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The off-shell massless six-point double box and hexagon conformal Feynman integrals with generic
propagator powers are expressed in terms of linear combinations of multiple hypergeometric series of the
generalized Horn type. These results are derived from 9-fold Mellin-Barnes representations obtained from
their dual conformal Feynman parameter representations. The individual terms in the presented expressions
satisfy the differential equation that relates the double box in D dimensions to the hexagon in D + 2

dimensions.
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I. INTRODUCTION

It was noted in a recent work [1] that there is a close
connection between the Mellin-Barnes (MB) computa-
tional technique and the constraints coming from a recently
discovered Yangian symmetry of conformal Feynman
integrals [2,3]. The authors of [1] argue that the MB
method can be used to generate Yangian invariants as
sums of residues. However, they also point out, for the
important cases of the analytically unknown off-shell
massless six-point D-dimensional double box integral
and related hexagon, that there are complications, both
in the MB and Yangian approaches, in identifying the latter
integrals as particular combinations of these invariants.
Thus, the resolution of these remains a challenging and
unsolved problem.

To make a breakthrough in this context, we have
extended the computational technique of [4,5] in order
to deal with N-fold MB integrals. This allows us to solve
the problem above from the MB side, by extracting series
representations of both the double box and hexagon
Feynman integrals with generic propagator powers from
their ninefold MB representations in a systematic way. The
results are given in terms of linear combinations of multiple
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hypergeometric series of the generalized Horn type. We
emphasize that the derivation of these linear combinations
does not require convergence considerations. Regarding the
large number of possible series to build the linear combi-
nations, 2530 in the hexagon case and 4834 for the double
box, this amounts to a distinct advantage compared to the
corresponding situation in the Yangian bootstrap approach
of [1] where the convergence properties of the involved
series seem to be a necessary external input.

For each of the ninefold MB integrals, one can obtain
hundreds of different linear combinations which are analytic
continuations of one another converging in different regions of
the nine-dimensional space of the cross-ratios that enter the
expressions. Obviously the full set of these linear combina-
tions cannot be presented here. We therefore focus on one
example of such expressions for both the double box and
hexagon, which is explicitly given in the Supplemental
Material [6] to this paper. The individual terms in the presented
expressions satisfy the differential equation that relates the
double box in D dimensions to the hexagon in D + 2
dimensions. In addition to solving the thus far unsolved
problem of evaluating these complicated Feynman integrals,
it is likely that such an approach may yield insights for the
solution of the corresponding Yangian constraints.

FIG. 1.

The double box and hexagon integrals.
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II. MELLIN-BARNES REPRESENTATIONS OF THE DOUBLE BOX AND HEXAGON

We follow in our computations the notational conventions of [1] where the six-point off-shell massless double box with
generic propagator powers (see Fig. 1 left) is written, in dual momentum space, as

D, 4D
I - d Xod Xo —v ¢ (1)
33 y2a,2b 3¢, 26 2d (2 \2f 33%3.3
10720730 00 Xa0r* 50 X601
with ¢35 a conformally invariant function of nine cross-ratios (u;, i = 1,...,9) and V3 is the prefactor,
_ \20-D D=2, —2d-2¢ ,2d+2e~2a —2b  D-2c—2¢ 20-2d—D ,2d
Vg = X137 Xy x5 X X26" X36 X6 X56- (2)

The dual conformal Feynman parameter representation of the double box is given in [1], where

$33(uy, ..., u9, D) = 033 Aoo dp,dpsdp,dps ﬁégizﬂi;i%zl_fgz{g ) 3)
with
#PT(D)2 - £)7(D/)2 — f)
3 = NN T (@) W
Xy = Pougiy + P3ug + Pof3uruzusitg, (5)
Y = ugXo + Paug + Pofauausug + Pafaususzugusug + fs + Pofsus + Pafsusus + Pafsususus, (6)
and
Zy=14pr+ P+ Ps+Ps. (7)

In the expressions above, x{; = x}' — x/ and the momenta are related to their duals by p// = x/ — . Note that the

conformal constraints are a +b+c+7 =D andd+e+ f+ ¢ = D.
A similar analysis yields the hexagon integral (see Fig. 1 right) as

dD.X'()
Is = / y2a,2b 3¢, 2d 2e 2f = Vetbs. (8)
10%20%30%X20%50%60

where [1]

[
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with
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In this case, the conformal constraintis a +b+c+d+e+ f = D.
It is straightforward to derive the MB representations of the double box and hexagon from the Feynman parametrizations

given in Egs. (3) and (9) which can be written as
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and

- Q6 1 +ico +ico
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dzoIl?_, (WiT(=z;))[(D/2 = f +2; + +* + 29)
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where the w; are combinations of the u; (see Eq. (A20)in [1]).
It is implicit here that the integration contours are nonstraight
contours which avoid the poles of the gamma functions, in
accordance with the commonly used convention [7].

