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ABSTRACT: Based on the Simplified Differential Equations approach, we present results for
the two-loop non-planar hexa-box and double-pentagon families of master integrals. Bound-
ary terms are obtained through a recently introduced method [1] based on the expansion-by-
regions of UT elements. For two of the hexa-box family and the two double-pentagon fami-
lies the alphabet contains non-factorisable square roots, which leads to an one-dimensional
integral representation of the master integrals in terms of Generalised Polylogarithms be-
sides weight three. The results are relevant to the study of NNLO QCD corrections for
W, Z and Higgs-boson production in association with two hadronic jets.
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1 Introduction

The computation of higher order corrections to Standard Model (SM) scattering processes
and their comparison against data coming from collider experiments remains one of the
best approaches for the study of Nature at its most fundamental level. The discovery of the
Higgs boson at the LHC |2, 3| solidified the mathematical consistency of the SM of Particle
Physics as our best fundamental description of Nature. In the absence of any clear signals
for physics beyond the SM, a detailed study of the properties of the Higgs boson along
with a scrutinization of key SM processes have spearheaded the endeavour to advance our
understanding of Particle Physics [4].

The upcoming High Luminosity upgrade of the LHC will provide us with experimental
data of unprecedented precision. Making sense of the data and exploiting the machine’s
full potential will require theoretical predictions of equally high precision. In recent years,
the theoretical community has made tremendous effort to meet the challenge of perform-
ing notoriously difficult perturbative calculations in Quantum Field Theory. The current
precision frontier for the QCD dominated processes studied at the LHC lies at the Next-to-
Next-to-Leading-Order (NNLO) for massless 2 — 3 scattering with one off-shell external
particle [5, 6].

A typical NNLO calculation involves, among other things, the computation of two-
loop Feynman diagrams [7]. The established method for performing such calculations is by
solving first-order differential equations (DE) satisfied by the relevant Feynman integrals
(FI) [8-11]. Working within dimensional regularisation in d = 4 — 2¢ dimensions, allows the
derivation of linear relations in the form of Integration-By-Parts (IBP) identities satisfied
by these integrals [12], which allows one to obtain a minimal and finite set of FI for a
specific scattering process, known as master integrals (MI).



It has been conjectured that FI with constant leading singularities in d dimensions
satisfy a simpler class of DE [13], known as canonical DE [14]. A basis of MI satisfying
canonical DE is known as a pure basis. The study of the special functions which appear
in the solutions of such DE has provided a deeper understanding of their mathematical
properties. These special functions often admit a representation in the form of Chen iterated
integrals [15]|. For a large class of FI, their result can be written in terms of a well studied
class of special functions, known as Multiple of Goncharov polylogarithms (GPLs) [16-19].
Several computational tools have been developed for their algebraic manipulation [20] and
numerical evaluation [21, 22].

For the case of two-loop five-point MI with one massive leg, pure bases of MI have been
recently presented in [23] for the planar topologies, which we will call one-mass pentabozes,
and in [24] for some of the non-planar topologies, which we will call one-mass hexabozes. Fi-
nally in [25] the pure bases of MI for the double-pentagon families have been presented. All
one-mass pentaboxes have been computed both numerically [23|, using generalised power-
series expansions [26, 27|, as well as analytically in terms of GPLs [28], by employing the
Simplified Differential Equations (SDE) approach [29]. Recently, analytic results were also
obtained in the form of Chen iterated integrals and have been implemented into the so-
called one-mass pentagon functions [30], similar to the two-loop five-point massless results
[31, 32]. These results, along with fully analytic solutions for the relevant one-loop integral
family [33], have lead to the production of the first phenomenological studies at the leading-
colour approximation for 2 — 3 scattering processes involving one massive particle at the
LHC [34-36]. For the one-mass hexabox topologies, numerical results were first presented
in [37], using a method which emulates the Feynman parameter technique, for one of the
non-planar integral families. All three integral families were treated numerically in [24]
using the same methods as in [23].

In this report, we employ the SDE approach and show how to obtain analytic results
for all one-mass hexaboxes [1], using the pure bases presented in [24]. More specifically, we
obtain fully analytic expressions in terms of GPLs of up to weight 4 for the first non-planar
family, denoted as V7 in figure 1. For families No and N3, we obtain analytic results for the
unknown non-planar integrals up to weight 2, whereas for weights 3 and 4 we introduce a
one-fold integral representation in terms of GPLs allowing for a straightforward numerical
evaluation of our expressions. We also show how to obtain analytic results for the one-mass
double-pentagon families based on the method developed in [1].

2 Hexa-box integral families

There are three non-planar families of MI that correspond to the one-mass hexabox topolo-
gies, labelled as N7, No and Ns, see figure 1. We adopt the definition of the scattering kine-
matics following [24], where external momenta ¢;, i = 1...5 satisfy Z? ¢ =0, ¢ = pis,
qi2 =0, i =2...5, and the six independent invariants are given by {q?, s12, 523, 534, 545, 515 },
with Sij 1= (Qi + q]')Q.

