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We show that dual conformal symmetry, mainly studied in planar N’ = 4 super-Yang—Mills theory,
has interesting consequences for Feynman integrals in nonsupersymmetric theories such as QCD,
including the nonplanar sector. A simple observation is that dual conformal transformations preserve
unitarity cut conditions for any planar integrals, including those without dual conformal symmetry.
Such transformations generate differential equations without raised propagator powers, often with
the right hand side of the system proportional to the dimensional regularization parameter e. A
nontrivial subgroup of dual conformal transformations, which leaves all external momenta invariant,
generates integration-by-parts relations without raised propagator powers, reproducing, in a simpler
form, previous results from computational algebraic geometry for several examples with up to two
loops and five legs. By opening up the two-loop three- and four-point nonplanar diagrams into planar
ones, we find a nonplanar analog of dual conformal symmetry. As for the planar case this is used to
generate integration-by-parts relations and differential equations. This implies that the symmetry

is tied to the analytic properties of the nonplanar sector of the two-loop four-point amplitude of

N = 4 super-Yang-Mills theory.
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I. INTRODUCTION

Dual conformal symmetry is a hidden symmetry of planar A = 4 super-Yang-Mills theory |1, 2] which puts strong
constraints on the analytic structure of its scattering amplitudes. In this paper we will discuss applications of this
symmetry towards questions of practical interest in generic theories, such as finding useful and compact integration-
by-parts (IBP) relations and differential equations (DEs) for loop integrals. We also use these ideas to extend the
symmetry to the nonplanar sector by explicitly constructing it for the full two-loop four-point amplitude of N' = 4
super-Yang—Mills theory. As for the planar case, the symmetry leads to useful IBP relations and DEs.

An important feature of the IBP relations and DEs generated by dual conformal transformations is that they are
naturally compatible with generalized unitarity [3], which is a powerful method for computing multi-loop scattering
amplitudes. Generalized unitarity helps to overcome the fast growth of complexity as the loop order and the number
of legs increase. At one loop, unitarity-compatible integrand-based reduction |4-6] simplifies loop amplitudes to a
linear combination of master integrals, with coeflicients determined from generalized unitarity cuts. This has led to
tremendous progress, including the “NLO revolution” for computing NLO QCD corrections for collider processes (see
e.g. Refs. [7]). To extend the reach of generalized unitarity to generic theories at higher loops, it is natural to retain
the following two important properties: (i) the parameterization is minimal without redundant parameters, leading to
invertible linear systems which can be solved to determine the integrand; (ii) the integrand is decomposed into master
integrands and spurious integrands that vanish upon integration, so only the coeflicients of the master integrands are
needed to evaluate the amplitudes.

These methods for evaluating scattering amplitudes offer great promise to tackle general problems at two loops and
beyond (see e.g. Ref. [§]). For dimensionally regularized integrals beyond one loop, it is in fact easy to write down
a parameterization that satisfies property (i) by identifying a minimal set of “irreducible numerators” that cannot
be expressed as linear combinations of inverse propagators. For integrals in integer (most often four) dimensions,
the problem is more intricate, as Gram determinant identities further reduce the number of independent terms in
the integrand. But a complete and computationally efficient solution has been found using polynomial division
algorithms [9, 10]. To construct a parameterization to satisfy the above property (ii), a first step has been developed
in the mentioned papers exploiting the rotation symmetry in the “transverse” directions orthogonal to all external
momenta. This is in direct analogy with the one-loop case |11]. A second step, which is substantially more nontrivial,
is to identify all remaining contributions that integrate to zero. At higher loops the only known practical means to
accomplish this [12] is to exploit IBP relations [13] without increasing propagator powers [14], to not only simplify
the problem, but to make it naturally compatible with generalized unitarity. Our approach based on exploiting dual
conformal transformations automatically generates IBP relations with these properties.

Geometrically, the special IBP relations which do not lead to higher propagator powers are generated by polynomial
vector fields that are tangent to the unitarity cut surface [12]. This is related to the tangent algebra studied in
the mathematics literature [15], as pointed out in Ref. [16]. A key problem for generating unitarity-compatible
IBP relations is finding these special IBP-generating vectors. One solution is to solve “syzygy equations” using
computational algebraic geometry |8, [14, [17, [18]. This is often time-consuming for the more complicated multi-loop
integrals, and produces lengthy and unenlightening results. Analytic insights into the IBP-generating vectors from
Ref. [12] shows that for generic two-loop integrals with massive external legs and internal propagators, a complete set
of IBP-generating vectors comes from simple combinations of one-loop rotation vectors. These vectors will be referred
to as “generic” vectors, and can be constructed as minors of matrices in Section [VIIIl For Feynman integrals involving
vanishing or degenerate mass configurations, however, “exceptional” IBP-generating vectors appear, in addition to
the generic vectors found by the aforementioned reference. This leads to extra IBP relations, e.g. relations between
one-loop triangle integrals and bubble integrals. A full analytic understanding of these exceptional vectors is still
missing in the literature, though a connection with singularities of unitarity cut surfaces has been explored [16]. We



will show that important missing insights, at least for the integral topologies covered in this paper, come from N = 4
super-Yang—-Mills theory.

In the study of scattering amplitudes, theories with more symmetries have often led to unexpected simplifications
for theories with fewer symmetries. For example tree-level gluon amplitudes in pure Yang-Mills have hidden super-
symmetry because they coincide with the same amplitudes in super-Yang—Mills theory [19]. A one-loop example is
that supersymmetric decompositions can be applied to nonsupersymmetric theories [3,120]. Following this philosophy,
we aim to develop a relatively simple analytic understanding of IBP-generating vectors for a variety of one- and
two-loop Feynman integrals with vanishing or degenerate masses, using dual conformal symmetry of planar N' = 4
super-Yang—Mills theory as a guiding principle. The use of dual conformal symmetry also extends to a large class of
planar Feynman integrals in even integer dimensions, with an appropriate number of propagators |1, 21/, 122]. This is
easiest to implement for planar diagrams where dual conformal symmetry is defined, but as we shall see by opening up
nonplanar diagrams into planar diagrams |23], we identify a symmetry that is analogous to dual conformal symmetry.

When we consider integrals in arbitrary dimensions, generic numerators or integrals with too few propagators, the
symmetries are lost because the numerators cannot balance the conformal weights from the denominators and the
integration measure. However, for our purpose of finding IBP-generating vectors, only the geometry of the unitarity
cut surface, fixed by the propagators not the numerators, is relevant. Therefore we can still find insights from dual
conformal symmetry in order to analyze the loop integrals of any theory more generally. It turns out that a subgroup
of dual conformal transformations, which leaves external momenta unchanged, generates infinitesimal shifts in the loop
momenta to produce IBP relations without higher-power propagators. This is connected to the fact that under dual
conformal transformations and their nonplanar generalization, the infinitesimal variations of inverse propagators are
proportional to the inverse propagators themselves. It turns out that IBP-generating vectors obtained from conformal
transformations contain exceptional vectors which we seek to understand. In the process we also find that at one loop
the exceptional vectors relate directly to Landau equations |24, [25].

To illustrate the ideas in a simple context, we first present a number of one-loop examples. As a toy example we
illustrate the case of the one-loop triangle diagram with a single external mass. While standard integral reductions [4,
5, 26] reduce tensor triangle integrals to the scalar triangle integral, we show that dual conformal transformations can
be directly applied to reduce the scalar triangle integral to bubble integrals. Then we use this example to illustrate
the embedding formalism |22, 27] which reduces conformal transformations in an SO(d —1, 1) dual spacetime to linear
Lorentz transformations in an SO(d,2) embedding space. The latter treatment will involve a general algorithm that
can be applied to all one-loop integrals. Finally, we turn to two-loop examples, including nonplanar cases. We adopt
a level-by-level approach to IBP reduction. For each topology, we only identify IBP relations which reduce all tensor
integrals to top-level master integrals and lower-level integrals with fewer propagators. One can descend into the
lower-level topologies recursively to accomplish the complete IBP reduction.

We also use dual conformal symmetries to generate DEs for integrals [28]. This has proven to be a powerful means
for evaluating integrals. The DEs we generate are in terms of integrals without propagators raised to higher powers,
along the lines of Ref. [29]. For the integrands that would be invariant in four dimensions under dual conformal
transformations or their nonplanar analogs, the right hand side of the DEs are automatically proportional to the
dimensional regularization parameter € = (4 — d)/2. If there were no infrared singularities, we could take ¢ — 0, and
the right side of the DEs would vanish. This property is already known for such integrals, after reducing to a carefully
chosen basis of integrals [30, 31]. In our case, it follows from the existence of a symmetry.

Besides the practical utility of IBP relations and DEs, our considerations point to a nontrivial generalization of dual
conformal symmetry to the full nonplanar sector of A" = 4 super-Yang—Mills theory. Refs. [32,33] found in a variety of
nontrivial examples that the analytic properties implied by dual conformal symmetry such as having only logarithmic
singularities, no poles at infinity and other properties carry over to the nonplanar sector. What symmetries might
be behind this? In this paper we take initial steps towards understanding the symmetries behind these properties,
by building on the connection between dual conformal transformations and polynomial tangent vectors of unitarity
cut surfaces. For the case of the nonplanar sector of the two-loop four-point amplitude [34] based on our analysis of
symmetries of integrals we show that there is indeed a symmetry analogous to dual conformal symmetry.

This paper is organized as follows. In Section [l we review unitarity-compatible IBP relations, dual conformal
transformations and the embedding formalism which linearizes the transformations. In Section [IIl we illustrate the
application of dual conformal transformations, starting from the simple toy example of the one-loop triangle with
massless propagators and one massive external leg. Two parallel treatments are presented, one based directly on dual
conformal transformations in d dimensions and the other on the SO(d,2) embedding space. The latter part of the
section will present two more complicated examples at one loop, namely the triangle diagram with two external masses,
and the massive triangle diagram involved in QCD corrections of the H — bb decay. Section [Vl gives two-loop planar
examples, reproducing nontrivial IBP-generating vectors previously obtained from computational algebraic geometry.
Section [V] outlines applications to obtain DEs using transformations that act nontrivially on the external momenta.
Section [VIl formulates a nonplanar analog of dual conformal symmetry. Applications to IBP and differential equations



for dimensionally-regularized nonplanar integrals are also worked out. In Section [VII, we show the invariance of the
two-loop four-point amplitude of N/ = 4 super-Yang-Mills theory under this symmetry. Finally in Section [VIII] we
describe the interesting connection between the exceptional IBP vectors and Landau equations. Our conclusions and
outlook are presented in Section [Xl An appendix giving matrices describing the dual conformal transformations of
the two-loop pentabox integrals is also included.

II. BASIC CONCEPTS

In this section we give an overview of basic concepts that will be useful for the remainder of the paper. We first
review the notion of unitarity-compatible IBP relations that do not increase the propagator powers, which generically
occurs whenever derivatives hit propagators. Then we discuss using dual conformal transformations as a means for
generating IBP relations that are compatible with unitarity cuts and do not increase the powers of the propagators.
We will also review the embedding formalism for dual conformal transformations. This will be useful in subsequent
sections, since it reduces conformal transformations to simpler Lorentz transformations in two higher dimensions.

A. Unitarity-compatible IBP relations

Consider an L-loop Feynman integral with L independent loop momenta, l1,1ls,...,lr, M external legs with mo-
menta p;, 1 <i < M, and N propagators, 1/p;, 1 <j <N,

L
N
d
/Eld zAijj. (2.1)

where N is a numerator that has polynomial dependence on all possible Lorentz-invariant dot products amongst loop
and external momenta.
Integration-by-parts relations [13] arise because total derivatives integrate to zero in dimensional regularization,

L
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where there is implicit summation over the loop momentum label B, and v/ is built out of all possible Lorentz vectors
pi and 1%}, each multiplied by polynomials in Lorentz-invariant dot products. The identity amongst integrals comes
from explicitly applying the derivative. We will refer to

0
’U% @ ) (23)
as an IBP-generating vector or IBP vector.
If the vector satisfies the condition [14],
0
vp gy Pi = Wibi (2.4)
B

where there is an implicit sum over B and p, for each 1 < j < N, with the W; being polynomials in Lorentz-invariant
dot products, then the IBP relation Eq. [Z2) will not lead to propagators raised to two or more powers. More
generally speaking, if we start with some propagator raised to a power, the power of that propagator will not be
increased further in the IBP relation [§]. This will be called a “unitarity-compatible” IBP relation, as unitarity cut
conditions are easily imposed when there are no raised propagator powers. The standard ways to find IBP vectors
that satisfy Eq. (2.4]) are based on solving syzygy equations [, [14, [17, [18], often using software for computational
algebraic geometry [35].

This is natural with the unitarity approach. If a certain inverse propagator p; is set to zero by a unitarity cut, then
for that case the right hand side of Eq. ([24]) is zero, which means the IBP-generating vector is a tangent vector to
the unitarity cut surface of any cut, maximal or non-maximal [12]. It should be emphasized that it is a polynomial
(rather than rational) tangent vector.