The two integrals in Egs. (11) and (12) belong to a class
of MB integrals for which several series representations of
the latter coexist, converging in various regions of the cross-
ratios’ nine-dimensional space. Indeed, if one expresses the
gamma functions that appear in the integrands of Eqs. (11)
and (12) in the form IL,I'(A; +a;-z)/IL,T(B; + b, - z)
where z = (zy,...,29), it is easy to see that the nine-
dimensional vector A =), a; — > ;b; is null for each
of the MB integrals, which proves the statement above [8,9].

As a final remark, one should note that the conformally
invariant functions of the double box in D dimensions and
hexagon in D + 2 dimensions are related by the differential
equation

ZD/2-1

Oy P33(urs ... @)

,MQ,D):— ¢6(M1,...,M9,D+2) (13)

when D/2 — ¢ = 1, which can be easily checked both at the
level of the Feynman parameterizations and MB representa-
tions above. We will show in the next section that this is also

the case, at the level of each term in the linear combinations
that form the solutions that we present in this work.

III. SOLUTION

We will now extract series representations of both
the ninefold MB integrals shown in Eqs. (11) and (12).
|

D/2—¢
Q3,3M8/

"3 = ED/2 - 1)

|
This can be done in a systematic way following our new
simple and general method that is based on the construction
given in [4,5] and which will be presented in detail in [10].
As already mentioned in the Introduction, an important
advantage of our method is that the derivation of the linear
combinations of multiple hypergeometric series that give
the different series representations of N-fold MB integrals
does not require convergence considerations. In this sense,
our method extends, in a geometrical way, the graphical
computational approach of [4,5] dedicated to twofold MB
integrals. It is straightforward to derive the possible series
representations as well as their total number from our
procedure, and therefore to obtain the different analytic
continuations, from the series point of view, that can be
extracted for a given N-fold MB integral. We have checked
for this in many cases that are simpler than the double box
and hexagon. However, for the ninefold MB integrals under
study in the present paper, deriving all the series repre-
sentations was much too time consuming. Indeed, applying
our method to the hexagon, for example, we have obtained
hundreds of different series representations built from
linear combinations of 26 series that belong to a set of
2530 possible series (note that this total number of possible
series has been also obtained from the Yangian analysis of
[1]). However, we do know that many more can be derived.
It is therefore impossible to list all these possible linear
combinations explicitly in one paper and we focus here on
the series representations of the double box and hexagon
associated to one particular series representation.
For the double box case, the result is

(Dy + Dy + Do+ Dyg + Dy7 + Dys + D6 + D49 + Dysg + Digg

+ Dyog + D313 + D3ag + Daag + Dsagr + Dega + Digsz + Digor + Diazs + Disgi + Disas
+ Da3gy + D3ga7 + D3oes + D37s6 + Dasgo + Ds + Dyg + Dayg + Dyg
+ Disy + Daig + Dgag + Doog + Dogy + Dogg + Digos + D112 + Di3zo + Diasg

+ Diga7 + Dauze + D3ogo + D3goe)s

(14)

where the D; are explicitly given in Appendix A (see the Supplemental Material [6] ). The index i of the D; corresponds to
their ranking in our list of 4834 series that are used to constitute the different series representations of the double box.
The series representation of the hexagon that corresponds to the series shown in Eq. (14) (from the differential

equation (13) point of view) is
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be = O
° T T(D/2- f)L(f)

(Hy+Hy+Hy+ Hys + Hy + H3s + Hsg + Hog + Hyo3 + Hyp3

+ H 33+ Hig9 + Hajg + Hyzo + Hszy + Hago + Hezr + Hes3
+ Hgsg + Hops + Hogy + H 375 + Hiees + Hig7s + Haoer + Hoasn)- (15)

The H; are also explicitly given in Appendix B (see the
Supplemental Material [6] ). As for the D;, the index i of
the H; corresponds to their ranking in our list of 2530 series
that are used to constitute the different series representa-
tions of the hexagon.

