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ABSTRACT: Two-loop corrections to scattering amplitudes are crucial theoretical input
for collider physics. Recent years have seen tremendous advances in computing Feynman
integrals, scattering amplitudes, and cross sections for five-particle processes. In this paper,
we initiate the study of the function space for planar two-loop six-particle processes. We
study all genuine six-particle Feynman integrals, and derive the differential equations they
satisfy on maximal cuts. Performing a leading singularity analysis in momentum space,
and in Baikov representation, we find an integral basis that puts the differential equations
into canonical form. The corresponding differential equation in the eight independent
kinematic variables is derived with the finite-field reconstruction method and the symbol
letters are identified. We identify the dual conformally invariant hexagon alphabet known
from maximally supersymmetric Yang-Mills theory as a subset of our alphabet. This paper
constitutes an important step in the analytic calculation of planar two-loop six-particle
Feynman integrals.
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1 Introduction

In the coming years, the future high-luminosity Large Hadron Collider (LHC) and pro-
posed Circular Electron Positron Collider (CEPC), Future Circular Collider (FCC) and
International Linear Collider (ILC) experiments will accumulate a large amount of data,

which need to be compared by precision theoretical predictions for particle scattering cross

sections [1-7]. To get the relevant cross sections at NNLO, one crucial task is the evaluation

of multi-loop Feynman integrals with several external legs.



Recent years have seen tremendous progress in computing five-particle Feynman inte-
grals, scattering amplitudes at two loops, and even complete cross sections. All the massless
two-loop five-point integrals were calculated analytically in a series of papers [8-14]. The
result provides a complete set of two-loop Feynman integrals for any massless 2 — 3 scat-
tering process, which can be used for three-jet production at hadron colliders to NNLO in
QCD. Very importantly, a dedicated computer implementation for evaluating the Feynman
integrals in the physical region in an efficient and reliable way was provided in reference [15].
First applications of the analytic progress include three-photon production [16-18], three-jet
production [19, 20], and diphoton plus jet production [21-25].

Also very recently, first results on two-loop five-point integrals with one off-shell leg
have become available [26-28]. These integrals are important ingredients for two-loop
scattering amplitudes for two-jet-associated W-boson/Z-boson production in QCD, see [29].

From the above paragraphs it is clear that the state of the art in analytically computing
two-loop Feynman integrals is five particles. Moreover, we see that when new results for
Feynman integrals become available, this constitutes a game changer and paves the way
towards obtaining scattering amplitudes, and eventually full cross sections. This motivates
us to aim at the two-loop six-point massless integrals, where very little is known in general.
The results for five-point integrals with one off-shell leg give a subset of the integrals
needed for genuine six-particle scattering. Moreover, we can get some information (and
motivation) from N = 4 super Yang-Mills (sYM), where the function space for planar
six-particle scattering is believed to be known to all loop orders, and is closely linked to
cluster algebras [30]. The relevant function space is beautifully given by nine alphabet
letters that define a certain class of iterated integrals. Remarkably, the knowledge of
the function space, together with physical properties of amplitudes, makes it possible to
bootstrap results to very high loop orders, as reviewed in [31, 32]. Unfortunately, this result
is closely linked to additional symmetries of planar A/ = 4 sYM that are broken in QCD,
and as a result, the corresponding integrals in QCD are considerably more complicated.

Already for five massless particles, the scattering kinematics, consisting of five indepen-
dent dimensionful Mandelstam variables turned out to be one of the main challenges in QCD.
One of the key insights was the discovery that those variables enter the Feynman integrals
in a very precise way. More precisely, it turned out that all relevant Feynman integrals
can be described by a function space with certain symbol letters, and there are exactly
31 symbol letters (that each depends in a precise way on the five-particle kinematics), as
initially conjectured in [9].

At six massless particles, there are eight independent dimensionful kinematic variables,
so that one can imagine a very complicated function space. One of our goals will therefore be
to identify appropriate symbol letters that describe the function space, generalizing the nine
dual conformal letters from N =4 sYM, and the letters known from five-particle integrals
with one off-shell leg. Our second goal will be to initiate the systematic calculation of all
planar two-loop six-particle integrals. The reason for this is that, given the smaller amount
of symmetries that QCD enjoys compared to N =4 sYM, it is likely that in practice
the knowledge of the symbol alphabet, while important, is not sufficient to bootstrap
full QCD amplitudes. Our method of choice to achieve these two goals is the canonical



differential equation method [33, 34], that was instrumental in obtaining the five-particle
results mentioned above. Let us quickly review the main steps and challenges.

A key tool in these computations is the integration-by-parts (IBP) identities [35, 36]
that arise from the vanishing integration of total derivatives. In practice, the IBP identities
generate linear relations between loop integrals with a specific set of propagators but with
different numerators, allowing any integral to be expressed in terms of a finite basis of
integrals [37], so-called master integrals. In this way, the problem is reduced to that of
evaluating the master integrals.

A very successful method for evaluating the master integrals is the differential equation
with respect to kinematic invariants [38, 39]. For each set of Feynman integrals, one obtains
a set of first-order differential equations. These equations, together with an appropriate
boundary condition, determine the answer in principle. However, in general this solution is
very hard to obtain if the differential equation matrix is complicated. One of the keys to
the solution of the differential equation is to choose an optimal basis of integrals that leads
to a system of differential equations in a canonical form [33, 34], in which the loop integrals
have uniform degree of transcendentality (UT), also called transcendental weight.

A key insight, originally observed for integrals appearing in maximally supersymmetric
Yang-Mills theory [40], is that the UT property of the integrated functions can be understood
from properties of the rational loop integrand. It was observed that the UT integrals in
that have integrands that can be written in a so-called dlog form [41], that is, they only
have single poles in the integration variables. Moreover, their maximal residues, also called
leading singularities, are normalized to kinematic-independent constants. These properties
have hence been used for finding UT integrals beyond N' = 4 sYM (see e.g. [42, 43], which
includes an algorithmic implementation.) In particular they have been crucial for calculating
the two-loop five-particle integrals mentioned above.

In the most basic version, the integrand analysis is done in four dimensions (or in
another integer dimension). Quite remarkably, for most cases this is sufficient to predict the
UT property of the integrals in dimensional regularization, with D = 4 — 2¢, for any order
in e. However, especially when many kinematic variables are involved, it was noticed that a
more refined analysis is necessary, that also includes aspects beyond four dimensions. This
is not too surprising, if one considers that it is possible to write down evanescent integrands,
i.e. integrands that vanish when the loop momentum is taken to be four-dimensional, but
which give non-zero answers after integration. In the case of six particles, information on
four-dimensional integrands is available from [44, 45]. Moreover, the integrand of two-loop
six-gluon all-plus scattering amplitudes is available in analytic form in [46].

A very useful way of including more than the four-dimensional information is to perform
the leading singularity analysis in Baikov parametrization. This idea has been used for the
finding of two-loop five-point massless UT integrals [14] as well as two-loop double box UT
integrals with four external masses [47]. (See also [48] which discusses this method in the
context of intersection theory [49-52].)

Already at five particles, this program faces enormous practical challenges, in terms
of the necessary computer algebra and running time, the size of intermediate and final
expressions. For this reason our analysis of the uniform weight properties of integrals is



crucial, as the differential equations are known to simplify dramatically. That being said,
already in the case of five-particle amplitudes with one off-shell leg, they involve numerous
different singularities, depending on six kinematic variables. Each singularity describes a
physically interesting kinematic configuration, such as collinear limits, thresholds, and so
on. The general six-particle case we set out to study involves nine kinematic variables, and
one anticipates even more singularities, which makes it particularly challenging.

In view of the technical challenges, obtaining the full differential equations in one step is
a difficult task. However, we can profit from the fact that the differential equation method
can be combined naturally with (generalized) unitarity cuts. This fact is used for example
in the reverse unitarity method [53]. What is important in the present context is that cut
integrals, i.e. integrals where certain propagators are replaced by delta functions, satisfy the
same differential equations, albeit with different boundary conditions. Moreover, as only
integrals with certain propagators present can contribute to a given cut, this allows us to
focus on a given integral sector at a given time. Each integral sector (corresponding to a set
of propagators) corresponds to a block on the diagonal of the differential equations matrix.
In this paper we analyze the planar two-loop six-point integrals (beyond the ones that
correspond to two-loop five-point integrals with one massive external leg) on maximal cuts.