B. Unitarity-compatible differential equations

A powerful method for evaluating Feynman integrals is differential equations with respect to external momenta |2§].
In this method, one computes derivatives

Xza #/H dlAH (25)

where there is implicit summation of ¢ over every external momentum, and X! generates an infinitesimal change in
the kinematic invariants (i.e. Lorentz-invariant dot products between external momenta). We require x! to have no
dependence on loop momenta. Since total derivatives vanish upon integration, Eq. (Z3)) is equivalent to

L
o N 0 vaN
da | X! == + oy 2
/}__[1 Al o I1; ps 51%1_[-%]

Sl )y e

We will refer to
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as the DE-generating vector. Under the condition [29]
0 d
(Xfa—pu + U%w) pi =Wipj, (2.8)
i B

for some polynomial W; for each 1 < j < N, Eq. (Z6) has no propagators raised to higher powers, i.e. is unitarity-
compatible. In our framework, IBP-generating vectors are special cases of DE-generating vectors without external
momentum derivatives. Similarly, IBP relations are regarded as special cases of differential equations whose left hand
side is zero rather than an external momentum derivative of the integral. Similar to the interpretation of Eq. (24,
Eq. ([Z38) implies that the DE-generating vector is a tangent vector to unitarity cut surfaces, considered as solutions
to unitarity cut conditions in the space of both external and loop momenta.

We will refer to W, as the weight of the inverse propagator p; under the infinitesimal transformation of p; and
lp generated by the vector [2). The total divergence term Ovly /9l in Eq. (Z6) may be regarded as the weight
Wineasure Of the integration measure, coming from an infinitesimal deviation of the Jacobian from unity (see a later
discussion around Eq. (Z.23))), under the same transformation. In addition, in some cases of interest, the numerator N’
also has a well-defined weight W), with polynomial dependence on external and loop momenta. In this case Eq. (2.6))

is rewritten as
(% 0 0 N

L
- / IT a1 <Wmcasum + Wy — Zwk> N (2.9)
A=1 k HJ’ Pi
If in the above equation,
Wineasure + WN - Z W =0 ) (210)
k

then the integral is formally invariant under the infinitesimal transformation generated by the vector (21). A trivial
example is a Lorentz transformation (in both external and loop momenta), under which the integration measure,
propagators, and the numerator are separately invariant. In most cases the integrals are infrared singular and an
infrared regulator is needed. This shifts the weight of the measure factor by terms proportional to e, making the
symmetry anomalous.



C. Properties of IBP- and DE-generating vectors

IBP-generating vectors defined by Eq. (24) and DE-generating vectors defined by Eq. ([28]) satisfy the following
properties:

First, if an IBP-generating vector (or DE-generating vector) is multiplied by a polynomial in Lorentz-invariant
dot products of external and loop momenta, it is still a valid IBP-generating vector (or DE-generating vector).
Furthermore, the linear combination of two IBP-generating vectors (or DE-generating vectors) is still a valid vector.
Therefore, IBP- and DE-generating vectors form modules over the ring of polynomials.

Second, by applying Eq. (2.8]) twice, it can be seen that the composition of two DE-generating vectors still does
not raise the power of any propagator. Furthermore, the components y!' remain independent of the loop momenta.
This can be used to compute higher-order differential equations [36, 37] without generating doubled propagators.

Third, it follows from the second property above that IBP- and DE-generating vectors form a closed Lie algebra.
The action of the DE vector Eq. (271) in Eq. (2.6) is, in the language of differential geometry, the Lie derivative action
on the form

L
1T @14 N (2.11)
A=1 11, p;

It is well known that the Lie derivative action of vectors commutes with the Lie bracket of vectors, i.e. the Lie algebra
structure extends to the action of IBP- and DE-generating vectors. This is essentially the observation of Ref. [38] in
the slightly different context of IBP reduction with doubled propagators. As in the aforementioned reference, the Lie
algebra structure allows us to reduce the redundancy of IBP relations—all the necessary IBP relations arise from the
action of a minimal generating set of IBP vectors on the possible tensor integrals.

Fourth, given the unitarity-compatible conditions Eq. (24 and (2.8), the IBP- and DE-generating vectors are valid
on unitarity cuts and can be used to generate relations between cut integrals [39].

D. Dual conformal symmetry

If the Feynman integral Eq. (Z1)) is planar and only has massless propagators, we can write each inverse propagator
as either

(ya —yn)%, (A# B), (2.12)

(ya —z;)°, (2.13)

where A and B are loop-momentum labels, and z; are the vertices of a coordinate-space polygon whose edge (x;+1—2;)
is equal to the external momenta p;. We will refer to x; as external momentum points and y4 as loop-momentum
points. This is known as the dual-space version of planar Feynman integrals, as each y4 and z; may be considered as
coordinate-space points in a dual SO(d — 1,1) “spacetime” (not to be confused with ordinary spacetime).

As a simple example, consider the two-loop planar double-box integral,

1
I® = / dl, dM , 2.14
! 2l%(h —p1)%(li — p1 — p2)213(l2 + pa)?(la + p3 + pa)?(l1 — 12)? (2.14)

illustrated in Fig. Il We define the dual points implicitly, via
p1 =22 — T, b2 =73 — T2, p3 =2x4 — T3, P4 =71 — T4,
b=y —a, lo=y2—x1. (2.15)

These variables automatically enforce momentum conservation on the p;. Performing the change of variables (2I5)
in the double box, gives,

1
1(2) e /ddyl ddy2

(yl - x1)2(y1 - x2)2(y1 - x3)2(y1 - y2)2(y2 - $1)2(y2 - :v3)2(y2 - £C4)2 '

(2.16)
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FIG. 1: The double box integrals. Differences of the dual points give momenta flowing in the diagram. The z; and y; are dual
coordinates the double box. The dual diagram is given by the dashed (blue) diagram.

The dual conformal transformations include scalings z; — az; and inversions zz“ — zf / zf, where z; may be either an
external x; or internal y4 dual point. Under the inversion, we have

(z; — $j)2 2 (ya — $j)2 2 (ya —yB)*
(z; —xj)* = 5l (ya —zj)° = —5—5—, (ya—yB)” = —535 (2.17)
Y wias ! vaT] Yayh

From the perspective of planar N' = 4 super-Yang-Mills theory, dual conformal transformations are interesting because
they formally leave the amplitude invariant, ignoring regulator issues. From our perspective, what makes them
interesting is that they leave the unitarity cut surface (y4 — x;)? = 0 invariant. These considerations suggest that
we can generate IBP relations and differential equations that are automatically compatible with unitarity. This is
true whether or not the integrals are invariant. Indeed, the noninvariance is precisely what we will use to generate
nontrivial IBP relations and differential equations.

To generate IBP relations and differential equations we should phrase the conformal transformation as infinitesimal
transformations. Under an infinitesimal conformal boost defined by an SO(d — 1,1) vector b, a dual coordinate z*
transforms as

1
Azt = 51)“22 —(b-2)z". (2.18)
Under an infinitesimal scaling (i.e. dilatation) transformation with parameter f,
Azl = Bzt (2.19)

(Throughout this paper, A will be understood as a differential operator or a symmetry generator, so the right hand side
of the above equation is not multiplied by an explicit infinitesimal parameter.) Finally, under Lorentz transformations
parametrized by an antisymmetric Q*”,

Azl = QFPy,, 2" = Qb 27 (2.20)

where 7, is the metric. Combining the conformal boost, scaling, and Lorentz transformations, we have
1
Azt = 51)“22 +(B—=b-2)z"+ Q" 2. (2.21)

In terms of the infinitesimal transformations, if two points 24" and z4 both transform according to Eq. (Z21), then a
simple calculation gives

Azy — 22)2 = [28—b- (21 + 22)] (21 — 22)?, (2.22)

which is proportional to (z; — z2)?. Therefore, under an infinitesimal dual conformal transformation for y* and xé‘ ,
the variation of any inverse propagator is proportional to the inverse propagator itself. This immediately echoes the
condition Eq. ([2.8)) for the lack of propagators raised to higher powers, and implies that dual conformal transformations



generate unitarity-compatible differential equations |29]. The dual-spacetime integration measure transforms as the
trace of the infinitesimal deviation of the Jacobian matrix from the identity matrix,

OAzZH
Ozt

As discussed in Subsection [TB] IBP-generating vectors arise if we impose the further condition that the infinitesimal
dual conformal transformations do not shift the external points,

A (d%2) = d%z =d%2 (B-b-2)d. (2.23)

Az; =0, (2.24)

for each external point z;. We will give examples in subsequent sections for explicitly solving this constraint.

E. Embedding formalism

A convenient means for carrying out conformal transformations is via the embedding formalism of Refs. [22,127]. In
this construction, the system is embedded in a space with two extra dimensions. This allows us to reformulate dual
conformal transformations as Lorentz transformations in the higher-dimensional space.

The embedding formalism maps each dual point z# in the SO(d — 1,1) dual space to a point in SO(d, 2) invariant
space. Following the conventions of Ref. |22], we introduce

A i
zo=|Z-|=1[-2%]|. (2.25)
Z+ 1
These vectors are defined modulo the identification
Z>2aZ, a#0, (2.26)

which is referred to as a GL(1) “gauge freedom”. The inverse map is

A

= (2.27)
The SO(d, 2) invariant contraction is defined by the inner product
(XY)=X"X,=2X"Y, + XY+ X Y. (2.28)
Thus the point defined in Eq. (2:25)) is on the lightcone,
(2Z)=0. (2.29)

We introduce the point at infinity, I, which is the limit of Eq. (2:25)) with all components of 2# uniformly tending to
infinity, with an appropriate scaling using the gauge freedom in Eq. ([2.20)),

1 zH 0
I* = lim (——) 22l =(1]. (2.30)

This has the effect of compactifying the loop-momentum space [40]. Using Eq. ([2:25), we map the loop-momentum
points y4 to

n
Ya
Yi=|-vi), (2.31)
1
and map the dual kinematic points :vf to
z
a __ _ J2
X7 = zj | . (2.32)



The inverse propagators are now represented by SO(d,2) inner products between these points,

(ya—yB)* = —% , (2.33)
i =2)* =~ on (23

where GL(1) invariance is ensured by the denominators involving the point at infinity. The denominators are unity in
the gauge of Eq. (2.31]). The factor (X;I) in the denominator of the right hand side of the second line can be omitted,
because we will always choose the gauge (X;I) =1, as in Eq. (2.32).

The integration measure for each loop becomes, suppressing the loop label,

A2y 5(Y'2/2)
(Y1)?Vol(GL(1))’

ddy — (2.35)
where Y2 is a shorthand for (YY) = YY, and the expression is formally divided by the volume of the GL(1) gauge
orbit.

We define SO(d, 2) Lorentz transformations acting on some function f(Z) using two reference vectors Z; and Z;,
as

0 0
A2 = 2:2) (2 5, ) 12) = 24202} 55 52)

d d
= (Zg Za 2! a5~ % Za z? ﬁ) f(2), (2.36)

where a and b are SO(d, 2) indices. Notice that the factor §(Y?/2) in Eq. (2.35) is invariant under these transforma-
tions. The square-bracket notation in the first line indicates antisymmetrization over ¢ and j, as explicitly implemented

in the second line.
Integration-by-parts relations follow from Lorentz invariance identities [22],

412y 6(v2/2)
0—/WU(Z‘,ZJ‘)Z, (2.37)
where
— 0 b a b a 9
ulZi, 25) = (23Y) (2 5 ) = (20025 = 2020 o (2.38)

is a one-loop IBP-generating vector. In Eq. (Z37) it acts on some general loop integrand Z. The factor 1/(YT)¢ from
the integration measure in Eq. ([235]) is absorbed into Z. Concrete examples of such IBP relations will be given in
subsequent sections.

The SO(d,2) Lorentz transformations exactly correspond to conformal transformations in Minkowski space with
SO(d — 1,1) invariant metric, which can be checked using the inverse map formula Eq. (Z27). For example, in
Eq. [238), a d-dimensional translation Az* = e* is equivalent to setting

0 et
Zi=I=11], Z;=10]. (2.39)
0 0

A d-dimensional conformal boost Eq. (Z.I8]) with parameter b is equivalent to setting

0
0], Z;=10]. (2.40)
1

0
Zi=I=|1], Zi=—|0]. (2.41)
B
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Therefore the IBP relations from SO(d,2) Lorentz invariance arise from infinitesimal conformal transformations of
the d-dimensional loop momenta. Following the logic of the previous subsection, such IBP relations will not have
propagators raised to higher powers if the SO(d, 2) Lorentz transformations in Eq. (2.36)) leaves the external momenta
invariant, i.e. leaves the X; points invariant up to GL(1) gauge scaling.

