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We explore the idea to bootstrap Feynman integrals using integrability. In particular, we put the recently
discovered Yangian symmetry of conformal Feynman integrals to work. As a prototypical example we
demonstrate that the D-dimensional box integral with generic propagator powers is completely fixed by its
symmetries to be a particular linear combination of Appell hypergeometric functions. In this context the
Bloch-Wigner function arises as a special Yangian invariant in four dimensions. The bootstrap procedure
for the box integral is naturally structured in algorithmic form. We then discuss the Yangian constraints for
the six-point double box integral as well as for the related hexagon. For the latter we argue that the
constraints are solved by a set of generalized Lauricella functions, and we comment on complications in
identifying the integral as a certain linear combination of these. Finally, we elaborate on the close relation to
the Mellin-Barnes technique and argue that it generates Yangian invariants as sums of residues.
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I. INTRODUCTION

Theoretical predictions for particle phenomenology
strongly depend on our understanding of Feynman inte-
grals. When the number of loops and legs increases,
computations quickly become intractable. Facing these
problems, theorists are challenged to identify new methods
to evaluate these integrals and to unveil their deeper
mathematical structure. Recently a new infinite dimen-
sional Yangian symmetry was identified for a large class of
so-called fishnet Feynman graphs [1,2]. In the present
paper we explore this connection between Feynman inte-
grals and the theory of integrable models, which play a
crucial role for developing analytical methods in all areas of
physics. Notably, these scalar fishnet integrals furnish some
of the most important building blocks of quantum field
theory at any loop order. Their integrability properties can
be understood through their interpretation as correlation
functions of an integrable biscalar fishnet model, which
represents an elegant reduction of deformed A = 4 super
Yang-Mills theory [3]. Via this relation the integrability
features of the AdS/CFT correspondence find their way to
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phenomenologically relevant building blocks of generic
quantum field theories. Moreover, this makes a connection
to an alternative interpretation of fishnet integrals in terms
of integrable vertex models, which was discovered by
Zamolodchikov almost 40 years ago [4].

In the present paper we investigate the constraining
power of the Yangian for conformal Feynman integrals. In
particular, we discuss the respective constraints for the first
two nontrivial cases of fishnet graphs in four dimensions.
These are the completely off-shell one-loop box and the
two-loop double box integral [5]:
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Conformal symmetry allows one to write these integrals as
functions of two and nine cross ratios, respectively. The
case of the double box integral is particularly interesting
since it has not been solved so far. Recently, a lot of
progress was made on understanding the seven-cross-ratio
limit of this integral, for which the two middle legs in
momentum space (dotted lines) are put on shell [6,7]. In
this limit the integral is known to be described by elliptic
functions [8]. Due to its interesting relation to the double
box [9] as outlined below, we also discuss the nine-variable
hexagon integral:
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Also for this integral results are only known in a three-
particle on-shell case resulting in a function of six varia-
bles [10,11].

The Yangian symmetry employed in this paper pro-
vides the algebraic foundation of rational integrable
models. Traditionally it appears as a symmetry of integrable
S-matrices in two dimensions, where it typically fixes the
scattering matrix completely; cf. [12]. One may thus expect
similarly strong constraints for the above box, double box,
and hexagon integrals.

In the following we show that indeed the Yangian can be
used to fix the D-dimensional box integral with generic
propagator powers. We then discuss the analogous con-
straints for the double box and the related hexagon integral.
These constraints are formulated as systems of differential
equations in the conformal cross ratios for the respective
Feynman integrals. For the hexagon we argue that the
Yangian constraints are solved by a large set of generalized
(Srivastava-Daoust) Lauricella series in nine variables,
whose exact domains of convergence remain unclear. We
discuss a recursive strategy to fix overall constants of the
considered integrals by relating them to the star-triangle
equation in coincidence limits of external points. Finally,
we comment on the close relation of this bootstrap
approach to the Mellin-Barnes technique and the common
convergence issues faced for the considered six-point
integrals. We close with an extended outlook pointing at
various promising future directions.

II. CONFORMAL YANGIAN

Conformal Feynman integrals in D dimensions are built
from n-point vertices such that the powers a; of the n
connected propagators obey 27:1 a; = D;e.g., atone loop

we have

dD$0 {2
/ 2a1 2a, = 102 : (3)

0t Tho

Integrals built from such vertices are conformal; i.e., they
transform covariantly under the differential generators J* of
the conformal Lie algreba 8o(1, D + 1), whose densities
read [13]
P, = —id,.

D = —ix, & — iA,

L, =ix,0,—ix,0,,
_ . 2 .
K, = 2x"L,, —ix*0, — 2iAx,.

4)

Here the conformal dimension A has to reflect the weight of
the respective integral; e.g., for the above one-loop integral

(3) one sets A; =a; for j=1,...,n Due to their con-
formal symmetry, these integrals can be written in the form
In:Vn(b(ulv'”qu)' (5)

Here the prefactor V,, carries the conformal weight of the
integral while the variables u; denote the conformal cross
ratios whose number N depends on the number n of
external points.

For n = 3 it is not possible to construct conformal cross
ratios, and hence, the above function ¢ is constant. This is
reflected in the well known star-triangle or uniqueness
relation, which holds for the conformality condition
a+b+c=D:

2 3

b o / deO _ Xab(,’ - X W o
- 2a,.2b.2c _ ..2¢ .2a 200  “rabc :
105/ TIoT0T30  T1p T3 T3y 1 9

o

(6)
Here we have defined ' = D/2 — a as well as
r 1T,
X — oD/2 4 b'c : 7
abc T Farbrc ( )

see e.g., [14], with T, =T'(x) denoting the Gamma
function.

At four points, the function ¢ in (5) becomes nontrivial
due to the presence of two nontrivial conformal invariants z
and 7 defined by

2

X
, (1-z)(1-3) =28,
x%3x%4

2 .2 2
A12X34 A3

(8)

Z=—
X13X24

Hence, conformal symmetry is no longer sufficient to
completely fix the four-point function, and it is natural
to ask how one can further constrain the conformal
four-point integral I, = $(z,7)/x33x%,. As noted in the
Introduction, the class of fishnet graphs was recently shown
to feature an infinite dimensional extension of the con-
formal Lie algebra [1,2]. The so-called Yangian algebra is
generated by the level-zero generators given in (4) and the
level-one generators taking the form

k—

1 n
DI s 9)

=1 =1

n

R 1
Jh = EfABC z
=1

Here f4p- denote the dual structure constants of the
conformal algebra 8o(1, D + 1), and the so-called evalu-
ation parameters s; are numbers associated with each
Feynman graph; cf. [1] and Sec. H. For instance, the
level-one momentum generator reads
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Jj<k=1

=1
(10)

Notably, these level-one generators act nonlocally on the
external legs of the Feynman graphs; i.e., they have a
nontrivial coproduct [15]. The resulting invariance equa-
tions can be translated into partial differential equations
(PDEs) in the conformal cross ratios. More explicitly, the
application of the level-one generator to the integral I,
yields

R n xﬂ
0=P"1, =V, Y —PDE;s. (11)
j<k=1 Jk

Here, the coefficients PDEj; denote differential operators
depending only on the cross ratios, and we can employ
conformal transformations in order to vary their prefactors
independently. As shown in Appendix A the above Yangian
invariance condition requires that [17]

PDE ;¢ =0, 1<j<k<n, (12)
at least as long as we have no more than six external points.
Notably, this makes a connection between the Yangian
symmetry of fishnet Feynman graphs and systems of
differential equations for Feynman integrals which have

been studied in various contexts. We will exploit these
Yangian differential equations in the following.

III. BLOCH-WIGNER FUNCTION FROM
YANGIAN SYMMETRY

In order to illustrate the constraining power of the
Yangian algebra we start by considering the one-loop
box integral for the special case of propagator weights
a; =1 in D = 4 dimensions:

J
A d4(L'0
14:/72222:2 o (13)
L10T20%30% 10
1

The Yangian invariance of the box integral translates into a
system of two partial differential equations

=[D;(z) - D;(2)]h(z.2).

where the differential operators D; are given by

j=1,2, (14)
Di(z) =z2(z= 1202+ Bz=1)(z=1)0, +z, (15)

Dy(z) = 2%(z = 1)02 + (32— 2)20. + z. (16)

Clearly, a solution to the first differential equation will not
automatically solve the second equation and vice versa. It is
thus natural to ask which boundary conditions lead to
simultaneous solutions. We consider boundary conditions
on the line z = z, which is the natural boundary of the
kinematic space described by the x;; cf. Appendix A for a
more detailed discussion. Expanding the equations around
this boundary, we find that the combination of both
differential equations constrains the boundary conditions
to four possible functions.

In order to find the complete solution of the above
system, we introduce the coordinates z; and z, as the
real and imaginary parts of z = z; + iz,, and we expand
the equations around a generic point a = (z —%)/2i.
Moreover, we the function w(z,2) =

2¢(21.22) and expand around the line z, = a:

introduce

[Se]

Z1722 Z

n=0

fan Zl) (17)

Note that this form is completely general (for generic a),
since we do not need to consider the possibility that ¢
diverges for generic a. The above differential equations (14)
now translate into differential equations for the coefficient
functions f, . In particular, the full solution for the above
box integral can be obtained from f,, via the relation
w(zi,a) = fao(z1). Here f,o is essentially found by
solving an ordinary third-order differential equation, which
can be done straightforwardly in Mathematica. The integra-
tion constants appearing in the solution of these ordinary
differential equations can be fixed, e.g., by requiring that

aafu.O(Zl) :fa,l(zl)‘ (]8)

In agreement with the boundary conditions, the full solution
to the Yangian constraints obtained in this way has four free

parameters c;:

4 _
=3 D (19

j=1

Here we have defined

fl = 1’ (20)
f2 =log(z) —log(z), (21)
f3=1log(1-72) —log(1 - z), (22)
o= 2ia(e) = 2Win(2) + log —log(z2). (23)

Obviously, the box integral is invariant under permutations
of any of its external legs. This results in functional relations

for (z.7):
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TABLE L. The star-triangle integral (6) is fixed by the level-zero
Yangian symmetry, i.e., by invariance under the conformal Lie
algebra generators (4). Similarly, the four-point integral (13) is
fixed by invariance under the level-one Yangian generators (9)
supplemented by permutation symmetries.

