
2
0
which can for example be computed directly with HyperTInt?® or by using standard algorithms
for the evaluation of Mellin-Barnes integrals [38,39,45].
In this case, the fundamental strip of M{I?™}(z) is (1, v) = (0, 1) with a third order pole at
z=0. Using (2.77), we conclude therefore that the asymptotic expansion is

1 1 1
™, v) = 5 log(u) log(v) + &2 + 5 log(uv) 10g(8) + 5 10g>(8) + O (3>°) . (2.80)
2.4. Feynman parameter integration

The Feynman parameter integrals encountered above can be calculated using hyperlogarithms
[31,32,52] as implemented for example in HyperInt [33]—provided, that is, that a linearly-
reducible integration order exists. This condition requires that all iterated residues encountered
through integration (by iterated expansion into partial fractions) have denominators that factor
linearly in the next integration variable. Note that when this criterion is not fulfilled initially,
it can sometimes be achieved through a transformation of the integration variables (see e.g.
refs. [32,42,53]).

Most Feynman integrals are not expressible in terms of multiple polylogarithms at all [54],
and therefore cannot admit any linearly reducible parametrization. As a first step beyond poly-
logs, some Feynman integrals have recently been evaluated in terms of elliptic polylogarithms;
e.g. [55-61]. We expect that the double-pentagon described in section 2.2.3 also admits such a
representation. In fact, already the regulated double-box integral (2.71) described at the end of
section 2.2.4 is elliptic for non-zero § (see e.g. refs. [43,61,62]).

However, our prime interest here are the two-loop hexagon integrals defined in (4.14), and in
fact all of them turn out to be linearly reducible out of the box (without changes of the integration
variables). Moreover, this in fact holds for the regulated integrals as functions of §. We therefore
did not apply the procedure illustrated in the previous section and, in the first step, kept the full
dependence on 8.

8 In this simple case, this expansion can also be computed with tools like [51], after recognizing the integral as the

hypergeometric function 5 Fi (72:Z 1— 5) times I'2(z)/ (r@zyu?).
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The integrals are then obtained as linear combinations of multiple polylogarithms

ki ka
| fd

Ling g (f1ooo f) = Y P—

O<ky<---<kg 1 d

whose arguments f; = f;(u, u2, u3,8) are algebraic functions of cross-ratios and 6. If we ex-

pand at § = 0, such polylogarithms become polynomials in log(é) with coefficients that are

multiple polylogarithms whose arguments are algebraic functions of the cross-ratios alone, plus
terms that vanish at § = 0. For example,

Li; (v/1 = 26 A6 + 83u2) = —log (1 — v/1 — 25 Ag + 8°u2) = — log (8A6 + 0(32))

= —log(8) —log (vV/(1 —u1 — uz — u3)? — duruzuz) + O(8).

In some cases, there exist parametrizations of the cross-ratios such that these arguments become
rational functions of the parameters. This is convenient because polylogarithms with such argu-
ments can be expanded into a basis of hyperlogarithms

/ dt N dt, 2.81)
tl_fl tn_fn. ’

O<ty <<ty <z

In the case of six particles, several such parametrizations are known—for example, the y vari-
ables [19], hedgehog variables [63] or related cluster variables [17]. In any of these variables,
Ag defined in (2.59) is a perfect-square. In our calculation, we used coordinates on the moduli
space 9o ¢ as defined in (A.7). For a recent study of rationalizing parametrizations beyond six
particles, we refer to [42].

3. Review: local integrands for loop amplitudes, etc.

In this section, we review the ingredients required to represent loop amplitudes and ratio
functions at the integrand-level according to generalized (or prescriptive) unitarity. While most
of this section will consist of a rapid discussion of well-established ideas, the key notation and
ingredients needed for various representations of one and two-loop amplitudes will be important
to us when we discuss concrete examples and applications; we hope this review will establish all
the necessary formalism required for the present work.

Powerful methods now exist to construct local, integrand-level representations of perturbative
scattering amplitudes in a wide class of quantum field theories. Among the most universally ap-
plicable of these is generalized unitarity [64—71], which follows from the observation that loop
integrands are rational functions and therefore can be (re-)constructed from their residues (or
‘cuts’)—singularities where internal propagators go on-shell. Indeed, for any perturbative ampli-
tude in any quantum field theory, loop integrands can be expanded into an arbitrary (complete)
basis of ordinary, reference Feynman integrands with coefficients determined by cuts. Although
the size and complexity of the basis required depends strongly on the details of the quantum field
theory in question and the dimension in which it is defined, there is a straightforward method
by which the coefficients of integrands in the basis may be found for any amplitude (see e.g.
refs. [18,72-74] for more recent work).

A prescriptive representation is one for which the coefficient of every integrand in the basis
is a specific field-theory cut—one for which every other integrand in the basis vanishes. While
the details of prescriptive unitarity will not be important to us here, our primary examples at one
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and two loops will come from this framework. Nevertheless, it is worth emphasizing that nothing
about our results depends on the details (nor even the existence) of a prescriptive representation
for loop integrands.

Of course, there are many other attractive frameworks to represent and compute loop ampli-
tude integrands (especially in the case of planar maximally-supersymmetric, A" = 4, Yang-Mills
theory (SYM)) including loop-level recursion relations [1,75], Q-cuts [76], etc. However, here
we will focus our attention on local integrand representations obtained using unitarity-based
methods because the integration (and regularization) of integrands involving non-local (or lin-
ear) propagators remains an important open problem (but see, e.g., [77,78]).

Before starting our review, we should clarify one potentially confusing point about loop
integrands for amplitudes. When we speak of ‘the’ loop integrand for a particular scattering am-
plitude, we mean a rational function that could be obtained as the sum of Feynman diagrams. (For
non-planar quantum field theories or those with ultraviolet divergences, this requires some addi-
tional clarification, as ‘the sum of Feynman diagrams’ would itself need clarification—scheme
dependence, the routing of loop momenta, etc. But for such cases, by ‘the’ loop integrand, we
mean any particular representative obtainable from Feynman diagrams.) What we do not mean
is an integrand-level representation that is merely guaranteed to integrate to the same result. That
is, we will not make use of integration-by-parts (IBP) or other post-integration identities to ex-
press loop amplitudes in terms of what are sometimes called ‘master integrals’. Starting from the
loop integrands equal to those obtainable from the Feynman expansion, it would be reasonable
(and probably worthwhile) to make use of integral-level identities such as IBPs to reduce the
number of integrations required. We merely emphasize this distinction in order to clarify that
these simplifications are not necessary for dual-conformal regularization or any of the examples
we describe below.

3.1. Local integrands for one-loop amplitudes and ratio functions

Local integrand/integral-level representations for general one-loop amplitudes have been
known for a long time. Indeed, a complete basis of one-loop integrands for any particular quan-
tum field theory (in any number of dimensions) is not hard to construct. In terms of such a basis,
amplitudes would be represented with loop-independent coefficients determined from tree-level
data (see e.g. refs. [14,18,65,72,79]). Like the amplitudes being represented, many of the inte-
grands in such a basis will be infrared or ultraviolet divergent upon integration and therefore
must be regulated. Once a particular scheme is chosen, all the integrands in the basis can readily
be integrated and the results tabulated—re-usable for a broad class of scattering processes. Such
tabulated expressions—for a variety of different regularization schemes—can be found in many
places in the literature (see e.g. [14,36,37,80,81]).

It is well known that maximally supersymmetric theories’ in four dimensions obey the ‘no
triangle hypothesis’ at one loop [82,83]. What this means is that the space of one-loop integrands
with the same (or better) ultraviolet behavior as a scalar box integral will suffice to represent
all amplitudes in such a theory. This ‘scalar box’ power-counting means that we need only con-
sider the space of integrands involving p > 4 (loop-dependent) propagators, with at most (p —4)
products of inverse propagators in the numerator. A classic result from Passarino and Veltman

9 This statement is completely independent of planarity: all one-loop diagrams are planar with respect to some ordering
of the external legs.



J.L. Bourjaily et al. / Nuclear Physics B 942 (2019) 251-302 275

[84] (see also [85]) is that all such integrands can be expanded into a basis of scalar ‘boxes’—
those with 4 propagators and loop-independent numerators—and (some independent subset of)
parity-odd ‘pentagons’ which each integrate to zero (because the Feynman loop-integral contour
is parity-even). Let {Z, p c.d.e» Za.b.c.a} @ complete basis of parity-odd pentagon and scalar box
loop integrands.

We will denote the L-loop, n-particle NMHYV scattering amplitude integrand in planar SYM
by .Af,k)’L. Non-calligraphic letters will be used for integrated expressions. Then the discussion
above implies that any one-loop integrand in planar SYM can be represented by

k),1
./451) = Z fa,h,c,d,eIa,b,c,d,e + Z fa,b,c,dIa,b,c,d- G.1)
a,b,c,d,e a,b,c,d

The coefficients in this expansion are loop-independent combinations of maximal co-dimension
residues (‘leading singularities’ [69])—possibly normalized by the residues of the integrands in
the basis. It is common to rescale the integrands in the basis to have unit-magnitude maximal
co-dimension residues; if the integrands are so-normalized, then each turns out to be dual-
conformally invariant—a symmetry that was in fact discovered in this context [2,3,5,86].