More generally, we can consider any IBP-generating vector in the embedding space,

0
aye’

Ve (2.42)

The above expression can be identified with an IBP-generating vector v*d,, in ordinary SO(d—1, 1) space if it satisfies
the following two conditions: (i) it must be GL(1) gauge-invariant, and (ii) it must commute with the measure factor
5(Y?2/2), ie.,

VY, =0. (2.43)

The resulting IBP relation is, again showing the one-loop case for illustration,

o dMYs(Y?)2) 9
O_/ Vo) ave VD)

_ [dTYe(Y2/2) ([ ove o, 0T

_/ Vol(GL(1)) (Iaya“/ aya), (2.44)

consisting of a divergence term proportional to an integrand Z and a second term involving derivatives of Z. For
an IBP-generating vector as in Eq. (Z38)) from Lorentz invariance, the divergence term vanishes, so Eq. (237) only
involves derivatives of Z.

We can extend the above discussion to include internal masses [40, 41] by modifying Eq. (2:32) to map the external
momentum point @ to

x?
a 2 ] 2
Xi=|—-zi+mj| . (2.45)
1
This changes Eq. (234) to
o (YaX))

(xj —ya)® =mi = — (2.46)

(Yal)
Since Eq. (2.40) contains a mass m; that is independent of the loop label A, the formula only allows arbitrary masses
at the one-loop level, and at higher loops, the masses of some propagators must be correlated or vanishing.

III. IBP FOR ONE-LOOP TRIANGLE INTEGRALS

To illustrate the ideas of the previous section, we present some simple one-loop examples. It is well known that by
Passarino-Veltman or OPP reduction[4, 15, 26], triangle tensor integrals can all be reduced to triangle scalar integrals
and daughter integrals (i.e. bubble and tadpole integrals from collapsing certain propagators of the triangle diagram).
In the language of unitarity-compatible IBP reduction, this is accomplished by IBP-generating vectors which are
rotation generators in the spacetime directions orthogonal to all external momenta [12]. However, under special
kinematic configurations, scalar triangle integrals can be further reduced to bubble integrals using IBP reduction. As
will be shown in Section [VIITlnear the end of the paper, these special kinematic configurations are exactly those which
allow leading Landau singularities. The necessary IBP-generating vectors will be the main topic of this section.

First we show directly how dual conformal transformations can be used to generate unitarity-compatible IBP
relations without higher-power propagators. We then streamline the procedure using the embedding formalism [22, 127]
that reduces conformal transformations to simpler Lorentz transformations in higher dimensions.

A. One-external-mass triangle: direct treatment

Consider the one-loop triangle shown in Fig. For illustrative purposes, we specialize to the simple case of all
internal and external legs being massless, with the exception of the right-most leg of the figure. The three inverse
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FIG. 2: The one-loop triangle with outgoing external momenta pi, p2, —p1 — p2 and dual points z1,z2,z3. All internal
propagators are massless, and the single massive external leg has mass (p1 + pg)2 = s, shown as a thick (red) line. The dashed
(blue) lines indicate the dual diagram.

propagators are
pr= (I +p1)% pa = 1%, ps = (1—p2)*. (3.1)
The external kinematic invariants are
pi=p3 =0, (pr+p2)?=s. (3:2)
We introduce dual coordinates z;, 1 < 7 < 3 and y, such that
p1 = T9 — T1, Py = T3 — Ta, l=y—x>. (3.3)

The external points x; completely fix the external momenta, while y is an internal point corresponding to shifted loop
momentum. Since p; and [ are expressed as differences between dual coordinates z; and y in Eq. (B3]), we are free to
apply the same translation to all the dual coordinates. We choose to fix the translation “gauge freedom” by taking,

29 =0, (3.4)
so the explicit expressions for the dual coordinates are
T = —p1, 9 =0, T3 = P2, y=1. (3.5)
With this gauge choice, in terms of these dual coordinates, Eqs. (B and ([B:2) become
pr=(y—a1)?, p2=1y°, ps = (y —x3)%, (3.6)
and
i =1i=13=0, (zo —x1)% = (23 — 22)* = 0, (x3 —x1)> = 5. (3.7)

Eqgs. (3.8) and (1) imply that

1 1
y-a1=5(p2 = p1), y-a2=0, y a3 =5(p2—p3). (3.8)
As discussed in Section [l the key property of the dual conformal transformations ([221)) is that when acting on
inverse propagators, they return results proportional to the inverse propagator itself, as shown in Eq. (Z22). In
order to use dual conformal transformations to generate IBP relations, we restrict to the subset (Z24]) where the
transformations do not shift the external points.
The shift under the transformation of the loop momentum gives an IBP-generating vector
0 0 0
Ayt — = Al — =ovH — | 3.9
Y oyn ain U ain (39)
that satisfies the key condition of Eq. (24) that it does not raise the power of propagators in the IBP identity.
Applying Eq. (221) to 2/, and using xf = 0 from Eq. (31), Eq. (Z24) becomes

0=@B—-b-xj)z;, j=1,2,3. (3.10)
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One solution to Eq. BI0) is
B=s, b= —2(x1 +23), (3.11)
where we used Eq. (23). This gives, using Eq. (221]),
Al=v=—1*(z1 +x3) +[s+21 - (z1 +x3)] 1. (3.12)

The IBP-generating vector v*0,, satisfies

0
1 W, ;
VP = Wipi, 1<i1<3, (3.13)
where W; follows from Eq. ([222),
W; =28—1b- (l‘f'.%‘i). (3.14)

The divergence of the vector follows from Eq. ([Z23)),

ovH

Whneasure = W = (B —-b- l)d (315)
We obtain the IBP relation
0= S s
¥ p1p2p3
1
/ mcasurc - Wl - W2 - W3)
P1P2P3
1
/ d 6)3+b- ($1+$2+$3)—(d—3)b-l}
P1P2P3
1
= [ dU[(d—4)s+2(d—3)(x1 +x3) -1 . 3.16
[l s+ 20 =3+ ) 1) (3.16)

In the last line above, we have used the explicit solution for 8 and " in Eq. (3I1)). Simplifying the result using
Egs. 33) and BF), the final IBP relation is

0= /ddl[(d —4)s+(d = 3)(2p2 = p1 = ps)] p1/)12P3

= (d — 4)sIy; + 2(d — 3)I) (3.17)

where Ii,; is the scalar triangle integral in Fig. 2l and Il()ib is the scalar bubble integral obtained from the term

proportional to pz which cancels the propagator 1/ps = 1/I?, so that the mass of both external legs is s. The
terms proportional to p; and ps in the second line of Eq. (BI7) give bubble integrals with massless external legs,
which vanish in dimensional regularization and are discarded in the last line. Eq. (3I1) corresponds to a well known
relation between the one-external-mass triangle and the bubble integral (see e.g. the fourth appendix of Ref. [42]).
The coefficient of the triangle integral in Eq. (BI7)) vanishes as d — 4 while the coefficient of the bubble integral does
not. This is due to infrared singularities of the triangle integral. In fact, the triangle integral allows a leading Landau
singularity, whose connection with IBP-generating vectors will be explored in Section [VIIIl This simple example
illustrates the basic principle behind using dual conformal symmetry to generate useful IBP relations.

B. Embedding-space treatment of one- and two-external-mass triangle

To streamline dual conformal transformations and the construction of IBP-generating vectors we use the embedding
formalism |22, 27] summarized in Section [TEl This reduces d-dimensional conformal transformations to simpler
(d + 2)-dimensional Lorentz transformations. The algorithm involves solving for all (d + 2)-dimensional Lorentz
transformations that leave the external momenta invariant. This is used to construct a matrix that encodes the
action of the IBP vector, so that the IBP relations can be conveniently constructed. We will use the above one-
external-mass triangle as an example, before explaining the generalization. Here we apply Lorentz rotations that act
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in the subspace of external points. One can also consider Lorentz rotations in the embedding space that only act in
the space orthogonal to the external points, as we do in Section [V Bl
Using Eqgs. (234) and (235)), the scalar triangle integral in Fig. [2is written in the SO(d, 2) embedding space,

7 d2Y §(Y2/2) (—-1)3
= | @ IETVOIEL) TR (3.18)

where Y and X; are as defined in Egs. (Z3I) and (Z32) and as in Eq. (Z35) Y? is a shorthand for (YY) = YY,.
The factor (—1)3 comes from the minus sign on the right hand side of Eq. ([2.34).

We define a subset of infinitesimal d 4+ 2 dimensional Lorentz transformations A, by an antisymmetric 4 X 4 matrix
W' acting on a (d + 2) dimensional point Z¢ as

A Z% = Z (ZX;)w X, (3.19)

1<i,j<4

where X7, X5, X3 are the three external points in Eq. (8I8) and X4 = I, where T is defined in Eq. (230). We will
choose the w™ such that the above Lorentz transformation leaves X1, X, X3 invariant up to a GL(1) gauge scaling.
This means that under the transformations only the loop-momentum shifts by an infinitesimal amount, captured by
the IBP vector,

%wiﬂ'u(xi, X;) = w(X;Y)X§ af/a . (3.20)
The summation over 1 <4, j <4 is implicit, and we have used the definition of u(X;, X;) in Eq. (Z38)).
The Lorentz transformations in Eq. (8:19) acts on X}, as
AL Xy = gri winj‘?
—a/xs, (321)
where we defined the “embedding space gram matrix” as,
0 0 —s1
9ij = (XiX;) = _OS 8 8 1 : (3.22)
1110

where we identify X4 with I and the last row and column contain entries of unity due to the gauge choice (X;I) =1
in Eq. 232). We then impose the condition that X;, Xo, X3 but not X4 = I, are left invariant by the Lorentz
transformation:

ALX{ = ap XP if k=123, (3.23)

where ay, can be absorbed into the GL(1) invariance of the integrand (2:26) which takes (d + 2)-dimensional vectors
to be equivalent if they are scaled. The second line in Eq. (BZI) defines the “IBP matrix”, and depends on the free
parameters w* which we determine below,

SWi3 — W14 SWa23 — W24 —W34 —SWs34
5= ow = —wi4 —Wa4 —W34 0 (3.24)
=9 —W14 —5Wip — W24 —SW13 — W34 —5W14 ' '
—Wwi2 — Wiz Wiz — Wa3 w13 + w3 Wig + Wag + W3y
Eq. (3:23) implies
) =0 ifk=1,2,3,j#k1<;j<4, (3.25)

i.e., the non-diagonal entries have to vanish in all but the last rows. This gives four independent homogeneous linear
constraints on the six possible components of the antisymmetric matrix w,

wig =w3g =0,
—Swi2 — wag =0,
SWo3 — W4 — 0. (326)
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The two independent solutions are

0-100 0 010
=0 Bool “®=[S0o0o) (321)
0 —s00 0 000
under which the IBP matrix in Eq. (824 becomes
0 0 0O s 000
a-(tuon) w30y -
1 -2 1s -10 1 0
respectively. To compute IBP relations, the IBP vector Eq. (820) acts on (Y Xj) as
ALY Xy) = %wiju(xi,X»)(YXk) = w9 (X, Y)(X;Xy) = —grw’ (Y X;)
= -0, (Y X)), (3.29)

where we used the antisymmetry of w, and u(X;, X;) is defined in Eq. (Z38). In terms of matrix components &;’
that are nonvanishing for either solution, the resulting IBP relation is,

7 dd+2y5(y2/2)A (—-1)3
_/ Vol(GL(1)) ‘“((Yl)d—3(YX1)(YXz)(YXs))

:/ dd&iﬁﬁﬁﬁ” Y1)~ 3(Y§(1;2;X2 YV Xs) {Ki > +(d- 3>“’4}
+ ﬁ [(d -3) ;w;(yxi)] }
[(Z 6 )+ =005 - (4= 9) @ + 0+ @43,)3)}

= / d?l L
P1P2P3 =1

= /ddl p1p12p3 { Kiw ) +(d— 3)w44] —(d— 3)w42p2}, (3.30)

where on the last line we dropped the contributions proportional to p; and p3 because those generate scaleless bubble
integrals that vanish in dimensional regularization.
Substituting the first solution for w in Eq. 328) ,

into Eq. (330) yields,
= 5(d — 4) Ly + 2(d — 3) I, (3.32)
reproducing Eq. (B3.17).
For the second solution in Eq. (8:27)), we have

so the IBP relation ([330) is trivial because it involves only integrals that vanish in dimensional regularization.
As another example, consider the triangle with two external masses shown in Fig.[8l Following the same procedure
as in the one-external-mass case, we introduce dual coordinates as usual

P1L =22 — 1, P2 =3 — T2, l:y—IQ (334)
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P1

FIG. 3: The one-loop triangle with outgoing external momenta p1, p2, —p1 — p2. All internal propagators are massless, and
the massive external legs, shown as thick lines, have masses p2 = t and (=p1 — pg)2 = s. The dashed (blue) line indicates the
dual diagram.

Following a similar analysis as for the single-external-mass case, we find only a single solution that leaves all the
external momenta invariant. The associated IBP matrix is

s—=1) 0 0 0

i} 0 —(s—1) 0 0
“=1 o (0 )s—t 0 | (3.35)

2 20 s—t

which encodes the action of the IBP-generating vector through Eq. (329). The resulting IBP relation, expressed in
terms of the non-vanishing matrix components w,’, is

3

1 .