We use a variant of dimensional regularization called t’Hooft-Veltman (tHV) scheme,
where external states are four-dimensional while internal (loop) states are D-dimensional,
with D = 4 — 2e. This differs from the so-called conventional dimensional regularization
(CDR) where everything is in D dimensions. This is the same scheme commonly used for
helicity amplitudes, including all recent five-point results. However, up to five external legs,
the IBPs and the master integrals are the same in the two schemes, since there are at most
four independent external momenta (amplitudes can differ because there you also have
polarization states). Six external legs is the lowest multiplicity where one sees a scheme
difference also in the calculation of the reduction and the master integrals. A recent review
on this topic is [54].

We perform a leading singularity analysis in Baikov representation in order to search for
UT integrals with complicated kinematics [14, 47, 48]. We then use finite-field reconstruction
for the IBP reduction [55] and for deriving the differential equation. The diagrams considered
in this paper have complicated kinematics and the traditional IBP reduction is difficult.
To overcome this, we use the cutting edge finite-field reconstruction approach with the
package FINITEFLOW [56-58] for the computations. In doing so, we find momentum twistor
parameterization [59, 60] useful, as it rationalizes certain Gram-determinant square roots.

In this way, we are able to reconstruct the differential equations on the maximal
cuts. We verify that they take a UT form for the integrals we identified with the Baikov
analysis. Furthermore, we identify and present the symbol letters appearing in the canonical
differential equations. This constitutes a crucial step in the calculation of the planar
six-particle two-loop integrals, and in identifying the relevant function space. We anticipate
that the latter will prove useful for a better analytic understanding of six-particle scattering
processes, for instance in the context of bootstrap methods.

This paper is organized as follows: in section 2, we introduce our conventions for
six-particle kinematics, including a useful momentum twistor parametrization. We also



discuss the two-loop six-particle integrals and define the integral sectors analyzed in this
paper. In section 3 we discuss the main methods used: after outlining the canonical
differential equation method, we briefly review the integrand analysis for finding uniform
weight integrals, and discuss how we employ finite field methods to construct the canonical
differential equations. Sections 4 and 5 contain our main results: in section 4, we give, for
each integral sector, a set of master integrals that lead to canonical differential equations
on the cut, and we comment on the alphabet letters appearing in the equations. Section 5
summarizes our results for the function alphabet. These two sections are complemented
with supplementary material that contain our results in computer-readable form. Finally,
in section 6, we summarize our results, and discuss future directions.

2 Conventions and definitions

2.1 Planar massless six-particle kinematics

In this section, we introduce the conventions of the two-loop six-point massless kinematics.
The six external momenta are named as p;’s, ¢ = 1,...6 with p? =0 and

6
> pi=0. (2.1)
=1

We recall that throughout this paper, all external momenta are treated as four-dimensional.
The Mandelstam variables are

sij= pi+pj)?, sijk=(pi+p;j+pr)?, 1<4,5,k<6. (2.2)

Moreover, we define a notation for the Gram determinant

G (“1 “”) = det(u; - vj) (2.3)

V1 ... Up

where the R.H.S. is the determinant of the n x n matrix with the entries (u;-v;), 1 <, < n.
We use the abbreviation

Glir,...,ie) =G [P P ) 1<y, ip<6 (2.4)
DPiy - - Dig

For D dimensional external momenta, there are 9 independent Mandelstam variables,

see e.g. [61]. In four dimensions, however, five vectors are linearly dependent. The resulting

constraint can be written as

G(1,2,3,4,5) = 0. (2.5)

This means that there are only 8 independent Mandelstam variables.
In addition to the scalar invariants discussed above, there are also pseudo scalars, which
we write as

€ijkl = 4v -1 5u1u2u3u4pglp?2pl];3p74a 1<4,5,k, 1 <6 (26)



where ¢ is the 4D Levi-Civita symbol. In addition to the independent Mandelstam variables,
one needs one pseudo scalar to fully specify the kinematics [61]. The latter can be any of
the ones appearing in eq. (2.6), for example €1234.

The pseudo scalars are related to the Gram determinant G(i, j, k, 1) as follows

L,

G(l,],k‘,l) = Eezjkl . (27)

From this one sees that the new information contained in e is a sign, € =
:|:4\/W . Since €1234€;5% can be expressed in terms of Mandelstam variables, only
the sign for one choice of {7, j, k,} is needed [61].

Other useful kinematic quantities that we will employ in this paper are,

Try (ijkl) = sijsw — sikSji + SuSjk + €ijki (2.8)
Tr_ (ljkl) = SijSkl — SikSjl + SilSjk — €45kl -
Frequenly, we also use spinor helicity notations in this paper:
piuUZB = )\iozj\jﬂ' (210)
with the Pauli matrices o# = (Iax2,0",0%,0%). The spinor products are defined as,
(i) = X\ (2.11)
[i7] = NiaAS - (2.12)
With spinor products, kinematic quantities like (2.8) can be alternatively expressed as,

[i5]{5 k) (K] {17) (2.13)
(i) [7k) (kD) [1] - (2.14)

Momentum twistor parametrization. Recall that we treat the external states as

Try (ijkl) = 2[i
Tr_(ijkl) = 2(i

2
2

four-dimensional. In this case one can employ momentum twistor variables [59], that have
proven very useful in many contexts of studying scattering amplitudes. In particular, since
momentum twistors are unconstrained (they automatically solve momentum conservation
and massless on-shell conditions), it is easy to derive identities between functions expressed
in them.

Nevertheless, we will often use the variables introduced above in order to denote
final expressions (using, sometimes, an over-complete set of Mandelstam variables and
pseudo scalars), as we find that this leads to shorter expressions. To derive these compact
expressions, momentum twistors are very useful.

We refer interested readers to [59] for more details and definitions of the momentum
twistors. For the purposes of this paper, however, it suffices to say that we use a particular
momentum twistor parametrization, similar to [62], for our kinematic computations.

The latter is

tot L4+ L L4 L 41 L1 41 4 1

xr1 x1 r1Tr2 X1 T1T2 r1r2xr3 IT1 T1T2 T1T2X3 T1T2T3T4
011 1 1 1

7 = . . (2.15)
000 372 e 1
00 1 1 T7 1—



where x1,..., g are free variables. With this choice, all s;; and €;;; are rational functions
of x;’s, i = 1,...8. The parameterization in (2.15) is equivalent to the following explicit

parameterization,

S12 = T1 (2.16)
523 = T1T5 (2.17)
513 = —I1 (1)5 — 8 + 1) (218)
816 = _ T1Z2X3T4 (z56 — T3%6 — T527) (2.19)

Ts5
oor — x1 (2 + 1) (—z325 — 25 + Tow376) (2.20)

45
834::__$1(—ﬂ&$3$5—-$3$54-$2$3I7$5—-$54-$2$3$6) (2.21)

x2

Try(1234) = 233% (—Towsxs — T3T5 + ToT3T7T5 — Tp + ToT3T6) (2.22)
Tr (1236) = 222 x0x30y (v705 — o5 + 26 + 28 — 1) . (2.23)

By these formulae, other kinematic variables, s;;, €;jx1, Tr+(ijkl), are uniquely determined
as rational functions in x;’s. The explicit expression of all kinematic variables in this
parameterization is given in the supplementary material.

The inverse map from the momentum-twistor variables to “normal” variables is

1 = S12 (2.24)
Tr, (1234)
9= ———— > 2.25
2 2512834 ( )
Tr, (1345)
e 2.26
’ 25845513 ( )
Tr, (1456)
Ty=——> 2.27
* 2556514 (227)
vy = 2B (2.28)
512
o Tri(1532) + Tra(1542) (220)
6~ 2515512 '
oy Tra(1542) + Tr (1543) (2.30)
T 2515523 '
vy = 128 (2.31)
512

These expressions are simple, and it is easy to rewrite a rational function in z;’s as a function
of s;; and €. However, it is not straightforward to directly simplify an expression with
Sij and €ijkl-

To repeat, since the x; are unconstrained variables, they are suitable for automating
the computation of 6-point kinematics with common computer algebra systems.