Scalar box integrands in dual space can be expressed as

(a,c)(b,d)
&, a), b)), d)’

where the loop-independent (and dual-conformally invariant) ‘constant’ of proportionality is de-
termined by the condition all the co-dimension four residues of (3.2) are unit in magnitude. This
normalization factor will of course depend on the external momenta; but its precise form will not
be important to us now.

Given that every integrand in the basis is manifestly dual-conformally invariant, it is natural
to wonder if this symmetry has any meaning for amplitudes. The first problem is that ampli-
tudes for theories with massless particles are not meaningfully defined without regularization,
and the most familiar schemes—e.g. dimensional [87] or Higgs [34] regularization—severely
break dual-conformal symmetry. Nevertheless, it was long-ago suspected that finite observables
in planar SYM, such as ratio or remainder functions, would be dual-conformally invariant [2,5,
88].

Because the infrared divergences of amplitudes involving massless particles are universal (see
e.g. [89])—in particular, helicity independent—the ratio of any two amplitudes (with fixed mul-
tiplicity and external momenta, but different helicities) will be infrared-finite. The ratio function
is defined as the ratio of an amplitude to the ‘(N*=0)MHV’ amplitude, represented perturbatively
according to

Ia,b,c,d X (32)

o AP AP 4 aAP 4 AP

n

== =R+ aRET 4P RE 4
AD ADO L gAD T 2 A " "

(3.3)

Here we are using the coupling constant a = g?>N,/(87?). It is conventional to define all am-
plitudes relative to the MHV tree-amplitude (which is in fact the identity in momentum-twistor

variables [90,91]); thus, we will use R;k)’o and A,(f) 0 interchangeably (with ,420)’0 =1 being
understood). From (3.3), the one-loop ratio function is simply given by

REM = 4B _ 400 4011 (3.4)
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Clearly, if the one-loop amplitudes appearing in (3.4) are represented according to (3.1) and
integrated using dimensional or mass regularization, all the terms in (3.4) will deeply obscure any
potential conformal invariance of the combination. (See ref. [92] for early work on making this
fact manifest in conventional regularization schemes.) However, using our regulator in equation
(2.2) we can keep the dual conformal invariance manifest, while slightly obscuring finiteness.
The fact that infrared divergences cancel in the ratio function follows then from the (quite non-
trivial) observation that in the dual-conformally regulated expression for a one-loop amplitude,
all log" (8) terms are proportional to the tree amplitude. If we let

0.0 _ [ g4, 4000 _ 4R | ()1 k.1 2
AL =/d ¢ AL =Augn tA, G log(8) + A > 10g"(8), (3.5)
then we find that [14]
©1 4 K,0 (a,a +2) W0 _ (0
An.div‘ =—-2A4,""1og (1_[ @aid) and An,divz =-nA"". (3.6)
a

In ref. [14] another representation of one-loop integrands was described which renders the
finiteness of the ratio function manifest at the cost of obscuring its dual-conformal invariance.
While less familiar, we briefly review that representation here because it will play an important
role in the concrete examples discussed later.

It is easy to prove that the space of loop integrands bounded by some degree of ultraviolet
behavior is always a (strict) subspace of integrands with worse ultraviolet behavior. In particular,
all one-loop integrands with scalar box power-counting can be expanded in terms of those with
‘scalar triangle’ power-counting. Moreover, the triangle power-counting basis requires no pen-
tagon integrals (see e.g. [72]): all the pentagons in (3.1) are expressible in terms of box integrands
with loop dependent numerators and scalar triangles.

The basis of one-loop integrands with scalar triangle power-counting would consist of terms
of the form

l
T ped™ V) and Ia,b,c~L.
e W, a)£, by, c)t,d) ,a),b)¥,c)
Here, the index ‘i’ on the box integrals is used to distinguish the (in this case 2) linearly-
independent functions of ¢ that can appear in the numerator. In contrast to the scalar box basis
where an independent subset of pentagon integrands must be chosen, the scalar triangle basis is
not over-complete—thus, integrands in (3.7) have unique coefficients.

The conformal breaking of the integrands in (3.7) can be mitigated slightly by making man-
ifest the fact that these integrals have residues supported at infinity in loop-momentum space.
Of course, infinity is just another point in dual-coordinates, which we may denote by X = x.
Making the residues supported on x; — X, manifest, we may write our basis (3.7) in terms of
the more conformal-looking functions

. €, NHY(Y, X) (X, N)
ZypeaX)= v Tape(X) = .
(L, a)(L, b)(£, ) (L, d)(L, X) (L, a)(L, b)(L, o), X)

As before, the numerators appearing in this basis are fixed so that these integrands have unit-
magnitude residues on all cuts with maximal co-dimension,'’ which determines the N’ and Y'

(3.7)

(3.8)

10 Actually, the requirement of unit leading singularities is not strong enough to fix the numerators completely. The
remaining freedom can be eliminated by additionally imposing that no integral have parity-even support on cuts involving
(£, X) =0. See ref. [14] for more details.
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to be conjugate solutions of the maximal cut. Explicit expressions for the numerators in (3.8)
will be given when they are needed in section 4.

Including the additional X -dependent propagators in (3.8) relative to (3.7) renders them ‘dual-
conformal’ with respect to £ and every other dual-momentum coordinate x,—but now also
including (xo, =) X; this explicit X-dependence is the (now only remaining) indication of dual-
conformal symmetry breaking.

Despite the fact that this basis spoils dual-conformal invariance, there are at least two rea-
sons why this representation of amplitudes is interesting. The first is that this representation is
prescriptive: every integrand has precisely one cut not shared by any other integrand in the ba-
sis, which therefore determines its coefficient. The ‘scalar box’ integrand representation in (3.1)
does not meet this criterion because the pentagon integrals have many cuts supported by the
boxes. (However, as the coefficients of pentagons are irrelevant upon integration, this point can
reasonably be viewed as merely an academic distinction.)

Because the triangle power-counting basis is prescriptive, any one-loop integrand can be rep-
resented uniquely as

A}Sk)‘l = Z <fa1,b,c,dI(1,b,C,d + faz,b,c,dIaz,b,C,d> + Z fa,b,cIa,b,c k] (39)

a,b,c,d a,b,c

where every coefficient f ; b.e.q @nd fap o is a specific co-dimension four residue of the ampli-
tude. Moreover, it turns out that the only co-dimension four residues supported on three propa-
gators are those ‘composite’ residues corresponding to soft-collinear divergences—for which the
residue must always be the tree amplitude by general considerations of infrared structure. That
is, the only non-vanishing scalar triangle integrand coefficients needed are those of the form

Jfa—1,a.a+1 (for each a); and all of these are equal to the tree amplitude: f,—1 4.4+1 = ﬁ,k)’o.
Thus,
n
(X,a)a—1,a+1)
Tupe=A00 % Ty, where Zgy = .
Z fa,b,c a,b,c n X Ldiy where div Z (C.a—Dla)l.a+ D X)
a,b,c a=1
(3.10)

Here we have introduced the subscript ‘div’ because it turns out that these are the only infrared-
divergent integrands that appear in (3.9)! Thus, this representation naturally divides any ampli-
tude according to:

1 0.1 0,1
AR = AN AT 3.11)
where
(h),1 _ 1 1 2 2 ®),1 _ 4k),0 ,
A fin = Z <fa,b,c,dIa,b,c,d+fa,b,c,dIa,b,c,d> and A, G =AY x gy . (3.12)
a,b,c,d

Notice that because in this representation the infrared-divergent parts of any amplitude are
manifestly proportional to the tree, these divergences manifestly cancel in the one-loop ratio
function, (3.4):

k),1 k), 1
RO = ARE + ADOT g, — AL (AR + T, )

n,fin
(k)1 k),0 4(0),1
=A g — AROAT

n,fin

(3.13)
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(Recall that A,(qo)’o is taken to be the identity.) Thus, this representation makes manifest the finite-
ness of the one-loop ratio function, but at the cost of obscuring its dual-conformal invariance. (For
those readers interested in more details, explicit (X-dependent) analytic expressions for all the
integrals appearing in (3.12) can be found in ref. [14].)

(There does exist a complete basis of one-loop, manifestly dual-conformal integrands with
scalar box power-counting such that no (non-vanishing) combination of individually infrared-
divergent integrands is infrared-finite: the so-called ‘octagon’ basis described in ref. [40]. In this
basis, the finiteness and conformal invariance of any ratio function would be made manifest;
however, we choose not to review this here for two reasons: first, the octagon basis is (very) far
from prescriptive, so that the coefficients of most amplitudes would require great efforts of linear
algebra to discover; and secondly, because it is not known whether or not such a basis exists
beyond one loop.)

It turns out that finiteness, conformal invariance, and prescriptivity are in less opposition
at two loops. As we review in the next section, there exists a prescriptive, manifestly dual-
conformally invariant basis of two-loop integrands which renders the exponentiation of infrared
divergences manifest at the integrand-level. In this basis, two-loop ratio functions are represented
in terms of integrals that are either individually finite, or constructed from pairs of one-loop con-
vergent (integrable) integrands. The problem will be that not all two-loop integrands built from
finite one-loop integrands will be finite. To understand why and how this happens, let us now
review the form of two-loop integrands described in ref. [18].