In the SDE approach [29] the momenta are parametrized by introducing a dimensionless
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Figure 1: The five non-planar families with one external massive leg. The first row
corresponds to the so-called hexabox topologies, whereas the diagrams of the second row
are known as double-pentagons. We label them as follows: Ny (top left), Ny (top middle),
N3 (top right), N4 (bottom left), N5 (bottom right). All diagrams have been drawn using
Jaxodraw [38].

variable x, as follows

g1 — P123 — TP12, G2 — P4, g3 —> —D1234, ¢4 — TP1 (2.1)

where the new momenta p;, i = 1...5 satisfy now Z‘;’ p; =0, p% =0, i =1...5, whereas
Pi..j = Di+...+p;. The set of independent invariants is given by {S12, S23, S34, S15, S51, £},
with Sj; == (p; + pj)z. The explicit mapping between the two sets of invariants is given by

¢} = (1 — x)(S45 — S127), s12 = (S34 — S12(1 — ) @, s93 = Su5, 534 = 512,
s15 = S127%, 815 = Su5 + (S23 — Sas)w (2.2)

and as usual the x = 1 limit corresponds to the on-shell kinematics.
The corresponding Feynman Integrals are defined through
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where ¢;.j == q; + ...+ q;.

Using FIRE6 [39] we found that the N; family consists of 86 MI out of which 10 MI
are genuinely new, the rest being known from the one-mass planar pentabox [28] or the
non-planar double-box families [40]. For Ny and N3 the corresponding numbers are 86, 13
and 135, 21.

2.1 Pure bases and simplified canonical differential equations

We adopt the pure bases presented in [24]. As was the case for the pure bases of the pla-

nar families presented in [23], a d log form of the relevant differential equations was achieved,
whose alphabet involves several square roots of the kinematic invariants {q?, s12, $23, $34, S45, 515 }-
More specifically, the following six square roots that appear in the alphabets of the one-mass
hexabox integral families are

r1 = vV A(prs, S23, Sa5) (2.6
ro = V/A(p1s, s24, $35) (2.7
r3 = /A(p1s, 525, S34) (2.8
re = /detG(q1, g2, g3, qa) (2.9

rs =/ (2.10
rg = /22 (2.11

with A(z,y, 2) = 22 —2xy—2x2+y%—2yz+2° representing the Killen function, G(q1, ¢2, g3, q1) =

{2q; - ¢;} being the the Gram matrix of the external momenta, and Egl), Eéz) are the poly-

nomials

Eél) = 575 (515 — S23) 2 + (523534 + (515 — 534) S45)

+ 2512 (—S45575 + S23534515 + (S23 + S34) Su5515 + S23534 (545 — 523)) (2.12)
222) = (s12 (p1s — S15 + S23) — S23534) > + 54215 (p1s — s15 + 534) >

— 2545 (s34 (512 + 523) P1s — 815523 — 812 (S15 + 523)) + 812 (P15 — $15) (P1s — 515 + 523) + $23534) -

(2.13)

For topology N7, the square roots 71 and r4 appear in its alphabet given in [24]. Introducing
the dimensionless variable x rationalises these two roots through the mapping of (2.2). This
allows us to derive a SDE in canonical form for Ny,

l

max MZ
g = 2.14
0:8 e(Zm_lZ)g (2.14)

i=1

where g is the pure basis of N1, M; are the residue matrices corresponding to each letter
l; and U4, is the length of the alphabet, which for Ny is [, = 21. It is interesting to
note here the significant reduction in the number of letters in comparison with the alphabet



of Ny given in [24], where the relevant length of the alphabet is 39. The form of (2.14)
allows for a direct iterative solution order-by-order in € in terms of GPLs, assuming that
the relevant boundary terms are obtained.

For topologies Ny and N3, the square roots appearing in their respective alphabets [24]
are {11, ra, r4, r5} and {ry, 73, r4, r¢}. In general all the square roots with the exception
of {rs, r¢} can be rationalised using either the mapping given in (2.2) or a variant of
it |28, 29]. Nevertheless, in order to write an equation in the form of (2.14) a simultaneous
rationalisation of all square roots is necessary. In fact, the mapping (2.2) allows for the
rationalisation of 71 and r4 in terms of x, but this is not the case for {ra, rs, 75, r¢}. It is
thus not possible to achieve a canonical SDE in the form of (2.14) for families Np and N3
using the parametrisation (2.1). This does not mean that the basis elements cannot be cast
in the form of GPLs, but just that such a representation is not straightforwardly obtained
based on the simple equation (2.14). The more general form of the SDE takes the form:

l
max dLa
0.8 =¢€ ( M > g (2.15)

de =
a=1

where most of the L, are simple rational functions of z, as in (2.14), whereas the rest are
algebraic functions of x involving the non-rationalisable square roots.

A detailed analysis of (2.15) reveals that these non-rationalisable square roots start
appearing at weight two. In practise this means that we can use the mapping (2.2) and solve
the respective canonical DE for Ny and N3 by integrating with respect to x up to weight one
in terms of ordinary logarithms. For weight two, analytic expressions in terms of GPLs can
be achieved due to the fact that the non-rationalisable square roots {re, r3, 75, r¢} appear
decoupled in the DE. In fact, most of the basis elements are straightforwardly expressed in
terms of GPLs by integrating the corresponding DE. For the rest, an educated ansatz can
be constructed involving only specific weight-two GPLs, which are identified by inspecting
the DE in each case where square roots {ra, rs, rs, r¢} appear, modulo the boundary
terms that one needs to compute. Thus analytic expressions in terms of GPLs up to weight
two are obtained for all elements belonging in these families.