2.2 Planar two-loop six-particle integrals

The goal of this paper is to derive differential equations for planar two-loop six-particle
Feynman integrals. Since the UT integrals for the planar two-loop five-point diagrams
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Figure 1. Genuine two-loop six-point massless planar diagrams.

with one massive external leg are known [26, 27], in this paper we focus on the “genuine”
two-loop six-point planar diagrams. Here “genuine” means the corresponding diagrams
which (1) cannot be factorized to two one-loop diagrams, and (2) do not have two or more
external legs combined.

To determine the topologies of “genuine” two-loop six-point diagrams, we generate the
two-loop six-point diagrams consisting only of three-point vertices, and then determine
integral families. We find there are three planar two-loop six-point integral families,
characterized by the top-sector diagrams corresponding to a double pentagon, a hexagon-
box, and a heptagon-triangle integral. We then analyze integral subsectors (obtained by
pinching propagators), and keep the ones that are genuine in the above sense.

Then, performing a numeric IBP analysis with AZURITE, we see that the master
integrals from the double pentagon and hexagon-box families (as well as those from two-loop
five-point integrals with one off-shell leg), cover the master integrals from the heptagon-
triangle family. In other words, the heptagon-triangle family does not provide new master
integrals. Therefore, it is sufficient for us to focus on the other two integral families. The
final list of integral sectors we need to consider is shown in figure 1.

In order to perform IBP reduction, one needs to choose irreducible scalar products. For
the double pentagon (DP) and hexagon-box (HB) families, we define the following factors

Dy =13, Dy=(l1—p1)?, Ds=(l1—p1—p2)?,
Dy=(l1—p1—p2—p3)?, Ds=(I1+12)?, Dg =13,

D7 =(lo+p1+p2+ps+pa+ps)?, Ds=(lo+pi+p2+ps+p1)?, Dg=(la+pi+pa+ps)?,
Diyo=(l1+ps5+ps) >, D11 = (la+p1+p2)?. (2.32)



Diagram (@ | () | (¢) | (d) | (¢) | ()
Abbreviation DP-a | DP-b | DP-c | DP-d | HB-a | HB-b

Number of propagators 9 8 7 7 9 7

Number of master integrals 5 3 1 7 1 1

Table 1. Information for the genuine two-loop six-point massless planar diagrams. Here the master
integer counting refers to the particular sector.

This allows us to treat all integrals using one common notation. For example, the DP
family corresponds to the sector (1,1,1,1,1,1,1,1,1,0,0), while the HB family corresponds
to (1,1,1,1,1,1,1,1,0,1,0).

3 Methodology

3.1 Canonical differential equations, cuts, and function alphabet

The method of differential equations [38, 63, 64] is a state-of-the-art tool for computing
Feynman integrals. However, beyond the simplest cases, a naive application of the method
can lead to prohibitive algebraic complexity. In references [33, 34] it was argued that with
a suitable choice of master integrals, differential equations can be simplified to a canonical
form. The latter can be solved easily order by order in a Laurent series expansion in €, the
dimensional regularization parameter. The canonical form of the differential equation one
can hope to reach is

df = e(dA)f . (3.1)
In the case of multiple polylogarithms, A takes the form
A=Y arlogWy, (3.2)

where each a;, is a constant matrix, and the W}’s are functions of Lorentz invariants. The
individual Wy, are called letters, and the set {W}} is called alphabet. The significance of
these letters is that they specify the function space (and, as a proxy, the symbol [30] of the
functions) necessary to express the solutions to the differential equations.

Let us comment on the solution to the differential equations. If we write the solution
as a Laurent series,

GQLf:ﬁ)—i-eﬁ—i—leg—i—..., (3.3)

then, thanks to the proportionality of the R.H.S. of (3.1) to ¢, the differential equations
decouple order by order in e,

dfy = (dA)fo, dfs = (dA)fi,.... (3.4)

Therefore, fi is given by k-fold iterated integrals, with the integration kernels being elements
of the matrix dA. We remark that in most cases, the boundary information can be obtained
from physical consistency conditions, see e.g. [65].



To summarize, if we choose our basis integrals f in a judicious way, the resulting
differential equations are simplified a lot, ideally to the form (3.1), which is easily solved.

How should the basis integrals be chosen? The key property they should have can be
described with the concept of the degree of ‘transcendentality’, or transcendental weight,
T(f) of a function. We define T (Lix(z)) = k since Lig(x) is a k-fold iterated integral.
Moreover, we require 7 (f1f2) = T(f1) + T (f2). Therefore we have

T(ogz)=1, T(m)=1, T(()=T(Liy(1)) =n, (3.5)

2
T (algebraic factors) =0, T ((2) =T (2) = 9.
An integral J has the uniform transcendental (UT) weights if in the expansion €2/'J =
oo n
n=0 € Jnv

T(Jn) =n (3.6)

If a function f also satisfies

T =T -1, (3.7)

where the prime stands for any partial derivative, then the function f is called a pure
function. This last criterion assures that one deals with a Q-linear combinations of uniform
weight functions, as opposed to functions with kinematic-dependent prefactors.

The usefulness of these concepts is that pure uniform weight functions satisfy simple
differential equations. In particular, if all basis elements I are pure uniform weight functions,
then the corresponding differential equation is canonical [33]. Therefore being able to identity
pure uniform weight integrals is paramount. We outline our approach to this problem in
section 3.2.

Let us discuss a structural property of the differential equations (3.1) that will be
important in the following. The propagator structure of Feynman integrals implies a
hierarchy according to which the integrals f can be arranged. Specifically, if an integral
corresponds to a subsector of another integral (i.e. it has only a subset of propagator factors
in its definition), this implies a zero in an off-diagonal element of the differential equation
matrix A. It is therefore useful to define integral sectors, corresponding to particular
propagator structures, such as the ones shown in figure 1, and their subsectors. When this
is done, A takes a block form. As mentioned earlier, all blocks corresponding to five-point
integrals with one off-shell leg have already been computed in previous work. What remains
to be done is to compute the blocks corresponding to the sectors in figure 1 (these are blocks
arranged along the diagonal), as well as off-diagonal blocks that connect their derivative to
the previously known integrals.

Experience shows that obtaining the canonical form (3.1) of the differential equations
is the most complicated step. The reason is that modifications to the basis integrals f
needed to take care of subintegrals have a special matrix form and can, at least in principle,
be obtained algorithmically [66, 67]. In this paper we focus on the diagonal blocks for all
genuine six-particle sectors shown in figure 1. We present an integral basis that puts the
differential equation corresponding to these sectors into canonical form, and we identify
novel alphabet letters W} that appear in those differential equations.

~10 -



3.2 Integrand analysis to find uniform weight integrals

One crucial problem of using differential equation to solve Feynman integrals, is to find a UT
basis. There are different approaches to this, which can be classified into two types. Firstly,
a number of approaches have been developed that aim at first computing the differential
equations matrix, in any basis, and then simplifying it using appropriate transformations.
A guiding principle in finding the necessary transformations is the expected singularity
structure [34, 68]. There are a number of computer codes dedicated to this [69-74].
Secondly, another approach uses insights at the loop integrand level to identify UT integrals.
In particular, integrands with only logarithmic singularities, and kinematic-independent
maximal residues (leading singularities) that are expected [33, 40] to be UT functions.
These ideas have been automated in [42, 43].

The second approach has proven extremely useful, especially for Feynman integrals with
many kinematic variables or several singular points. It has the advantage that, if successful,
the differential equation matrix that needs to be computed is drastically simplified, thereby
avoiding an enormous amount of algebraic complexity. Even if one only ‘almost’ obtains a
canonical form, it is then usually much easier to find the remaining transformations.

Let us therefore review the integrand analysis. It was noticed, first in N' = 4 super-Yang-
Mills amplitudes [40], that integrals with constant four-dimensional leading singularities
(and whose integrands have only single poles) give rise to UT integrals. It was later seen
that this principle also applies to integrals in other theories, and as such plays an important
role in the differential equations method [33].