3.2. Integrands for two-loop amplitudes and ratio functions

As mentioned above, it turns out to be much easier to find prescriptive, manifestly dual-
conformal invariant representations of two-loop amplitude integrands in planar SYM than at one
loop. Moreover, it is possible to preserve manifest dual-conformal invariance of all integrands
while simultaneously making manifest the exponentiation (and universality) of infrared diver-
gences at the integrand-level. Unfortunately, it turns out that this is not quite strong enough to
imply the finiteness of two-loop ratio functions. Let us briefly review the representation of two-
loop amplitude integrands described in ref. [ 18], and how this can be used to obtain expressions
for ratio functions that are less infrared-divergent than the amplitudes involved.

In ref. [18], two-loop amplitude integrands were constructed in terms of finite and divergent
parts according to:

AP = AR2 A with ARG = AT (T + AP (Idw®1dw>.
(3.14)

Here, the ‘merge’-product ‘@)’ is an integrand-level operation that acts on the X-dependent
integrands appearing in the one-loop amplitudes represented according to (3.12). Specifically,
the merger of two X-dependent one-loop integrands is defined according to:

;o (NL, X) (X, Ng) _,
Ip.(6, X)®IR(62,X)_<I e )(X)(WIR(@))

(N, NRg)
(€1, €2)
Notice that operation is symmetric—provided that symmetrization with respect to loop-
momentum labels is understood. We refer the reader to ref. [18] for more details about why

(3.15)

=T7;(£1) T(£2).
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this operation is useful in the construction of two-loop integrands; but the general form quoted
above will suffice for our purposes. Notice that once a pair of X-dependent (and hence non-
dual-conformally invariant) integrands are merged, the result is always strictly dual-conformally
invariant (and X-independent).

Importantly, it can be easily proven (see [18]) that the product of any pair of one-loop ampli-
tude integrands is equal to their merger. That is,

A1 A = A1 @) A% 3.16)

Thus, for any two-loop ratio function (obtained from (3.3)), we may use (3.16) and the represen-
tation of two-loop amplitudes according to (3.14) and cancel terms to see that

R — [A}gk),z] _ [A;km ®Af,0)’l] _ Af,k)’o[A,(lo)’z — AO ®A20),1]
= [ i+ A @ Za + lAfzk)’ofdiv ®Idiv]
[(A;(zkgml + Aflk)’OIdiv> X («4;021“1 + Idiv)]
— AP A%+ AT R Tai -+ 5T R T
— (Aff’g;} + Idiv) (09 (,4;0;{; + Idiv)]
— A(k) 2 A(k) 1 ®A(O) 1 .A(k) 0<A(0) 2 A(O) 1 ®A(O) 1)

(3.17)

n,fin n,fin n,fin n,fin n,fin n,fin

This is suggestively close to implying the finiteness of all two-loop ratio functions while preserv-
ing manifest dual-conformal invariance. However, it turns out that the merger of two infrared-
finite integrals need not be infrared-finite.

Perhaps the most direct way of seeing that (3.17) cannot be term-wise infrared-finite is from
the fact that the last term in (3.17) is very close to the two-loop order of the logarithm of the
MHYV amplitude [40],"!

41og (A(O)) =2 [A'(lo),z] _ %[Ailo)’l ®A£lo>,1]
[+ (@) + 0 @)
[(Af%i 20 @ (AT + 2

= A©:2_ - 4©.1 ®A(0)’1

(3.18)

n,fin nﬁn n,fin °

which is log?-divergent for all n (and also at all loop-orders). The last term in (3.17) differs from
(3.18) by only finite terms: letting

L, = (0) 2 (0), 1®A(0) 1 3.19)

nﬁn n,fin n,fin °

we have

1 The factor of 4 in (3.18) is required to match our present conventions regarding the coupling constant ‘a’ (see the
discussion around equation (3.3)).
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L, =8log (AY) — A2 (3.20)

n,fin
Thus it absolutely must be the case that the individual terms in (3.17) include infrared
divergences—which obviously must cancel in the ratio function (3.17).

Despite the non-manifest finiteness of (3.17), it is less divergent term-by-term than the in-
dividual amplitudes appearing in the first line of (3.17). Thus, it is a better starting point for
concrete analysis. However, we should emphasize that the dual-conformal regulator described in
the next section could be used to regulate the naive representation of the two-loop ratio function
(the first line of (3.17))—at the cost of dealing with individual terms that involve higher-order
divergences.

4. Primary illustration: six-point NMHYV ratio function

In this section we apply the methods and ideas discussed above to the case of the six-particle
NMHY ratio function at two loops. Specifically, we will start with the local (loop-momentum)
integrand-level representation for the ratio function described in equation (3.17), regulate all
infrared-divergent contributions using dual-conformal regularization, recast each term as a man-
ifestly dual-conformal Feynman parameter integral, and obtain analytic expressions for each
contribution after (Feynman-parameter) integration in terms of weight-four hyperlogarithms.
Full details of each contribution are included among the ancillary files attached to this work’s
submission to the arXiwv, which are thoroughly described in Appendix B.

Beyond merely a concrete application of the ideas described above to a specific case (which
can be easily compared to existing work), this exercise will highlight some novelties about the
dual-conformal regulator’s use beyond one loop. For example, we will find that this regulator
(or at least the particular scheme used here), neither preserves uniform transcendentality nor unit
leading singularities. What this means is that even for loop integrals (defined in loop-momentum
space) expected to be ‘pure’ and have maximal transcendental-weight, these properties need not
be (and in fact are not) preserved by the dual-conformal regulator.

We will start with a detailed review of the integrand-level ingredients that contribute to the
six-particle NMHYV ratio function at one and two loops. After defining and enumerating the
contributions required, we discuss the novel aspects of how these terms are manifested after
regularization and explicit integration. In section 4.3 we describe how the remainder function is
related to the logarithm of the MHV amplitude when regulated in this way.

4.1. Local integrand representation of the six-point ratio function

As reviewed in section 3, the two-loop six-point NMHYV ratio function can be represented at
the (loop-)integrand-level by,

1,2 _ 4,2 (1,1 0,1 k),0( 40,2 0,1 0,1
RG - ’A(),ﬁn - 'Aé,ﬁn ®'A6,ﬁn - ‘Aﬁ (Aé,ﬁn - 'Aé,ﬁn ®A6,ﬁn>
_ 1,2 (D),1 0),1 (k),0
= Aé,ﬁn - Aﬁ,ﬁn ®A6,ﬁn —As " Ls-

In a moment, we will define the above expression in terms of explicit (‘merged’) two-loop in-
tegrands constructed out of one-loop chiral (X-dependent) boxes. (Recall the definition of the
merge operator, represented by ‘&)’, given in (3.15).) But for the sake of clarity, it may be help-
ful to first review the explicit form of the ingredients that appear in (4.1).

Let us start with the contributions in (4.1) related to (N¥=9)MHV amplitudes. As discussed
in ref. [14], the only non-vanishing four-propagator residues for one-loop MHV amplitudes are

“.1)
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supported on the (chiral) ‘two-mass-easy’ boxes, Z i a+1.b.b+1> for which we introduce the short-
hand,

_ 7l _ (X, Nap) (£, Nap)
[Ll b] = Ia,u+l,b,b+1 = ’
(€, a)(l,a + 1), D), b+ 1), X)
with the dual points appearing in the numerator corresponding to those related to lines defined in
momentum-twistor space (see Appendix A) as,

4.2)

Nap=(ab),  Np=(ab)=(a —laa+1)( (b —1bb+1). (4.3)

In terms of these chiral loop integrands, the (finite parts of the) one- and two-loop MHV ampli-
tudes are given by,

AL = ([13]+ 12414 [35] + [46] + [5 11+ [621) + ((14] + [25] + [36]).
= [[1 3]+ %[1 41+ cyclicﬁ] :

AL = 1131Q)46] + 1241 Q)15 11+ [621 R)1351.
- %[[1 31@R)1461 + cyelic |

Notice that using the explicit form of [a b] in (4.2) and the definition of the merge operation (3.15)
the integrand ‘[13]@)[4 6] appearing in (4.4) corresponds precisely to that of Q@ (uy, us, uz)
defined in equation (2.41).

For the parts in the two-loop ratio function (4.1) explicitly related to NMHV (k = 1) ampli-
tudes, more building blocks are required. In particular, we will need to disentangle loop-integrand
contributions from their loop-independent pre-factors—which in this case, are always simply the
familiar ‘R-invariants’ [88], for which we define the short-hand ‘(1) for R[2, 3,4, 5, 6], etc.; in
momentum-twistor variables, this corresponds to the superfunction

(4.4)

1x4
()= RI2.3.4.5.6] = 8174((3456)n2 + (4562) 13 + (5623)n4 + (6234) 75 + (2345)6) '
(3456) (4562) (5623) (6234) (2345)

(4.5)

(1).0
6

In terms of these, the NMHYV tree amplitude, A would be given by [88]

AP = (D) +B)+ () =@ + @) +(6)

= %[(1) + cyclic6] .

(Functions such as these have been implemented efficiently in open source packages including
those of [93,94].)