0= /ddl { [ @'+ (d = 3@, — (d—3)w, p1 — (d - 3)w,2p2 — (d — 3)w43p3}
P1P2P3 i—1

= (d—4)(s =)D —2(d — )1 +2(d - 3) 1), (3.36)

tri
where Ik()i)b is the bubble diagram obtained by canceling the propagator [ — ¢2, and Ié

by canceling the propagator {—¢q;. When ¢t = 0, Ig;)b is a scaleless integral which vanishes in dimensional regularization,
so the above IBP relation Eq. (8:36) becomes the same as the previous IBP relation Eq. (332) found for the triangle

with only one massive external leg.

i)b is the bubble diagram obtained

C. The Higgs to bb decay triangle

As a more sophisticated example to illustrate the use of dual conformal transformations in the presence of a mass,
consider the one-loop triangle integral involved in the decay of the Higgs to a bb quark pair, with the bottom quark
mass appearing in both internal and external lines, as depicted in Fig.[dl Internal masses are included in the embedding
formalism, as described at the end of Section [T E]

Introducing dual coordinates as usual, the three propagators are written as squared differences between dual coor-
dinates,

p1=(y— 561)27 p2=(y — 562)27 p3 = (y — 563)2 ) (3.37)
with gauge choice x5 = 0, while the kinematic invariants are written as
3 =0, ] =23 =mi, (zo —x1)% = (23 — 22)% = m3, (z1 — x3)* = m7, (3.38)

involving three massive external legs and two massive internal propagators. Eqs. (3.337) and ([3:38) imply that

1 1
y-x1=§(p2—p1+m?,), y-x2 =0, y'$3=§(P2—P3+m§)- (3-39)
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FIG. 4: The one-loop triangle that appears in the decay of a Higgs boson to a bb quark pair. The outgoing external momenta
are pi, p2, —p1 — p2. The Higgs leg, shown as a thick (red) line on the rightmost part of the figure, has squared mass
(=p1 — pg)2 = m?%. The bottom-quark lines, appearing in both external legs and internal propagators, are shown as thick
(blue) lines with squared mass mj.

The embedding space Gram matrix is, using the mapping Eq. (Z435]) for the massive case and identifying I with Xy,

2m§ 0 2m§—qu 1
0 0 0 1

gi = (XiX;) = om2 —m% 0 2m? 1 (3.40)
1 1 1 0

Using the general algorithm illustrated in Subsection [I[B] there is only one solution to the antisymmetric matrix w®
such that the IBP vector

1 ..
Ew”u(Xi,Xj) N (341)

leaves all external momenta invariant. The solution is

0 -1 0 0
|1 0 1 m3 —4m}?
w=1, 1 0 0 , (3.42)
0 —(m% —4m?) 0 0
which gives the IBP matrix,
0 0 0 0
[0 —=(m% —4m?) 0 0
@=1 0 0 0 , (3.43)
1 -2 1 (m% —4m3)

which encodes the action of the IBP-generating vector through Eq. (329). The resulting IBP relation, expressed in
terms of the matrix components w,’, is

Oz/ddl L {
P1P203

Ki @) +(d— 3)@44] —(d—3)a, p1 — (d—3)@,2ps — (d — 3)@43,,3}

i=1

= (d = 4)(m3; — Am) I+ 2(d = 3) 1L - 2(d - 3)I)), (3.44)
where Ig.bg is the scalar triangle diagram, Il()fg is the bubble sub-diagram obtained by canceling the propagator with

momentum [, and Iélzl)b is the bubble sub-diagram obtained by canceling either the propagator with momentum [ + p;

or the one with momentum [ — py. The IBP relation for the one-external-mass triangle, Eq. (8:32]) can be reproduced
from the above IBP relation Eq. (3:44) by setting m?%, = s, m? = 0.

For higher-loop planar integrals with up to four external legs of any topology, the algorithm presented above can
be adapted to find nontrivial dual conformal transformations that leaves all the external momenta invariant. We
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start with the embedding-space Gram matrix for the specific integral topology as in Eq. (8:22)), with X1 defined
to be equal to I. Then we repeat the subsequent calculations to produce the IBP matrix as in Eq. (8:224)), leading to
homogeneous linear constraints as in Eq. ([.25]). Solving the linear constraints gives the IBP vectors and relations.
As discussed in the previous subsection, for any solution of the antisymmetric matrix w that has a vanishing last
column, we will obtain IBP relations that only involve integrals with canceled propagators, therefore such solutions
may be discarded if we are interested in the IBP reduction of top-level integrals. In the next section we will describe
another class of useful dual conformal transformations orthogonal to all external momenta, which will be useful at
higher loops.

IV. IBP FOR PLANAR TWO-LOOP INTEGRALS

In this section we discuss the more interesting case of higher-loop integrals. With generic mass configurations (e.g.
with all external and internal masses being different from each other), a complete set of IBP-generating vectors is
tabulated in Ref. [12]. Here we apply dual conformal symmetry to uncover extra IBP-generating vectors for planar
two-loop integrals with massless lines. In Section [VIl we will extend this to the nonplanar case.

A. Conformal transformations in transverse dimensions

In the direct treatment of Section [ITA] the parameter of the conformal boost in Eq. (311, with «!" given in Eq.
(B3, is a linear combination of external momenta. However, another interesting possibility is a conformal boost in
a direction orthogonal to all external momenta, which gives unitarity-compatible IBP-generating vectors for every
planar integral at any loop order.

Consider a general L-loop N-point diagram. For a planar N-point diagram at L loops, we take the dual coordinates
to be 1, x2,...,xN. It is easy to fix the translation gauge freedom such that every x!' is written as a linear combination
of the external momenta p!'. (For example, if we fix 1 = 0, then z; = 23;11 p;.) In Eq. 222), we choose the
conformal-boost parameter b* to be any vector that is orthogonal to all external momenta, and do not include a
scaling transformation (i.e. setting 8 = 0). This gives A(z; —x;)? = 0 for all pairs of i, j, which means all Mandelstam
variables are left invariant. Therefore it is always possible to keep each individual external momentum invariant by
adding a compensating Lorentz transformation.

In the planar case, the SO(d,2) embedding formalism gives a convenient way of proceeding. This eliminates the
need to fix a gauge for the translation degrees of freedom of the dual coordinates. For illustration, we focus on
d = 4 — 2¢ dimensional loop integrals with N external momenta, where N < 5. Generally, the embedding-space
reference points X1, Xs,..., Xy and the point at infinity I together span N + 1 “physical” dimensions, leaving an
orthogonal “transverse” space of dimension (d+2) — (N +1) = d— (N —1). This directly corresponds to the subspace
of ordinary SO(d—1, 1) spacetime orthogonal to the N —1 dimensions spanned by the external momenta.! In addition,
in the (N 4 1)-dimensional “physical” space spanned by X7, Xs,..., Xy, I, one can always find one vector I that
satisfies the IV conditions,

(IX;)=0, 1<i<N. (4.1)

In particular, if the top-left N x N sub-block §;; = (X;X;) of the embedding-space Gram matrix is non-singular, then
the above I can be found by projecting I onto the space orthogonal X7, Xs,... Xy,

I =1 — (IX:)(§ )i X5 (4.2)

We can also define a set of vectors that span the transverse space. Let Ny, with 1 < k < d+1— N, be an
orthonormal basis of this orthogonal space. The SO(d,2) Lorentz transformations in Eq. [236]), with Z; = I and
Z;j =Ny forany 1 <k <d+1— N, leaves all X; (1 < j < N) invariant, since it only acts in the transverse space. So
we obtain a valid unitarity-compatible IBP-generating vector

u(I, Ny) = Z|:(I~YA) (Nk %) — (N Ya) (—f %)] ; (4.3)

A

I For example, for a five-point diagram, with dimensional regularization the transverse space has dimension 4 — 2¢ — (5 — 1) = —2e.
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following the notation of the one-loop version in Eq. (2.38). However, the IBP relation from the multi-loop version of

Eq. 2.37),
d2Y, 6(Y3/2 =

breaks the Lorentz symmetry in the d — (N + 1) dimensional transverse space, since it introduces vectors Nj not
present in the original problem, so it is not ideal. A remedy is to contract the Lorentz indices to give IBP-generating
vectors that are invariant under the Lorentz symmetry of the transverse directions. We can write down the following
L different vectors,

_
(=YgI)

(NkYs)u(l, Ny) = U(i (—Y}ZLI)> ; (4.5)

where the index k is summed and 1 < B < L specifies one of the independent loop momentum. The label B is not
summed in Eq. [@3]). The contraction over the index k ensures Lorentz invariance in the transverse directions, while
the normalization factor 1/(—YpI) ensures GL(1) gauge invariance. Yp is the projection of Yz onto the transverse
space, using the inverse of the (N + 1) x (N + 1) Gram matrix g;; = (X;X;) with Xy41 =1,

Y5, = (NkYB)Ng =Y§ — (YaXi)g;; X5 . (4.6)
This results in the IBP relations (see Eq. (2.44) for the one-loop analog),

o ) Sloom (o) oo (15 (500 o

A

where there is implicit summation over k, and B is a fixed loop label 1,2,..., L.

The right hand side of Eq. (&3] is an example of an IBP-generating vector defined using reference vectors with
dependence on loop momenta. The IBP relation from such a vector is a superposition of familiar SO(d,2) Lorentz
symmetry identities, as in Eq. (£1). IBP relations are obtained from the vector in explicit components,

P Ve UYa) 4, _ (Yp.1Ya) -\ 0
U(L (—YBI)) B ((—YBI) YiL (=YgI) I )8}/;‘1 ; (4.8)

then calculating the total divergence, as in Eq. (Z24]). As before, in this expression A is summed over but B is not.

Since the IBP relations we derived earlier already suffice to reduce the triangle integrals to bubble integrals, we
do not need the additional IBP relations coming from the transverse space.? But these relations are needed at the
two-loop level.

B. Global and loop-by-loop conformal transformations

Now consider Lorentz transformations in the embedding space that affect the external momenta. To simplify the
discussion we focus on two loops. We trivially extend the definition of the infinitesimal Lorentz transformation in Eq.
[238) to simultaneously transform both Y7 and Y3,

2 2
wi2(Zs, Z;) Z (Zi, Z;) Z (Zi Ya) ( a%)' (4.9)
— e A

Similarly, we will define loop-by-loop Lorentz transformations, namely

w(Zi, Z;),  u2(Zi, Z;) (4.10)

2 These additional IBP relations in fact vanish on the maximal cut, for the three different triangle integrals considered in the previous
section.
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acting only on Y7 and only on Y3, respectively. For appropriate Z; and Z;, u12(Z;, Z;) can be considered a global
SO(d, 2) transformation (instead of acting only on the loop momentum points) that leaves all the external momenta
invariant, so that Eq. (£9) is a two-loop IBP-generating vector that does not lead to propagators raised to higher
powers. The situation is entirely analogous to the one-loop case, and allows one-loop IBP-generating vectors to be
reused at higher loops. A difference from the one-loop case is that we need the IBP-generating vectors arising from
transverse directions, as explained in Subsection [V Al which may be considered as loop-momentum-dependent global
conformal transformations.

For some of the more complicated two-loop integral topologies such as the penta-box discussed in Subsection [V
IBP-generating vectors from global conformal transformations are not sufficient. To deal with this, we construct a
class of loop-by-loop unitarity-compatible IBP-generating vectors. Consider the inverse propagators,

(Y1.X5) (Y2Xj;) (Y1Y2)

) - ) y WlchEU, .60', 4.11
W) (Bl GD0RD) L JE® (411)

where o1 and o3 are both subsets of {1,2,..., N}. If an SO(d, 2) transformation parametrized by the antisymmetric
matrix wz{) leaves all the X; points (¢ € o1) invariant, the action of the transformation on Y; alone gives the IBP-
generating vector

Vvlaai}/la = %wz{)ul(X“X])’ (412)
which does not raise the power of any propagator denominator of the form — (Y3 X;)/(Y1I). The vector also does not
raise the power of any propagator denominator of the form —(Y2X;)/(Y2I) because the vector does not involve deriva-
tives w.r.t. the second loop momentum. However, the vector may double the power of the propagator denominator
pe = —(Y1Ya)/(Y1I)(Y2I), so this is not yet a valid unitarity-compatible vector.

Similarly, if a conformal transformation parametrized by wg) leaves all the X; points with j € o9 invariant, we can
write down an IBP-generating vector

0

a 1 iJ
‘/2 8—3/2‘1 = §w(é)UQ(XZ,XJ), (413)

which again does not increase the power of any propagator denominator except for p.. Our final IBP-generating
vector, to be denoted by cross(Vi, V2), is

o 1 o ) P L0
cross(Vi*01q, V3'02a) = ) { [Vlba—ylb(yﬂfz)] Va vy [V2ba—y2b(yly2>] Vi 5—Y1a}
1 ) )
- (}/1])(}/2[) {(‘/IYVQ)V'Q 8}/2(1 - (‘/QYVI)Vl 8Y1a}7 (414)

where the overall prefactor 1/((Y11)(Y2I)) is needed for GL(1) gauge invariance. This is designed to annihilate (Y1Y3).
As a result, this IBP-generating vector does not raise the power of the propagator denominator p.. To see this, in

Eq. (Z4) we have

o cross(Vi*01 o, V§'daa)pe _ cross(Vi*Oia, Vs'0o o) () (Ya1)) (4.15)
. 0. (V1 1)(Yal) ’ '

which evaluates to an expression with polynomial dependence on loop momenta, because the gauge (Y1I) = (YoI) =1
eliminates the denominators.