Consider an L-loop integral, suppose the dimension of loop momenta is 4. The leading
singularities of an integral [75] are obtained by evaluating the integrand on certain integration
contours around (multiple) poles of the integrand. Schematically, the contour integral has
the form

1 N
— ¢ d .. ——— . 3.8
(2ri)AL 7{ ! LDy Dy (38)

For example, if the number of propagators k, equals the fold of integration 4L, then one type
of leading singularity is obtained by taking 3§D1:0,..., Dpy—0» the so-called maximal cut. Then
the leading singularity can be simply calculated by Cauchy’s formula. In general, there may
be other leading singularities due to additional poles that originate from Jacobian factors.
In this case, or when k < 4L, the leading singularity may be computed by recursive residue
computations (which include the so-called composite leading singularities). For complicated
multivariate residue computations, algebraic geometry techniques like the transformation
law and Grobner basis can be very useful [76, 77]. The upshot is that for a given propagator
structure as in (3.8), the question which integrals (i.e., which loop-dependent numerators N')
lead to integrands with unit leading singularities, can be answered algorithmically [42, 43].
In a very recent paper [45], a four-dimensional basis of dlog integrands for planar six-particle
two-loop integrands was constructed.

As mentioned in the introduction, in some cases, especially those with many external
scales [14], the four-dimensional integrand analysis may not be enough. In such cases it is
natural to treat the integrand in D dimensions.
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In particular, it has proven useful to analyze integrands in the Baikov representation. In
this way, one treats some of the D-dependence exactly, while still using the same ideas about
the singularity structure of the integrand (but now in a different representation) [14, 47]. (see
also [48], where techniques of intersection theory are used to develop Baikov dlog forms for
UT integrals.) The D-dimensional Baikov analysis reveals some hidden information not seen
from the 4D leading singularities. An integral may have all 4D residues to be constants, but
some non-constant D-dimensional residues [14]. In this paper, we use the four-dimensional
analysis as a starting point, and then refine and complement it by the Baikov D-dimensional
leading singularity method. Let us briefly review the Baikov representation method.

Here we briefly introduce the Baikov representation [78], and give an example of the
leading singularity analysis in Baikov presentation.

In the scheme of dimensional regularization,

1 D)= [T 2 (3:9)
Ay eeer Gmi ) = o] (im)P/2 DI ... Dy’ ’
here external momenta are pi,...,pg,pr+1 and the loop momenta are lj,...,l;. The
propagators are labeled so that
a;>1, i=1,...,k (3.10)
a; <0, i=k+1,....,m. (3.11)

Next, define a set of all independent external and loop momenta:

Ul,...,vE+L:pl,...,pE,ll,...,lL, (312)

and form their Gram matrix .S,
Sij = V; Uj. (3.13)

And we can define another Gram matrix G, with
Gij = V; - Uy, 1 §Z,] <FE. (3.14)

From the product of momenta in (3.12), we can get m scalar products

m:LE+L(L2+1). (3.15)

The Baikov representation uses the inverse propagators and irreducible scalar products
as variables,

Za =Dy, 1<a<m. (3.16)

The Jacobian associated with the change of variables from (If,..,17) to (21, ..., zm) is an
appropriate power of the determinant of S,

S = det Sij . (317)
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The Baikov representation of the integral (3.9) is given by the formula

B-D1 . dzy Dot—b-
I(as,...,am; D) = CE(D)S,, 2 /usl’ L=t (3.18)

270

where the first prefactor C¥(D) is just a function of dimension D, which will not influence
our discussion. Here S = det G in (3.14) and S is defined in (3.17).

The Baikov leading singularities are the multivariate residues of the expression (3.18).
The advantage of this kind of leading singularity analysis is that the formula benefits from
the explicit D-dependence and the simple structure of the denominators.

In practice, we often use the loop-by-loop Baikov representation [79, 80]. This approach
can often reduce the number of variables related to ISPs (irreducible scalar products). We
use an example to explain how to do the loop-by-loop Baikov leading singularity analysis.

3.2.1 Example: Hexagon-box diagram in Baikov parametrization

The hexagon-box integral sector HB-a is shown in figure 1(e). There is one master integral
in this sector. The propagators are written in eq. (2.32).

First, treat the right part as a four point box diagram with external momenta ps, pg,
l1 and loop momenta ls with four propagators. We can write a D-dimensional Baikov
representation of the right part, with the following S and Sg,

Sp=G l2 ps pe U1 . Spr=0 ps P 1) (3.19)
l2 ps ps 1 P5 pe I

Then consider the left loop. The remaining left part is a pentagon diagram with
external momenta pi, po, p3, p4, loop momentum [; with the remaining five propagators.
Also, we have

l
SE,L -G D1 P2 P3 P4 S, =G 1 P1 P2 P3 P4 . (3.20)
P1 P2 D3 P4 l1 p1 P2 P3 Pa

The loop-by-loop Baikov representation for HB-a is

5-D D=6
2 l 2
/dzl...ng P1 P2 P3 P4 G prpP2pspa
P1 P2 P3 P4 l1 p1 p2 p3 pa
4-D D=5
l 2 l l 2 N
NYe. P5 P6 41 al" b5 Ps 41 % : (3.21)
ps e b1 la ps p6 lh Dy ... Dy
where the Baikov variables 21, ... 29 are
B3, lo-ps, l2-pe, lo-li
7, li-p, lepa, lLiops, liops. (3.22)
Under the maximal cut D; = --- = Dg = 0, and set D = 4, the Baikov residue is
Res(I) = s5¢ (I - p6) " (SE,0)"*(S1) ™" Nnaxcut - (3.23)
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From this expression, we can construct a following candidate numerator

o <ll P1 P2 P3 Pa
i l1 p1 p2 p3 pa
NFB a — 12 856(11 —|—p6)2 . (324)
G <p1 b2 P3 P4

P1 P2 P3 P4

The fraction between two Gram determinants cancels the residue from the left loop in the
Baikov representation, while the factor ssq(l; + ]96)2 cancels the residue from the right box
loop. The numerator thus has constant leading singularity in Baikov representation.

3.3 Finite field IBP reduction and reconstruction of differential equations

We use both FIRE6 [81] and the finite-field computational framework FINITEFLOW [56, 57]
for the IBP reduction in this paper. As mentioned in section 2.1, because of the four-
dimensional spacetime of the external states, only four of the six external momenta can be
linearly independent. Using the momentum-twistor parametrization defined in (2.15) we
represent the six external momenta in the propagators as linear combinations of four external
momenta, with coefficients that are rational functions of momentum twistor variables.

The analytic IBP reduction using eight variables is challenging. When a numeric IBP
reduction is needed to check if a differential equation is canonical, one can set the eight
momentum twistor variables to be random integers to get the numeric reduction table. As
mentioned at the end of section 3.1, in this paper we focus on the diagonal blocks of the
differential equations that correspond to six-particles sectors. To obtain these diagonal
blocks of the differential equations, for each sector, we perform the reductions on its maximal
cut, i.e. setting integrals of lower subsectors to zero. This makes a numerical IBP reduction
feasible with either FIRE6 or FINITEFLOW.

However, a numeric IBP reduction is not sufficient to derive the analytic differential
equations, which we need to obtain analytic expressions of symbol letters Wy, after integrating
them into the form of equation (3.2). For this purpose, we resort to finite fields and functional
reconstruction methods, implemented in the program FINITEFLOW [56, 57]. We follow the
strategy described in ref. [57] to directly reconstruct the differential equation matrices on
the cuts (without the need of reconstructing more complicated analytic IBP tables).

The derivatives of the Feynman integrals in the momentum twistor variables can be
obtained as proper linear combinations of derivatives in the external momenta. These
derivatives are thus reduced to master integrals again, to obtain the differential equation
matrices. The system of IBP identities (which also includes symmetries and Lorentz
invariance identities) is generated with the help of the package LITERED [82] and thus
reduced numerically (on the cut) to master integrals using FINITEFLOW. The reduction is
performed over finite fields of integers modulo a machine size prime. This yields a numerical
evaluation of the differential equation matrices. Full analytic expressions for the differential
equations are thus reconstructed using the methods in [56, 57], from repeated numerical
evaluations with different numerical inputs for the momentum twistor variables and for the
prime that defines the finite field. Using this strategy the diagonal blocks of the differential
equation matrices can be found with very modest computing resources.
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A subtlety comes from the fact that some UT integrals have a square root prefactor in
their definition, whose analytic expression comes from the Baikov analysis. As shown in
ref. [57], one can still perform the reconstruction of the full differential equations without
performing any non-rational operation. If R is the square root of a rational function, then
% is rational. This implies that, via IBP identities, the correct square-root factors can thus

be easily restored at the end (for more details see [57]).