Yangian 3 points 4 points

b(z.2)
Fixed (Bloch-Wigner)

Level zero Fixed (star-triangle)

Level one + perm.

A

$(z.2) = (1 -2, 1-32), (24)

Zh(z,2) = pz7', 7). (25)

Imposing these permutation symmetries on ¢ uniquely fixes
the solution to be given by the well-known Bloch-Wigner
function f, given in (23) divided by an overall factor z — Z:

ber)= e, 2D (26)

Below we will also demonstrate that the overall constant is
fixed by the star-triangle integral (6) and takes the value
cy = n°. This is in agreement with the results in the
literature [18].

In conclusion, the four-point box integral is completely
fixed by its symmetries. Note that we did not assume any
boundary conditions, nor did we use an ansatz to obtain the
solution. The situation resembles the star-triangle relation
at three points, which is fixed by the level zero of the
Yangian, i.e., by the conformal Lie algebra symmetry (see
Table I).

IV. PARAMETRIC BOX IN D DIMENSIONS

Next we would like to understand more generic Yangian-
invariant four-point functions. A natural extension is to
generalize the above four-point box to D spacetime
dimensions and to introduce generic propagator powers:

3
D
d:CO 72bc

1, :/7 = 4 . (27)
2a ,.2b .2¢c ,.2d d
L10L20L30L40 a

Conformal symmetry requires that a + b + ¢ + d = D and

that the scaling dimensions entering (4) take values
Aj=(a,b,c,d);, j=1,...4 (28)

Note that using the star-triangle relation (6), this integral

can be mapped (modulo an external propagator) to a two-
loop integral with two connected three-point stars:

3
b -1 Y
2Tt = Koy 208001 (29)
€ | b/
1 1

Here the parameter e is fixed through the constraint
a+b+e=D/2. Note that the propagators on the
right-hand side sum up to D at each of the two integration
vertices. For D = 6 this integral is the natural four-point
Yangian invariant composed of three-point vertices and
with propagator weights

(30)

To investigate the Yangian invariance of the above
D-dimensional integral with generic propagator powers
we write I, = V4¢(u, v), where

— 2b+2c=D,2d-D ,~2c=2d+D ,~2b
Vi =xiy X3 X3 X247 (31)

and note that the evaluation parameters for the Yangian
generators are given in Eq. (HI). For conciseness we
introduce the Euler operators 6; = v ja,)j with

u=v =2z, (32)
v=0,=(1-2)(1-32), (33)

and the shorthand 6, = 6; + ;. The Yangian constraints
then translate into the following parametric differential
equations:

0= (ap + (a+p)01> + 01, — 0,0, —79,)p(u. v),
0= (af+ (a+p)0i + 67, — 0,0, —70,)p(u.v). (34)

Here greek parameters are given in terms of latin propa-
gator powers and the spacetime dimension D:

D
a=b, Y:+§—C—d+1,

D D
p=5-d  y=-T4btetl (39

Importantly, Eqs. (34) can be identified with the system of
partial differential equations defining the Appell hyper-
geometric function F, of two variables u and v [19]:

(a,m+n)(f.m+n)

y””’”] =2 GomaLman

m,n=0

(36)

Here the Pochhammer symbol is given by the ratio of
Gamma functions (4, k) =T";,;/T';. In agreement with our
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findings on the special case in the previous section, it is
well known that the space of solutions to the above PDEs is
spanned by four functions [20]:

a7
g ZF[ ;u,v], 37
1 47/},/ ( )

El

(38)

1
g = u'"7F, {a "

-r.p+1-y
2—7/’}// ’u’v?

, 11—y, 1=+
{a—f— VP y;u,v], (39)

= pr'F
g3 =" 4
7.2=7

! 2 2
gs = W01 F, [a+ r=v.p+2-y-v u,v}

2—y,2—Y
(40)

The final steps for fixing this integral will be outlined in
detail in Sec. V. For completeness let us already note that
we can employ the permutation symmetries of the box
integral to completely fix the solution up to an overall
constant Ny:

¢<u’ U) = N4 [Farﬂrl—y’rl—ygl (u’ 1])

+ oy Dip DDy g2 (0, )

+ Fl+a—y’rl+ﬂ—y’rl—yry’—lg3(u’ U)

+ F2+ﬂ—y—}/’r2+a—y—y’r}/’—1Fy—1g4(”v U)] (41)
The overall constant can be fixed by comparison with the

star-triangle integral in a coincidence limit of two external
points:

n.2+a+/1—7—y'
Ny = . (42)
Iﬂarrl +/)’—7F 1+p—y' F2+(l—y—y’

If we send one of the external points of the above four-
point invariant to infinity via a conformal transformation,
this result perfectly agrees with the triangle integral
computed by Boos and Davydychev [21].

As already pointed out in the classic reference [20], the
limit a, b, c,d — 1 of unit propagator powers in D = 4 is
subtle, since in this limit the above four solutions (37)—(40)
coincide. Moreover, their coefficients in (41) diverge.
Careful investigation shows that the solution is given by
(ctf. [22])

4

Blu,v) = %hl(u, v) + 7y (u, ). (43)

Here h(u,v) = F4(1,1,1,1,u,v), and using the notation
fa=0qf and f 45 := 0,04f we have defined

hy = [y log(u)log(v) + log(u)(Fyq + Fap+2F4y)
+1log(v)(Fap + Fyp+2F4,)
+ Fagat Faps+2F40p
+2F4 4 +2F 4y +2F4p,+2F,5, + 4F4W/]:.,y/;:1

This result indeed reproduces the Bloch-Wigner function
(26) as found above.

V. BOOTSTRAPPING THE BOX

In this section we demonstrate explicitly how to boot-
strap the box integral with generic propagator powers from
scratch. This is particularly instructive in view of the more
involved examples considered in the subsequent sections.
In order to solve the Yangian differential equations, we
make a power series ansatz,

= Zg%,” ump" (44)

and translate the PDEs into the following set of recurrence

relations for the coefficient functions ¢%77 :

afyy (m—i—n—l—a (m+n+ﬂ) apyy

~—

— mn ’ 45
m,n+1 ( )(l’l +}//) g ( )
afyy’ _ (m +n+ a) (m +n+ ﬂ) afyy 46
m+1,n ( )(m + ]/) 9mn" - ( )

These are straightforwardly solved using Mathematica and
the solution can be brought to the following form [23],
which is of course only determined up to an overall
constant:

/ 1
afyy
g’ = .47
" Fm+lrn+1Fm+yrn+y/rl—m—n—arl—m—n—[)’

We will refer to this expression as the fundamental solution.
Note that in order to show that g,,, solves the above
recurrence equations, it is not necessary to assume that m, n
are integers. We have hence found a formal solution of the
PDEs for every x,y € [0,1):

"ﬂ ”’ Z g%f' T um "t (48)

mex+Z
ney+7Z

The solution with x = y = 0 corresponds to the solution g,
given in (37), i.e., to the unshifted Appell function F:

G, = Ga/)’}'r’(u ’U) _ F4[7;’u U] (49)
: 00 , Fl—(lrl—/iryry’ .

Hence, G, inherits its convergence properties from Fy; i.e.,
for x = y = 0 the power series (48) converges if
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Viul+ /o] < 1. (50)

Here, the sum in (48) effectively only extends over m,n €
N since the above solution (47) implies that

G = g% =0 ¥ mneN.  (5)

In fact, this can also be observed directly by inspecting
the recurrence relations (45) and (46). Note that if we move
x or y slightly away from zero, the sum in Eq. (48) will
extend over all of Z and diverge. We assume that a
convergent series is obtained only if x and y are chosen
in such a way that the series terminates at a lower or upper
bound for both m and n. To achieve this we can identify
all zeros of the solution (47), generalizing (51) for

(x,y) = (0,0). This limits us to the following 12 choices
for (x,y):
RegionI Region II Region III
(0,0) (—a,0) 0, —a)
(1-7.0) (=p.0) (0.-p)
0.1-7) (V-a-11-¢) (I-yy-a-1)
(I=y1=¢) (/=p-L1=y) (I=ry=p-1).

(52)

Hence, we have 12 solutions of the Yangian PDEs, which
are of the form (48) and for which the series terminates.
Anticipating their interpretation we have already split these
into three categories.