C. The triangle-box

As an explicit example, consider the two-loop triangle-box diagram shown in Fig.[Bl The inverse propagators are

p1=(li +p1)?, p2 =i, ps = (i —p2)?,
pa = (l2 +p1)?, ps = (I — p2)?, pe = (l2 — )%, (4.16)
while an “irreducible numerator”, which cannot be written as a linear combination of inverse propagators, is

pr =12, (4.17)
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P2
Ly — P2
ly — po
L lo — 1y
ly +p1
L +m
P1

FIG. 5: The triangle-box diagram.

Notice that Iy is not the momentum of any propagator, due to our choice of momentum routing. The external
kinematic invariants are identical to those of the one-loop triangle with one external mass in Section [II]

pi=p3=0, (p1+p2)’=5s. (4.18)

Introducing dual coordinates as usual, the six inverse propagators and one irreducible numerator becomes
p1=(y1 — 561)27 p2 = (y1 — 562)2, p3 = (y1 — 562)27
pa=(y2—21)% ps=(ya—3)°, po=(v2—w1)?> pr=(y2—22)°, (4.19)
with the kinematic invariants written as
(0 —x1)% = (23 —22)° =0, (z3—21)> = —5. (4.20)

The triangle-box integral, with the irreducible numerator p7 raised to the m-th power, is written as

Itrl box /ddll/ddl
P1P2P3P4P5p6

dd+2y1 Y2/2) dd+2Y2 (}/22/2)

Vol(GL(1)) / Vol(GL(1))
(=1 (Yo Xp)™

ATV DT (Y X) (V1 X) (V1 Xa) (Y X1) (V2 X3) (V1 Y2)

(4.21)

Since the external momenta are identical to those for the one-loop triangle, the same subgroup of conformal transfor-
mations in dual space leaves the external momenta invariant. Therefore, we can reuse the IBP-generating vectors for
the one-loop triangle. The IBP generating vector is parametrized as

0
Toyyg’

2
1
Sw g (X, Xj) = Y W (X Ya) XS (4.22)
2 A=1

which differs from the corresponding one-loop expression Eq. ([3.20) only by an additional summation over the loop
label A. We reuse the first solution w(;) for the antisymmetric matrix w* in Eq. (3.27) found at one loop. The action
of the IBP-generating vector is a straightforward generalization of the one-loop expression Eq. ([3:29)),

A1)y (YaXi) = Ayq)(YaXs) =0
A1) (YaXs) = 5(YaXs),
Ayy(Yal) = [(YAXl) —2(YaX2) + (YaXs)] — s(Yal),
Auy(N1Yz) = (4.23)
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Other than the appearance of the loop label A which may be either 1 or 2, the only difference from the one-
loop expression is the last line, namely the trivial statement that (Y1Y2) is invariant under simultaneous Lorentz
transformations of Y7 and Y5.

IBP relations can be computed in a way similar to how it is done at one loop in Eq. (832), in terms of the
non-vanishing components of the first solution for @ in Eq. (828)),

dd+2y1 5(3/12/2) dd+2Y2 (5(}/22/2)
0 :/ Vol(GL(1)) / Vol(GL(1))
(=D (Y2 X5)™
(Yi1)?=4 (Yo I)d=3+m (Y1.X1) (Y1 X2) (Y1 X3) (Y2 X1) (Y2 X3) (Y1 Y2)
dd+2Y1 5(}/12/2) dd+2Y2 5(}/22/2)
:/ Vol(GL(1)) / Vol(GL(1))
(Yo Xo)™
(Y1) =4 (Yo )4 =3+ (Y1.X1) (Y1 X5) (V1 X3) (Yo X1) (Y2 X3) (Y1 Y2)

X {(—1)6+m (@2 (m — 1) + (d — 4)w,* + (d — 34+ m)a,’]

3
_(EZYII‘? <Z@4i(ylxi)> _u ;;;Lm <Zw4 (VaX )H . (4.24)

i=1

X Aw(l)

X

+(_1)5+m

It is illuminating to look at Eq. ([@.24]) on the maximal cut of the triangle-box, which sets
N1X1) = (MXp) = (V1X3) = (Y2 Xh) = (YaX3) = (1Y2) = 0. (4.25)

After translating Eq. [@24) back to SO(d — 1, 1) loop-momentum space, imposing the maximal cut, and substituting
w,” for their explicit values, we obtain

0=2(d—4+m)s I 4+ 2(d — 3 +m) I 5 + daughter integrals, (4.26)

using the notation of Eq. (£.21]) and “daughter integrals” refer to integrals where some of the triangle-box propagators
are canceled. This is a recursion relation which reduces all the triangle-box integrals to the scalar integral Igri'b"x
and integrals with canceled propagators.

We will further show that the scalar triangle-box integral is also reducible to integrals with canceled propagators,
by constructing another IBP relation using transformations in the transverse directions as explained in Subsection

VAl We define
I=2X,, (4.27)

which satisfies Eq. (£1]) and also define Y7, according to Eq. (8] with B set to 1,
YL =Y - (X)) XS

VR

(4.28)

which is the projection of Y7 onto the transverse space orthogonal to X1, Xo, X3, I. Using the IBP-generating vector
Eq. (I3) with B = 2,
-1

(TI)U,lQ(f, Y/ll) 5 (429)

the IBP relations can be written down as a total divergence as in Eq. (244]) (but generalized to more than one loop
by trivially adding a summation over loop labels 1 and 2), with Z set to

(=1)°%

t= (D)= 4(YaI)*3(Y1.X7) (Y1 X2) (Y1 X3) (Y2 X7 ) (Y2 X3) (Y1 Y2)

(4.30)

Explicit calculation gives the IBP relation, again dropping terms that vanish on the maximal cut for the purpose of
illustration,

0= —(d — 3)s I""P** 4 daughter integrals. (4.31)

Combined with the recursion relation Eq. (£20]), this shows that all triangle-box integrals can be reduced to zero
on the maximal cut. In other words, all these integrals can be reduced to integrals with canceled propagators, if we
retain all terms proportional to inverse propagators in the calculation of the IBP relations.
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D. The double box

Consider now the two-loop double-box integral in Fig. [l The inverse propagators with the assigned momentum
labels are

p =103, p2 = (I —p1)*, p3 = (1 —p1 — p2)*, pa=(lo —p1 — p2)?,
ps = (l2 +pa)?, ps =15, pr=(l2 —h)?, (4.32)
while a choice of irreducible numerators is

ps = (i +pa)?, po=(la —p1)°. (4.33)

To write every inverse propagator in the dual-space form, as either (y; —y2)? or (y4 —x;)?, we define the SO(d—1,1)
dual coordinates z; and y4 such that

ahy —xf = py, xh —xh = phy, zhy — oy = pf, af —xlf = pl,
A (4.34)
under which the seven inverse propagators become
P1 = (yl - 2101)27 P2 = (yl - 2102)27 pP3 = (yl - 2103)27 P4 = (yz - 563)2,
ps = (y2 — x4)?, pe = (y2 — 21)?, pr = (y2 —1)?, (4.35)
and the two irreducible numerators become
ps = (y1 — 24)?, po = (y2 — 22)° . (4.36)

A convenient visualization of the dual points is shown in Fig. [[l In terms of these quantities, we define the planar
double-box integrand as

st

QF = a¥,d, .
P1---P7

(4.37)

where

s =(p1+p2)® = (x1 — 33)%, t=(p2+ps)® = (w2 —24)%, (4.38)

are Mandelstam invariants needed to cancel overall conformal weights.

As usual for planar integrals, we map the dual coordinates y'; and :vf to SO(d, 2) embedding-space points Y4 and
X, following Eqs. 231)) and ([232). If we use the algorithm presented in Section [[IIBl to find infinitesimal SO(d, 2)
Lorentz transformations that leave all X; invariant, we find two such transformations in the notation of Eq. (238)):

ulQ(Xlan)v U12(X2,X4) 9 (439)

following the notation of Eq. (£3]). For the one-loop box diagram, both transformations vanish on the maximal cut
because (Y X;) =0, 1 <i < 4. But for the two-loop double box topology, (Y1 X4) and (Y2X32) are proportional to the
irreducible numerators, so the IBP-generating vector,

u12(X2, X4), (4.40)

still gives an IBP-generating vector that does not vanish on the maximal cut. Eq. ([£.40) is essentially the same as the
first IBP-generating vector for the double box in Ref. |14] obtained using computational algebraic geometry. There
is another IBP-generating vector for the double box following the discussion of Subsection [V.Al We define another
SO(d, 2) embedding-space point Y7 |,

Y =Y~ (1Xo)g; X (4.41)

] )
where as usual, g;; = (X;X;) is the embedding-space Gram matrix, with X5 identified with I. We also define the
SO(d, 2) embedding-space point I,

I = s(X¢+ X2) + (X0 + X2) + st 17, (4.42)
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FIG. 6: The penta-box integral.

which is the same as Eq. (£2) but with an extra overall factor st, and satisfies Eq. ({]). Using the IBP-generating
vector Eq. (3] with B =1 we have,

uia(1,Y11). (4.43)

We have checked using computer algebra that the two IBP-generating vectors, Eqs. ([@40) and (@43), with all
possible choices of numerators in Z in the two-loop generalization of Eq. ([2.44)), generate a complete set of IBP
relations that reduce all double box tensor integrals to two double box master integrals and daughter integrals (i.e.
integrals with canceled propagators). It is worth noting that the two vectors we found are written down in a very
compact form, whereas in Ref. [14] nearly one page is needed to display the vectors found from computational algebraic
geometry.

E. The penta-box

As a more complex example consider the two-loop five-point penta-box shown in Fig. 6l along with dual coordinates
x; and y4 introduced as usual. There are five independent kinematic variables, which may be chosen as

512, 523, 834, S45, S51 (444)
where s;; = (p; + p;)?. The embedding-space Gram matrix is, identifying I with X,

0 0 —S812 —S845 0 1

0 0 0  —s23 —s51 1

o v —S12 0 0 0 —S834 1
Yij = (XZXJ) o —S845 —S23 0 0 0 1
0 —S851 —S34 0 0 1
1 1 1 1 1 0

(4.45)

With I defined as in Eq. (@2), we obtain two IBP-generating vectors from conformal transformations in transverse
directions, by setting B = 1,2 in Eq. ([@3)),
- Y
u<1 ;l> (4.46)

(=nI)

- Yoo )
ul I, . 4.47
(e (447
Next, we examine conformal transformations which do not explicitly involve transverse directions. As in Eq. (3.19),
we write down a conformal transformation parametrized as

A Z% = Z (ZX;)w X, (4.48)

1<4,5<6
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FIG. 7: The one-loop box diagram and its dual diagram.

where w is a 6 X 6 antisymmetric matrix. Unlike the previous three-point and four-point examples in this paper,
we are not able to find a solution for w® which leaves all external momenta invariant. However, all is not lost. As
discussed in the latter half of Subsection [V Bl we can look for two different conformal transformations for the two
sub-loops, and combine the two to give a unitarity-compatible IBP-generating vector.

We find one solution wzjl) which leaves x1,x9, 3,14, or equivalently pi,ps2,ps, invariant, and three solutions

wga),wgb), wgc) which leaves x1, x4, x5, or equivalently py, ps invariant. These solutions are tabulated in Appendix

[Al3 Therefore, the following IBP-generating vectors do not increase the power of any propagator except the vertical
central propagator in Fig. [0

1, 1,
§w({)U1(Xi,Xj)v §w(§a)U2(XivXj),

ij 1 4
Wiy u2(Xiy Xj), - Swieuz(Xi, Xj). (4.49)

These vectors can be combined to give IBP-generating vectors that do not increase the power of any propagator.
Using the notation of Egs. (4.12), (413) and ({.14), these IBP-generating vectors are

1, 1,
Cross <§W(J1)U1(XZ, Xj), §w(éa)UQ(Xi, XJ)) y
CTOSS §w(1)u1(Xi,Xj),Ew(%)ug(Xi,Xj) ,
CTOSS §w(1)u1(Xi,Xj),§w(20)u2(Xi,Xj) . (4.50)

We have checked, using computer algebra, that the five IBP-generating vectors in Eqs. (£46), (£41) and [@50) are
sufficient to reduce all penta-box integrals to three master integrals. Again, the five vectors are given by compact
analytic expressions, in contrast to lengthy expressions one generally finds using computational algebraic geometry.

This formalism generalizes straightforwardly, e.g. to the six-point case, although one would need to check that the
IBP relations are complete for each individual diagram topology, which is left to future work.