4 Results for uniform weight integrals

In section 2.2 we discussed the genuine planar two-loop six-particle integral sectors that we
analyzed. They are shown in figure 1. Table 1 contains the notation and the number of
master integrals. In this section we describe the outcome of our leading singularity and
Baikov analysis. For each integral sector, we provide a basis of master integrals that leads
to canonical differential equations (on the cut). Moreover, we identify the alphabet letters
appearing in the cut differential equations, and in each case remark which new letters are
encountered. For convenience of readers, all these results are available as computer-readable
supplementary material.

4.1 Double pentagon

Here we discuss the double pentagon sector shown in figure 1(a). Recall that there are five
master integrals in this sector.

We begin by a four-dimensional leading singularity analysis of the octa-cut. We find the
following that the following numerators lead to integrands with constant leading singularities.

NPP? = (wy + v2)?s13846(11 — w1)*(l2 — v1)* (4.1)
NPP2 = (wy + v1)?s13846 (11 — w1)*(l2 — v2)?, (4.2)
NPP2 = (wy + v2)?s13846(1 — wa)*(l2 — v1)?, (4.3)
pr'a = (wy + 01)2513546(51 - w2)2(52 - U2)2' (44)

Here, with the notation of spinor helicity notations,

23 ~

wy =p1 + Mh/\l, wy = wy, (4.5)
54 < .

vl = pe + MA5A6, vy =07 . (4.6)

These terms are reminiscent of the chiral numerators first introduced in [40]. All these
four integrals are finite integrals. We remark that the integral with the numerator NPF-2
in (4.1), in the limit € = 0, is the double pentagon integral with two wiggly lines defined
in ref. [40]. Similarly, the integral with NPP® in (4.4), in the limit € = 0, is the double
pentagon integral with two dashed lines defined in ref. [40]. The € = 0 limit of the two rest
integrals in (4.2) and in (4.3) are the integrals with mixed numerators.

The four-dimensional integration of these numerators are analytically calculated in
refs. [83, 84]. The 4D integrals of the numerators NPP* and NP2 equal each other.
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However, the O(e) parts of these integrals are different. In the dimensional regularization
scheme, the four integrals with the numerators NiDP‘a7 1 =1,2,3,4, are linearly independent
by the IBP analysis.

It is not easy to construct integrals with other forms of chiral numerators such that
they (1) have constant 4D leading singularity, (2) and are independent of the integrals
defined in (4.1) to (4.4) by IBP relations. Note that there are 5 master integrals on this
sector, so we would like to find more UT candidates by considering integrals with 5 x 5
Gram determinant numerators and integrals in 6D, like the strategy in the refs. [11, 14].

We remark that although integrals in (4.1) to (4.4) have constant four-dimensional
leading singularities, in dimensional regularization they are not guaranteed to be UT
integrals. However, as suggested in the ref. [14], such kind of integrals can be upgraded to
UT integrals with the addition of certain 5 x 5 Gram determinant integrals.

We determine the UT candidates on this sector from D-dimensional Baikov leading
singularity computations. The resulting five integrals are (a more detailed explanation
follows below)

IDP—a _ / d4726l1 d4726l2 NPP-& _ NEP-a (47)
! in2=¢ im2—¢  Dy...Dg

IDP—a _ / d4—25l1 d4—25l2 N%)P—a _ N?]’DP—a (48)
2 im2—e  qmle Dl e Dg ’

d472el1 d472el2 2
J L / 4.9
3 3] Tir2¢ iz2—< Dy...Dy’ (4.9)

d672el1 d672€l2 1

PP = Fye? / 4.10
4 1€ ) T Tixd—< Dy ... Dy’ (4.10)
d4—26l d4—2el NDP-a NDP-a F
PP _ / _hdT T N A N FSpe (4.11)
im2—€  qrle Dy...Dy
where
G (h D1 P2 P3 Pé
la p1 p2 P3 P6
12 = (4.12)

G(1,2,3,6)

The following comments are in order:

e The first two UT integrals I PP‘a and I?P‘a simply correspond to the two parity odd
combinations of the four integrals of eqs. (4.7)—(4.11). As pointed out in [83], I’T® has
vanishing O(e") order. However, the nonvanishing O(e) order makes it an indepedent
integral.

o The third UT IPP-® has the numerator given in eq. (4.12). The latter is a 5 x 5
determinant that involves the loop momenta. As a consequence, it vanishes for four-
dimensional loop momenta, but has a non-trivial Baikov leading singularity, which
is given by F3. F3 is a rational function of s;; divided by €236, but its expression is
rather long. We were able to find a rather compact representation for it in spinor
notation,

Fy = ({12)[23](34)[45](56)[61] — (23)[34](45) [56](61)[12]) 5456 /8 - (4.13)
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In addition, with the help of finite field methods, we found the following relation to
the alphabet letters given in the subsection 5.1, namely F5 = WysWi45/8.

The fourth UT is the six-dimensional six-point double pentagon. Here the inter-
nal momenta are 6 — 2¢ dimensional, while the external momenta are still in four
dimensions.

Let us sketch how to find the coefficient for this UT integral. By a loop-by-loop
Baikov representation, the integral has the representation,

b 2 i
/dng 2 1 P4 P5 Pe G (1 Paps P
l2 1 ps p5 e l1 p4 p5 P6

D—6 5—D

I -z =
Nye 1 P1 P2 P3 Pe G P1 P2 P3 Pe : (4'14)
l1 p1 p2 P3 D6 P1 P2 D3 Dé

where we dropped overall factors in € only. The Baikov variables are chosen to be

3, lo-ps, lo-ps, la-pe, l2-ly
B, lL-p, lL-ps li-ps, li-pe. (4.15)

Because of the loop-by-loop Baikov representation, we only have 10 Baikov variables.

Taking the limit D — 6, two Gram determinants can be ignored for the leading
singularity. Consider the maximal cut with D; = ... = Dg = 0, then only one fold of
integral remains there,

NI

5—D
= ! -
6D leading singularity = G b1 P2 P3 Pe /d(ll -ps) G 1 P4 P5 Pe
b1 P2 P3 Pe l1 pa p5 Pe

(4.16)

Here we impose the cut condition

S12 + 513 + S23

5 (4.17)

S
l% = 07 llpl = 07 l1p2 = %7 l1p3 =

To evaluate (4.16), it is convenient to set p1, p2, p3 and pg as a 4D basis, and expand
the vectors ps and ps over this basis,

P4 = ca1p1 + CaaPa + Ca3ps + Cagpe = D + CagP (4.18)
P5 = C51P1 + C52P2 + C53P3 + Cs56P6 = Pg + C56P6 » (4.19)

where the notation ! means the component of a vector in the linear subspace
span{p1, p2, p3}. Explicitly,

f €(1,2,3,4)

=p4— ———=—D6- 4.20
PN 20
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By momentum conservation pg = —Piog — pﬁ. Then, using basic linear algebra, the

equation (4.16) can be simplified as

5—D

= # -
6D leading singularity = G <101 P2 p3 p6> /d(h pe) G <l1 Py P123 p6>

(NI

P1 P2 P3 D6 I Pi D123 D6
5-D
:G<P1 P2 D3 p6> 2 / d(l1 - ps)
P1 P2 P3 P6 (ag(ly - p6)? + a1(l1 - ps) + ao)1/2
5-D
prpap3ps) - 1
=G B— 4.21
<p1 D2 p3 p6> Vao ( )

Here we rationalized the square root and compute a contour integral. The constant
ag is,

i
ap=—G | PP (4.22)
Py P123

Thus, by choosing the following factor

€
b= %\/—P%ws + (P - p123)? (4.23)

1
=3 (16G(1, 2,3,6)s35 + 16G(1,2,3,5)s% + 16G(1,2,3,4) s34

1/2
— 2€1235€1236545546 — 2€1234€1236545556 — 26123461235846356) . (4.24)

we get the UT integral (4.9). In the second line, we express Fy with more familiar
notations.

Note that the square root in Fj is mot rationalized by the momentum twistor
parametrization. We will see that this square root leads to several symbol letters
which are not rationalized by momentum twistor parametrization.

e« We find that the even combination
NPP-2 4 NPP-a (4.25)

is not a UT integral by itself. Although it has constant four-dimensional leading
singularity, the Baikov loop-by-loop analysis reveals a further, non-constant residue.
The latter can be cancelled by adding a suitable 5 x 5 Gram determinant to the
numerator,

NDPPa L NDPa 4 By (4.26)

Here F3 is a function of kinematic variables.