To describe the (finite-parts of the) one- and two-loop NMHYV amplitudes, .Aélsz , We require
two more examples of chiral one-loop integrands in addition to the two-mass-easy box defined
above in (4.2). Specifically, we also need

(4.6)

[ab] =17 =_ (X, Nap) (€, Nap)

T At bbb LT Y (8 a + 1) (8, bY(E, b + 1)(E, X)
with numerators given in (4.3), and also (chiral versions of) the so-called ‘two-mass-hard’
boxes—e.g.,

.7
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(X, Y ()

1=
D346 = (€,2)(€,3)(€,4)(£,6)(L, X) -

where the numerator above is given (somewhat indirectly) in twistor-space by [40],

Y(0) = %((256) N (34(12) N (£3)) — (234) N (56(12) N (e3))) . (4.9)

(This numerator is not immediately in the form required by the definition of the merge operation
(3.15); we refer the reader to ref. [18] for more explicit details.) The parity-conjugate of the
integrand (4.8) is (a rotation of) 152613, which is also needed in the representation of the one-loop
NMHYV integrand. However, it turns out that these two, which differ by the parity of their chiral
numerators, are more simply related by a diagrammatic reflection. Let us define the operator ‘p’
to be a reflection centered on the external particle labelled by @ = 1; in terms of this,

2 _ 1
I5613 = P[Izs%] . (4.10)
Concretely, in x-coordinates or momentum-twistor variables, p acts according to:

p i {x1, X2, X3, x4, X5, X6} > {x2, X1, X6, X5, X4, X3}, @10
p:{z1, 22,23, 24, 25, 26} > {21, 26, 25, 24, 23, 22}
(Here, we have given the action of p on the twistor variables, z,, both because these appear
in expressions such as (4.9) and also because these indices coincide with external momentum
labels.) For future reference, it is worth noting that p acts on the six-point cross-ratios u, defined
in (2.39) according to p : {uy, up, us} — {us, uz, uy}.
Given these building-blocks, the pieces of (4.1) involving NMHV amplitude integrands are
given by [18]

A = [((16214+ B5T+ (1 + p) Ty ) +cyelice |

n.2 S (4.12)
A(ﬁ,f){n = [(1) [62] ® [351+ cyclic6] )

Before combining terms, notice that [62] &) [3 5] appearing in .Aélgif corresponds to the in-

tegrand of Q@ (u3, u1,uz) =r"" [?2(2)] defined in (2.41); moreover, we may observe that this
term also arises as a contribution in Aglzml X .Aé%’nl , canceling out from the representation of the
ratio function in (4.1).
Combining all the pieces discussed above, we find that the two-loop six-point NMHYV ratio
function may be represented at the integrand-level according to
1,2
Ry

_ (.2 ,1 0),1 (k).0
= 'Aé,ﬁn - Aﬁ,ﬁn ®A6,ﬁn - "46 Ls

_ _ 1
- |:(l)<[62]®[3 51— [1621+ 351+ (1 + p) T4 ] Q) Ak — §£6> +cyclicﬁ:|

15
1
= —[(1)(5£6+ZL> +cyclic{|, (4.13)

i=1

where the individual integrands Z; appearing in (4.13) have been defined as follows:
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T, = [62] R[35] Iy = (14 p)Ty5s RI36]
= +p>22‘g46®[24] Tio = (1+ p131Q[35]
Iy = (1+p)T 346®[62 Tii = (1+ p)[251QI35]
Iy = (14 Py QU251 Tz = (14 p)L16 QI13] @.14)

Is = (14 p)Th, Q461 I3 = [351Q[35]
To = (1+ p)Thy RIS Iis = [621Q[14]
Iy = 1+ p) Iy M4l Iis = (14 1)[62]1QI51]
T = (1+ p) T, U351 Tis = [141R)I36]

Notice that the summation in (4.13) involves only integrands {Z1, ..., Z;5}—the integral Zi¢
defined in (4.14) is relevant only for Lg. Finally, we should clarify that for those integrands in
(4.13) defined in combination with a reflection ‘(1 + p)’, {Z2, ..., Z12}, the reflection acts on the
entire integrand after merging the two parts.

In terms of these building blocks, L¢ would be given by

A©2 0.1 0,1
Lo=A 6,fin 6fm®-’46ﬁn

(4.15)
—[511 + 2714+ T15+Zi6 + CyCliCG:I .
As discussed above, L is related to the (two-loop-)logarithm of the MHV amplitude,
Lo=8log (A ) — AT} (4.16)
from which we see that
) 1 1
4log (.A ) (I 4+ 2115 + 2116 + cycllc(,) 4.17)

Traditionally, the (integrated) six-point ratio function is expressed in terms of two functions
V) and VD), differing according to whether or not they change sign under a three-fold rotation:

1 1
D,L . .
Ré ML~ 2 [((1) + (4))V(L) + cychc3] + 3 [((1) (4)) v 4 cychc3] . (4.18)
The reason for this is that the (unique) identity among six-particle R-invariants,
D=+ -H+6)—-(6)=0, (4.19)

means that coefficients of ((l) + (4)) are necessarily ambiguous—being unchanged by the ad-
dition of an odd contribution to the coefficient of ((l) + (4)), or an even contribution to the
coefficient of ((l) - (4)). This ambiguity is eliminated by the requirement that V (V) be defined
as exclusively even (odd) under a three-fold rotation of its arguments.

To extract integrand-level representations for V® and V@ in (4.18) from the integrand of
the ratio function in (4.13), we may decompose each piece into their even/odd parts according
to,

1 1
IT=7°+7° where Iezz(1+r3)1', 2055(1—r3)1. (4.20)

From this, and recognizing that £§ = L, we find the integrand-level representations of the func-
tions V® and V® appearing in (4.18) would be given by,

15
~ 1
Vo = ( Lo+ Zf) and Y& =2 (ZI{’) : 4.21)
i=1
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After regularizing and integrating all the terms that appear in these expressions, we find that
(4.21) does exactly match the expressions given in [95]—but obtained here in terms of (mani-
festly) dual-conformally invariant, local integral ingredients.'”

In the following subsections, we describe in broad terms how the individual integrands that
contribute to the ratio function appear analytically. In particular, we will discuss how the term-
wise divergences of integrands encapsulate the cusp anomalous dimension appearing in the two-
loop-logarithm of the MHV amplitude and how these divergences cancel in the ratio function.
The dual-conformal regulator for the (two-loop-)logarithm of the MHV amplitude represents an
interesting and novel regularization scheme; and we find that the (scheme-dependent) collinear
anomalous dimension will be different from that of other regularization schemes.

Another interesting novelty about the dual-conformal regulator is that it introduces both
‘impurities’—iterated integrals with kinematic-dependent, rational pre-factors—and also terms
with lower transcendental weight. Thus, while the ratio function is known to be a pure integral
with maximal transcendental weight through at least six loops [29], these facts are obscured
through the use of the dual-conformal regulator. We will show how these term-wise impurities
and lower-weight pollutions cancel in combination, but it would be interesting to know whether
such obfuscations may be avoided through a different regularization scheme consistent with dual-
conformal invariance.

4.2. Illustrations of individual contributions to the ratio function

Except for Z; = [62] @Q[35] (which is a rotated version of Q@) every term contributing to
the two-loop ratio function in (4.13) is the mis-aligned merger of a pair of otherwise ordinary
one-loop integrands. By this we mean that while the sets of ¢; and ¢, propagators in the in-
tegrands being merged correspond to local, one-loop Feynman integrands (albeit with unusual
numerators), the set of propagators in combination cannot correspond to any Feynman graph.
Nevertheless, these integrands are completely well-defined in dual-momentum space, and can be
regulated and evaluated exactly the same way as described in section 2.

Most of the integrals correspond to double-pentagons, which can be regulated and integrated
as special instances of the general case discussed in section 2.2.3. However, three of the integrals
contributing to the ratio function in (4.13) involve fewer propagators. Specifically, this is the
case for {Z,, 73,74} defined in (4.14). For these three, merging results in a two-loop integrand
with a numerator directly proportional to one of the propagators, resulting in a (mis-aligned)
‘penta-box’. Using momentum-twistor variables for the numerators, these integrands would be
given by

T = (14 p) D346 Q1241

1(02(123) N (345)) (2456) (1234) .
(€1,2) (L1, 4) (€1, 6) (L1, €2) (€2, 2) (L2, 3) (€2, 4) (€2, 5)
Ty = (14 p) L3345 Q)I62]

L(ex(561) N (123))(2634) (5612) .
(€1,2) (L1, 4) (€1, 6) (L1, £2) (L2, 6) (L2, 1) (£2,2) (€2, 3)

=(1+p)

=(1+p)

12 In terms of the functions V (v, yv, yw) and V (yu, yu, yw) given in [95], we find that V® =V (1/y;, 1/y2, 1/y3) =
V(yi.y2.v3) and V@ = V(1 /1, 1/y2,1/y3) = =V (31, y2. ¥3).