Let us see how this basis of solutions is related to the four
functions g;_; 34 given in Egs. (37)—~(40) of the previous
Sec. IV. Using the identity (G2) for Gamma functions, we
immediately see that G; corresponds to the previous
solution g;. For the case (x,y) = (1 —y,0) we have

G, = Glﬂw0 (u,v) = u'" Z g;xfﬁ " (53)

18
m,nez

Now, note that

1— 1—y2—
G = TP (s

which follows directly from the properties of the funda-
mental solution (47). We have thus found that

Gaﬁw

I o(u, v) = u'" ”Go’+1 P2y (55)

which is related to g, by a constant factor that can be
obtained from Eq. (49). In a similar fashion, we find the
relations

Gs = G (u, v) & ga(u, v), (56)
Gy=G{"\_(u,v) & gy(u.v). (57)

Modulo overall constants we have thus established the
correspondence G; <> g; for j =1, 2, 3, 4; i.e., we have
identified the solutions in Region I with the four solutions
discussed in Sec. IV.
So what is the meaning of the remaining eight solutions?
For the case (x,y) = (0, —a), we note that
afyy’ a,l+a—y'y, 1+a—ﬂ (58)

Gm.n— a—gm —m—n

which implies

trapfu 1
GaPr (4, v) = paGa e v ”(”) (59)
v v

Comparing with the convergence condition (50), we see
that in this case the series expansion is hence convergent if

/|u/v| + +/|1/v| < 1. Note that we have not found a new
solution beyond the four we already encountered. The
additional solutions correspond to analytic continuations of
the four original series to different regions of kinematical
space (see Fig. 1):

RegionI: \/|u| + /|v| < 1, (60)

RegionIl: /|u/v| + /|1/v] < 1, (61)

RegionIIl: \/|v/u| + +/|1/u| < 1. (62)

1 1 1 1 1

-2 -1 0 1 2

FIG. 1. Regions I-III (green) as defined in (60), (61), and (62).
The striped (red) area indicates the region of Euclidean physical
kinematics, while its complement in the above graph corresponds
to the Minkowski signature. The dashed boundary between the
two regions is given by the line 4u = (1 +u—v)? or z =%,
respectively.
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In order to see the relation to the original solutions
explicitly, we can employ the functional identity (G3) for
the Appell function F, given in App. G. This yields the
relation

Gaﬁw (u, v) = e~im i Ty G,
Fy —arlJra—y’
FZ—]/FJ/’—I

+ e~ir(i+a=y) G;. (63)

l—ara
Similar relations can be established for the remaining
choices of (x,y) as well. We have thus derived from
scratch that the solution to the Yangian PDEs is described
by a linear combination of four series converging around
u=v=0

¢ = ClGl + C2G2 =+ C3G3 + C4G4. (64)

Here, we have suppressed the dependence on the cross
ratios u, v as well as the parameters a,f,y,y’ for the
functions G; and the coefficients c;.

A. Permutation symmetries

As anticipated in Sec. IV, the coefficients can be con-
strained by employing the invariance of the integral I,
under simultaneous permutations of the external points x;
and the associated propagator powers a, b, ¢, d entering the
solutions through the relations (35). In order to derive the
consequences of permutation invariance in a compact form,
we consider the generators o] = (1234) and o3 = (12) of
the permutation group Sy4, which act on the external legs of
the Feynman diagram. These generators act on the cross
ratios and parameters a, 5,7,y as

"
&

We recall the relation between the function ¢ (u, v) and the
integral

v) = (v,u),
apr.y)> (1 +p-r.1+ta-yy.2-y),
u,v) = (u/v,1/v),
aﬁ}/ ]/)|_>(1+ﬂ—)//,ﬁ,}’,l+ﬂ_a)-

(u,
(
(
(

Iy = a7 (wow),(65)

and we note the functional relations that follow from
invariance under o; and o,, respectively:

PP (u,v) = WGP 2 (p ), (66)

v v

P’ (u, v) = v PPl Hh ' By 1 +p— a<”7 1)_ (67)

The invariance under o allows one to express the coef-
ficients c¢,, c¢3, and ¢4 in the ansatz (64) in terms of c;:

¢, =ci00y, ¢y =cjoo07, c3=cjo0. (68)
The additional invariance under o, implies functional
relations for ¢; as a function of the parameters a.f3,7,7'.
The simplest way to state these relations is to note that the
function

N — z=4 sin nasin nfsin oy sinzy'¢®” (69)

is invariant under both the actions of ¢; and o, on the
parameters. As a function of the parameters a, b, ¢, d, N4 is
hence invariant under all permutations of its arguments.
This allows us to express all coefficients appearing in our

ansatz (64) in terms of the coefficient N“ﬁ i

B. Overall constant.

The above requirement does not determine the coeffi-
cient N’ """ uniquely, and we employ the coincidence limit
2 -1 of external points of the Feynman diagram in order
to fix it. Applying this limit to the box integral, we find

1 I dD)CO

im =

1 4T x2(0+b)x2cx2d
10 3040

XthLb,C,d (70)

24 2(a+b) 2"
13 X34 X4

On the other hand, for the cross ratios the limit 2 — 1
implies that (u,v) — (0, 1), and we can write

lim yp(u, v)
. o (u,v)—
%1—{11114 N 2d/x2(a+b> 20 (71)
X3 X34 X4
We thus read off that
lim  ¢(u,v) = Xoipca- (72)

(u,v)—(0,1)

On the basis functions G; appearing in our ansatz (64), this
limit acts as (we assume y < 1)

I,
GO r—a G1 = 0,
TN O O P
I,
G, — r—ap G; — 0.
IS O O O

Here we have employed the identity (G4) for the Gauf3
hypergeometric function to end up with expressions in
terms of Gamma functions. Hence, we have obtained the
relation
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lim  ¢(u,v) = NPT 00Ty p
(u,v)—(0,1)
X( Farﬁ _F1+a—y’rl+/)’—y’>
Fy-aly—p Tl

ﬂD/zFl —yFIJra—y’F/}

1—‘1 +a+p—y I_‘1 +/7’—yr2+a—y—;/

)

which we solve for N¥" to find
NZ/}W/ _ ﬂ2+a+/)'—y—y _ 77,'D/2 ‘
Farl+/}—yrl+ﬂ—y' F2+a—y—y’ Ly

Note that the latter form makes the permutation symmetry
manifest. We have thus bootstrapped the D-dimensional
box integral (27) with generic propagator powers and
obtained the result

)= NZﬂ”’(Gl -G, -Gy +Gy). (73)
where for j =1, ...,4 we have defined

4 1Py
~ n* escmy ese wy Gy,

i~ sinz(a+x; +y;)sinz(f+x; +y;)

(74)

Here (x 5y j) label the four shifts in Region I of (52), and we
remind the reader that the propagator powers a, b, ¢, d are
related to the greek parameters via (35).

It may be useful to summarize the algorithmic steps that
allowed us to bootstrap the above box integral:

(1) translate the Yangian PDEs into recurrence equa-

tions (45) and (46);

(2) find a fundamental solution (47);

(3) find all zeros (52) of the fundamental solution;

(4) classify the zeros by their kinematic region (52);
|

(5) in a given kinematic region, use the permutation
symmetries and coincidence limits to fix the linear
combination.

Importantly, we note that as external input we have used the
convergence properties of the Appell function F, as given
in the literature. Moreover, classification of the kinematic
regions (point 4.) can be achieved through investigation of
shift identities of the form (58); similar identities are not
guaranteed to exist for fundamental solutions a la (47) for
different integrals.

VI. SIX-POINT DOUBLE BOX

Being a member of the class of fishnet Feynman graphs
discussed in [1,2], the double box integral is also invariant
under the conformal Yangian algebra:

3 4
~ d4.’170d4.’1301
I33 = 22 g2 2 3 o 3 2 5
10720730T g0 Ta0/ Tr0/ T01
1 6

(75)

In this case conformal symmetry dictates that /5 5 is of the
form

“ 1 "
I35 =——5—5¢33(us, ...

 Ug), (76)
X13X25X46

with a conformally invariant function 433’3 of nine cross
ratios that we define as in Appendix A (cf. [24]). The partial
differential equations arising from the Yangian level-one
symmetry read

PDE/k §£3,3(1/{1, ey Mg) = O, (77)

with 6 of the 15 differential operators PDE; given by

PDE|, = —05 + ug(D16g + 1)D3g5 + usitg(D16s + 1)(Dasza + 1) — ugugD36sDygog + tstistgD14r(Dygg + 1)

+ ugugugD36s D39y — UsugliztigDigrg(Doszs + 1),

PDE,3 = 03(D16s + 1) — ugD1928Dsge7 — u7ug DazsDiogg + ugitg D3gr Dsger,

PDE; = (01 — 09) D925 — u1D142(D163 + 1) + ugD305(D7og + 1),

PDE5 = —0,D395 + uyD1928(Das34 + 1) — tyuy(Dyeg + 1)(Daszg + 1) + a4 Dy75D19s,
PDE s = (03 — 1)03 — u3D365D305 + upu3D365D 1908 — uztts D30y Dsgs7 — gtttz (D65 + 1) D3gs

— uzUsit; D39y (D79g + 1) + tpuuzustisD 193 Dsger,

PDE,ys = (05 — 64)(Das3s + 1) 4 u3D365D39p — 4D 14 Dyss5. (78)

Above, for compactness, the Euler operators 6; = ujﬁuj are packaged into

Dij =0; +6; -6y,
Dijkl = 91‘ + 0] - Hk - 9/. (79)
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Moreover, the remaining nine Yangian differential oper-
ators PDEj; of the set (12), which annihilate ¢5 3, are
obtained from the following permutations of cross ratio
labels:

= (16)(25)(34)(79), = (19)(34)(67). (80)

Notably, these permutations of the cross ratios u; leave ¢; 5
invariant:

¢3.3(”6’ Us, Ug, U3, Uy, Uy, Ug, UG, M7)

= ¢3.3(”1,M2, Uz, Uy, Us, Ug, U7, U, ”9)’ (81)

¢3,3(”6v Us, Ug, U3, Uy, Uy, Ug, U, ”7)

= ¢3.3(”1,M2, Uz, Uy, Us, Ug, U7, Ug, u9)- (82)

These identities result from imposing invariance of the
double box Feynman graph under the permutations
o3 = (14)(25)(36), o3 = (13)(46),  (83)

of the six external legs, respectively. An important point to
note is that these permutations leave not only the integral
invariant but also the level-one momentum generator (10).
Therefore, the full invariance equation (11) stays invariant
under this permutation, which makes it easy to identify
pairs of differential equations that are related by the
corresponding functional identity. Further functional iden-
tities generalizing the invariance under the permutations
above for the box integral, are listed in Appendix D.

Similar differential equations as given in (78) can be
written down for the double box integral with generic
propagator powers

D, 1D
J _ d .Xod XO/
33 2a,2b2¢.2¢ 2d 2e 2f

X10%20%30% 00 X0 Xs50: X 60!