To further elaborate on this point let us analyse a rather simple case of a 3-point
integral sector with three off-shell legs, that appears in both Ny and N3 families. This
sector comprises two basis elements and the DE satisfied by those elements includes also
two-point MI that are known in closed form. For instance, in Ns, the 3-point integrals
appear as basis elements number 10 and 11 (see the ancillary file). The element 10 at weight

2
27 ggo)

terms of GPLs in the form G(a,b;x) where a,b are independent of . On the contrary the

, can straightforwardly be obtained by integrating the (2.15) and it is expressible in

element 11 at weight 2, gl?, is obtained by construction of an ansatz. Let us mention that
all elements in question, except those involving the square roots {rs, 7}, namely element
73 in Ny and 114 in N3, are known in terms of GPLs up to weight 4 [28, 40], based though
on different variants of the parametrization (2.1). For instance element 11 of Nj is given as

0 =8(20(0, ) (L) - (22 y)) +26 (0.2 ) — G (14108 [ 22
S12 Si2 S12




Tlog (28 ) g (2% ) 26 (0.1.9) (2.16)
S12 Si2

where the new parametrization of the external momenta is given by

q1 — D123 — YP12, G2 — YDP2, q3 — —P1234, ¢4 — YD1 (2.17)

with the new momenta p;, ¢ = 1...5 satisfying as usual, Z‘;’ P = O,~]5Z2 = 0, E = 1~ .. {), with
Pi..j = Di+...+Dj. The set of independent invariants is given by {Si2, S23, 534, Sa5, S51, y },
with Sij = (pi + ﬁj)z. The explicit mapping between the two sets of invariants is given by

(J% =(1- y)(§45 - 512y)7 S12 = 5’45(1 -y)+ 523?/, 523 = —Y (512 — S34 + §51> )
s34 = S519, 545 = Y (523 — Sy5 — 5'51) , 815 =Y (§34 — S15(1 - y)) : (2.18)

Notice that the result of (2.16) is obtained through SDE approach in the parametrization

of (2.17). By identifying f_ =y and f = ygf, which in terms of (2.2) are given as
5

~ Sys A+ (—S523 — 34 + 2551 + S12w) £ 12
2 (512 — S34 + 551) x

f+

we can write the DE for this element in the simple and compact form

aafd = s (aog (£ 10w () —atos (22 ) o (1= = 1) (72 - 1))

The form of the DE makes the determination of the ansatz rather straightforward, with the

result
oY = =8~ lou(£) (91, 1) — 6L £)) + 2001, £) ~26(0.1.11) ). (219

Concerning the other non-rationalisable square root in the family N, r5, it also appears
for the first time at weight 2 in the basis element 73 only (see the ancillary file), which is
one of the new integrals to be calculated. Following the same procedure as for the element
11, namely writing the corresponding DE in a similar form, we find that the expression at
weight 2 is similar to that of (2.19),

g%) = 161log (f- f+) (Q(l, f-)—4(, f+)> — 32 (g(o, 1, f)—G(0,1, f+)) (2.20)

with
_ Sis (25122 — S342 + S51) +  (S23534 — S12523 + 512551) £ 75

28545 (S12 — S34 + S51)
Regarding family N3, there are two 3-point integral sectors with three off-shell legs

f+

that involve square root 74, which is not rationalised in terms of x by (2.1), and consist of
elements 12, 13 and 16, 17. Similarly to element 11 of family N, elements 12 and 16 cannot
be expressed in terms of GPLs through a straightforward integration of their respective DE.
However, we can achieve a GPL representation for them at weight 2 similar to (2.19), where



now the f_, f4 functions involve the square root r4 instead of ro. Square root rg appears
for the first time at weight 2 in element 114 similarly to the way square root 75 appears in
element 73 in the Ny family, allowing us to obtain an expression at weight 2 as in (2.20),
with the f_, fi functions involving rg instead of rs.

Studying basis elements that are known in terms of GPLs up to weight 4, proved useful
in constructing an educated ansatz for the unknown integrals at weight 2. It would be very
interesting to further pursue this direction, with the aim to establish a systematic way to
construct representations in terms of GPLs for weights higher than 2. This will allow to
extend the SDE approach to cases where the letters L, in (2.15) assume a general algebraic
form. Constructing analytic expressions in terms of GPLs beyond weight 2 by applying
a more general procedure following the ideas of [41, 42] is also possible, but it requires a
significant amount of resources and it might well result to a proliferation of GPLs. A more
practical and direct approach, introducing a one-dimensional integral representation will be
presented in detail in section 4.

2.2 Boundary terms

In this section we will describe the analytic computation of all necessary boundary terms
in terms of GPLs with rational functions of the underline kinematic invariants S;; up to
weight 4. We perform this task for all three non-planar families.