J.L. Bourjaily et al. / Nuclear Physics B 942 (2019) 251-302 285

Ty = (1+ p) T334 Q1251

1(e(123) N (456)) (5234) (5612)
(€1,2)(L1,4) (L1, 6) (€1, €2)(£2,2) (€2, 3)(£2,5)(£2,6)

=(+p) (4.22)
In each case, the propagator 1/(£1, 3) from 1213 46 18 cancelled against the numerator that results
from the merger. It turns out that any double-pentagon integrand (involving at least one massless
leg on the pentagon-side (which does not require regularization)) can be represented by a four-
fold Feynman parameter integral. To understand this from the discussion in section 2.2.3, one
need only observe that any one-loop box automatically results in a two-fold Feynman parameter
integral representation, as does any one-loop pentagon involving at least one massless leg.

Following essentially the same analysis as described in section 2.2.3 of introducing Feynman
parameters, recognizing some Feynman parameter integrations as total derivatives, and finally
rescaling the Feynman parameters that remain, we find very compact representations of each of
the integrals in (4.22). For example,

hL=0+p)

o]

% /d“& (3 —1)/2
(@1 (uz +az) +a)(1 +ap +a3)(a) + a3 +oq)((u3 + a2) (o) +o3) + a2 +oq)
0

1
= 1+ P 5[ Hib 1+ Hion — H =36H]). (4.23)

where H l’{) = Hy (1 — x) is an ordinary harmonic polylogarithm. (Recall that p : u3 — u;.) Inter-
estingly, it turns out that /3 = — I, so these two cancel in the representation of the ratio function.
For 14, we find a similarly compact, four-fold representation:

Iy=(1+p)

o0

4> —u3/2
x [ d'«a
/ (1 (1 + azu3) +az) (@1 + a3 +aa)(1 + (o1 +a3)uz + aa) (o (1 + aauz) + a2 (1 + a3uz +oq) +a3)
0

5
==+ P Hy 1y + Hio — H + 2;4] . (4.24)

For all but one of the other individual contributions to the ratio function in (4.14), the general
procedure described in section 2.2.3 results in a five-fold Feynman-parameter representation.
This follows from the fact that for all but one of the integrals, there exists at least one massless
leg which need not be regulated. Whenever this happens, we may analytically integrate-out two
(of four) Feynman parameters of one of the loop integrals in exactly the same way as we did for
the parameters y1, y» in our discussion of Q@ in section 2.2.4.

The exceptional case is integral Z13 = [35] ®ﬁ Here, every massless leg supports some
infrared divergence, requiring that all massless legs be regulated—preventing us from obtain-
ing a five-fold Feynman parameter representation. Nevertheless, the Feynman-parameterization
analysis for Z;3 is far simpler than for the case of a truly general double-pentagon discussed
in section 2.2.3. Indeed, following the now familiar analysis results the following, manifestly
dual-conformally invariant regulated representation of /;3:
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I3 = f a0, des (£1(234) N (456))(£235)(4,6)(3,5)
(€1,3)(€1,4)(£1,5) (L1, 6) (L1, £2) (L2, 3)(£2,4) (L2, 5)(£2,6)’
0o | (4.25)
=— / dad’p—:;
, s
where,
fizar(l+a3) +az + 8(are2 + (u2 + az)az)
HL=hA+tapfs+ il +a3+B3)+ B 4.26)
+8(c2(B1 + B3) + Palar + Bi + a3+ B3) +u2ps). '
fi=ar+B1+oz+ Br+ 8 (ualez + £3)) .
In the limit of § — 0, this integral can be readily given in terms of logarithms:
113 = 8¢4 — 2443 — 683 log(un) — 10g(8)[2§2 log(uz) + 18;“3] — 48 1og2(8) . 4.27)

Notice that we have highlighted both the divergences and also the contributions that are less-
than-maximal-weight—namely the bare 24¢3 that contributes to /3.

4.2.1. Term-wise divergent contributions to the ratio function

__ Among the contributions to the two-loop ratio function, all odd integrals (those contributing to
V@) are finite; but eight of the even (parts of the) integrals are infrared-divergent. Specifically,
the divergent integrals are:

divergent contributions to V' {1, IS, ISy, IT), Ity, ITs, ITy, Is) . (4.28)

Among these, only three are log?(8)-divergent: {I{,. I}5. I{5}. For all of the infrared-divergent
integrals in (4.28), the origin of its divergence can be understood as arising from insufficient van-
ishing of the numerators of the integrands being merged in regions where both loops approach the
same soft-collinear region. To see how this may arise, notice that although each loop’s numera-
tor protects it from having support in soft-collinear regions, the propagator 1/(£1, £2) that arises
through the merge operation introduces new pathways for one loop to access a soft-collinear
region of the other loop (for which the numerator does not sufficiently vanish).

Nevertheless, it is easy to see that the individual divergences cancel in the combination ap-
pearing in the ratio function V® in (4.21). The cancellation of log2 (8) divergences are easiest to
see, as each of {I},, I'};, I{5} include a term,

If D —45log?(8) for ie{l12,13,15). (4.29)

Thus, 1 L6 in (4.15) includes a divergence of +12¢> log2(8), while the sum over even integrals
{1, ..., 15} includes the divergence —12¢; log2 (8).
The cancellation of log(8)-divergences from the terms contributing to V® are a bit less trivial.
For the sake of reference, let us simply quote the log(§)-divergent parts of each integral in (4.28):
I§ > log(8)[623], I, 5 log(8)[ — X — 26 log(uyuz) — 12¢3),
1§ D log(8)[X — 282 log(ujuz) — 623], 153 D log(8)[ — 242 log(uz) — 18¢3],
Ijo D log(H)[X], I}, D log(8)[ — 252 log(ua)],
If; Dlog(®)[ — X + 643, Ifs D log(8)[ — 12¢3], (4.30)
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where we have made use of the expression (which cancels in the sum),

1
X=(+ p)(3Li3(u1) — 2Lis(up) log(un) - 5 log* (1) log(1 - u1)> . 431)

Combining all the individual divergences, we see that they cancel according to:

1
SL6 > +log®)| 462 log(uruzus) +36¢3 | + 1252 10g’ ()

15 (4.32)
1 > —log®)[ 42 log(uuzus) + 36 | — 126,10 (8).

i=1

4.2.2. Other novelties: impurities and lower-weight contributions

Although the ratio function V® is known to be a pure polylogarithm of uniform (and max-
imal) weight four, both of these properties are obscured slightly in the individual terms that
contribute in equation (4.21).

Recall that a pure polylogarithmic function of weight w which depends on some number of
(kinematic) variables is one whose total differential with respect to these variables can be ex-
pressed in terms of pure functions of weight (w — 1) (with coefficients being algebraic functions
with only simple poles). In the context of amplitudes, these are functions that can be expressed as
iterated integrals of d log forms without any kinematic-dependent pre-factors. These correspond
to loop integrals for which all maximal-co-dimension residues are independent of the external
kinematics. Not all loop integrals may be so-normalized, but all the unregulated integrands con-
tributing to any NMHV ratio function at two loops have this property.'*

That the dual-conformal regulator can spoil the purity of an integral is easy to understand (and
hard to avoid): by ignoring any regulator-dependence in the numerators of loop integrands, it is
liable to spoil the uniformity of its residues, introducing some relative kinematic-dependence
among them. Indeed, this occurs for precisely four of the integrals that contribute to V®—
namely, {5, I5,, If,, I},}. These integrals all have impure contributions that cancel in the sum:

15 504 (7). 12 =4+ p)(7=mY),
18,51+ p)(lf—luly), 15,5 =+ p)(

ui (4.33)
1_my)

where we have defined the recurring function

Y=Hi o, —H{yy +65H,"
. . 1, , (4.34)
= 6(¢4 — Lig(u1)) + 3(Liz(u1) — ¢3) log(u1) + E(LIZ(M) — &) log?(uy) .

We furthermore find that the dual-conformal regulator does not preserve uniform (let alone
maximal) transcendental-weight. Indeed, exactly six of the integrals contributing to V® have
finite contributions of weight three:

13 We have made a weaker statement here than may have been expected: although all N2MHV amplitudes are (provably)
polylogarithmic at two loops, this fact fails to be preservable term-by-term if amplitudes are represented in a basis of
local Feynman integrals.
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Is D +12¢3, I D +12¢83, 17, D —24¢3,

S D —12¢z3, 1162 D —12¢3, If:S D —12¢&3; (4.35)

which cancel each other in the sum for the ratio function.
4.3. Two-Loop MHYV Logarithm, Remainder Function, and Yeysp

We have already seen in equation (4.17) how the (two-loop-)logarithm of the MHV ampli-
tude is represented in terms of the merged integrands listed in (4.14). Expressed in terms of the
standard BDS remainder function R® as given in [15,96], we find

L= | |
tog (4) " =—5(ha+>

1
) 2115+ 5116+cyclic6>

o 11 3
=R +§§4+E§310g(u1“2u3)+9§3
1
T58 [Liz(l — u1) +log(u1) log(uz) + CyCHC3]

+10g(8)[ ¢2 log(uuau3) + 983 + 3¢2108%(8). (4.36)

It is worthwhile to see how this relates to expressions found using other regularization schemes.