= V3333, (84)

where we have stripped off a prefactor

= XD D=2 y2d-2e 2d+2e-2a . —2b .D=2c=2¢
Visz = x5 Xy X5 X6 X26 X36
26-2d-D 2d
X X36 X536+ (85)

and conformality requiresa +b +c+¢ =D andd + e +
f+¢=D.

Solving these differential equations in nine variables is
obviously a much more involved task than for the two-
variable box function. Moreover, the double box integral
has fewer permutation symmetries than the totally sym-
metric cross integral. It is thus reasonable to approach this
problem from a more symmetric direction and to consider a
simpler situation.

VII. HEXAGON

The double box integral in D dimensions is related to the
(D + 2)-dimensional hexagon via the following simple
differential equation relating the respective conformally
invariant functions [9]:

ZP/2-1

Ough33(uty, ..., ug, D) =

¢6(M1, . Mg,D + 2),

(36)

which holds true for D/2 — # = 1 and with ¢; 3 and ¢4 as
defined in Appendix C. In fact, using the expressions
provided in Appendix C it can be shown that the following
slightly stronger equation holds true

D/2_1 [e’e) C d
_ du/ oL H o, (87)
r a
l us f

Note that here the Feynman diagrams do not represent
the full integrals but rather the conformally invariant
functions ¢53(uy,...,u9) on the left-hand side and
¢s(uy, ..., u7,u’, ug) on the right-hand side, respectively.
The above relation implies that the hexagon integral obeys
similar differential equations as the double box. In fact,
we can give an argument independent of the double box,
which shows that the hexagon is Yangian invariant in three
and six spacetime dimensions. First, in three dimensions,
the hexagon is simply the fundamental Yangian-invariant
vertex, similar to the box integral in four dimensions [2]. In
six dimensions, Yangian invariance follows from the
following two observations: (i) In [2] it was noted that
six-dimensional Feynman graphs with propagator weights
two and built from three-point vertices are Yangian
invariant (similar results hold for deformed propagator
powers). (ii) Using the star-triangle relation (6), the
hexagon multiplied by external propagators on the left-
hand side can be related to a three-point graph shown on the
right-hand side:

%
A - lf g’ Xb’i’ XJ;/G/

Here the star-triangle relation requires the constraints a +
f+9=D/2,b+h+c=DJ2,andd+ j+ e = D/2.

Let us now consider the resulting Yangian constraints for
the conformal hexagon integral in the form

/ 2a,.2b .2¢ ,.2d ,.2e .2 f
:_: E L107%20°30L10L50L60

‘/6 ¢6(w17 v ,U}g)-

(89)
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Here we have a+b+c+d+e+f=D and the
prefactor

_ .2D-2a-2f _2p_-D¢.-2d. —2e=2f+D 2f-D
Ve = Xie X26 X36 Xa6 Xse x5 - (90)

Moreover, we have redefined the cross ratios employed in
the conformal parametrization above according to

w1 = Us, Wy = U3Us, W3 = UsUs5U7,
Wy = Ug, W5 = UpUzUyg, We = UpUzUsU5Ug,
W7 = Ugly, Wg = UiUyUzUgUg, Wo = UglUgUyg. (91)

These turn out to be convenient in order to write the
fundamental solution to the Yangian recurrence equations
in the form of a Taylor series.

Having established the Yangian symmetry and the
conformal parametrization of the hexagon integral, we
employ the evaluation parameters given in Eq. (H3) and
apply the Yangian level-one generator P* to the above
expression. This yields an invariance equation of the form
(11), from which we read off the 15 partial differential
equations collected in Appendix E. We then employ a
series ansatz in terms of the cross ratios (91):

bo(W) = D By Wit (92)

Here, for convenience we have set

9

h”|"'"9 = f”l"'"Q H F;jl+l . (93)

=

The recurrence equations for f, ..,,, which follow from
imposing the Yangian PDEs on the above series ansatz,
are listed in Appendix F. Notably, these equations appear
too complicated to be solved by elementary means.
However, a fundamental solution to these recurrences
can be obtained from the Feynman parameter represen-
tation of the hexagon integral given in (C3). Taylor
expanding this representation in the cross ratios and
integrating order by order yield the expression

1
Do Do, Do D T D,

fl’ll"'ng

(94)

where we use the shorthands

M, :a+ink,
=1
M, = By + ny + ns + ng + no,
M5 = By + ny + ng + nq + ng,
My = B3+ n3 + ng + ns + ng,
Ms =y, + ny + ny + n3 + ns + ng + ng,
Mg =y + ny + ns + ng + ny + ng + no, (95)

and the greek parameters encode the propagator powers
of (89):

D
az;—f, ﬂlzb’ ﬁzZC, ﬁ3:d7
D D
71:1+§—a—f’ y2:1+5—e—f. (96)

The above function h,,,..,, defined through (93) repre-
sents an analogue of the fundamental solution (47) for the
box integral. Plugging this solution to the recurrence
equations into the series (92), we obtain a Yangian
invariant that can be identified with a (Srivastava-
Daoust) Lauricella function [25,26]

Hy= > hy iy (97)

This is the analogue of the function G; given in (49) in

the bootstrap of the box integral. Similar to the case of

the box, H,; yields the analytic part of the hexagon

integral (89) in the conformal variables w;:
C

ba . e~ = ¢ Hy + non-analytic. (98)

Here the coefficient ¢; is given by

2 -
glratBithathz—r "2 Uicp,Tip,Paly, Py,

. (99)

cl =
r1+a—71 I +a—y, F2+ﬂl +hrtP3—r1—12

with the shorthand p, =1',I"j_,. As before, additional
solutions of the Yangian invariance conditions can be
obtained by summing over a shifted lattice with base
point (xy, ..., xg):

_ ny g
Hxlmx9 = E h,,lmngw1 Wy

n;€x;+Z

(100)

Obviously we have H; = H,.. Restricting to base
points for which the series terminates in all nine
parameters, we find 2530 possible sets (xy, ..., x9), which
compares to the situation of the box integral as follows:
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‘ Box Hexagon

Variables 2 9
Series 12 2530

(101)

As for the case of the box integral, we expect that these
Yangian invariants are series representations converging
in different domains but are linked by functional relations
similar to Eq. (G3). One may thus expect that the total
number of Yangian invariants is lower than the number
2530 of series representations found above.

In the algorithm outlined at the end of Sec. V, the next
step would be to classify the above sets (x, ..., Xg), i.e., the
zeros of the fundamental solution 4,,,...,,,, by their kinematic
region. For the box integral this can most efficiently be
done by employing the shift identities listed in Appendix B.
However, it is not clear that similar shift identities exist for
the given fundamental solution of the hexagon. This
obscures the identification of a linear combination of the
above series that represents the full hexagon integral.
Moreover, a full analysis of the domain of convergence
of all series representations seems to require a significant
improvement in the current understanding of the properties
of the above generalized Lauricella functions. We thus
leave further steps into these directions for future work.

As argued above, the double box integral is even more
involved than the hexagon considered in this section. This
makes it clear that gaining full control over the hexagon
bootstrap is a natural prerequisite for further investigations
of the double box discussed in Sec. VI.

VIII. RECURSIVE STRUCTURE AND
OVERALL CONSTANTS

As demonstrated in Sec. VII, Yangian symmetry does not
fix the considered six-point integrals completely. This under-
lines the need for further constraints required to eventually
bootstrap these integrals. As argued in Sec. V for the case of
the box integral, the considered six-point integrals can also be
recursively related to the star-triangle relation which can thus
be used to e.g., fix their overall constants:

A
+
T oK

While the four-point situation was already discussed in Sec. V
[see (71)], let us explain the six-point cases in more detail.

(102)

A. Hexagon

In the case of the hexagon we can take a coincidence
limit for three external points, e.g.,2 - 1,3 - 1,4 — 1, to0
obtain the triangle integral of (6):

. dD)CO XD—E—f.e.f
121111116 :/ 2(D—e—f) 2¢ 2f - 2f —2(e+f) _2e " (103)
Bind X10 X50%60  X15 Xs6 X16

Note that taking only two of the above coincidence limits
yields the box integral at an intermediate step. On the other
hand, for the above cross ratios (91) the triple coincidence
limit implies

Wj g Vi\/j, with Wj=1,2.3 = 1, Wj>3 = 0, (104)

and we can evaluate the limit on the right-hand side of (89)
to find

im,, ., ¢e(wy,....w
e U
Eind X15 Xs6 XT6
Comparing to (103) we thus read off that
Jim pe(wis oo wo) = Xt erders (106)
J J

Note that we can similarly take coincidence limits of
different external points leading to further equations which
constrain the coefficients of Yangian invariant functions
and in particular the overall constant of the integral.

B. Double box

The case of the double box integral is slightly more
involved. Consider the conformal double box with param-
etersobeyinga+b+c+7¢=Dand? +e+ f+g=D:

dDXOdD)C()/

Iy = /
’ 2a.,2b,2¢.2¢ . 2d \2e 2f °
X10%20%30% 00 Xa0r X50 Y60y

(107)

We now take the coincidence limits 2 — 1 and 5 — 4 of the
external points such that

deOdD.XO/

Lm/y; :/ 2(a+b) ¢ 27 2(d+e) 2f °
2-1 xlO X30x00/X40/ xSOI

(108)

and we use the star-triangle relation (6) on the first integral
to find the box integral

. Xarber dPxy
lim I35 = X 2o by 2o ap - (109)
2-1

10%0 Y Xeor
Note that the sum of propagators in the remaining box
integral gives £+ d+ e+ f = D; i.e., the integral has
conformal Yangian symmetry. We can take a further
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coincidence limit 4 — 3 and use again the star-triangle
relation to find

lim  Xaiper dxy

oy 33T 0 20 2(a+b)+2(d+e) 2f

P 13 X0 %30 Y60’
. Xa+b.CfXD/2—c,D/2+c—f,f

2(D—-¢~f) 2(f-c) 2
X3 Xig X3

(110)

For the cross ratios the above consecutive triple coinci-
dence limit corresponds to
w; = W,

Wlth Wj:1’4’5’7’g = 1, Wj=2,3,6,9 = 0

(111)

J

Hence, the limit on the right-hand side of (84) can be
written as

lim,, _5 33(wi, ..., wo)
hm 13 3 = ! ! - (1 12)
mvRiak 2(D—f—f) 2(f—
%:i xlg )x1(6 C)x%g
We thus read off that
W@%_%g(“’h coosWo) = Xayp coXppp-cnppre-ry (113)
J

7

Again, this is the result of only one possible coincidence
limit, and we can obtain further constraints by taking other
limits.