Our main approach is the one introduced in [28] and elaborated in detail in [43]. In
general we need to calculate the x — 0 limit of each pure basis element. At first we exploit
the canonical SDE at the limit x — 0 and define through it the resummation matrix

R = SePlog(@) g1 (2.21)

where the matrices S, D are obtained through the Jordan decomposition of the residue
matrix for the letter 1 = 0, M1,

M,; = SDS L. (2.22)

Secondly, we can relate the elements of the pure basis to a set of MI G through IBP
reduction,

g=TG. (2.23)

Using the expansion by regions method [44] as implemented in the asy code which is shipped
along with FIESTA4 [45]|, we can obtain the z — 0 limit of the MI in terms of which we
express the pure basis (2.23),

i

= bjtaje g bitase) 2.24
@me:m G (2.24)
J
where a; and b; are integers and G; are the individual members of the basis G of MI in

(2.23). This analysis allows us to construct the following relation

Rb = lim TG (2.25)

z—0 O($0+aj )



where the right-hand side implies that, apart from the terms %€ coming from (2.24), we

expand around = = 0, keeping only terms of order z°. Equation (2.25) allows us in principle
()
0 -

More specifically, in the case where D in (2.22) is non-diagonal, we will get logarithmic

to determine all boundary constants b = Z?:o € b

terms in = on the left-hand side of (2.25), in the form x%°€log(x). Since no such terms
appear on the right-hand side of (2.25), a set of linear relations between elements of the
array b are obtained by setting the coefficient of x%€log(x) terms to zero. Furthermore,
powers of x%€ that appear only on the left-hand side can also yield linear relations among
elements of b, by setting their coefficients to zero. We shall call these two sets of relations
pure, since they are linear relations among elements of b with rational numbers as coeffi-
cients. These pure relations account for the determination of a significant part of the two
components of the boundary array. Finally for the undetermined elements of b, several

region-integrals G Z(bj +a;e)

usually need to be calculated coming from (2.24).Their calcula-
tion is straightforwardly achieved either by direct integration in Feynman-parameter space
and then by using HypExp [46, 47| to expand the resulting 2 F} hypergeometric functions,
or in a very few cases, by Mellin-Barnes techniques using the MB [48, 49|, MBSums [50] and
XSummer [51] packages!. The b(()i) terms, with 7 indicating the corresponding weight, consist
of Zeta functions ((i), logarithms and GPLs of weight 7 which have as arguments rational
functions of the underline kinematic variables {S12, S23, S34, S45, S51}.

This approach was efficient enough for the determination of all boundary terms for
families N7 and N,. Specifically for family Ny, where a canonical SDE can be achieved
(2.14), we can write a solution in terms of GPLs up to weight 4 in the following compact
form

g=eb” +e ( 3 GM,by + bg”)
e ( 3" GaMMbY” + 37 GuMLb + b§f>>
+é ( > Gube MMM b + 3 GuMMyb(Y + 3 GaM,bf? + bff”)
+ét ( 3 GuscaMaMMMbY) + 3 Gy MM M.b

+ 3 GaMMbS + 57 GaMLb + b((f‘)) (2.26)

were Gap.. := G(la,lp, - . . ;) represent the GPLs. These results are presented in such a way
that each coefficient of ¢’ has transcendental weight i. If we assign weight —1 to €, then
(2.26) has uniform weight zero.

For family N3, eq. (2.25) resulted in a proliferation of region-integrals, more than 200,
that one would have to calculate in order to obtain boundary terms for several higher-sector
basis elements. More specifically, in order to obtain the following boundary terms

{b101, b103, D104, b106, D113, b117, b118, b124, b12s, b126, b130, b131, b132, b133} (2.27)

The in-house Mathematica package Gsuite, that automatically process the MBSums output through
XSummer is used.



one would have to calculate 208 region-integrals, with 17 of them having seven Feynman
parameters to be integrated, making their direct integration highly non-trivial. For all basis
elements apart from (2.27) we were able to obtain boundary terms through (2.25).

To reduce the number of region-integrals for the computation of (2.27) we have inves-
tigated a different approach. The idea is rather simple and straightforward. The pure basis
elements can be written in general as follows:

A%, dks P ({D;},{Si;,x})

. Ivme 1 2 S E) 179

g=CeF / i3 D" (2.28)
i€S '

where D;, ¢ = 1...11, represent the inverse scalar propagators, S the set of indices corre-
sponding to a given sector, S;;, z the kinematic invariants, P is a polynomial, a; are positive
integers and C a factor depending on S;;,x. This form is usually decomposed in terms of
FIL, F,

9=C> c({Sij,a})F

with ¢; being polynomials in Sj;, z. The limit x = 0, is then obtained, after IBP reduction,
through Feynman parameter representation of the individual MI, as described in the pre-
vious paragraphs. An alternative approach, would be to build-up the Feynman parameter
representation for the whole basis element, by considering the integral in (2.28) as a tensor
integral and making use of the formulae from the references [52, 53|, to bring it in its Feyn-
man parameter representation. Then, by using the expansion by regions approach [44, 45|,

2 in the limit 2 = 0. Rescaling the Feynman parameters by ap-

we determine the regions
propriate powers of z, keeping the leading power in z, we then obtain the final result that

can be written as follows:

b= ZN]/ I d=:i Uy Fy1I (2.29)
I

i€ST

where I runs over the set of contributing regions, U; and Fy are the limits of the usual
Symanzik polynomials, II; is a polynomial in the Feynman parameters, z;, and the kine-
matic invariants S;;, and Sy the subset of surviving Feynman parameters in the limit. In
this way a significant reduction of the number of regions to be calculated is achieved, namely

from 208 to 9. Notice that in contrast to the approach described in the previous paragraphs,

€ €

only the regions 7€ and x~*¢ contribute to the final result, making thus the evaluation
of the region-integrals simpler. Moreover, this approach overpasses the need for an IBP

reduction of the basis elements in terms of MI.