To best understand the structure of (4.36), it is useful to first consider the dual-conformally
regulated form of the one-loop MHV amplitude. Starting from the standard scalar-box represen-
tation of the six-point MHV amplitude at one loop [97], and using the dual-conformal regulator
described in section 2.1, we find the following regulated expression:

Ir. . .
—Aéo),l =30+ 5 [le(l —uy) +log(uy) log(ua) + cychc3]
+ log(8) log(uuzuz) + 31og?(8). (4.37)

In terms of this, the two-loop logarithm (4.36) becomes:

3 49
tog (A7) =~ +9¢3108(6) + 905 + 3 g3 logluyuaus) — L 61+ RO (438)

This certainly has the right structure to encode the exponentiation of infrared divergences as dic-
tated by the BDS ansatz [89]—with a scheme-dependent collinear anomalous dimension similar
to that encountered in mass-regularization, [34,98—100]. Considering that dual-conformal regu-
larization is very similar to mass regularization, it is worthwhile to see how sharp this comparison
may be made.

In the mass regularization scheme, one-loop MHV amplitudes are log? (m?)-divergent. Using
leg-label-dependent masses, the mass-regulated one-loop MHV amplitude has the form (see, e.g.,
ref. [100]):

A’(10),1

m2
— finit 4.39
mg—>0 Z < —‘1-2))  finite. ( )
(This is suggestively reminiscent of dimensional-regularization, for which no 1/¢ divergences
arise at one loop; but (4.39) does in fact include log(m?)-divergences too—proportional to
log((a,a + 2)).) The dual-conformal regulator is closer in spirit to a mass regulator, but with
leg-dependent masses. Indeed, making the replacement
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5 (a—1,a +1)(a,a +2)
m: > §

4.40
a (a—1,a +2) ( )
the mass-regularization formula (4.39) becomes:
n
,a +2) .
AO:1 “nlog?(8) — 21og(8)1 @a+2)) | finite! | 4.41
W | asg ™ 10" (8) = 2log(8) log H(M“) + finite (4.41)

which reproduces the one-loop divergences of dual-conformally regulated one-loop amplitudes
(see equation (3.6)) up to an overall normalization. For n = 6 particles, the log(8)-term in (4.41)
is easily seen to become log(8) log(uusu3), explaining the divergence structure in (4.37). (In-
terestingly, the finite parts of (4.41) do not match those in the dual-conformal regularization
scheme.)

The coefficients of log(8)? at one loop in equation (4.37) and at two loops in equation (4.38)
are determined by the cusp anomalous dimension y.(a) = 4a — 4§2a2 +0 (a3). In the mass regu-
larization scheme, the quadratic divergence of the n-point amplitude is proportional to — 1z (a).
The above comparison of the divergences between the mass regularization and DCI regulator
scheme motivates the conjecture that we can write the coefficient of the quadratic divergence as
- % ve(a).

In the mass regularization scheme, the coefficient of the linear divergence is proportional to
—%50 (a), where g~0 (a) is the scheme dependent collinear anomalous dimension. It takes the
value §0 (a) = —§3a2 + O(a?) in the mass regularization scheme. In ref. [101] it was shown, that
in general, the collinear anomalous dimension can be related to two other anomalous dimensions:

Go(a) = Go eix(a) + 2Bs(a) . (4.42)

Here Go ik is the eikonal anomalous dimension, governing the single poles of a Wilson line
with single cusp. The quantity B;s is sometimes called the virfual anomalous dimension and
governs the coefficient of §(1 — x) in the twist-two anomalous dimensions or DGLAP ker-
nels. In ref. [102] the value of the virtual anomalous dimension was determined to be Bs =
3¢3a*> + O(a®). This motivates the conjecture that in the dual-conformal regulator scheme, at
least through two loops, the eikonal anomalous dimension vanishes and the coefficient of the lin-
ear divergence can be written as 5 Bs. This is in particular interesting, as the virtual anomalous
dimension is known to all orders from integrability [103], while the eikonal anomalous dimen-
sion is only known perturbatively through three loops.

5. Conclusions and future directions

In planar maximally supersymmetric (A = 4) Yang-Mills theory (SYM), it seems always
possible to represent loop amplitudes and related functions directly in terms of manifestly
dual-conformally invariant integrals over loop momenta. Indeed, closed-form expressions in-
volving only local propagators now exist for all amplitudes through three loops [72]. Although
all infrared-safe combinations of amplitudes related to observables are expected to be dual-
conformal invariant, there have long been important obstacles to making such symmetries mani-
fest. The first problem is that infrared divergences require that loop amplitudes be regulated, and
the most widely used regularization schemes severely break this symmetry. The second problem,
apparent even for integrals that are infrared-finite, is that naive Feynman parameterization deeply
obscures dual-conformal invariance—because it involves a sum of terms with different weights
under conformal rescalings. The first obstacle to manifest dual-conformal invariance is addressed
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by the dual-conformal regularization scheme described in ref. [14]; the second can be cured by
Feynman-parameterizing one loop at a time, and strategically rescaling the Feynman parameters.

In this work, we have shown that dual-conformal invariance can be made (and maintained)
manifest throughout regularization and loop integration. More specifically, using the dual-
conformal regulator, any (ultraviolet-finite) planar loop integral will take the form of a polyno-
mial in log(§), where each coefficient can be expressed in terms of finite (Feynman-)parametric
integrals whose denominators exclusively on ‘parity-even’ dual-conformal cross-ratios—those
rationally expressed in terms of Mandelstam invariants. We have proven this by direct construc-
tion through two loops for any multiplicity, and we expect it to hold more generally.
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Appendix A. Conventions and Definitions for Hexagon Functions

As described above, we use dual-momentum coordinates for which p, = (x,4+1 — x4), with
(a,b) = (b,a) = (xp — )ca)2 =pPa+...+ pb_l)z. Each of the dual points x,, often denoted
simply by ‘(a)’, is associated with a line, span{z,—1, z4}, in momentum-twistor space [104]
(P3 represented by homogenous coordinates z, € C* for each particle). Momentum-twistor
space may be motivated by making the masslessness of particles, pg = (a,a + 1), manifest—as
(a,b) x{a—1lab—1b)=det{z4_1, 24, 2b—1, b}

Any ‘line’ in momentum-twistor space defines a (possibly) complex point in dual-momentum
space. The ‘chiral’ numerators of Q® and Q@ were expressed in these terms—see equation
(2.42). A line in momentum-twistor space can be represented as a bi-twistor (ab) = span{z,, zp},
or more indirectly as the intersection of ‘planes’:

(abc)yN(de f)=span{zy, zp, zc} N span{zq, Ze, 21}
= (ab)(cdef) + (bc){adef) + (ca){bdef) .

We include these definitions here only for the sake of completeness—as some of the manipula-
tions involved in recognizing the numerators in equation (2.57) required knowing how these nu-
merators were expressible in terms of momentum-twistor cross-ratios. Interested readers should
consult ref. [40] for more details.

For six particles, there are three cyclically-related ‘parity-even’ cross ratios (those expressible
rationally in dual-momentum coordinates):

(A1)
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(1,3)(4,6) 2.49d.5 (3.5)(2,6)
UH=——-—, Ih=—-—"-, U3=—-—"—". (A2)
(1,4)3,6) 2,50,4 (3,6)(2,5)
When expressed in terms of momentum twistors these become
(6123)(3456) (1234)(4561) (2345)(5612)
mM=EsE——m——m——, Wh=———""T""—, U3=——"—"—"—. (A.3)
(6134)(2356) (1245)(3461) (2356)(4512)

Recall from section 2.2.4 the appearance of the square root ‘Ag’, defined in equation (2.59) up
to a sign. This ambiguity is resolved by re-expressing the cross-ratios u, in terms of parameters
that rationalize Ag. This is for example achieved by the variables y, introduced in [19]: In terms
of momentum-twistors, we set'*:

(4612)(5123)(3456) (2456)(3561)(1234) _ (2346)(3451)(5612)

= , = , = . (A4
I (3451)(4562)(6123) )2 (1235)(2346)(4561) V3 (3561)(4612)(2345) A4
The parity-even cross-ratios u, are related to the y, variables according to:
"y = yi(l —y2)(1—y3) iy = y2(1 = y3) (I —y1) us = 3=y —y)
(1= y1y2)(1 = y1y3) (I =y2y3)(1 = y2 1)’ (I=y3yD)(1 = y3 )
(A.5)

In terms of these, the argument of Ag becomes a perfect square, allowing us to clearly disam-
biguate (and in fact define) its sign:

1— 1— 1— 1—
Ao =/ — 1 — s — 103)? — dutyttotts = A=y = y){A = y3)d = y1y2y3) (A6)
(I = y1y2) (1 = y2y3)(1 = y3y1)
In Appendix B and in the ancillary files attached to this work’s submission to the arXiv,
there is one further set of rationalizing variables used in the explicit representation of iterated

integrals, denoted {¢, x, y}, which may be defined by15

1 —yiy2y3 y= L=yiyays - (1= y3)d = y1y2y3)
yiy3(l=y2)’ L=y (1l =yDd—y)
These parameters have the advantage that they identify the 9-letter symbol alphabet

X =

(A7)

{ur,uz,u3, 1 —uy, 1 —uz, 1 —usz, y1,y2, y3}

Gi—q)(qj—q1)
(qi—q1)(qj—qk)
as (g1 =1,920=0,93 = —x/t,q4 = —xy/t,q5 = 00, q¢ = x). The logarithmic differentials of

the cross-ratios span the cohomology H'(90y ) which has dimension 9. In other words, the
parametrization (A.7) identifies functions with symbols in the hexagon alphabet precisely with
the multiple polylogarithms on 9%y ¢, which are well-understood [105,106]. In particular, we can
use algorithms to write functions in a basis.