We list the analytic form of F3, Fy and F5 in terms of momentum twistor parametrization
variables in the supplementary material of this paper.
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We verified that, using the five integrals given in eqs. (4.7)—(4.11) master integrals, the
differential equations on the cut take the canonical form (3.1). From the analytic differential
equation, the symbol letters are identified. Many letters are either simple combinations of
the Mandelstam variables, pseudo scalars or letters for two-loop five-point integrals with
one mass [26]. The square root (4.24) leads to several letters with the form,

Fy+ R;

— 1=1,...,5 4.27

s , (427)
where each R; is a rational function in momentum twistor parametrization variables. The
explicit form of R;’s are given in the supplementary material.

4.2 Pentagon-box

The pentagon-box sector, called DP-b, is depicted in figure 1(b). There are three master
integrals in this sector.

It is easy to construct the UT integrals with chiral numerators, similar to the previous
section. We find

NPP'b = 519 <316 + <26>[[12§)}H61])856(l1 — w1)2 , (4.28)
NPPP =51 <516 + [26]<<21:;>><m>)356(51 —wy)?, (4.29)
N?PP'b = 251985601 - (w1 — wa)(l1 +p6)2, (4.30)
where the vectors w; and wq are
wy = py + @Ale’ wy = wi . (4.31)

The integrals with these numerators have constant 4D leading singularity, so we denote the
three integrals corresponding to the above three integrands IiDP‘b, 1 =1,2,3. We comment
that the D-dimensional Baikov leading singularity analysis again suggests that they are UT
integral candidates.

Employing the finite-field methods for IBP reduction and rational reconstruction, we
find that with this choice of basis, the cut differential equations are canonical.

Most alphabet letters appearing in them can be expressed in terms of the ones from
known subsectors.

There is one new letter,

Wizg = S12€1456 + S123€1256 - (4.32)

4.3 Pentagon-triangle

The pentagon-triangle integral sector DP-c is depicted in figure 1(c). There is only one
master integral in this top sector.
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A loop-by-loop leading singularity analysis suggests to define I°"- to have the following
integrand,

. X X 2
NP = - BB G 1 Qu ANy

We checked that the corresponding cut differential equation is canonical. Note that the
differential equation contains a special even letter,

Wigo = <556 — <43><<1135>> 154 — <63><<1135>> [56]) <helicity conjugate)

515534545 1+ 515536545 — 515535546 + 514535556 1 S16535556 — 513545556 (4.34)
— ’ .
513

where the chiral numerator factor in (4.33) explicitly appears.

4.4 Double box

Let us consider the double box integral sector DP-d, as shown in figure 1(d). There are 7
master integrals in this sector.

A four-dimensional integrand analysis yields the following numerators whose residues
on the heptacut are all rational numbers (here 15 = Iy — pg):

NP = 5198455156 , (4.35)
Ny = 5195451 + 5 + p6)? (4.36)
NPV = s19545(15 + p1 +p6)” (4.37)
NPP = s 2 (015)52] + (16)02) (1 — 1 — w0, (4.33)
NPP = s 1 (151(52) + (161(62)) (1 — 1 — v2)? (4:39)
NP = sy (1) [14] - (50)04) 1 s — 1) (4.40)
NPP-d = 312%([51](14) + [56](64)) (I — ps — u2)?, (4.41)
N = o éﬁiéégi (= p1—v1)?(ly = ps — u1)?, (4.42)
e K e (4.43
NP = s94(ly — p1 — v2)? (I — ps — u1)?, 4)
NDFY = so4(ly — p1 — v1)2(lh — ps — u2)?, 5
where the vectors vy, vo and uj,us are
U1 gi;)\gjq, Vo = ’UT s (4.46)
uy = i;;)\45\5, ug = ’lf{ . (4.47)
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However, similar to the case of double pentagon discussed above, some of these ex-
pressions need to be modified to give UT integrals. We use the D-dimensional Baikov
analysis [78], to find the following UT integrals on the cut of this sector:

IDP—d _ / d4—26l1 d4—25l2 NPP_d
! im2=¢ im2=¢ DyDyD3D5D7DgDy
DP q / d4—25l1 d4—2€l2 Niﬁ)P—d 4 Né:)P—d
im2=¢ qx2=¢ D1DyD3DsD7DgDg’
DP a4 /d426l1 d472el2 NEJ))P_d
im2—€  gr2—e D1D2D3D5D7D8D9 ’
IDP—d _ / d4726l1 d4726l2 N{]SDP-d
4 im2=¢ in2=¢ DyDyD3DsD7DgDy’

(4.48)

(4.49)

(4.50)

(4.51)

l1 p1 p2 ps5 pa)

JDPd _ / A2y dP 2 <lz P1 P2 D5 Pé
5 T 7] Yir2=e ig2=¢ D1DyD3D5D7DgDy’

l1 p1 P2 P5 D6
NPT+ HyG
[PP-d / A2y, @2, l2 p1 p2 p5 pe
im2—e  qm2e D1DyD3DsD7DgDg ’

IDPd HIDPd+HIDPd—|-HIDPd

(4.52)

(4.53)

l1 p1 P2 P5 P6
26 — 1H /d4 2e]y d*—2¢]y l1 p1 p2 P5 P6

. 4.54
m2=¢ ju2=¢ DyD9D3DsD7DgDy ( )

Here Hi,...Hg are functions in kinematic variables which are obtained in the Baikov
leading singularity computation. They are rational functions in the momentum twistor
parametrization (2.23). Some of them have simple expression in traditional kinematic
variables, for example,

I €945
Hy=—-— 126 _ 4.55
"7 72G(,2,5,6)° (4.55)

545€1234

Hg = .
€1256 [62345(515 + 516) + €1345(823 + 524) — 61245834]

(4.56)

The expressions of H;’s are listed in the supplementary material of this paper.

We proceeded as follows to obtain these expressions. Like the double pentagon
case, (4.52) is constructed from a 5 x 5 Gram determinant, with the overall coefficient
being obtained by a Baikov leading singularity analysis. (4.53) originated from NPT but
includes a D-dimensional correction to the numerator. Indeed, the role of the Hs term is to
cancel the non-constant D-dimensional residue for NPP-4. After the first 6 UT integrals
are obtained, we find that the cut differential equation is almost canonical, except for the
last row. We then found the final integral (4.54) by a simple basis transformation.

We find that these 7 integrals satisfy a canonical differential equation on the heptacut.
We can read off the symbol letters appearing in this equation. In this block, all letters are
rational in the momentum twistor parameterization (2.23). Most letters are from five-point
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integrals with one massive external leg, except for the following new letter,

Wias = €345(515 + S16) + €1345(523 + S24) — €1245534 - (4.57)
4.5 Hexagon-box
The hexagon-box integral sector HB-a is shown in figure 1(e). The only one UT integral
has been shown in section 3.2.1, which numerator is
a <§1 P1 P2 P3 p4>
NIHB-a _ 1 P1 P2 P3 ]941/2 sso(li ~|—p6)2- (4.58)

G b1 P2 P3 P4
b1 P2 P3 P4

We checked that the corresponding cut differential equation is in the epsilon form. The
differential equation contains the following new symbol letter

n (12)[23](34)[45](56)[61] — (23)[34](45)[56](61)[12] '

€1234

Wize = 56 (4.59)

Interestingly, it can be expressed as Wirg = 2(If - p5), where [ is one of maximal cut
solutions for ;.

4.6 Hexagon-bubble

The sector (1,1,1,1,1,0,1,0,0,1,0) of this family is named as HB-b (figure 1(f)). Based on
the cut IBP compuation, there is one master integral in this sector.

By the loop-by-loop Baikov analysis and the conventional bubble loop treatment, we
defined the following numerator for the UT integral in this sector:

l P1 P2 p3 P
G ( 1 P1 P2 P3 P4
HB-b 1

l ) l 2
1 \bpip2pspa) (b +po) (4.60)

1/2 _ 27
6G<Pl p2p3p4> 2 (2 = ps)

P1 P2 P3 P4

where again the ratio between two Gram determinants cancelled the residue in the left
hexagon loop, and the denominator (lo — pg)? just servers as a double propagator.