IX. YANGIAN INVARIANTS AND
MELLIN-BARNES INTEGRALS

Integrability is very constraining and if properly under-
stood one can expect that it completely fixes physical
observables through the underlying symmetry constraints.
In [1,2] it was shown that certain Feynman graphs provide a
means to obtain an infinite class of Yangian invariants. In
the previous section we have shown that these Yangian
invariants have a fine structure; i.e., there are more
elementary Yangian invariants whose linear combination
is selected by imposing further symmetries (e.g., permu-
tation invariance) of the considered Feynman integrals. So
what is the construction principle underlying these more
elementary Yangian invariants, and what is the most natural
way to fix their linear combination? In order to get more
insights into this, it is useful to compare the above
construction to the Mellin-Barnes technique for obtaining
certain Feynman integrals.

Let us discuss the box integral in more detail. Its Mellin-
Barnes representation is most conveniently obtained by
iteratively applying the rule

F—ZF/HZ ( 11 4)

1_11/d AT
(A+BY T,2mi)c B

to the Feynman parameter representation in Appendix C
and integrating out the Feynman parameter integrals. Here
the contour C extends from —ioco to +ioco and is chosen
such that it separates the two pole series of the Gamma
functions. If the intersection between the areas character-
ized by Re(—z) > 0 and Re(1 + z) > 0 is nonempty, the
contour C can be taken to be a straight line ¢ + iR with ¢
being a real number such that both Gamma functions have a
positive real part. Carrying out the above procedure yields
the following Mellin-Barnes representation for the box
integral:

Ny
= dz; A dzpoy, 115
¢4 (271'1)2 K4+[R2 1 2W4 ( )
where
wy = u vzzr—zlF—zzrl—y—zlFl—y’—zzra+zl+zzrﬁ+zl+zz’
(116)

and with N, as defined in Eq. (42). Here, k, labels a point in
R? and is again chosen such that all Gamma functions have
a positive real part. In Fig. 2 the latter region is depicted as a
meshed (blue) triangle in the center of the plot and x4
corresponds to the orange dot, which can be moved within

e —- B e P Ioeoe 1 el S S e I b
5 Re(z,) | | | |
r T T T T T T
D\ 1 1 1 1 1 1
AN —————— it o ik Lo TP F R
4L 1 1 1 1 1
R T T T T T T

1 1 1 1
NS s ———————————— | T e [ T T e e
3L - 1 1 1 1 1 1
N 1 1 1 1 1 1
AR\ N I O .Y e

9 D B2 I 1 ] I 1 ]
NN 1 i i 1 H 1
SR\ Sl SR\ . b A b e L AL ]

1 N D D 1 1 1 1 1 1
\ S T T T T T T

D\ D 1 1 1 1 1 1
| S EEEE EE SRS

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1

» 1 1 1 1

1NN\J! 1 1 1

I SN 1 1 I

1 1 1

N I 1 1

1SN\ 1 N\ 1 I

3 N I I

II I I

IDNEIRANIRNE 1

[N RN RN\ U :

N b} AN A

R NK J \( J.f)

1 1 1 1

-5 -4 -3 -2 -1 0 1 2 3 4 5

FIG. 2. Singularity structure of the Mellin-Barnes integrand
(116). Colored lines correspond to poles of Gamma functions.
The orange dot in the center of the plot marks the base point of the
integration and can be moved inside the meshed (blue) triangle
without changing the value of the integral. The latter region is
determined by the criterion that all Gamma functions have a
positive real part. Red cones mark the regions in which residues
need to be summed to obtain a valid series representation of the
integral.
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the fundamental triangle without changing the value of the
integral.

The standard method to compute integrals of the form
(114) and (115) is to use Jordan’s lemma in conjunction
with the residue theorem [27], leading to series represen-
tations, which under favorable circumstances can be
summed. To apply Jordan’s lemma, one first needs to
analyze in which domains of the integration space the
integrand is a decreasing function. An important quantity in
this context is the vector ® which for denominator-free
integrands of the form

Hrai111+"'+hinzn+ti

i

(117)

is defined as

(118)

G)] = Z(lij.

Evaluating this quantity for the integrals (114) and (115)

shows that both have © = 0 thus corresponding to the
so-called degenerate case [28]. In this case, the Gamma
functions are essentially balanced and integration contours
can typically be closed in multiple ways leading to series
representations which are valid in different kinematic
regimes. For example, the integration contour C in
Eq. (114) can be closed via the left or right half-plane
resulting in series representations which converge for
|A/B| > 1 and |A/B| < 1, respectively. Similarly, we will
see that multiple series representations of the box integral
coexist which are analytic continuations of each other. To
obtain these, we proceed by analyzing the singularity
structure of the Mellin-Barnes integrand (116). The
Gamma functions have poles for nonpositive integer values
of their arguments. In the Re(z;) — Re(z,)-plane these
poles correspond to singular lines; see Fig. 2. For example,
I'_,, has poles for z; = m with m being a non-negative
integer, and these are depicted as vertical solid orange lines.
Similarly, the Gamma functions involving only z, lead to
the green horizontal lines while those depending on the
linear combination of both z variables correspond to the
diagonal lines. An interesting point to note is that due to
the special structure of the Mellin-Barnes integrand (116),
finding the zeros of the fundamental solution (47) is
essentially the same thing as finding the zeroth represent-
atives of all (infinite) families of singular lines.

Let us now turn to the question of how to express the
Mellin-Barnes integral (115) as a sum of residues. The
residues need to be computed at points where singular lines
intersect but we have not yet explained which subgroups
of poles should be summed to obtain a valid series
representation of the original integral. However, for two-
dimensional integrals there exists a simple graphical
procedure which can be used to find all of these regions
[28,29]. The first step consists of drawing an arbitrary cone

R with vertex k, in the Re(z;) — Re(z;)-plane. The cone is
called compatible with the families of singular lines if each
line intersects at most one side of the cone R. In Fig. 2 we
have drawn the three cones Ry (boundaries of the red
areas) that are compatible with the six families of singular
lines. Once such a compatible cone is found, the integral
can be expressed as

=N, res wy, 119
on 4 Z e Wy (119)

Z*ER;

where the summation ranges over all intersection points
that lie inside the compatible cone R;. As an example, let us
compute the representation that results from summing all
residues inside cone R;. Obviously, there are four families
of poles in this cone, which can be parametrized as

Zy = (m.n), Z=(m+1-y.n+1-y),
Z=m+1=yn), Zj=mn+1-=y), (120)

in complete agreement with table (52). Computing residues
at positions 7} yields

n,.n

(a,m+ n)(f,m+ n)

reswy =L gl Ty o —m—"

=1 (y.m)(y',n)m!n!
(121)

where (4, k) is the Pochhammer symbol as defined in (36).
The residues at positions Z; obviously correspond to the
Jfundamental solution (47). Since calculating residues in
cone Rj is essentially trivial, we leave the computation of
the other residues to the reader and merely state the final
result for the Mellin—Barnes integral (116)

¢y = Ny [F(zrﬁrl-y’rl-y g1(u,v)
+ ey D gy Dyt Uiy 92 (u, v)
+ ey Dippey Ty Tyoi g3 (0, 0)

+ F2+/i—y—y'r2+a—y—y’ y’—le—l 94(u’ U)]’ (122)
with g;(u, v) and N, as defined in Sec. IV. Note that the
above result is in complete agreement with Eq, (41) and
the Mellin-Barnes result for the triangle integral of [21].
Summing the residues in the other two cones is most
conveniently done by performing the change of variables
7y =z, and 7z = z; + 2, and yields similar expressions
but with Appell functions depending on (u/v,1/v) and
(v/u,1/u), respectively. The expressions obtained by
summing over residues in cones Ry and Ry exactly agree
with those obtained by applying the Fj-identity (G3) to
Eq. (122), thus showing that all three expressions are
indeed analytic continuations of each other which converge
in different kinematic regions. The above arguments now
also make it clear why we chose to label the cones in
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exactly the same way as we labeled kinematic regions in
Sec. V: the three cones are in one-to-one correspondence
with the three kinematic regions in Fig. 1.

Finally, let us note that all four families of poles
{Z4,25.23.Z;} in cone Ry individually lead to a Yangian
invariant quantity. This statement follows immediately
from the discussion in Sec. V and does also apply to the
eight remaining families of poles. This shows that in order
to obtain a Yangian invariant, one merely needs to sum over
all residues originating from the same type of intersection
of singular lines (see Fig. 2). Summing over all residues
inside a given cone is apparently not required for Yangian
symmetry.