Finally, in the Feynman-parameter representations of integral contributions to the six point ra-
tio function included among the ancillary files to this work, one final set of (parity-odd) variables
are used:

of hexagon functions with the cross-ratios on the moduli space 9% ¢ parametrized

14 Concretely, our variables are (u1, up, u3) = (w, u,v) and (y1, y2, ¥3) = (1/yw, 1/yu, 1/yy) in terms of the defini-
tions in [19]. The translation to the conventions in [95] is (41, up, u3) = (u, v, w) and (y1, y2, ¥3) = (1/yu, 1/yv, 1/yw).
15" A related set of variables was used in [28]: The definitions of (x, v, z) in appendix A of that paper translate into our

x40 yatn) Lo g GO+

variables as G=D’ T10=D" DI a=y)" respectively. However, these do not rationalize the symbol alphabet.
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_ (T =y =y1y2y3) _ (A=) = y1y2y3) (A =y — y1y253)
= , U= , U3 = .
yi(l —y2y3) y2(l —y3y1) y3(1 = y1y2)

(A.8)

These odd-variables are simply v, = Ag/u,—where the sign of Ag is understood as being de-
fined in terms of the y,’s according to (A.6).

Finally, we have made use of two symmetry generators. The first of these is a rotation operator
‘r’, which acts on the various hexagon variables according to:

r(DasXas Zas Ua, Va, Ya) = (Pa+1> Xa+1, Za+1, Ua+1, —Vat+1, 1/Yat1). (A9)

The minus sign in the action of r on v, arises because r Ag = —Ag.

The final operator used in our work for the two-loop ratio function terms is a reflection ‘p’
centered on particle labelled by a = 1 which acts on the momentum-twistors and x-space coordi-
nates according to equation (4.11). On the u, cross-ratios, p acts by p(u1, uz, u3) = (u3, uz, uy);
and on the y, and v, variables, by:

p(i,v2,v3) = (—v3, —v2, —v1),  pyLy2 ) =03y L. (A.10)
Appendix B. Explicit Contributions to the Six-Point Ratio Function

In this Appendix, we outline the analytic structure of each of the contributions to the six-point
two-loop ratio function, expressed in terms of the integrals tabulated in (4.14). We first give the
general form of these contributions, then describe the general methodology used to obtain these
expression in Appendix B.2 and the organization of the ancillary files in Appendix B.3.

We use the shorthand H = Hy (1 — x) for harmonic polylogarithms [107] with

/

dz ,
_Z/Hg,(z) and Hy(z) = 1. (B.1)

z dz / b4
Ho,w(2)=/7Ha,(z), H1,@(z)=/

0 0

1

Let us start with the even parts of these integrals, Il.e, which we can express in terms of har-
monic (and ordinary) polylogarithms except for just three of them, I3, I¢ and I}, together with
the standard hexagon function Q@ (u1,up,u3) given for example in [95]. Concretely, the even

integrals are given by:

I£ = Q% s, ur, ur) =r? [9(2)(u1,u2, M3)] ; (B.2)
e 1 ui
1222[H1011+H10,01+H1011+H1001

— o (H + 1Y) - 36(H" + 1)) (B.3)
E=—1IS: (B.4)
I =—Hg 01— Hob11 — Hoo.01 = Hooan + §2[ o1+ H(?ﬁl:l - 244? (B.5)

5 3. 63
I7=X3 =35+ Ig = S(r +rIf — Sh=St- 6¢3H,"?

+§2[< u1+H”*) —5H{"H\* +9H3 +4H", + H; 1+H5’j]; (B.6)

19
=151 — 7;4 + 1223 + 623 log(8) ; (B.7)
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_u u u u u3 u3 u3 u3
I5 =1~ " [Hl,ll,o,l — Hyp 1 +683H, 1] 1o ; [Hl 1o, — o1 H683H, ]

IOg(ul)[ 011~ 101"‘353]
— Hyoo1+Hypo 11— Hyon —2H 01— Hy o,
—logus)| Hi'y y = Hi'y, +3%
— Hyy o1+ Hoo 11— Hodon = 2H 001 — Hio
2 G+ HL + G+ B = 2H H | = 126 — %;4
+log@)| Hi'h | — Hiy y+ HYY = Hi = log(u1u3)] : (B.8)
Ifo=Xz+1f+§(r+r2)1;’+1§—1g—lfl—Cz[Hg‘j | +4Hy +2H

+ Hy + HS + H (H” —2H”) + H1”2H1“3] + 1223 + 5¢4 + 63 10g(8) ; (B.9)

1181 = _lﬁ—lul[Hlu,ll‘o,l - Hlu,lo,l,l‘*‘6§3H1ul] - li—3u3[H1u,31,o,1 - Hluj),l,1+6§3H1u3]

+10g(u2)[ or1— Hion +H(l)l,31‘1 - Hlu,%),lil

+H{ b1+ Hioo1 — Hi't o1 — HiY o

2( 0011+H0011)+§2[ +Hlu,31_Hf“h'luz_[1’1”["'1”3]

+ 383 log(uqus)

126+ log )| HY'y | — Hi'y y + HY = HI% = &2 logtuus) | (B.10)
Iy=—I; =I5 — Ijs = 2H}} oy — Hy'y oy — Hi o001 — 2H{3 01— Ho o1 — Hio0,1

+2;2[ |+ HY —2H" H”3] n 6§3[H1“‘ + H{“] 3603 + ?;4

— l0g(®)[ 422 log(uiu3) + 3003 | - 822 1og?(®) (B.11)
Iy = 8% — 653 log(uz) — 2463 — log(®)| 262 log(ua) + 1863 | — 4c210g*®):  (B.12)
=X +IE—IE+ (r+rD)I}

2 2H — 4HE 21— 2H[5 — B HI 21 H

- H{‘2H1“3]+6;3H{’2 + 284 — 28 log(u2) log(8) (B.13)

Ifs = Hy 0.1 + Hy'y o1 + Hyp o1+ Hy o, ZQ( o1t H(')“]) — 1285+ 54
— 12¢310g(8) — 422 10g?(8) ; (B.14)
where we have made use of the following expressions,

Xy = —log(ua/us) (Hi'y | + Hily 1) = logtua/un) (Hi% , + H{'y )

~ Slog Gy fus) (' + HY)
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ui ui ui ui
+H o110+ Hyo110— Hovo1+ Hioon

u3

us us us
+Hi o110+ Hyo1— Hovo1+ Hipon

u
+HG +2Hyo 0+ H o+ Hyd o0+ Hih o0 +2Hyh0, - (B.15)
1 uj U u3 u3

Xo=Xi+3 [log(ug/u3)<H0y0’1 + H0‘1’1> + log(uz/ul)(Ho"o,l + Ho;],l)

1 1

= log? ez /u3) ('} + HY'y ) = 5 log? ez /un) (Hy'y + HYS ) + Helhy  +2H]'
u u u u u-

+H'y o1 F2H 401 +3Hy o1 +3Hyg01+ Hyp

u u u
+2H 3+ H o +2H, 50,

u u u u u u .
+3Hy 0.1+ 3Hg 001 +2H 010+ 2Hop 00 +2H 500 + 2H0,%),O,1:| ;o (B.10)

1 3r 1
X3=2X) =3Xz + E[ N Z(logz(ul)Ing(m) +log? (u1) log*(u2) + logz(”Z)l"gz(“))

1
T log(u1) log(uz) log(uz) log(u1u3) 4 log(uz /uz) Hy 'y | +log(ua/u1)Hy7
+H o0+ Hi o1+ Hyon + Higoe + Hopon
+Hg 0+ Hijon +Hylon

I
- Hi 0+ Hi'y00 + Hi% 1 | — ot logs) (S H1% — HE)

1
+log(uiu) (Hi3  + 5 Hi'%S 1) + Hily 1
1 u u 1 u u
- §H1,21,0,1 —Hylo1t EHI,%),O,l + Hyf.1° (B.17)
Notice that we have highlighted all divergences and all contributions with less-than-maximal-
weight.
The three integrals not listed above, I<, Ig and / 1667 contain two non-hexagon letters,
I —upy —u3 (1 —uz)(1 —up —up)

l—-t—x—y=——"——, and t—xy—tx—ty= 5
uiusz ujusz

, (B.18)

where we have defined the variables {z, x, y} in Appendix A (see equation (A.7)). We give ex-
plicit, function-level expressions for these integrals in terms of multiple polylogarithms defined
in terms of the {¢, x, y} variables in the ancillary files of this work’s submission to the arXiv.
While we leave the full details to the ancillary files, some of their novelties may be illustrated
through the 2 ® 2 components of their symbols.