V. DIFFERENTIAL EQUATIONS FOR PLANAR INTEGRALS

In this section we briefly comment on applications of the ideas described in previous sections to constructing
differential equations for integrals. An infinitesimal dual conformal transformation produces differential equations
when we remove the restriction to the sub-algebra that keeps external legs invariant. We present a treatment in
the embedding space, which simplifies the transformations and has the advantage that there is no need to fix the

3 In quoting the number of solutions, we have ignored the solutions which ultimately do not lead to independent new IBP relations.
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translation gauge for the dual coordinates. In the nonplanar case, covered in Section [VIl where the transformations
for some kinematic invariants become less obvious it will be simpler to use a “direct” treatment.

Consider the one-loop box, shown in Fig. [7] which has the same external momenta and the SO(d,2) points X; as
the double box in Section Consider an infinitesimal SO(d, 2) Lorentz transformation AZ given by

AZ=(Z12)Z5 — (Z22)Z¢ (5.1)
with parameters
Z1=Xo, Zo=sl+(X1+ X3), (5.2)
which satisfies

(Z1X1) = (Z1X2) = (Z1X3) =0, (Z1X4) =—t, (Z1])=1
(ZgXl) = (ZQXg) = 0, (Z2X2) = (ZQX4) =S, (ZQI) =2. (53)

The transformation of the SO(d, 2) points are

AXl = AXg = 0, AX2 = —SXQ,
AX4 = —tZQ — SZl = —stl — tXl — tX3 — SXQ,
AY = (YXQ)(SI + X1 + Xg) - S(YI)XQ - (YXl)Xg - (YXg)XQ, (54)

which shows X7, Xo, and X3 are invariant up to a GL(1) gauge scaling. In other words the d dimensional dual
coordinates z{', z4 and x4 are left invariant. The factor (YI), which appears in the integration measure, transforms
as

A(YT) = (IAY) = 2(Y X3) — (Y X1) — (Y X3) — s(YT). (5.5)
As a result, s = (z1 — x3)? is invariant, while explicit calculation shows
At =2(s + t)t. (5.6)

So the transformation produces differential equations in the ¢ variable,

o A2y 5(v? /2 X1X3)(X2 X4
20s + D)ty (st177) = / Vol(Gi(l)/) ! A<(Y1)d—4 S(/Xl)(})/(Xg)(Y?Xg)(YXél))
_ / A2y 5(Y2/2) (X1X3)(X2Xy) A( 1 )
Vol(GL(1)) (Y X1)(Y X2)(Y X3)(Y Xa) — \ (V)24
A2y 5(Y2/2) (X1 X3)(X2Xy) 1
B / Vol(GL(1)) (Y X1)(Y X2)(Y X3)(YXy) (YI)d—4+1
X (=d+4)2(YX2) — (Y X1) = (YX3) —s(YT)]
= € [~25 (stI”™) + dst I™" — 4st "] | (5.7)

where the last line consists of the box, the t-channel triangle, and the s-channel triangle integrals. After summing s
and ¢ channel versions of this equation it immediately reproduces Eq. (4.11) of Ref. [43].

It is noteworthy that the right hand side of the differential equation so derived is proportional to € [30]. It is perhaps
not too surprising that this structure naturally arises in our approach. If we ignore the effect of the regulator, the
combination stIP°* is invariant under dual conformal transformations in four dimensions. However, the box integral
is infrared singular so a regulator is required. Dimensional regularization breaks the invariance, so instead of finding
zero on the right-hand-side we find terms proportional to €. Besides leading to simpler differential equations, integrals
with such symmetries are expected to have interesting properties, including uniform transcendentality [44] and dlog
forms [45]. It would be interesting to further explore these ideas at higher loops, not only for the planar case, but
also for nonplanar integrals in the context of the approach of Section [Vl

We end this section with some discussions about the applicability of this method to more complicated integral
topologies. First, let us look at the number of legs allowed. In this simple example, a conformal boost changes the
dimensionless ratio of Mandelstam variables, s/t, while a scaling transformation rescales both s and t. Together these
two transformations allow the whole phase space of external kinematic invariants to be explored. For massless planar
diagrams, this breaks down when there are six or more external legs, because nontrivial conformally invariant cross
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FIG. 8: The crossed triangle-box, with two massless legs p1 and p2, and one massive leg shown as a thick line. We remove the
right-most part of the diagram enclosed in a (red) ellipse, in order to open up the diagram into a one-loop planar diagram.

—(lo +p1+ p2)

FIG. 9: This figure is obtained from Fig. [§ by removing the rightmost part enclosed in the (red) ellipse, including the massive
leg. The result is a planar diagram, allowing dual coordinates x; to be introduced. Each of the dashed (blue) lines corresponds
to one of the six propagators in the integral.

ratios exist [21], and conformal transformations only allow us to explore a subspace of the phase space with the same
cross ratios.

Second, consider the e factorization properties of the differential equations for more general integrals. For any
integrand that is dual conformal invariant, our method automatically leads to differential equations where there is an
explicit factor of € on the right hand side. For more complicated examples beyond the one-loop box, it is generally
necessary to perform unitarity-compatible IBP reduction to bring the right hand side into a linear combination of
master integrals. Assuming that IBP reduction of the right hand side does not introduce singularities, this gives a
symmetry-based understanding of Henn’s € form of differential equations. For planar integrals that are not invariant,
we still obtain differential equations without raised propagator powers. This allows unitarity-compatible IBP reduction
to be used to simplify the differential equations, even though we no longer would have e factorization prior to IBP
reduction. Third, the applicability of our method to nonplanar topologies will be demonstrated in the next section,
where differential equations are derived for the nonplanar double box by identifying a symmetry analogous to dual
conformal symmetry.

VI. NONPLANAR ANALOG OF DUAL CONFORMAL SYMMETRY

In this section we find a nonplanar analog of dual conformal transformations at two loops. We do so by working
out the symmetries of two-loop integrals with three or four external legs.

A. Hidden symmetry of a two-loop nonplanar three-point integral

We start by deriving IBP-generating vectors for a two-loop nonplanar integral topology, the crossed triangle-
box shown in Fig. [8 with two massless outgoing external momenta p; and ps, and one outgoing massive external
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momentum —(p; + p2) on the right. The kinematics is given by

pi=p3=0, (p1+p2)*=s. (6.1)

Our strategy is to open up the nonplanar diagram by removing vertices in the graph. This strategy has been pursued
in Ref. [23] to find symmetries of leading singularities of nonplanar integrands. Here we will find symmetries of
the complete off-shell integrand, up to anomalies introduced by dimensional regularization of infrared singularities,
similar to the situation in the planar case. A key hint comes from the fact that in the planar case, dual conformal
transformations generate polynomial tangent vectors of unitarity cut surfaces, under which each propagator transforms
with a polynomial weight as in Eq. ([228]). Therefore, we will first find transformations of nonplanar integrands with
this property, before verifying that such transformations are in fact a symmetry of the integrand with appropriate
numerators.

To open up the nonplanar diagram in Fig. 8 into a planar one, we remove the massive external leg and the vertex
attached to it enclosed in the (red) circle, producing a planar one-loop diagram in Fig. @ in which two “external”
legs depend on the second loop momentum. Dual coordinates may be introduced for this planar one-loop diagram,
as illustrated by the dashed lines in Fig. [0l In this case, we find it more convenient to directly work with conformal
transformations in d dimensions rather than using the embedding formalism. The inverse propagators are expressed
as squared differences between pairs of points in dual spacetime,

p1=1=(y1 —a1)°, pa = (h —12)* = (y1 — 22)?,
p3 = (i —l2 = p2)* = (1 — x3)°, pa= (i +p1)* = (y1 —34)*,
ps =15 = (z2 — x1)?, pe = [—(l2 +p1+ p2)]° = (24 — 23)*, (6.2)
while the only irreducible numerator can be chosen as
pr = (I +p1)? = (z2 — 24)° . (6.3)

While the external momentum p; and ps each can be written as the difference between two dual coordinates, this is
no longer true for the massive external momenta —(p; + p2), in contrast to the planar case. Choosing a gauge z1 = 0
to fix the translation degree of freedom, the dual coordinates are positioned at

1 =0, T2 = I, y1 =11, x3 =la + pa, Ty = —p1. (6.4)

Using these variables, the crossed triangle-box integral in Fig. 8 with m powers of the irreducible numerator, is

m
o = /ddyl/ddx2 P7
P1P2P3P4P5P6

d d (2 — x4)*™
:/dyl/d””2 3 P 3 5 5 o (6.5)
(y1 — 21)*(y1 — 22)* (11 — @3(22))* (41 — 24)* (22 — 1) (24 — 23(22))
where x3 is taken to be a function of zo = 5.
The expression in Eq. (6] is in a form where we can conveniently apply conformal transformations. An infinitesimal

transformation, consisting of a conformal boost with parameter b*, a scaling with parameter 5, and a Lorentz
transformation Q* , is given by

Azt = %22 b+ (B—b-z)z" + Q1 2V, (6.6)

Under the transformation, each inverse propagator of the form (z1 — 22)? has a weight given by Eq. ([2.22)),
[25 —b- (2’1 + 22)] . (6.7)
For a propagator given by 1/(z; — 22)2, the weight has an opposite sign. Meanwhile, the integration measures d%y;
and d%zy have a weight given by Eq. (223),
Ay
=(B—-b-y1)d, =(8—-0b- d. 6.8

For the nonplanar integral in Eq. (6.5]), the total weight, from the integration measures, irreducible numerators, and
propagators, is

OAzh

W(m,b,8)=d(B—b-y1)+d(B—0b-x2)+m[28 —b- (2 + z4)]

- (Z 28-=0b-(y1+ xl)]> —28=b-(z14+22)]— 280" (x5 + x4)], (6.9)

i=1
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FIG. 10: The two-loop nonplanar crossed box. The part of the diagram enclosed in a red ellipse will later be removed, so that
the diagram is broken up into a one-loop planar diagram.

which, using the explicit expression Eq. ([6.4]), becomes
W(m,b,8) =2B(d+m —6) +b- [—(d = 4)(l1 + 2) + 2p2 — 2p1 — m(l2 — p1)] . (6.10)
We obtain IBP-generating vectors when the transformation Eq. ([G.6]) leaves both p; and py invariant, i.e.
Ap; = Axy — Axy =0, Aps = Axs — Axs = 0. (6.11)

A solution for such a transformation is

p1 P2 S 1 1
b=pa, BZ—T =-71 O, = §p1,jp‘2‘—§pgyp’f. (6.12)

The weight (6.10) is then (using p3 = 0),

S
W(m7p27 _Z)

—%(d"'m— 6) +p2 - [—(d—4)(l1 +12) — 2p1 — m (lz — p1)]

St m)s+ (4= 4+ ) (o7 — po) + 3 (d— (o5~ pa). (6.13)

Remarkably, the above expression vanishes when d = 4 and m = 0. This shows the integrand of the scalar integral
ISt is invariant under a nontrivial infinitesimal transformation.*
The IBP relation obtained from Eq. (613) is

TW(m,pa, —% 1

O:/ddll/ddlgp7 (92 =0 Ly g s gt 4 (d—4+ @) I,
P1P2P3P4P5P6 2 2

+ daughter integrals, (6.14)

which reduces all integrals of this topology to the scalar master integral I§*” and daughter integrals with canceled
propagators. We checked that Eq. (614]) agrees with maximal-cut IBP relations obtained from computational alge-
braic geometry. Since this is a single scale integral, differential equations are not useful unless additional scales are
introduced [31]; in any case its value is given in Ref. [46].

B. Hidden symmetry of two-loop four-point nonplanar integrals

Consider now the two-loop four-point nonplanar integral with massless external legs displayed in Fig.[I0l In this case,
if we follow the same procedure as for the nonplanar triangle-box, we find no solution for a generalized dual conformal
transformation that leaves the external points invariant, so the construction does not generate IBP relations. However,

4 By “nontrivial”, we mean that the transformation is not a Lorentz transformation (of both external and loop momenta) which trivially
leave the integral invariant.
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FIG. 11: The planar one-loop diagram obtained by removing the bottom left part of Fig.[I0l This allows one to introduce dual
coordinates z;. Each of the dashed lines corresponds to one of the six propagators in the integral.

by relaxing this condition, we have no difficulty finding an invariance of the integrals with appropriate numerators.
We use it to construct differential equations along the lines of Section [V] implying that the symmetry determines the
analytic structure. As we emphasize in the subsequent section, this implies that the nonplanar sector of the two-loop
four-point N = 4 super-Yang-Mills amplitude has a hidden symmetry analogous to dual conformal symmetry.

In order to define an analog of dual conformal symmetry we open the diagram by removing the part of the diagram
in Fig. [[0 enclosed by a red ellipse, including the leg with external momentum ps. This opens up the two-loop
diagram into a one-loop diagram with “fake”, loop-momentum-dependent external legs as shown in Fig. [Tl With this
construction every propagator momentum is expressed as the difference between two dual-space points. Each of the
external momenta pi, p3, and py is also expressed as the difference between two dual coordinates, though the same
is not true for py (in contrast to the planar case). Although one might worry that this may cause problems with the
construction, we shall see that it does not.