We explicitly checked that the corresponding differential equation on-cut is in the
epsilon form.

5 Result for function alphabets

In this section, we list the following alphabets, in the analytic form, for the canonical
differential equations, on the sector cut level.

The letters include those known from the two-loop five-point integrals with one off-shell
leg [26], suitably rewritten in our six-particle kinematics, including cyclic permutations. We
denote T as the generator of the cyclic permutation group of the external legs,

T(pz) = Pi+1, 1= 1,6 (51)

For the new letters we identify, we also include their cyclic permutations.
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With the permutations included, we can make a connection to the dual conformal
hexagon function alphabet known from N = 4 super Yang-Mills. We show how the latter is
expressed in terms of our alphabet.

We classify the alphabet as three groups, according to the following transformations
(1) the space parity (2) the sign change of the square root in the function Fy in (4.24).

Finally, for convenience of the reader, we list separately the letters that appear in
each of the integral sectors considered in this paper. Moreover, the alphabet and the cut
differential equations in terms of these letters are given in the supplementary material of
this paper.

5.1 Even letters

We call a letter even, if this letter’s dlog is invariant under both the space parity transfor-
mation and the sign change of Fy. In this subsection, we list the following even letters:
Define

Wi = 519, Wi = T, i=1,...5, (5.2)
Wy = s13, Wiyvr = T'Wr, i=1,...5, (5.3)
W13 = 514, Witz =T W3, i=1,...2, (5.4)
Wie = s12 + s13, Wit = T'Wiy, i=1,...5, (5.5)
Wag = s12 + S23, Wigos = T'Way,  i=1,...5, (5.6)
Wag = 513 + 523, Witos = T'Wog, i=1,...5, (5.7)
W34 = 14 + S24, Wigss = TWsy, i=1,...5, (5.8)
Wiy = s13 + S14, Wisao = T'Wy, i=1,...5, (5.9)
Wis = 5456, Wisge = T'Wye, i=1,...2, (5.10)
Wiy = S104, Wigao = T'Wy9, i=1,...5, (5.11)
Wss = —S15 — S16 + 545 + Sa6, Wigss = T'Wss,  i=1,...2, (5.12)
Wi = —s14 + 523 + Ss6, Witss = T'Wss, i=1,...2, (5.13)
We1 = —S14 — 523 + Ss6, Wiver = T'Wg1, i=1,...5. (5.14)

There are 66 letters which are linear in s;;’s. Here T means the generator of the cyclic
permutation. Note that Wi3, Wy, Wss and Wig are invariant under the permutation,

T3: 164, 245 346, (5.15)

which is the generator of the Zs subgroup of the cyclic permutation group.
There are 57 letters quadratic in s;;’s (Wer ~ Wiag):

Wer = —(s12545) + 534545 — S12546 + 534546 + 534556, Wiyer =T Wer, i=1,...,5,
(5.16)
Wrs = 512515+ 512516 — 515534 — 516534 + 512556,  Wiyrz =T'Wr3, i=1,...,5, (5.17)
2
Wig = —515545 — 516545 — 515546 — 516546 — 515556 — 516556 1 523556 — 545556 — 546556 — S5,
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Wigro=TWr, i=1,...,2, (5.18)

2 2
Wga = 512515+ 815+ 512516 + 2515516 + 576 — 515534 — 516534 + 512556 + 515556 + 516556,

Wiigo =T Wgo, i=1,...,5, (5.19)
W88 = —815545 — 516545 — S15546 — 516546 T 512556 — S15556 — S16556 — 545556 — S46556 — S%G?
Wiiss =T Wss, i=1,...,5, (5.20)
Wos = —$15545 — $16545 — S15546 — 516546 — S15556 — S16556 1 S34556 — 545556 — 46556 — S?)@’
Wivoa =T Wy, i=1,...,5, (5.21)

W00 = 815845 + 516545 — 534545 + 515546 + 516546 — 534546 + 515556
+ 516556 — 523556 — 534556 1 545556 1+ 546556 1 s§6,
Wis100 =TWigo, i=1,...,5, (5.22)
Wi06 = —512515 — 512516 + 515545 + 516545 + 515546 1+ 516546
— 512856 1 S15556 1 516556 — S23556 1 545556 1 546556 1 Sga,
Wis106 =T Wios, i=1,...,5, (5.23)
W12 = 812845+ S15545 + 516545 — 534545 + 512546 1+ 515546 + S16546 — $34546
+ 515556 1+ 516556 — 523556 — S34556 1 S45556 + S46556 + 826,
Wit112=TWi1o, i=1,...,5, (5.24)
Wi1g = —812815 — 512516 + 515534 + 516534 + 515545 + 516545 + 515546
+ 516546 — 512556 + 515556 + 516556 — 523556 + 545556 + 546556 + Sge
Wistis=TWig, i=1,...,5. (5.25)

Note that Wrg is invariant under T3.
The following 15 letters (Wig4 ~ Wisg) are pseudo scalars:

Wios = €130, Wigioa = T'Wiay, i=1,...5,
Wiso = €1235, Wisizo = T'Wigo, i=1,...5,
Wize = €1245, Witize = T'Wizg, i=1,...2. (5.26)

Note that Wisg is invariant under T3. Under the parity transformation, a pesudo scalar
transforms as €;;, — —¢€;j1 but dlog(e;jx) is invariant.

The rest even letters (Wisg ~ Wigs, Wizg ~ Wigp) are found through the analytic
canonical differential equations on the maximal cut:

Wisg = s12€1456 + S123€1256, Wit1zo = T'Wigg, i=1,...5, (5.27)

Whas = (12)[23](34)[45](56)[61] — (23)[34](45)[56](61)[12] (5.28)
W i .

Wire = s56 + 6121::2’ Wiyire = T'Wize, 1=1,...5, (5.29)

Wigy — 515534545 + 515536545 — S15535546 + S14535556 + S16535556 — S13545556 (5.30)
513

Witiso = T'Wiga, i=1,...5, (5.31)
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1
Wisg = 3 (16G(1, 2,3,6)s3s + 16G(1,2,3,5)s% + 16G(1,2,3,4) s34

1/2
— 2€1235€1236545546 — 2€1234€1236545556 — 26123461235546356> (5.32)

Wigiss = T'Wigs, i=1,...2. (5.33)

Note that under the parity transform, Wi45 — —W1i45 and dlog W45 is invariant. Further-
more Wiys has the remarkable property that dlog W1ys is cyclically invariant. Wigg, which
equals the square root Fy (4.24) from the six-dimensional double pentagon UT integral, is
invariant under T3.

The dlog of the letters in this subsection are all invariant under the parity transformation.
Furthermore the dlog of these letters are invariant under the sign change of the square root
in Fy (4.24). Thus we define them as even letters. The above even letters are closed under
the cyclic group permutations. The group action is manifest in the definitions above.

5.2 Parity odd letters

Here a parity odd letter refers to a letter W such that dlogW — —dlog W under the space
parity transformation, while dlog W — dlog W under the sign change of Fjy.

We use the following 30 partity odd letters (Wi4s ~ Wirs):

Tr (1245) 4 Tr. (1246) : .
= i = Tl , - ]., e 5 . 4
Was = 5 oa5) ¢ mr_(12a6)° Virue = TWae g (5.34)
Tr (1345) + Tr (1346) : .
= 7 = Tl 3 = ]., e 2, .
Wi = o gas) 1 e _(13a6)) e = FWase (5.35)
Tr, (1234) . _
= i = Tl , = ]., .. 2, .
Wiss Tr (1234)° Wit1ss Wiss i (5.36)
Tr (1235) 4 Tr. (1236) : .
Wiss = 158 = T Wiss, =1,...5, .
158 T Ty _(1235) + Tr_(1236) Witiss = TWiss, i o (5.37)
Tr (2345) + Tr_(2346) : .
Wigs = 164 = T Wiea, =1,...5, .
100 = T 9315y 1 Tr_(2346)) | rior = TWien, i g (5.38)
F+e , ‘
Wirg = 21, Witio = T'Wizg, i=1,...5. (5.39)
F —€1934

Here F' is the polynomial,

F = 519515 + 512516 — 512523 + 523534 — 515545 — 516545 + 2523545 + 534545 — 515546
— 816546 + 2523546 + $34546 + S12556 — S15556 — 516556 T 523556 1+ S34556

2
— 545556 — S46556 — S56 - (5.40)

All the above 30 odd letters are from the 2-loop 5-point one massive alphabet permutations.
Again these 30 odd letters are closed in the cyclic permutation.
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5.3 Letters associated with the double pentagon square root

The following 15 letters (Wi91 ~ Waygs) are from the double pentagon cut differential

equations,
Wiy = Z‘ :L gi, Witro1 = T'Wigy, i=1,...2, (5.41)
Wigs = m, Wigioa = TWigs, i=1,...2, (5.42)
Wigr = ﬂ, Wisi9r = T'Wigr, i=1,...2, (5.43)
Waoo = m, Wita00 = T'Wago, i=1,...2, (5.44)
Wao3 = m, Wigo0s = T'Wa3, i=1,...2. (5.45)

Here the function Fj is defined in (4.24). It contains a square root not rationalized with
the momentum twistor parameterization. R;, ¢ = 1,...,5 are rational functions in the
momentum twistor parameterization variables. The expression for R;’s are given in the
supplementary material of this paper.