Having discussed the box integral in great detail, let us
now turn to the D-dimensional hexagon integral (89).
Applying 9 times the Mellin-Barnes identity to the
Feynman parameter representation (C3) yields

Ng
¢6: 3 ) . 9dZ1/\"'/\dZ9606, (123)
(271)° Jigrir
where
g2tatbitbatPi—ri-n
Ng = . (124)
0 T, Ty r I
Pt Bt B3t Ida—yt I+a—yt 240 +B+hs—1i—12
and
9
— Zi
W = H(Wl F—Zi)Fa"rZ]+Zz+Zg+Z4+Z5+Z¢,+Z7+Zg+Zg
i=1
X F[)’,+z1+Z5+Zg+19rﬂz+12+zﬁ+17+Zg
x F/)’3+13+Z4+15+Z<,F1—72—14—15—16—17—Zg—z9
X F1—71—Z1—ZZ—Z3—25—26—Z8’ (125)

with the cross ratios w; as defined in Appendix A. In
complete analogy with the two-dimensional case, the
vector k4 € R is defined such that all Gamma functions
have positive real parts. _

Evaluating the vector ® as defined in Eq. (118) shows

that the above integral is degenerate as well, i.e., 0= 0, so
that presumably multiple series representations coexist.
Since the integration space is nine-dimensional, the graphi-
cal method outlined above can no longer be applied and one
needs to rely on purely algebraic methods to find all
compatible cones. This, however, is left for future work.
Instead, we will content ourselves with computing the
analog of the fundamental solution (121). For this, we only
need to find the residues at the intersection points
Zi = (ny, ny, n3, ny, ns, ng, ny,ng, ng). We obtain

reswg = Lol Tp g Ty Ty, (= 1)
7] ’

=7

o a M) (B M) (Br. M3) (f3. M) ﬁwf”'
(71, Ms)(y2, Ms) !’

(126)

where the M;_; ¢ were defined in (95) and again we used
Pochhammer notation to emphasize the hypergeometric
nature of the residues. More precisely, summing over all the
residues Z] yields a multivariate hypergeometric series of
Srivastava-Daoust type (see [25,26]). Picking other sets of
residues leads to similar expressions with some linear
combinations of n;’s replaced by others, all of them
representing individual Yangian invariants.

Let us finish this section with a remark on the consid-
eration of D-dimensional integrals with deformed propa-
gator powers. While the deformation naively just adds
another layer of complexity, it actually turns out to be a
blessing in the context of Mellin-Barnes integrals as it
disentangles different sets of poles which would otherwise
overlap. For the box integral the latter statement becomes
transparent by comparing the result (122) to the result for
the undeformed box integral (43). In the case of the
hexagon integral it even seems that the deformation is
what makes the residue theorem applicable in the first place
since in the undeformed case there exist singular points in
which more than nine singular hyperplanes intersect, thus
making the residues a priori no longer well defined.

X. CONCLUSIONS AND OUTLOOK

In this paper we have demonstrated that it is possible
to bootstrap Feynman integrals using their Yangian sym-
metry. In the case of the two-variable box integral we have
shown in full detail that the Yangian constrains the func-
tional form of the integral to a space spanned by four
Appell hypergeometric functions F,. Their linear combi-
nation is fixed through the integral’s permutation sym-
metries, and the overall constant is determined by relating
the integral to the star-triangle relation in a coincidence
limit of external points. Hence, we have completely boot-
strapped the D-dimensional conformal box integral with
generic propagator powers. For the much harder nine-
variable hexagon and double box integrals, we have
discussed the analogous Yangian constraints, which in
each case can be translated into a system of 15 differential
equations in the conformal cross ratios. For the hexagon
PDEs we have argued that these constraints are solved by a
set of 2530 generalized Lauricella series. Due to this large
number and the poor understanding of the convergence
properties of these solutions, it was not possible to identify
a linear combination of these series that corresponds to
the integral.

These investigations suggest plenty of directions that
require further understanding. First, the discussion in
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Sec. IX illustrates the close connection to the Mellin-
Barnes technique for the computation of Feynman inte-
grals, which in turn can be understood through the close
connection between Mellin-Barnes integrals and hyper-
geometric functions. In our context, the Mellin-Barnes
integrand is closely related to the fundamental solution of
the Yangian recurrence equations. In fact, both approaches
share similar problems for integrals with a larger number of
variables. These are to identify the correct linear combi-
nation of series solutions and to understand their conver-
gence properties. Already in the two-variable case a proper
convergence analysis is laborious; see e.g., [29] for the
explicit discussion of the convergence of two-variable
Mellin-Barnes integrals. This underlines the importance
of getting better control over the mathematical properties of
the often poorly understood multivariable generalizations
of hypergeometric functions. A serious convergence analy-
sis for the nine-variable case seems indeed very hard.

Let us point out that in this paper we have observed that
the Yangian differential equations for Feynman integrals
can be formulated for generic spacetime dimension D,
whereas the symmetry found in [2] was phrased in different
but fixed spacetime dimensions D = 3, 4, 6. While here the
approach with generic D emerged naturally, the case most
interesting for phenomenological applications is D =4
with unit propagator powers. It is thus natural to ask
whether working directly in this limit, the considered
integrals can be bootstrapped more easily. For the case
of the box integral we have seen in Sec. III that indeed in
this limit the Yangian constraints yield the solution by
elementary means. This solution, however, seems less
algorithmic than the bootstrap for generic propagator
powers and thus less simple to generalize. The subtleties
of the limit of unit propagator powers discussed in Sec. [V
show that it has various advantages to work with the
deformed integral. Nevertheless it is clearly interesting to
further investigate the unit-propagator bootstrap, e.g., by
studying the Yangian constraints on the symbol of the
respective function, similar to the approach of [11] for the
hexagon integral with three massless and three massive
corners.

In addition to the Yangian constraints, here we used the
permutation symmetries of the box integral as well as a
coincidence limit of two external legs to fix it. Aesthetically
it would be more pleasing to fix an integral by integrability
(alias Yangian symmetry) alone. That this is indeed in reach
is suggested by the recursive structure described in
Sec. VIII. Similar to the conformal symmetry of scattering
amplitudes in N = 4 super Yang-Mills theory [30], it may
be possible to include this structure into the representation
of the Yangian on Feynman integrals. Certainly in the case
of on-shell legs, the conformal differential equations
acquire inhomogeneities, and the resulting equations have
been shown to yield powerful tools for the computation of
Feynman integrals [31,32].

For the double box, the case with unit propagator powers
and on-shell legs is known to be described by elliptic
functions, whose theory in the context of Feynman inte-
grals is still under construction [6-8,33]. It would be very
interesting to apply the Yangian PDEs studied in this paper
to an ansatz for this integral, once such an ansatz becomes
available. Moreover, explicitly relating the above elliptic
formalism and the hypergeometric building blocks that
naturally emerge in the context of the Yangian PDEs should
be a worthwhile goal.

The relation of Yangian symmetry to the PDEs (12)
shows that the roots of the Yangian symmetry lie in systems
of partial differential equations in the conformal cross
ratios. Notably, there are various strategies to write down
differential equations for Feynman integrals. In particular,
the more formal approach of the recent papers [34-36]
using the Gelfand-Kapranov-Zelevinsky systems seems
closely related to ours. It would be interesting to study
the systematics behind this relation and to see in how far the
resulting systems of differential equations agree.

The main tool of the present paper is the Yangian Hopf
algebra acting on certain Feynman graphs. Recently,
similar algebraic structures were found in the context of
other classes of Feynman integrals, in particular also in the
context of Appell and Lauricella hypergeometric functions
(see e.g., [37,38]). It should be enlightening to investigate
the parallels in these approaches and to understand whether
both algebraic structures coincide or coexist.

Curiously, integrability also enters the scene of conformal
correlation functions from a different direction. In [39] and
several follow-up works it has been shown that conformal
blocks can be understood as eigenfunctions of an integrable
Calogero-Sutherland Hamiltonian. There the eigenvalue
equation is obtained from the conformal Casimir equation
known to hold for the conformal blocks. Understanding the
connection between that approach and the integrability
properties of conformal correlators employed in the present
paper should be instructive. A natural starting point is the
box integral considered here, which can be interpreted as a
correlation function in the fishnet theory of [3].

While the present paper deals with the constraints for
scalar Feynman integrals, Feynman integrals including
fermions can also be shown to obey a Yangian symmetry
[2]. The respective diagrams are again interpreted as cor-
relators in a generalized fishnet model (see also [40,41]).
An obvious task is thus to bootstrap the simplest examples
of fermionic Feynman integrals and to see how far this
approach reaches for those cases.

Certainly, it is an interesting question on its own to
understand the constraining power of integrability in
the context of four-dimensional high energy physics.
However, a more ambitious goal of this program is to
develop efficient integrability methods for the computa-
tion of Feynman integrals and to understand the deeper
mathematical structures underlying quantum field theory.
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Here it will be important to further extend the traditional
integrability toolbox to the situations at hand. For the case
of the yet unknown six-point integrals discussed in this
paper, the present status report furnishes the groundwork
for further progress in this direction.
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APPENDIX A: DETAILS ON CONFORMAL
CROSS RATIOS

In order to understand the degrees of freedom that
remain after imposing conformal invariance, it is helpful
to consider the conformal compactification of our under-
lying spacetime, on which the conformal group acts
linearly [42]. In the case of Euclidean four-dimensional
space, the conformal compactification can be realized by
the light cone in R(1),

5

—(X)2 4> (x)?2 =0,

i=1

(A1)

modulo the identification X ~ AX. We can map this space to
R* and vice versa employing the identifications

XH

M =—",
X0 4 X5

X]=[1+x2:2x:1-x. (A2)

We consider six points {X;} and constrain their coordinates
as far as possible using SO(1,5) transformations, i.e.,

conformal symmetry. For the first two points, it is clear
that using only SO(5) rotations, we can reach the form

[X;]=1[1:0:0:0:0:1],
[X4] =[a:b:0:0:0:¢]. (A3)
We can then determine the stabilizer of [X;] by requiring
that M € 80(1,2) only acts as a scaling on y = (1,0, 1)
and exponentiation of the elements spanning this space. In
this way, we find that we can reach the form

[X4] =[1:0:0:0:0: — 1], (A4)

corresponding to infinity in R*. Proceeding similarly, we
find that [X3] can be brought to the form

[X3] =[1:1:0:0:0:0], (AS)
which leaves us with SO(3) as the stabilizer of these three
points. It is then straightforward to constrain the following
three points to