The first component of their co-products is expressible in terms of non-Steinmann hexagon
functions. The non-hexagon letters in (B.18) appear only in the third entry of the symbol. In-
tegrability forbids them from appearing in the first two entries; however, there seems to be no
obvious rule forbidding them from appearing in the final entry. The symbol for each is given
below, indexed according to the first two entries:

(S
15 U1 Q@ua+ur@uy

e [u1u3] N 1 [u3(1 —ul)} ® |:M1(1 —u3)} N [u_3] ® [u3]
uy 4 1 —up u3z(1 —uy) uj
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o il et (I—uur | 1 3.2.3].
+2[ us :|®|:(1—u1)uli| 4[y3]®[y1yzy3], (B.19)

IC
5
U1 Qu3+u3z®uy

= us( —wup) | u us
_4[1—u3]®[141(1—u3)} [(1—M1)(1—u3)}®[ulu3}

1 (A —u)( —um)u3 | 1 323
- — = - B.20
+7 [u2]®[ |~ gt ] (B.20)
I = IS ; B.21
5 urQu3+uzua p|: 5 u1®u2+uz®u1:| ( )

1 uius 1 Ui 1
Ie — 21— uyus 2 ur : [ 3.2 3]
5o = 2L u1]®[ ” ]Jr 5 lml® |:u2u3:| 7 2yl ® [ y1v3y3
171 —u; —u (1 —up)u 11 up (1—u3)u?u%
+ = - = B.22
2|: ) i|®|:(1—u2)u2 +4 uju3 © (1—141)u‘21 ( )
IC
5 ur®(1—uz)
1T uiu 1T =u; —un)? 1—uu
_jmed oy ( 1—u2) 2 ( D
21 us 4 UiuU3 (1 —ux)un
1 [ uzus L[ (1 —uz — u3)? (I —u3)us
+2|: Ui :|®[M1]+4|: Uiuu3 ® (1 —up)ur
+l[ 3.2 3], B.23
1 1231 ® [ yiyvayvs | s (B.23)
I¢ =pl|I ; B.24
> u3®(1—-u3z) p[ 3 u1®(1—u|)i| ( )
I5 s —[u1] ® [u3] — [u3] ® [u1] . (B.25)
2 2
While for I¢, we have,
1—u usz(l—u
Ig = [ 2]@[1—u1]+[u}®[1—u3]
U1 Qu+urQuy uz I —up B 26)
l—ul —Uup un ’
® + 3] ®[y2];
(1 —up)us 1—uy
IS = ° ; B.27
6 urQ@u3+u3us p|: 6 u1®uz+uz®u1:| ( )

e uz u
Is = [n]®[y2]- [ } ® |: ] ; (B.28)

U1 @u3+uz®u (I —up)(d —u3) (I —up)(1 —u3)
1—u u
I5 = ol -]+ | —— @1 - us]
u1®(1—uy) Ui uius

(B.29)

+[ 13 }@[]m ]—[y1y2y3]®[yz];
—

1 —up —up
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e

l1—upy—u 1—u 1l—ui—u 1—u
Bl [ o[ [ o[
ur@(1—u2) ui uj us u»

6

uy

+ |:—1 } ® [u2] — 1y2y31 ® [y21 5

—u,
I =pl|If :
6 u3®(1—u3) p|: 6 u1®(1u1):|
Ig =—[u] @[ —ur]+[1 —u2l ® [uz] — [u3]1 @ [1 —us] .

U ®@un

Finally, for I, we have,

21¢
16 w1 Qua+ur@ug
1—up)(1 —up)? 1—u)—u
=[1_u1]®[( MU }Hl_uz]@[( D 2)}
Ui ujuy
(l—ul—uz)“} [ uu }
+ ® + 3] ® [y1y2];
[ us (I —u)(I —u2)
21¢
16 U1 Qu3t+uz®ug
[1_”1}(@[ dLe ]+[ 19 [yiy2]
= 2 2
0 (T—un(—uy | PHE
ui(l —uz)
PPN R
(I —upuz
2156 =r’p |:216e i| ;
U @u3+u3zQuy U @ui+uzui
21¢
16 u1®(1—uy)
_1 1—u1—u2_® 1—u2_+4 (A —uy —u)(1 —uy) 2 1—u;
ui i uz | uijuyn ui
+ 217, ;
10] 3@ (1-u3)

M uy [ uy
21 =—4
16u2®(l—u2) _1—u1]®_1—u1:|
us us
4 21¢
+ |:1—u2]®|:1—u2i|+ 16

_|m ur(l —uz)
u3®(1—u3) o |:u2:| ® [(1 — ul)uz]

173870
(I —u)(A —uz)

wi@(—ur)

21,

+[u3] ® [ } — [1y2y31 ® [y1y21.

B.1. Parity-odd contributions

Regarding the parity-odd parts I of the integrals, all but four of them vanish:

R=hL=B==Ig=Ig=I=I} =I=1Ij=1I5=1=0.
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(B.38)

(B.39)
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The only non-zero odd parts are {I3, I7, I}, I,}. These are very simply related to each other

and to the odd part of the ratio function VO = —V(yl, V2, ¥3) = V(yu, Yy, Yw) in terms of the
function V (y,, yy, yw) given in [95]:

=—18=—1I0, =1 +2V?, (B.40)

Explicit expressions for these integrals (given in terms of hyperlogarithms) are a bit too
unwieldy to warrant being presented here—but complete expressions will be provided in the
ancillary files as part of this work’s submission to the arXiv. However, some of their structure
can be understood through the symbol entries, which we provide below for the function I7,. As
for the even integrals, the non-hexagon letters appear only in the third slot of the symbol. There-
fore, we give the 2 ® 2 part of the co-product, where the first entry can be written in terms of
non-Steinmann hexagon functions.
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B.2. Technical details of integration methods

In the ancillary files to this paper—whose organizations will be discussed below—we provide
everything necessary to compute all of the integrals defined in (4.14). All of them are linearly
reducible, but their dependence of the resulting polylogarithms on the regulator § has varying
degrees of complexity.

The integrals {11, I, I3, 14, I5, I, I7, I3, 111, 115, I16} are either finite or hyperlogarithms in &,
so they can be written as hyperlogarithms in § and the expansion at § = 0 is straightforward.
Example code which performs these integrations and takes the small § expansion analytically is
included in the ancillary files.
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For integrals {ly, I1¢, 114}, the arguments of the polylogarithms obtained by direct integration
are not rational in §, and they are indeed not hyperlogarithms ‘in 6°. However, we can parametrize
8§ =8(p) = p + O(p?) such that the arguments become rational in p. Hence we can write the
integrals as hyperlogarithms in p and the expansion at p = 0 is straightforward again. This trans-
formation is demonstrated in the ancillary files.

For I13, we found it most convenient to re-parametrize uy = us (112, 8) = u3 +O(8) in terms of
a suitable coordinate i3, to achieve the rationalization in 8. After expanding the hyperlogarithms
at § = 0, we have polylogarithms of 3 |s—o = u>.

Finally, for /1, we have decided to take a much more general approach—illustrating that all
the transformations just discussed are not truly necessary, but merely convenient shortcuts to
obtain the small-§ expansion from hyperlogarithms depending on §. Recall from the discussion
in section 2.4 that these integrals may be represented generally in the form

Lin,...ng (f1(8), ..., fa(8))

with arguments f;(8) that are algebraic functions of § (and the cross-ratios). We are merely
interested in the first few terms in the expansion at § = 0, and not in the full dependence on §.
The expansion at § = 0 can be calculated from the differential equation of polylogarithms, which
is known in terms of the differentials d log( f; (§) — f;(5)). We can simply expand these in § =0
and thereby recursively compute the expansion of the polylogarithms as a series in 8/ log(8)
term-by-term. This procedure is illustrated for the case of 11, in the / files.

B.3. Organization of ancillary files

Included with this article’s submission to the arXiwv is a collection of ‘ancillary’ files—
available by following the link on the article’s abstract page. These files are also available
under DOI 10.5287/bodleian:BRyawJrRN. In particular, we have provided both the Feynman-
parametric and final hyperlogarithmic representations of each integral discussed above, together
with example code that demonstrates how the latter can be obtained from the former using
HyperInt.

The examples discussed in this paper are provided and documented in human-readable plain-
text files. The file ‘integral_data.txt’ can be read directly by MATHEMATICA and
‘IntDefs.mpl’ contains the same definitions in Maple syntax. In particular, these files de-
fines all coordinates explicitly in terms of {y;, y», ¥3} as discussed in Appendix A, and clarify
the definitions of each integral I; of (4.14) in terms of syntax used by the packages associated
with refs. [12,14,18,93].

After this, each Feynman-parametric integrand, feynInt[i_] is defined in two parts:
{17, I?}. Each of these is expressed in terms of rational, parametric expressions such as the exam-
ples discussed in section 4. In particular, the variables «;, 8;—denoted as al,...,bl,...—should
be understood as homogeneous coordinates on P”, and—after de-projectivization according to
(2.12)—should be integrated over the entire positive, real domain.

The file ‘integral_data. txt’ also contains hyperlogarithm representations of the odd
and even parts obtained after parametric integration, expressed in terms described above in the
beginning of this Appendix. At the very end of this file, the combinations of I; required for the
representation of the logarithm of the MHV amplitude, the function L¢ defined in (4.15), and
V® and V@ are given. These are also given in Maple format in the files ‘results.mpl’ and
‘comparisons.mpl’.
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In addition to these source files, we include Maple programs that take as input the parametric
integrands and then use HyperInt to explicitly reproduce the hyperlogarithm expressions for
the integrals.
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