These 15 letters are closed under the cyclic permutations. Under the sign change of
the square root in Fjy, all these letters transform as dlog W — —dlog W. Under the space
parity transformation, however, these letters transform as,

dlog Wig1 — —dlog Wigs, dlog Wigy — —dlog Wig1, (5.46)
dlog Wig97 — —dlog Wig1 + dlog Wigq — dlog Wigr (5.47)
dlog WQOO — —dlog WQOQ, dlog W203 — —dlog Wgog. (548)

It is possible to diagonalize the parity transform by recombining these letters, however, the
resulting letters would have longer expressions.

5.4 Relation to dual conformal hexagon function alphabet

From the study of hexagon remainder function [85, 86], the following variables are well
known:
5128 5238 53458
uy = 12 45 Cup = 23556 g = 34516 ’ (5.49)
51235345 82345456 83455156

and A= (1 — Ul — U2 — U3)2 — 4’LL1U2U3,

—1+u +ug+us+ VA

= 5.50
2+ 9 ) ( )
yi= AT 1,23, (5.51)
U; — Z—
The hexagon remainder function alphabet [85, 86] is
uy, ug, ug, 1 —wui, 1—wug, 1—us, y1, y2, y3 (5.52)

In our momentum twistor parametrization, v A is rationalized.
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Here we remark that the hexagon remainder function alphabet (5.52) are contained
in the 205 letters chosen above. Indeed, the nine hexagon alphabet letters (5.52) can be
written as rational functions of Wy, ..., Wigs,

W1W4 W2W5 W3W6
w = 24 g = 275 uz = 376 (5.53)
WieWag WisWar Wiz Wis
1—u1:—& 1_u2:_ﬂ 1_u3:_&
WasWas' WasWar’ WarWas'
1 1
= W W s = =, = —
U1 146 V153 Y2 WiaWisa Y3 Wisi Wiss

What is more, we note that uy, uo, ug and 1 —u1, 1 —ug, 1 —ug are products of even letters,
while y1, 2, y3 are products of odd letters.

We also note that v/ A can be written as rational functions of Wy, ..., Wyys, as follows,
Wias
VA= —— i —— 5.54
WasWarWas (5:54)

5.5 Maximal cuts of the differential equation and alphabet letters

In this subsection, we list the letters used for each cut differential equation discussed in this
paper. Note that the letters we listed in this section is closed under the cyclic permutation,
however for a particular sector (with one particular orientation of external legs), only a
small subset of the letters appear in the cut differential equation.

o Dp-a: Wy, W, W3, Wy, Ws, Wes, Wr, Wio, Was, Wrg, Wsi, Wiaa, Wize, Wiz, Wiag,
Whas, Wiae, Wiar, Wiag, Wist, Wise, Wisz, Wisa, Wiss, Wig1, Wigs, Wigr, Wagp,
Waos

o DP-b: Wy, Wa, W5, Wes, W7, W11, Wa1, Wi20, W19, Wi30, Wi3g, Wisg, Wis1, Wiso,
Wieo

o Dp-c: Wy, Wa, Wr, Wizo, Wiss, Wise

o Dp-d: Wy, Wa, W3, Wy, W5, Ws, Ws, Wi1, Wiz, Wia, Waz, Wrg, Wgo, Waa, Wss,
Wiaa, Wias, Wiar, Wiog, Wize, Wias, Wise, Wiar, Wiag, Wiso, Wis1, Wis2, Wiss,
Wisa, Wiss, Wise, Wirt, Wina

o Hb-a: Wy, Wo, W3, W5, Wrg, Wiag, Wias, Wize
e HB-b: Wl, WQ, Wg, W?g, W1247 W145

The cut differential equations in terms of the dlog of the symbol letters are given in the
supplementary material of this paper.
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6 Description of the supplementary material

Here we briefly describe the content of the supplementary material attached with this paper.

e In the file momentum-twistor-rep.txt, kinematic variables like s;;, €1 and
Try (4,7, k,1) are expressed in terms of our momentum twistor parametrization in the
subsection 2.1.

e The definitions of the functions F;’s, H;’s in the subsection 4.1 and 4.4, in terms of the
momentum twistor parametrization, are given in the .txt files with the corresponding
names. The functions R;, i = 1,...5, are defined in the file RFactors.txt.

o The list of alphabet letters, are firstly formally defined in terms of s;;, s;jk, €k, Fi, H;
and R;, in the file alphabet-formal-definition.txt. They are secondly defined in
terms of the momentum twistor parametrization variables, in the file alphabet.txt.

« Differential equation matrices for the integral sectors considered in this paper, are
given in the files ‘sector-name-abbreviation’-DE.txt. Note that the DE matrices
are given in the dlog alphabet notation.

7 Summary and outlook

In this paper, we studied planar two-loop six-particle Feynman integrals. We performed
D-dimensional integrand analysis in order to find UT integrals on the cuts. We showed
that the basis integrals found by our analysis satisfy canonical differential equations on
the cut, and we identified novel alphabet letters appearing in the differential equations.
This constitutes an important step towards the analytic calculation of two-loop six-particle
Feynman integrals, and gives insights into their function space.

There are a number of natural directions for future work:

1. Thanks to the results in this paper, obtaining the canonical form of the differential
equations for all planar, two-loop six particle Feynman integrals should be within reach.
The challenge would be to obtain and simplify the off-diagonal blocks of the differential
equations, namely the ones that couple the genuine six-particle sectors discussed here, to
the five-point sectors with one off-shell leg. We do not expect major conceptual difficulties,
however given the number of master integrals involved, dedicated finite-field methods might
be needed.

2. A second interesting direction is to establish the full symbol alphabet for two-loop
planar six-particle scattering processes. This is extremely interesting theoretical information,
and in addition could help with rational reconstruction of entries of the differential equations.
In the present paper, we already identified a number of genuine six-particle symbol letters.
Based on experience with five-particle integrals one may expect additional symbol letters in
the off-diagonal blocks of the differential equations, which are yet to be computed. However,
one could try to obtain these letters in an alternative, possibly simpler way. The procedure
is in two steps. In a first step, one could use Landau equations, see e.g. [87-89], to establish
the allowed set of singularities. Then, in a second step, given the known square root factors
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(in part identified in the present paper), one can systematically construct alphabet letters
that are compatible with the set of singularities. See e.g. [90, 91] for a discussion. This
could constitute a useful shortcut to obtaining the symbol alphabet for these processes.

3. Once the symbol alphabet is known, either via the differential equations, or via
the Landau and algebraic analysis mentioned in the last paragraph, a third interesting
connection would be to analyze further the analytic properties of the function space. For
example, it would be very useful to classify which iterated integrals are permitted by general
QFT principles, such as the branch cut structure, Steinmann relations. This would on the
one hand inform bootstrap approaches (see e.g. [90, 92]), and on the other hand be an
important step for developing numerical codes for evaluating the special functions, as e.g.
in [15, 65].

4. In N' = 4 super Yang-Mills, remarkably, the function space of planar six-particle
amplitudes is governed by a cluster algebra [93, 94]. It is an interesting question whether
cluster algebra structures also play a role in general quantum field theory. Knowing the
full six-particle alphabet will make it possible to investigate this question further in a
particularly interesting case.
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