It is straightforward to see that, taking into account the
overall factor, for each of the first 26 individual terms of
Eq. (14) that we had reordered to ease this exercise, the
differential equation (13) is satisfied when compared to the
26 individual terms of the hexagon shown in Eq. (15). For
the 18 remaining terms of the double box, the differential
equation is also satisfied because the derivative of the latter
with respect to ug gives zero.

Finding the convergence region of the series representa-
tion presented in Eq. (14) [resp. (15)] from the intersection
of the convergence regions of its 44 series (resp. 26 series)
is a very hard problem that we have not solved yet.
However, our method also allows to derive one particular
series, that we call the master series, whose convergence
region we conjecture to be included in both the conver-
gence regions of the series representations given in
Egs. (14) and (15) (the detailed derivation of master series
will be discussed in [10]). The latter master series has the
following characteristic list [11]:

{ny +ny —n3,n3 —ny — ns,ny + ny +ns —ny — ng,ng — N3, Ny + Ny + ng — N3 — ny — ny,

Ng — Ns — Ng, N7 + Ny — N, N3 — Ng, Ny + N5 + N7 + Ng — Ng — Ng, Ny, Ng — Ng, N3, N5, Mg, N3, g |, (16)

and its arguments are in the order; 16 Y2Ws WsWs Wil WsW;
wowy we Wy g Wawg® WiWg® WsWe® WeWo® WeWo
WeWo W o

wiws? wy® wy? © L
ﬁavmg obtained the form of the master series, it is now

possible to perform numerical checks of the results pre-
sented in Eqgs. (14) and (15). For this, we do not need to
know the convergence region of the master series explicitly,
because one can guess particular values of the w; that make
it converge. Using these, we have compared the numerical
value of both the series representations (14) and (15) with
the direct numerical integration of the corresponding
Feynman parametrization integrals given in Egs. (3) and
(9), with the help of Mathematica.

The size of the contributions of each series in Egs. (14)
and (15) strongly depends on the values of the powers of
the propagators and in some cases one can find dozens of
orders of magnitude between two different series, the tiniest
contributions being often well under the precision level that
can be reached by Mathematica for the numerical integra-
tion in a decent time. Therefore, in order to perform
relevant numerical checks, we have chosen specific values
of the powers of the propagators such that all series of
Egs. (14) and (15) contribute significantly to the total result
and we forced the level of accuracy in the numerical
integration of the Feynman parametrization integrals such
that the error given by Mathematica is smaller, in absolute
value, than the least contributing series. This numerically
ensures that the contributions of every one of the series of
Egs. (14) and (15) can be tested.

We have done this exercise for different sets of values for
both the hexagon and double box, each time obtaining an
excellent numerical agreement between the series and the
numerical integration, thereby completing the check. Note
that this numerical analysis also gives a strong evidence
that our conjecture concerning the master series is correct.

IV. CONCLUSIONS

Series representations of the six-point off-shell massless
double box with generic propagator powers, and related
hexagon, have been presented in Eqs. (14) and (15). These
series representations, which have the form of linear
combinations of multiple hypergeometric series of the
generalized Horn type, belong to a large set of different
series representations that can be systematically derived
from our new powerful and simple method of evaluation of
multiple MB integrals. All the series representations of this
set are analytic continuations of one another. As a check of
the results presented in Egs. (14) and (15), we have shown
that each of their individual terms satisfies the differential
equation (13). A detailed numerical analysis has been
performed to corroborate this check. It is likely that the
solutions of the double box and hexagon that we have
obtained from our MB analysis may yield insights for
solving the corresponding Yangian constraints.

Our method to derive these series representations, that
we will describe in a detailed way in [10], is a direct
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extension to the N-fold case of the practical computational
approach developed in [4,5] for the twofold case. It has the
great advantage of selecting the different series that con-
stitute a given linear combination forming a series repre-
sentation of the N-fold MB integral under study without the
need of a prior knowledge of the convergence regions of the
possible involved series.

Finding the convergence regions of the ninefold hyper-
geometric series that constitute the series representations
presented in this paper is a difficult open problem, but we
would like to add that, for each of the linear combinations
that our method can produce, one can also derive a master
series whose convergence region, we believe, is common to
the convergence regions of all the series that constitute the
corresponding linear combination [note that the double box

and hexagon series representations in Egs. (14) and (15)
have the same master series; see Eq. (16)]. This can
dramatically simplify the convergence analysis in the cases
where the convergence region of the master series is equal
to the convergence region of the series representation and,
in the other cases, this considerably simplifies the numeri-
cal checks.
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