3 Double-pentagon integral families

There are two non-planar families of MI that correspond to the one-mass double-pentagon
topologies, labelled as N4 and N5, see figure 1. The scattering kinematics is as described

20nly the corresponding scalar integral of (2.28) determines the regions.



in 2. The Feynman integrals are given by:

le le —v9 —Vio ,— Vi1
Pl = e [ S C 5 o o AL (3.1)
inD/2igD/2 P ple

where D = 4 — 2¢, and I/ is a vector of integers with the restriction that vy, v19,v11 < 0.
For the N5 family the propagators in Eq. 3.1, p;, i = 1...11, are given by

(B, (h+ @)% (h+a+a)? (2+a+q),
(I +q1)%, 13, (L +12)% (I + 12+ q1 + g2 + g3 + q4)?,
(1 +q0)?, (o + @)% (la+aq +q)?} (3.2)

whereas for the Ny,

(B, (h+@)? (h+aq+a) (lb+a+a@+ ),
(ot @+ @ +a+q10)? 5, (h+1)2 (1 +1—aq),
(~lh+q+q@+a+aq)? (la+g)? (la+q+qg)’} (3.3)

There are six independent variables s;; = (g; + ¢;)?, choosen to be
§={q},s12,523,534,545, 515} - (3.4)
Together with the parity-odd variable
r5 = 4i€apy6 41 95 9344 » (3.5)

they fully specify a point in the five-particle phase space. Singularities of Feynman integrals
are located at zeroes of certain determinants, see references [54-58|. Three variables play a
special role here: the three and five-point Gram determinants

A3 = —det G(qlv q2 + QB) y

(3.6)
A5 = det G(Ql: q2, 43, q4) )
where G(q1,---,9n) = 2{qi - ¢j}i jef1,....n}> and the polynomial [24]
Y5 = (512515 — S12523 — S15545 + 534545 + 823834)2 (3.7)

— 4593534545(834 — S12 — S15) -
The convention of ref. [24] to use v/As in the pure integrals is adopted.

3.1 Pure bases and simplified canonical differential equations

There are 9 elements in the top-sector of each family, for which the numerators of the
canonical basis elements are given by:

et Mya(s12 — s34)V/ A5

et (Mg + Maz)s12v/ As

~10 -



et (Mygs12 + M11534)\/ As

et <3A5(M12 + Ma2)q? + 8 RM Z — QAE’M”ﬁiS”_sM) + ASq%(M”::;ﬁMusM) + (—q? + 512)0,, B — 7(]%83:162‘)4B>
VAs
648348P4B
VA5
e*(s12 — 534)0,, B

VAs

ettrlge, b +qu, b, L+ lo, I+ 1o — g5, lo + g3 + qa, Io + qa, g4

et (tr[Qm htaqu i los lo+qa, g3, i+l — g5, b+ 1] —trlgs, lo4+qa, b2, b i+ qusy o b+l — g5, b+ l2]>

64( — p1patrlas, qi, g2, q3] +tr(gs, a1, G2, @3, Lo+ qa, Ly + 12, 1, g3 + Q4]) (3.8)

for the N5, and

64 M12 vV A5 \/ Ggl)
€* (2 Maz s23 + Mia(—qF + 523 + 545)) VA5
€' (2 M1y 845 + Mia(—qi + s23 + s45)) VA5

64 (72 S23 6,,33 + (q% + S23 — 845)(4 A5 M12 + 3p7B))
As

€' (=2545 0, B+ (q7 — 593 + 545) (4 A5 Mz + 9, B))
VAs

4 9,,B1/GY"
VA

ettrlga, i+ g2, i+ @2+ g3, L+l —qi, L+ oy Iy I — 1 — G2 — g3 — qa, G4
ettrlgs, i+ g, by i+ loy i+l — gy lo— g1 — G2 — g3, b — 1 — G2 — 3 — qu, G5
4 (1)
€\ Gy trlla + g5, @5, g2, l1 + g2, i + g2 + g3, l2 — 1 — g2 — g3 (3.9)

for the N, family, where B represents the corresponding Baikov polynomial [25]. The squared
roots entering in these expressions are given by:

As — 8%2(515 — 823)2 +p%sS§4 + (523534 + (815 — 834)845)2
+ 2512 (pls(*sls + 523)S34 — 535845 + 515534545 + S23534(—S23 + S45) + S15523(834 + 545))

— 2p1s534 ((—815 + S34)S45 + S23 (s34 + 2345)),

GQ] — P%s + (s23 — 845)2 — 2p1(S23 + 845),

— 11 —



G[32] — P%s + (12 — S15 + S23 — 845)2

— 2p15(S12 + S15 — S23 — 2834 — Su5),
3
Gé] — 829 + 2512815 + 575 — 4P1sS34,

zé” — sT5(515 — 523)° + (523534 + (515 — 534)545)°

2
+ 2812( — 875545 + 515534545 + S23534(—523 + S45) + S15523(534 + 845)),

Z[52] - 5%2(515 - 823)2 +p%5(512 - 845)2 + (523534 + (515 — 834)545)2

— 2p1s (8%2(815 — 893) + S23534545 + S12(—2515 + 534)S45 + (515 — 534)875 + S125023(534 + 845))

2
+ 2812( — 575545 + S15534545 + S23534(—523 + Sa5) + S15523(S34 + S45)>7

Z?] — 8%2(815 - 523)2 + (S23534 + (S15 — S34)Sa5 — P1s(S34 + 845))2
— 2519 (823834(823 — S45) + 8%5845 + p1s(—s23534 + S15(534 — 545) + 523545 + 2534545)