We take the inverse propagators as,

P1= l% = (z1 — 535)27 p2 = (I1 +P2)2 = (24 — 503)27 ps = (lh +m +P2)2 = (v4 — 562)2,
P4=(ll—l2)2:(y—$5)2a p5=l§=(y—$1)2,
pe = (l2 = p3)? = (y — x2)?, pr=(la =i +ps)’ = (y — 24)?, (6.15)

and we have chosen the gauge
1 =0, T2 =ps, x3 =p1+Dps3, Ty =11 —pa, r5 =1, y=ls. (6.16)

We can define two numerators (which are not independent irreducible numerators, nevertheless are convenient for
notational purposes),

ps = (1 —p3)® = (x5 — 22)%,  po = (l1 — pa)® = (x4 — 21)°. (6.17)

We also note that
u = (p1 +p3)2 = (Ig — {E1)2 . (618)

Refs. [32, 133] expressed the two-loop four-point amplitude in terms of integrals that have only logarithmic singu-
larities, reflecting a property of the full amplitude. In this representation the two nonplanar integrands that appear
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FIG. 12: Weight diagram for the integrand (619 under the conformal boost (6.23)).

T3 = p1+ D3

/
x1:0

FIG. 13: Weight diagram for the integrand (6.20) under the conformal boost (6.23)).

in the amplitude (up to relabelings) are,

SU
O = g, P

, 6.19
P1---P7 ( )
t
ONP = g, qdg, 2P0 (6.20)
p1--p7

The normalization of each is chosen so it has unit leading singularity ﬂﬁ] Our task will be to find a hidden symmetry
responsible for the simple analytic properties after integration.
A conformal boost on the z;’s and y with parameter b* gives

Apy = Axs — Axy (6.21)
= (ll 'p4)b — (p4 . b)ll — (ll -b — P4 - b)p4 . (622)

The appearance of loop momentum in the transformation of external momentum is not surprising, given that once
we cut a nonplanar diagram open internal momenta effectively become “external”. This is, of course, not desirable if

we wish to use the transformations to construct differential equations. To remove the loop-momentum dependence of
this variation, we simply choose

b=rps. (6.23)
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While this restricts the transformations to a subset of conformal transformations, we shall see that this is sufficient
for constructing differential equations analogous to those of the planar case. Applying the conformal transformation
gives

1
Apy = Azz — Axg = g(UP4 —tps+up1),
1
Aps = Ary — Azy = —55Ps3;
Ap4 = A$5 — ALL‘4 = 0, (624)

so that the masslessness of these three external legs is preserved. In fact, the masslessness of p1, p3, and p, are trivially
preserved by the properties of conformal transformations, since each of these three momenta is the difference between
two points in dual space. Remarkably, the same is nontrivially true of the second leg, as can be readily checked,

Ap3 = 2ps - Aps = —2ps - (Ap1 + Aps + Aps) = 0. (6.25)

This ensures that the transformation preserves the masslessness of all external legs, which is essential for the con-
struction to be useful. In addition we have,

S
As = A(2p3 - pa) = 2(ps - Apa +pa- Aps) = — 35,

t+2s
At = A(Qpl -p4) = 2(]?1 - Apy + pa - Apl) = — 5 t. (626)
Note that applying Eq. 222)) directly gives,
Au=—b-(r3+x1)u=—ps- (pr +ps)u = —%(t +5)=—-As—At, (6.27)

which is consistent with momentum conservation. It will be convenient for later purposes to write down the weights
of s, t, and u under the transformation, as dot products between (—p,) and other momenta,

As
WSE?Z—]M']?&
At
WtiT = —pa- (p1+2p3),
Au
Wy = v (p1 +p3) . (6.28)

Meanwhile, a numerator of the form (z; — z;)? has the weight —p4 - (2; 4+ 2;), while an extra minus sign is present in the
weight for a propagator of the form 1/(z; — z;)?. The weight of the integration measure is given by —dpy - (z5 +y) =
—dpy- (1 +12). We can now straightforwardly prove that the nonplanar contributions to the A" = 4 super-Yang—Mills
amplitudes are invariant under this transformation. Namely, in d = 4, the two integrands Eqs. (G19) and (620) in
the amplitudes transform as,

AP = AQYF =0. (6.29)

A pictorial way to derive the above equation is as follows. We have shown that the weights of the Mandelstam
variables, numerators, propagators, and integration measures are each written in the form —p4 - W for some “weight
vector” W#. So it is convenient to represent the weight of the integrand diagrammatically as in Fig. and I3 In
the diagrams, the weight of a propagator of the form 1/(z; — 22)? is represented by a dashed line connecting two
points 21 and zz, contributing — (24’ 4 z4) to the weight vector W#. The weight of a numerator of the form (21 — 23)?
is represented by a wiggly line connecting two points z; and 2z, contributing z}' + 25 to the weight vector W#. The
weight of the Mandelstam variables appearing in the numerator is represented by a coil-like line connecting two points
z1 and z9, again contributing zf —l—zé‘ to the weight vector W#. To reproduce Eq. [6.28)), for Wy we choose 21 = 0 = 21
and zo = p3 = w2, for W, we choose z; = p3 = x2 and 25 = p; + p3 = x3, and for W,, we choose z; = 0 = z; and
zo = p1 + p3 = x3. Finally, the weight of the integration measure is indicated by large black dots at the two points x5
and y. In our notation, a large black dot at any point z contributes d z# to the weight vector W#, with d being the
spacetime dimension. The total weight vector Y W*# can now be read off from the diagram in the following manner:
at each vertex (i.e. a dual space point) z*, we count the number of wiggly lines and coil-like lines joining the vertex,
subtract the number of dashed lines joining the vertex, and add the spacetime dimension d if a large black dot appears
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FIG. 14: An illustrative multi-loop diagram, where a similar analysis as for the nonplanar double box in Fig. [I] identifies a
hidden symmetry.

at the vertex. The final number is multiplied by z# and included in Y W*. For the first integrand QY'Y in Eq. (619),
the weight diagram Fig. [[2] gives the weight vector

ZW# =2-2)af+2-2)zb+ (1 -1z -3z + (1 =2+ d)zt + (-4 + d)y"
= (d—4)(UF+15) + 3pl . (6.30)

Using this, we arrive at
AT = (—p4 ' Z Wl) O = —(d—4)ps- (L + )" . (6.31)

Since the transformation changes the Mandelstam variables as in Eq. (6.26]), we arrive at a differential equation for
the Feynman integral,

G%% _ @%) /Qll\IP — _(d_4)/p4 (I + 12) QFF . (6.32)

Since QYF has mass dimension 2(d —4), we trivially obtain another differential equation from the simultaneous scaling
of all Mandelstam variables,

s 0 0 s
5<2%+¢§)/QP1_5d—@/Q¥1 (6.33)

Adding Eqgs. (632) and (633), we obtain the derivative of the integral against ¢ only

tu O

5 5 QF_eP/m(h+M—%QW. (6.34)

For the second integrand Q3Y in Eq. (6:20), again we read off the weight vector from Fig. This leads to results
similar to those for QY

AQYY = (_P4 > W1) O = —(d—4)ps- (L +12)25", (6.35)
and
t
?u% OYF =e [2/174 (i + 1) — 5} ;v (6.36)

If there were no infrared singularities, we would be able to set ¢ = 0 and the symmetry would be exact.

It is interesting that a similar analysis extends to any nonplanar diagram with a single crossed box at any loop order,
as illustrated in Fig.[I4l In particular, if we consider this diagram with a numerator obtained from a corresponding
planar dual conformal invariant one, except for the single crossed box which is given a similar factor as in the two-
loop cases ([G.I9) and (620), then the resulting nonplanar integral possesses a higher-loop analog of dual conformal
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symmetry. A way to show the invariance is to remove a three vertex from the crossed box and perform a similar
analysis to the one of the previous section for the two-loop crossed box. In this case, it is convenient to remove a
vertex from the crossed double box, instead of the other parts of the diagram. We have checked that the analog of
dual conformal symmetry is present for this class of nonplanar integrals, at any loop order. As for the two-loop case,
we can use it to generate differential equations to constrain the integrals whose right hand side is proportional to the
dimensional regularization parameter, €.

VII. INVARIANCE OF THE NONPLANAR TWO-LOOP FOUR-POINT N =4 SUPER-YANG-MILLS
AMPLITUDE

In the previous section we identified a new symmetry of the nonplanar integrands that appear in the two-loop
four-point amplitude of A/ = 4 super-Yang—Mills theory. In this section we comment on symmetries of the full
amplitude.

From Eq. (3.15) of Ref. |33] we have the full two-loop four-point amplitude of /' = 4 super-Yang-Mills theory as

6
2-loop __ g P tr P
AP =— 122D 2 [01234/1 ee(1,2,3,4)/9 (7.1)
4

— B, (A“%(1,2,4,3)/Q¥P +Atree(1,2,3,4)/QQNF’)} :

where b3, and ¥, are the planar and nonplanar color factors obtained by dressing the diagrams in Figs. [l and
with f¢ color factors at each diagram vertex. The planar integrands are given in Eq. (#37) while the nonplanar
integrands are given in Egs. (6.19) and ([6.I9). The A"®’s are color-ordered tree amplitudes of ' = 4 super-Yang—
Mills theory, with the indicated ordering of legs. The overall sum is over all 24 permutations of the external legs; the
permutations act on the external color, polarization and momentum labels. The form in Eq. (7)) differs from the
one originally given in Ref. [34] by terms that vanish via the color Jacobi identity. In the original form, the individual
nonplanar integrals do not reflect the analytic properties of the final amplitude, such as having only logarithmic
singularities and no poles at infinity.

In order to understand the transformation properties we divide the amplitude into sectors determined by the tree
amplitude prefactors. These tree amplitudes have differing overall weights under the transformations, which are easy
to determine using the identities [47],

StAtrCC(l, 27 3, 4) — SUAtrCC(l, 27 4, 3) — tuAtrcc(L 37 2, 4) . (72)

From here we can see that the tree amplitudes transform with different overall weights under Eq. (624)),
Atree(1,2, 3, 4) t st
A(A.230) oy st 3
(Atr°°(1,2,4,3) u 2u (73)
where we used Eqs. (6:26) and (6.27).

In Eq. (1)), the coefficient of each tree amplitude factor is invariant under the four-dimensional symmetry. In
Refs. [33], the ordering of the tree factors were chosen to adjust the factors of s, ¢, and w so that the remaining
integrals have unit leading singularities. Not surprisingly, these factors are exactly what is needed to make the
coefficient of each tree invariant under the four-dimensional symmetry.

As a side note, we can adjust the transformations in each sector so that a uniform transformation is applied to the
external momenta in all sectors of the amplitude. In doing so, the transformations on internal momenta necessarily
differ in the various sectors, as expected from the fact that there is no uniform sets of momenta or dual variables in
the nonplanar sector. This may be accomplished by adjusting Lorentz and scaling transformations. However, since
the different sectors transform with a different weight there is no need to do this.

The transformations described in the previous section can be taken as a direct analog of dual conformal symmetry of
planar NV = 4 super-Yang—Mills theory, but applicable to the nonplanar sector as well. Like dual conformal symmetry
in the planar case, the infinitesimal generators of the new symmetries can be identified as polynomial tangent vectors
of unitarity cut surfaces.

This opens the possibility of finding numerators of higher-loop integrals with desired properties of having simple
analytic properties and associated DEs, not by detailed studies of the singularity structure of the integrands 30,132, 133],
but by demanding that given integrands be invariant under symmetries analogous to dual conformal symmetry. For
nonplanar diagrams that can be obtained from a planar one by a single replacement of a box subdiagram by a crossed
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box, as in Fig. 4], the obvious candidate transformations follow those described in the previous section. It would be
very interesting to systematically study these cases, as well as ones with multiple twists. We expect such integrals to
be direct building blocks for nonplanar A = 4 super-Yang-Mills amplitudes. More generally, it seems likely that a
symmetry along the lines described here is responsible for the simple analytic properties [32,133] of general nonplanar
amplitudes at any loop order.

VIII. IBP-GENERATING VECTORS AND LANDAU EQUATIONS

In previous sections we obtained IBP-generating vectors from the point of view of conformal symmetries. In
the following we will see that the symmetry generators occur with vanishing or degenerate mass configurations.
We will show that the defining relations of the vectors connect directly to Landau equations, which determine the
presence/absence of the exceptional vectors.

For simplicity we consider N-point one-loop integrals in the following. When IBP-generating vectors are expressed
in dual coordinates, they fulfill a number of consistency requirements [22]: (i) They are tangent to a quadric (YY) = 0,
which defines the integration contour, (ii) being vector fields in projective space, they are homogeneous in the variable
Y, (iii) and vectors are defined modulo vectors proportional to Y which induce a GL(1) scaling and give trivial
identities.