)C/; = (Zl,Zg, O,O), (A6)
Xg = (Z3,Z4,Zs,0), (A7)
x’g = (Z6, 27,28, Zg), (AS)

where the points on the Dirac light cone (A1) follow from
the relation (A2). It becomes clear from the above con-
struction that in the case of four points, there are 2 degrees of
freedom (compared to the 16 — 15 = 1 one could expect
based on the dimension of the conformal group), since a
stabilizer group SO(2) remains. We also note that the range
of the coordinates z; is clear, since we can always pick the
respective points in R* they represent. However, by perform-
ing rotations with angle z in R*, we can always enforce that

720, 2520, 29 2 0. (A9)

In terms of the vectors [X;] on the Dirac cone, the
conformal cross ratios are given by

(X; 'Xj)(Xk X)) . x%jxil

Ujjk1 = = .
Y (Xl Xk)(Xle) Xlzk.sz

(A10)

It is helpful to express the z-variables in terms of one set of
independent cross ratios. This facilitates checking whether
any other set of cross ratios is independent (by expressing it
in terms of the first set) and is also a handy tool in order to
derive the relations between two given sets of cross ratios.
For this purpose, we consider the following set of cross
ratios:

V1 = U3 = Z% + Z%,
vy =z = (21 — 1)* + 23,
v3 = s = (23— 1)* + 23 + 23,
Uy =53 =23+ 23+ Zg,
Vs = Uppaaltians = (20— 23)° + (22 — 24)* + 23,
Ve = Uiyz6 = (26 — 1)> + 22 + 2% + 23,
V7 = Uje34 = zé + Z% + Z% + Zg,
Vg = U1234U1426
= (21— 26)* + (22— 27)* + 23 + %3,
Vg = U1534U1456

= (-2 + (za—2)*+ (s —28)* + 2. (All)
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For the first two of the above cross ratios, we also employ
the notation

v =z2Z=u, n=(1-z)(1-2)=v, (Al2)

with z = z; + iz, and Z its complex conjugate. For these,
we note the relations

1
2125(1+“—U)v n=\Ju—-zi, (Al3)

from which we read off that u, v are restricted to the domain

du> (14 u—w)? (A14)

in which the radicand in (A13) is non-negative. Working
with a Minkowskian signature, we could reach the
configuration

[X;] =1[1:0:0:0:0:1],
Xo] =[1 =212 + 2121 — £:0:0: 1 + 2, 2],
[X5] =1[0:1:0:0:0:1],
[X4] =[1:0:0:0:0: — 1], (A15)
which leads to the expressions
il = 712, t=1-2))(1-2). (A16)

Solving these for Z; shows that these cross ratios are
restricted by the relation
4i < (1 +ii — )2, (A17)

covering the opposite domain of the Euclidean cross ratios
and overlapping only along the line 4u = (1 + u — v)?.

Returning to the Euclidean cross ratios given in (Al1),
we note that expressing the z-variables in terms of these
cross ratios is a straightforward exercise (which inciden-
tally also shows that the given cross ratios are indeed
independent). We find the relations (in addition to the ones
given above for z; and z,)

1
1325(14—04—1}3),
= — —2 —_ s
24 2Z2(U1 7123 + V4 — Vs)
5=\ vs— 25— 722,
1
Z6:—(1+U7—U6),
2
L (01 — 22126 + v7 = 1)
7 = —\Uy — 2712 V7 — Vg),
1=5, W 1%6 T V7 — Vg
1
i8 — ~— (114 — 2Z3Z6 - 224Z7 + vy — 1)9),
225

(A18)

29 =1\/v7— 22— 22 -2

The cross ratios v; given in this appendix merely serve as a
tool to understand the range of cross ratios and their
independence and to establish relations between competing
sets of cross ratios. In the discussion of the double box and
hexagon, respectively, we employ different sets of cross
ratios. We list the explicit definition of these below:

2.2 2.2 2.2
_ X14%23 _ X15%%4 _ *16%25
Uy = 2 2 Uy = 2 2 Uz = 2 2
X13X24 X14%25 X15X26
2.2 2 .2 2.2
_ X25%34 _ *26%35 _ *12%36
Uy = 2 2 Us = 2 2 Ug = 2 2
X24X35 X25X%36 X13X%6
2.2 2.2 2 .2
_ *36%s5 _ *13%46 _ X14¥56
Uy =5 25 Ug =755 Ug =755 (A19)
X3X x4, x xXex
35%46 14%36 15%46

For completeness we also redisplay the redefined cross
ratios employed in the context of the hexagon:

wy = us, Wy = UslUs, W3 = UzUs5U7,
W4 = Ug, Ws = UpUzlly, We = UpU3U4UsUY,
W7 = Uglly, Wg = UjUrUszUgUy, Wy = UgUgly.

(A20)

The introduction of the z-variables is also helpful in
order to discuss the “independence” of the vectors

H x./;k
a ik = XT , (A21)
jk
which allows us to conclude that the equation
> dPDE;p =0 (A22)
Jj<k
implies that
PDE;;¢ =0 for all j, k. (A23)

In order to see this, we start from the explicit configurations
X, given around Eq. (A4) and employ a special conformal
transformation, which is represented by

1+3c¢2 - - % c?
A, = —ct 1, ct (A24)
% c? -t 1 - % c?

on the conformal compactification (cf. e.g., [43]), also for a
more detailed discussion on the conformal compactifica-
tion. Additionally, it is helpful to employ a rotation with
angle 7 in the (5,6)-plane in order to avoid one of the points
being mapped to infinity in Euclidean R*. In this way, we
obtain explicit expressions for the «/;, which depend on

ij?
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variables z and the parameters ¢* of the special conformal
transformation. We note that Eq. (A22) is constructed in
such a way that the coefficients PDE ;¢ are conformally
invariant and thus independent of the parameters c*.
Expanding all four components of (A22) in powers of
the parameters ¢/ is then sufficient to establish (A23).

APPENDIX B: SHIFT IDENTITIES
FOR THE BOX

The expansion coefficients (47) of the solutions to the
Appell PDEs,

apry _ 1
mn - ’
Fm+lFn+lFm+yrn+y’rl—m—n—arl—m—n—ﬁ

satisfy a number of shift identities such as (54) and (58)
given above. For a more systematic understanding, note
that all 48 possible shifts of this type can be generated from
the following three relations:

apyy _ _14+p-y.l+a—yy 2— 7,
Gmn" = Gy, m+1-y

apyy’ _ _14+p=y pyl+p—a
Gmn gm —m—n—f}

a/)’rr g/fuw (B 1)
The first two of these shifts correspond to the generators
o1, 0, of the permutation group, respectively. In order to
derive relations such as (55) for all 12 series representations
of the solutions of the Appell PDEs, we note the following
shifts:

apyry I+a—y,1+f—y,2— 77
gm+l —y,n = Gmn
apyy’ _ lda—y 144~y %2—7
mn+1—-y Gmn
apyy’ _ 2Aa—y=y 24p-r—r 2-7, 2—7
Im+1- —yn+l—y T Gmn
afyy  _ alta—y,l4+a—p, y
Im=an = J—m—n.n
apry’  _1+f—y.pl+p— 0’}’
gm_ﬁn = gJ-m-n,n
apyy' _ o7 24a—y—y 1+a—p2—y
gm+y’—a—1,n+l—y’ = 9-m-nn ’
apry’ — NPV 24— a2y
gm+y’—ﬁ—1,n+l—y’ g-m-n.n ’
afyy  _ al+a—yy, 1+a—ﬂ
m,n—a = Gm,—m—n
apyy’  _ 1+f—y pyl+p-a
gm n—p — 9m,—m—-n
afyy’ _N4a—y24a—y-y 22—y, 1+a—ﬁ
gm+1—y,n+y—a 1 = 9m—m—n
afyy’ APy 247 22—y, 1+ f-a
m+1—y.nt+y—p-1 — Gm.~m=n . (BZ)

APPENDIX C: FEYNMAN PARAMETRIZATIONS

In this appendix we list (dual conformal) Feynman
parameter representations [44-46] for the integrals dis-
cussed in this paper. In their most general form, the
integrals read

] / dDXO
4= 2b 2c
x10x20x30x40
I / dDXOd )Cor V ¢
33 = 33933,
’ 2b . 2¢ 20 2d \2e 2f 2T
x10x20x30x00/x40/x50/x60’
deO

Is = / y2a,2b 2c,2d 2e 2f
10%20%30%X20%50%60

4¢49

= Voo, (C1)

where x?¢ is short for (x?)?. Note that we evaluate all inte-
grals at their conformal point; i.e., the propagator weights
at each vertex have to add up to the dimension D.
The prefactors V; carry the conformal weight of the integral
and are given by

24D 2b+2¢=D y=2b  D=2c=2d
Va = X577y X24" X34

20-D \D-2f \~2d-2e 2d+2e=2a  ~2b  D-2c-2¢
Vis = X153 Xy X5 X6 X6 %36
26-2d-D ,2d
X Xg6 56>

2f-D D-2a-2f _2p D¢ .—2d . D-2e— 2f
Ve

=Xi5 X6 %26 X36 Y46~ Xs6 (C2)

The above way of factorizing the integrals leads to the

following conformally invariant functions of 2 and 9 cross
ratios, respectively:

g
b= 0, [ paps et

By B B B!
D/2 fyD/2 fzf ’

fos = O A 420 dpydps

Al
b= 00 [ apdpapaps B (o)
4
where
=P2r
0, = D/2—d
S O o O
0 :”DFD/Z—L”FD/Z—]'
RS W o o o o )
ﬂD/2F 2—
Q6:rerélf’ (C4)
at bt cl dl e
and

X\ = pau+ p3 + papsv,
Xo = Paugtty + Paug + Poff3uiuzuszug,
Y = ugXy + Paug + Pofsuruzug + P3faupuzususug
+ fs + PaPsus + PaPsuzus + Pafsuzusug,