— S15(834545 + S23(534 + 345))),

2? — P?s(sw - 523)2 + 8%2(315 - 823)2 + (523534 + (815 — 834)345)2
+ 2812( - 8%5845 + 515534545 + 523534 (—S23 + Sa5) + S15523(534 + 845)>

2 2
— 2p1s (512(515 — 593)° — ST5545 + S15534545 + S23534(—S23 + Sa5) + S15523(534 + 845)),

5 B
Eé] — pzlls - 2p?s(512 + 515)
+ 5%2(815 - 823)2 + (23834 + (815 — 334)345)2
— 2p15(s12 + S15) (512(815 — S93) + S23534 — S15545 + 2523845 + 834545)

2 (.2 2
+ pis (812 + 4812815 + 815 — 2512523 + 2523834 — 2515545 + 4523545 + 2834845)

2
+ 2812( — ST5545 + S15534545 + S23534(—523 + Sa5) + S15523(534 + 845))7

Eéﬁ] — 8575(515 — 523)% + Pl (523 + 534)% + (523534 + (515 — S34)545 )°
+ 2812 (p15815(823 — $34) — P1s523(523 + S34) — S15545 + S15534545
+ 523534(—523 + 845) + 515523(834 + S45)>
+ 2p1s (534(823 + 534)(S23 — S45) + S15534845 — S15523(2534 + S45)>

whereas RM Z is given by:

Mo+ M) p1s

1
RMZ = — Aspis | (—2M12 — 2Moyy + ( ) p3 + M1 ps + Mia(—p7 + ps)
4s12 2¢€p2

1 72M :
_7[ 12 P3P7 M22( _Pps P1P8) +M11<— Paps | Pap7 pe‘ps)] .
de P8 P2 p7 Ps5 P8 P
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M1, Mys and Moo represent the e—dimensional components of the loop momenta [; and ls as
expressed in terms of the inverse propagators p;, ¢ =1...11 [25].

3.2 Boundary terms

We review here the basic ingredients regarding the representaiton of tensor Feynman integrals from
[52]. The L-loop tensor Feynman integral in d = 4 — 2¢ dimensions with N internal lines with
momenta ¢; and masses m;, and E external legs with momenta p. is defined here as follows:

1 deky ...d%;, Tgr(k)
GLTr(K)] = = / . 3.10
L[ R( )] (Z,/Td/2)L (qf—m%)l’l ---(Q?—m?)’” (quv _m?v)l,N ( )
The numerator Tr(k) is a tensor of rank R in the integration variables:
Tr(k) = k't -k E, (3.11)
and
I 2
D’L =q; —m; = [Z allkl - Pz - m?y (312)
=1
E
P = Zﬁiepe- (3.13)
e=1

We allow for arbitrary indices v;, the powers of propagator functions D;.
Next, the momentum integrals are replaced by Feynman parameter integrals:

N,—2(L+1)-R

N
GolTa(h)] = o pr /de ot 001 = 3w v SN

X Z pyeT (N —dLj2=r/2) F# {A[ﬂlv~--v“r7>§1+;"“’“R]}7 (3.14)

where N, = va:l vi.
The two functions U and F' are characteristics of the topology of the Feynman integral. One
may derive them from

N

N => 2 Di = k(Mp)k —2kQ + J, (3.15)
i=1
where
(Mp)w = Zailail’xia (3.16)
N
Q= Zailpﬂm (3.17)
J = Z 2)as; (3.18)
namely:

Up(z) = det(Mp), (3.19)
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Fr(z) = —det(M) J + QMLQ, (3.20)
with
My, = det(Myg) (M)~ . (3.21)

The object A, Pr_, contains the tensor structure due to its two elements:

Ay =1, (3.22)
A, =0 forodd r >0, (3.23)
A — g g, (3.24)

and
Py = 1, (3.25)
P — Pl P (3.26)

where we left out in the notations the indices related to the loop numbering, because they are fixed
by (3.11) when the Lorentz indices are defined:

gm#z = (ML) gﬂl/ﬂ’ (3.27)
lllg

EL: (ML)” QL. (3.28)
=1

i

'PM

example AsPs:
APyt = AP+ ABPYP + APPLY
+ APPY + AP + AYPPLY (3.29)
and, more explicitely, to e.g. T(k|"'k4?) correspond the terms:
AgPyrhz = priprz, (3.30)
and, with a different numerical factor (see (3.14)):
Agllizrp(/)ulu — §#1#2. (331)

Each of the nine UT elements in Ny and Nj, is expressed, following Eq. 3.14. In contrast to
the hexa-box families, where UT elements are expressed in terms of tensor Feynman Integrals with
rank up to two, in the case of the top-sector UT elements of the double-pentagon families tensor
integrals with rank up to six appear. Based on the method described in the last part of section 2.2,
each of these UT elements is further expressed as in Eq. 2.29. The latter integrals are calculated
analytically in terms of GPLs 3.

4 Integral representation

After obtaining all boundary terms in sections 2.2 and 3.2 and constructing analytic expressions for
families Ny — N5 up to O(€?) in terms of GPLs up to weight two, we will now introduce an one-fold
integral representation for O(e3) and O(e*). This representation will allow us to obtain numerical
results through direct numerical integration [31, 59].