Maintaining propagator powers of the integrals, yields the further conditions,

V“%(XiY):Wi(XiY), 1<i<N, (8.1)

and in total we have the linear relations,
(X;V) = (X Y)W, =0, 2(Yv)=o0, (8.2)

for the data of the IBP-generating vector V¢ and the weight functions Wj. The above relations hold up to terms
proportional to (YY).

It is convenient to write Eqs. (82]) in matrix form in terms of the vectors in the problem. To this end we expand
the IBP-generating vector in terms of the infinity point, X; and transverse points /N;, the number of which varies in
dimensional regularization, but do not include Y, i.e.

V= <ZN: vaﬂ'> + TV 4 < df Nkvk> . (8.3)

Jj=1 k=N42

We obtain the matrix,

(X1X1) (XaXz) - 1 0 0 - —(X1Y) 0 0
(XoX1) (XoX2) -+ 1 0 U 0 —(X2Y) 0

C =
(XnX1) (XnX2) -+ 1 0 0 - 0 0 —(XnY)
2X1Y) 2(XaY) --- 2YI) 20YNy) 2(YNs) --- 0 0

(8.4)

which has been simplified using our gauge choice, (X;I) = 1 of the dual conformal embedding, and using the transver-
sality (N;X;) = (N;I) = 0. This matrix acts on the column vector (v’,Wy). The entries of the matrix C are
monomials of either degree 0 or degree 1 in Y, which leads to, in an approach using computational algebraic geometry
(not covered here), simple syzygy equations that could be solved efficiently. The top-left (N + 1) x (N + 1) sub-block
of the above matrix is closely related to the “embedding space Gram matrix” used in Section[[IIl The top-left N x N
sub-block defines the Cayley determinant Ac = det({(X;X;)}i j=1,n) [40].

From Eq. 82) we see that the IBP-generating vectors (v, Wy) correspond to the kernel of the matrix C. The
generic vectors in the kernel of the matrix C are obtained by applying Cramer’s rule, with vector components being

appropriate minors of the linear system. Cramer’s rule gives,

Cay (2,03, -+ ;an12) — Cay(a1,a3, - ;ant2) + -+ (_1)N+ICGN+2(0’17G’27 o ,any1) = 0.
(8.5)
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The expressions ¢,, stand for columns of the original matrix C' and (aj,as,---) stand for the leading minors of
the matrix C given by the determinants of the matrices composed of the columns (aj,az, ) = det(ca,, Cay,s -+ )->
Eq. (B3] is a statement that N + 2 vectors in N + 1 dimensions are necessarily linearly dependent.

Interesting solutions are the ones which do not vanish on the cuts, i.e. on the surfaces defined by (X;Y) = 0. The
respective IBP-generating vectors are then obtained by choosing (N + 1) columns, where we distinguish the following
subclasses using the entries of the last row:

1. Two (Y'N;) factors and no (Y'I) factor,
V = Ac (YN )N - (8.6)

We can factor out A¢ from the above expression, so we still use the transverse-space rotation vector that is left,
when Ag = 0.

2. One (Y N;) factor and one (YI) factor,

V = Ac (YN —(1,2,--- N +1)Nj,
N
+ (—)N X2, G N+ LN+ 14 k), (8.7)
j=1

which matches the vector (@3) up to normalization by A¢. The hat-symbol, j indicates that the 5 column is
omitted.

The above are the generic IBP-generating vectors. We have omitted the vectors that vanish on the maximal cut.

In addition, exceptional vectors appear for particular kinematic configurations. For one-loop integrals we consider
the case of a vanishing Cayley determinant, Ac = 0. A maximal-cut analysis predicts a scaling vector in addition to
rotation vectors |12, 48]. The following construction shows how the vector arises from Lie-algebra generators acting
on the Gram-matrix {(X;X;)}: j=1,~. We consider a generator with the first (V4 1) components non-vanishing and
allow for non-vanishing W’s. The generator has to give zero when contracted with either of the rows. Starting with
the last row we find the general form,

_ N+1 B
vt = Z leCN+17j 5 (88)
b=1

and an antisymmetric matrix w®. We attempt to find a solution of minimal degree, thus we assume w® to be constant.
In the language of computational algebraic geometry, this is the general form to parametrize the principal syzygies of
the first (N + 1) elements of the last row.

An interesting consistency condition appears when considering the (Y'I) terms. The argument uses that (Y'I) enters
through the last column of w%, with w™¥NTHV+1 = 0 from antisymmetry. Thus, in order for the (YI) to cancel for
each contraction, we require that the column vector w™ 17 is in the kernel of the {(X;X;)}; j=1,n block of the linear
system, confirming that the condition Agc = 0 is necessary for these types of vectors.

This brings us to a close connection between the C' matrix in Eq. (84 and the Landau equations |24, 25, 40], whose
embedding-space version is,

N
Y aXi+Y =0, a;(X;Y)=0. (8.9)
i=1
(For simplicity we omitted the extension of the Landau equations which in addition capture the singularities at
infinity.) The leading Landau singularity appears for all propagators vanishing, (X;Y) = 0, and requiring that the

points X; and Y must be linearly dependent. The equations are easiest analyzed when contracted with an independent
set of points {Y, X;, N, I'}. The non-trivial conditions then are, setting (X;Y) =0,

N N
(N;Y) =0, > (X X)) =0, (Z ai(Xz-I)> +(YI)=0. (8.10)
i=1

j=1

5 This notation has been used in e.g. Ref.[45] in the literature.
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Remarkably, this can be re-written, using the transpose of the C' matrix, as
aq

cr| | =o. (8.11)
an
1

The conditions Eq. (810) in turn imply A¢ = 0 while the overall normalization of the «’s is fixed by the last equations
in (BI0) using the gauge conditions (X;I) = (Y'I) = 1. In this way the Landau conditions (8.9) determining a singular
point of the on-shell surface relate to the solutions of the IBP-generator equations (82).

Thus, we have given the form of the generic IBP-generating vectors in dual coordinates. In addition, we showed that
exceptional vectors appear for degenerate kinematic configurations. We pointed out the close relation between the
defining equations for unitarity-compatible vectors fields and the Landau equations. In this way, Landau equations
signal the appearance of exceptional IBP-generating vectors. This connection between Landau equations and IBP
relations might be expected, given that Landau equations signal a singular kinematic configuration in which the set
of master integrals is reduced and additional integral relations appear.

The minor construction generalizes naturally to higher-loop computations, so that minors of the linear system
of the IBP-generator equations play a central role for constructing IBP-vectors |[12]. Additional investigations are
needed to systematize the description of exceptional vectors at higher loops. Here the on-shell surfaces have a more
complicated topology, with the characteristic sizes determined by combinations of the kinematic invariants (like the
Cayley determinant Ac).

IX. CONCLUSION

In this paper we studied hidden symmetries of N' = 4 super-Yang—Mills theory as a means for generating compact
integration-by-parts (IBP) relations [13] and differential equations (DEs) 28] for loop integrals encountered in generic
theories. For the planar case, the hidden symmetry is the well-studied dual conformal symmetry [2]. By exploiting the
connection between dual conformal symmetry and polynomial tangent vectors of unitarity cut surfaces, we were able
to find an analogous symmetry for the nonplanar sector of the two-loop four-point amplitude as well. Besides being
useful for generating IBP relations and DEs, this points to the exciting possibility that dual conformal symmetry can
be generalized to the nonplanar sector of N' = 4 super-Yang—Mills theory.

Dual conformal transformations and their nonplanar analogs have the important property that they do not increase
propagator powers, resulting in IBP relations and DEs that are naturally compatible with unitarity [14]. Such IBP
relations had been previously described using computational algebraic geometry [14, 117, [18]. Our approach, based on
exploiting hidden symmetries, provides new analytic insights and on the practical side gives compact expressions for
the IBP-generating vectors and DEs.

In describing the symmetries we found it useful to work with both “direct” dual conformal transformations in d
dimensions and the embedding formalism [27], which linearizes the transformations by going to (d + 2) dimensions.
The Gram matrix defined in the embedding formalism also clarifies the connection to Landau equations.

To illustrate these ideas, we presented a variety of examples at one and two loops. With up to four massless legs
and a small number of mass parameters, it is straightforward to find several dual conformal transformations which
leave the external momenta invariant, and lead to a sufficient number of IBP relations to solve generic cases. For
example, the dual conformal transformations generate a complete set of IBP relations for the planar two-loop double
box integral. We also studied a five-point example, namely the planar penta-box integral. In this case, we need
additional IBP-generating vectors from combining separate conformal transformations for the left loop and right loop,
generalizing the strategy of Ref. [12]. These additional vectors still have a simple analytic form. For illustration,
we also looked at a simpler three-point nonplanar integral, and obtained IBP relations that reduce all integrals to
top-level master integral and daughter integrals.

We also described DEs, where the integrals do not have raised propagator powers, for both planar and nonplanar
cases that arise when external momenta are allowed to change under the transformation. For one- and two-loop
integrals with appropriately chosen numerators that make the transformation weights cancel in four dimensions, the
method directly gives a DEs where the right hand side is proportional to the dimensional regularization parameter
€ [30]. This holds before IBP reduction to a basis of master integrals, because the equations follow from a symmetry
that is exact in four dimensions. For massless kinematics, the method is applicable with up to five external legs. At
higher points, when nontrivial conformal cross ratios are present, the method generates a subset of the DEs.

Our results point to promising directions for future studies. In various one- and two-loop examples we showed
the utility of dual conformal invariance for generating both IBP relations and DEs, as well as presented a nonplanar
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symmetry analogous to dual conformal symmetry. An obvious direction for future studies is to try to generalize this
to arbitrary loop orders and for any number of external legs. The unitarity-compatible IBP-generating vectors and
DEs constructed via dual conformal symmetry and its generalizations are particularly simple, making it desirable to
extend these ideas as widely as possible. The ability to generate relatively simple DEs becomes especially attractive
when existing methods suffer from computational bottlenecks that occur in more complicated cases. It is also worth
studying whether the compact expressions generated from our symmetry considerations can improve computational
efficiency in numerical unitarity approaches at two loops and beyond [8]. We also noted an important connection
between IBP-generating vectors and Landau equations, which would be interesting to pursue.

On the more formal side, we know that dual conformal symmetry [2] strongly restricts the analytic properties of
the planar sector of N' = 4 super-Yang—Mills theory. In particular, the integrands have no double poles or poles at
infinity [45]. These analytic properties also appear to carry over to the nonplanar sector [32,133]. Here we took initial
steps to identify a symmetry that can explain this. We explicitly constructed a symmetry of the nonplanar two-loop
four-point N’ = 4 amplitude, and used it to construct a differential equation for determining its value. As in the
planar case, the symmetry is intimately connected to polynomial tangent vectors of unitarity cut surfaces. As for
dual conformal invariance the symmetry is anomalous due to infrared singularities. We noted that for the class of
integrals with a single crossed box and the remaining part planar, the symmetry extends straightforwardly to all loop
orders with an arbitrary number of external legs. An important next step would be to extend this to more general
nonplanar cases.

We look forward to exploring these ideas for simplifying computations of multi-loop integrals needed for scattering
cross sections at particle colliders, as well as for understanding hidden symmetries of the nonplanar sector of N’ = 4
super-Yang-Mills theory. These two issues are intertwined, as we found here.

Acknowledgments

We thank Samuel Abreu, Fernando Febres Cordero, Julio Parra-Martinez, Ben Page, Chia-Hsien Shen, Jaroslav
Trnka and Yang Zhang for many useful and interesting discussions. This research is supported by the Department of
Energy under Award Numbers DE-SC0009937. H.I.’s work is supported by a Marie Sklodowska-Curie Action Career-
Integration Grant PCIG12-GA-2012-334228 of the European Union. This research is supported by the Munich
Institute for Astro- and Particle Physics (MIAPP) of the DFG cluster of excellence ‘Origin and Structure of the
Universe’.



38
Appendix A: Sub-loop IBP-generating vectors for the penta-box

In this appendix, we tabulate the antisymmetric matrices in Eq. [49) of Subsection [V El which parametrize
conformal transformations that leave a subset of external momenta invariant. The matrices are,

0 834 851 834 — S51 S23 823834
—534 0 0 —834  S12 — S45 —S34545
- —851 0 0 —S851  S23 — 845 —845S51
W7 | —s3a+s51  sm $51 0 S12 S12851
—523 —S12+ 845 —S23+ S45  —S12 0 —512523
—523534 534545 545551 —S512851 512523 0
0 0 0 O 0 0
0 0 0 O —S845 0
loo oo o 0
Ye) T o 0 0 0 —se3 0 |
0 s45 0 s23 0 523845
0 0 0 O —8923545 0
0 —S34  —S23+ S51 0 0 —s23834
534 0 545 —512+ 8314 0 834845
ooy — | 523~ 851 —Sa5 0 —851 0 —s45851
(25) 0 512 — 534 551 0 0 s12851
0 0 0 0 0 0
8235834  —S34545 845551 —s12851 0 0
0 0 00 523 0
0 0 00 —S845 0
0 0 00 0 O
weed 5| g 0 00 0 0 (AD)
—S893 S45 00 0 0
0 000 0 O
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