3The attached Mathematica notebook, 2Loop_5Point_1Mass_DP_N4-N5_MIs.nb, contains all the neces-
sary tools, including the construction of the tensor integrals, as in Eq. 3.14, and their expansion-by-region
representation [44, 45].
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Weight 3: The differential equation (2.15) can be written in the form:

0.9 =3 (0s10g La) Y ¢t ,95) (4.1)
J

a

where a runs over the set of contributing letters, I, J run over the set of basis elements, c}; are
Q—number coefficients read off from the matrices M, and 932) are the basis elements at weight 2,
known in terms of GPLs. Since the lower limit of integration corresponds to z = 0, we need to
subtract the appropriate term so that the integral is explicitly finite. This is achieved as follows:

acgl(rg) = Z l;a Z C(;JQS?()) + (Z (0zlog L Z CIJQ(Q) Z Z IJ9523> (4.2)
a J

a

where g§ [)) are obtained by expanding g;

and [, € Q are defined through

) around = = 0 and keeping terms up to order O(log(z)?),

la
dylog Ly = = 4+ O(z?). (4.3)
X
The DE (4.2) can now be integrated from = = 0 to z = Z, and the result is given by

(3) —ggé-f—b(g)-l—/ dx (Z(a log L) chg@) Z ZCIJg(2)> (4.4)
0

a

with ) being the boundary terms at O(e3) and

919_/0 da Z ZCLJ (4.5)

g

with the subscript G, indicating that the integral is represented in terms of GPLs (see ancillary
file), following the convention

x

1
/dxfg 0,..02z]1=610,..0,z | . (4.6)
Y N—~— N~—~—

0 n n+1

Weight 4: At weight 4, the differential equation (2.15) can be written in the form:

8mg§4) = Z (0 1log Ly) Zcug(g) (4.7)

a

which after doubly-subtracting, in order to obtain integrals that are explicitly finite as in (4.2), is
written as

rgy” Za (log Ly — ZCIJQJ)+23 LLa) ZCU (95" 95, +Z Z ¢t g0 (4

where LL, are obtained by expanding log(L,) around z = 0 and keeping terms up to order
O(log(x)), and
3 3 3
ggg—g§é+b§). (4.9)

Now, by integrating by parts and using (4.2) we can write the final result as follows:

(4) *9545 + b54) (Z log La Z CIJ9(3)> (Z LLq Z CIJ9(3)>
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_ /Ow dxz (logLa — LLa) ZC?J Z % ZCZ}KQE,)O
a J b K

_ /0”” de logLa Y i, (Z (Oalog L) > gy = % 3 chKg§§30> (4.10)
a J b K

b K

with a, b running over the set of contributing letters, I, J, K running over the set of basis elements,
b§4) being the boundary terms at O(e*) and

4 v l . (3
o= [ar (S )
a J

where the subscript G indicates that the integral is represented in terms of GPLs (see ancillary file),
following (4.6).

(4.11)

g

Implementation: As a proof of concept, we have implemented the final formulae (4.4) and
(4.10) in Mathematica. We use NIntegrate to perform the one-dimensional integrals appearing
in the (4.4) and (4.10), after expressing all weight-2 functions in terms of classical polylogarithms
following references [60]. For kinematic configurations where there are no singularities in the do-
main of integration (0, Z), we have checked the new basis elements obtained by us against numerical
results provided by the authors? of reference [24] and found full agreement. For kinematic configu-
rations with singularities in the domain of integration, we use the ie—prescription as explained in
references [28, 40], as well as the convention concerning the square roots appearing in the alphabet
and the basis elements as detailed in section 6.2 of reference [23]. We provide proof-of-concept
codes in the ancillary files for both the Euclidean point mentioned above as well as the first physi-
cal phase-space point of Eq. (6.15) in reference [24]. The reader can easily assess the performance
of this straightforward implementation by running the provided codes and look at the minimum
number of digits in agreement with the high-precision results from reference [24], as well as at the
number of integrand evaluations performed by NIntegrate. Notice that the integrand expressions
involve logarithms and classical polylogarithms Liy, that are evaluated using very little CPU time.
The parts of the formulae (4.4) and (4.10) that can be represented in terms of GPLs up to weight
four, as well as the results for the Ny family, for which we have all basis elements in terms of GPLs
up to weight four, are evaluated with GiNaC [21, 61] as implemented in PolyLogTools [20]. In
the current implementation we use the default parameters for GiNaC and the default parameters
for NIntegrate with the exception of WorkingPrecision and PrecisionGoal, in order to obtain
reasonable results within reasonable time, taking into account that the provided implementation
serves merely as a demonstration of the correctness of our representations. For the Euclidean point
the precision is typically of the order of 32 digits, which is compatible with GiNaC setup. For the
physical point, the typical precision is of the order of 25 digits, which is compatible with the ex-
pected one taking into account the numerical value of the infinitesimal imaginary part assigned to
the kinematical invariants. We plan to address all the details regarding the numerical evaluation
in a forthcoming publication, where an optimised implementation for all two-loop five-point basis
elements based on our analytic results, in line with references [30, 32|, will be presented.

Analytic continuation: The one-fold integral representation presented above needs to be
properly adjusted when singularities are present in the integration domain. The types of singularities
encountered are listed below:

(n<2) |

. gS"S2) and g;;>" ¢ logarithmic and polylogarithmic branch points/cuts

4We thank the authors of reference [24] for communicating results for a Euclidean point provided by us,
not included in their publication, for N2 and N3 families.
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e O,log L, : poles at points x = ¢;
e log L, and LL, (the z — 0 limits of log L,) : logarithmic branch points/cuts
e square-root branch points/cuts
In the sequel we address all these types of singularities.
Imaginary Parts for S;; Invariants from F Symanzik Polynomial
The ordinary momentum-space representation of Feynman integrals:

n

G(V l/) /ﬁ ddkl H 1
1y.--3VUn) = - 7
oy i 5 DY ({k} {p},m3)

The Feynman parameter representation of Feynman integrals:

G(yl,...,z/n)F(l/L;)ﬁ

j=1

vi—1 Yv—(L+1)d/2

o] x. n
dej2— 1|6 [1-) 2| ——7+—
Vo ]F(’/j)] ; T Festar

where the polynomials U, F are known as first and second Symanzik polynomials.

Since the F Symanzik polynomial maintains the sign of the 0 prescription of Feynman propa-
gators with all original invariants (s;;), assuming s;; (p1s) — Si;j (P1s) + @7, we determine the corre-
sponding infinitesimal imaginary parts for our invariants (.5;;) by recasting the F Symanzik polyno-
mial for a given integral family in terms of our invariants, extending those by S;; — Si; +14d;; 77, and
imposing a positivity constraint on the coefficients of all the Feynman parameters. For example,
the positivity constraints for the N2 hexa-box integral family are:

das + 0237 > 452, 05120 >0, (2 —1)(6122 — da5) > 0,
2(634 4 012(x — 1)) >0, 6b122° >0, 45 >0,
x(012 — 034 + 051) <0, dazz > x(da5 + 051)

Analytic Continuation of 0, log L,

As mentioned earlier, 0, log L, have poles at points & = ¢;. To control the numerical integration
over the locations of these poles, we make this pole structure manifest

dlog L, f(x)
e [L@—6)

where f(x) € R, except for factors of A = iy/]A] for A < 0, and we assign imaginary parts to all
¢;’s using those we assigned to the S;; invariants

ZI(SU) - EZ(S” +10;5 n) =L +id;n.
Analytic Continuation of gf]ngz)

Concerning gSnSQ), their logarithmic and polylogarithmic branch points/cuts appear through ex-

pressions of the form:

e log(x), log(¢,), log(1 — £,),
o G(la;x), G(0;2), G (Ca, by;2), G (0,4a;2), G (0,0;2),
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In some elements of the Ny hexa-box family we also find:
e (0, 1;!7,1(33)) and G (1;!7(1(3:)),

where ga(x) are algebraic expressions of z. To control the numerical integration over the loca-
tions of all branch points, we assign imaginary parts to all ¢;’s similarly to before, and also to the

£,(x)’s, such that

Ca(ls) = Lo(li +16:m) = Lo(l) + 1007 .

[7 (I) 6{%(51233 — So93 — S34 + 2551) + S5 £/ A(l,l‘)
¢ 22(S12 — S34 + S51) ’
S12S512% + 2(—S12523 + 2512545 + S23534 — S34545) + Su5551 £ /A(2, ) }
28545(S12 — S3a + S51)

Analytic Continuation of log L,

As for the logs of the alphabet letters, we isolate their logarithmic branch points in the following
way:

log L, — log (La W) — log (H (x — fm)) + log H (x—45y)
IV C jN) in N
quD (If[iD )
HJN (x_ejN)
poles in x € (0,Z), and then we assign imaginary parts in the ordinary way to all ¢;’s.
The analytic continuation has been implemented in the attached Mathematica notebook,
TwoLoopMasterIntegrals_Test.nb and validated with the results given in [24] for the physical

where (La ) € R, except for factors of vA = iy/|A] for A < 0, and has no zeroes or

point given in [25] for the Ny family.

5 Conclusions

The frontier of precision calculations at NNLO currently concerns 2 — 3 scattering process involving
massless propagators and one massive external particle. At the level of FI, all planar two-loop MI
have been recently computed through the solution of canonical DE both numerically [23], via
generalised power series expansions, and analytically in terms of GPLs up to weight 4 [28], using
the SDE approach [29]. More recently, results in terms of Chen iterated integrals were presented
and implemented in the so-called pentagon functions [30].

Concerning the two-loop non-planar topologies, these can be classified into the three so-called
hexabox topologies and two so-called double-pentagons, see figure 1. One of the hexabox topolo-
gies, denoted as N; in figure 1, was calculated numerically a few years ago using an approach
which introduces a Feynman parameter and uses analytic results for the sub-topologies that are
involved [37]. More recently, pure bases for the three hexabox topologies satisfying DE in d log form
were presented in reference [24] and solved numerically using the same methods as in [23].

In this report we addressed the calculation of the three two-loop hexabox topologies, N1, Nao, N3
and the two double-pentagon topologies, Ny, Ny in figure 1, using the SDE approach. For the N;
family results up to weight 4 in terms of GPLs are obtained. For the No, N3, N4, and N5 fami-
lies we have established an one-dimensional integral representation involving up to weight-2 GPLs.
This allows to extend the scope of the SDE approach when non-factorisable square roots appear in
the alphabet. We have also introduced a new approach to compute the boundary terms directly
for the basis elements, that significantly reduces the complexity of the problem. With these new
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developments, we hope to complete the full set of five-point one-mass two-loop MI families in the
near future and provide a solid implementation for their numerical evaluation.
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