Zi=14+p+ps+ -+ P (C5)

with the cross ratios as defined in Appendix A. Note that
the above way of parametrizing the integrals makes the
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differential equation (86) fairly obvious. Indeed, by APPENDIX D: FUNCTIONAL IDENTITIES FOR
noting that 9, Y = X,, one readily concludes that for THE DOUBLE BOX

D/2~¢ =1 the following relations holds: In addition to the invariance under the permutations (80),

the conformal function ¢ 5 for the double box integral fulf-
¢6(D +2). (ce) ills the following functional identities corresponding to the
given transpositions of the six external legs of the integral:

ZD/2-1

8u8¢3,3(D> ==

1 1 1 u
(12): D33\ ——,—, upuy, usus, » U7, UglUg, Upllg :M1M2¢3,3(”1’M2’M37M4»”5’”6’M71M81’49)1 (D1)
uy M l/t u1u2u3
1 1 l/lg
(13): ¢33 u4”5”67_ —7— — Uy, Uzlsiy, —————  UpliqUly | = P33(uy, s, U3, Uy, Us, Ug, Uz, Ug, Ug), (D2)
l/t4 l/l5 I/t2 M3 M2M3l/t4l/£5
1 1 1
(23) 45%3 s UpUy, UzUs, =, —,—, UsU7, UgUg, Ug :”5”6¢3,3(”17u27u3’”4’”5’”6’”7’”8’”9)’ (D3)
u4u5u6 I/l4 M5 l/l6
1 1 ug
(46) Mluzu% ) 7—7—#4”5“6,142”4”977,”3%”7 :4’3,3(“17“2,“3,%,Ms,u67u77148’u9>7 (D4)
Us Uy UrUslsUs
l u7 1
(45) Mluz,— uz”s,— Uqlls, U, , Ugllg, — :u2”9(/’3,3(“1,u2,143,”4,”5,”6,”7,“8,”9), (D5)
Uy UplUgllg Ug
1 1 I/l9
(56): $33 M1’M2M3v— Ugls, —, UsUe, —, U7Ug, :145”7¢3,3(141,M2,M3’u4’u57u67“7’u8’u9)- (D6)
Us uy Ususily

APPENDIX E: HEXAGON PDEs

We list the PDEs for the conformal hexagon function that follow from Yangian symmetry. We use the notation

0;,..i, = 0;, + -+ 0; , and we abbreviate the sum of all Euler operators by 0y = 0, + - - + 0q:

iy

PDE,, = wiwswo[ws8; + w704 + waw7 (s + )] (01589 + f1) — wiwswewols6;

— W3wswywo0 04 — wawawswol 07 + wiwywswr09(0 — By — B3 + 72 — 1), (E1)
PDE;3 = wyws[wy(0x + @) — 04] (02678 + Ba) + waw76,04 — wywyr (0730 — f3 + 72 — 1), (E2)
PDE, = —wywg0507 — wsw704(Ousero + 72 — 1) + wawswq (0356 + B3) (0 + a), (E3)
PDE|5 = wywsw;0,04 + wiwew;0,0, + wywywg0107 + wiwawyw;0s63 (05 + @), (E4)

PDE; = [wiwsw;(0s + a) — wsw;0, — wywgbs](01559 + 1) + wr[wows (05 + @) — web4](02678 + f2)
— wyw7(O123568 + 71 — 1)0123568 + W3waw7(Osas6 + f3) (05 + @), (Es5)

PDEy; = wywywg[w0s + ws0,](6a675 + Bo) + wiwws[wsb (0539 + 1) + wo05(0s — a — 5 471 + 12 = 2)]

— Wiwswywg0r0s — wiwawuwgBs607 — wawswg8,65, (E6)
PDEy, = wiwy(Oses —2 — a + 71 +72)05 + wiws(O150 + B1)0s + waws (03456 + 3)01 — w3010, (E7)
PDE;s = wiwaws (01550 + B1) (0 + a) — waws(O123ss — 1 +71)01 — wiwe0,0s, (E8)
PDEys = wiws(01580 + f1)0236 — [Waws01 + wiwe0s] (02678 + B2) — wiws(03ass + f3)01, (E9)
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PDE3, = wywews[wsly + wals|(0r678 + Po) + wawswews (03456 + f3)0> — wswew76,0,4

+wawgwswy (0 —2 — a = f1 + 71 + 72)05 — Wiwgwew0,05 — wawawewoOs0s, (E10)
PDE;s = wows[w, (0x + ) — 6,](02678 + B2) — wiw7 (0236 — 1 = B1 +71)02 + wawo0,67, (E11)
PDE3q = wywg (0539 + B1)07 + wowy(0a675 + B2) (03 — 09) — wiw7(Osuse + B3)0>, (E12)

PDE;s = wiwyws[wiwy (05 + @) — wy0; — w160,](Oz4s6 + 3) — wiwowaws (03 — 1 = By — > +71)05

+ W2W3W5W90104 + W1W3W5W79294 “F W1W3W4W89295, (EIS)
PDE,s = wswg (61589 + f1)0s + [Wsw70s + wawgbs](0r678 + f2) — waws(6sase + f3)07s9, (E14)
PDEsq = [wiwowy(0s + @) — wowst — wiwebs] (03456 + f3) + wo[wiw7 (05 + a) — Owows](6r675 + f2)

+wiwawg (G530 + 1) (Os + @) — wiwr04s6789 (Oasers9 — 1 +72). (E15)

APPENDIX F: HEXAGON RECURRENCES

We introduce the shift operator r,, ,,, with m; = £k or m; absent otherwise, which acts on the coefficient function
Sn,-.n, and shifts the respective index k by +1 or 0, respectively, e.g.,

rl,—Bfn|n2n3n4n5n6n7ngn9 - fn|+l,n2.n3—l.n4n5n6n7ngn9' (Fl)
With this notation and the shorthands M; defined in (95), the recurrence equations for the hexagon function f read
REifp,..n, = 0, 1<j<k<6, (F2)
with the recurrence operators

REj, = —n3ry 34 —nory o7 = ner's 67 — (2 + M) (2f, + M,) + (r4 + r7)(2B1 + M>)

+ ro(—f2 — B3 + 12 + no), (F3)
REj3 = n3ry 34+ (2a+ M) (28, + M3) — r4(28, + M3) — r(=B3 + v2 + ny + ng + no), (F4)
REyy = —ngrs7_s + (20 + My) (285 + My) — ra(ya + ny + ns + ng + ny + no), (FS)
REs = nsri4_s + ngriq_g + nerra—s + (ns + ng + ng)(2a + M,), (Fo)

RE ¢ = —nsry _s(2py + My — 1) —ngry _g(2f) + M, = 1) — nery _¢(2p> + M3 — 1)
- (1 +Ms)2yy +Ms = 1) +nyr_yQa+M; = 1)(2, + M, - 1)
+ nzr_2(2a—|—M1 - 1)(2,32 + M3 — 1) + n3r_3(2(1+M1 - 1)(2,63 +M4 - 1), (F7)

REy; = —nyr_ys7 —n3ry 35— ri7+r7(2B1 + M) + (ry + r5) (26, + M3)

+rg(—a—=ps+y +ra+ng—1), (F8)
RE,y = —ri4 + 14281 + My) + 11 (2B5 + My) + rs(—a+yy + 7y, + ns + ng +ng — 1), (F9)
REys = —ngrys5_¢ + (2 + M,)(2p + My) — ri(yy + ny + ny + n3 + ns + ng), (F10)

REyq = —n3r _3(2f5 + My — 1) = (2, + M5 — 1)(nyry 5 + ngrs _g) + (ny +n3 +ne) (2 + M,),  (F11)
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RE3y = —nyr_jp5 —norsg_g = rpa + (ra + 15)(22 + M3) + rg(—a—=py +y1 +72 +ng—1)

+ 12(B3 + ne) + (n3 + ny + ns)rs,

RE3s = nori 79 + (20 + M) (2B, + M3) = r1(2f, + M3) — ry(=py + 71 + na + n3 + ng),

RE;q = —n3ry _3(2f5 + My — 1) + ngry _o(2) + My — 1) + (n3 — ng) (23, + M3),

(F12)
(F13)

(F14)

REys = nory 4o +nyrps 7 +ngrys g + (20 + My )(2f5 + My) — (ry + 12)(2p5 + M)

+r3(B1 + Py — 71 — n3),

REys = nory _o(2p1 + My — 1) + (25 + M3 — 1)(ny74 7 + ngrs _g) — (n7 + ng + n9) (23 + M,),

(F15)

(F16)

REsq = —ngry _g(2f, + M3 — 1) —nsry _s(2f3 + My — 1) — ngry _¢(2p5 + M, — 1)
= (y2+Me)(2y2 + Mg — 1) + nor_g(2a +M; — 1)(2f, + M, — 1)

+nyrQa+ My =1)(26, + M3 — 1) + nyr_4Qa+ My = 1)(2p5 + My — 1).

APPENDIX G: USEFUL IDENTITIES

‘We note Euler’s reflection identity for the Gamma function

r_r.= pem— for z ¢ Z, (G1)
and the resulting relation
r_.r
_,=()"—=2 " fornezz¢z (G2
Fn—z+1

The Appell hypergeometric function F4 obeys the useful
identity

F4{a’ /,u,v}
V.Y
T, Ata—y
S (—v)“’F4[a ta y;u/v,l/v}
Fﬁry/_a ]/,1+(X—ﬁ
r,T, 1+5—y.5
2P (_y)PF, h-r /;u/v,l/v . (G3)
| I RV v, 1+p—a

Gaul3’s hypergeometric function , F (a, b, c; z) evaluated at
z =1 obeys

I
JFi(a,b,c;1) = _ la—b” 1+a/2 (G4)

B F1+arl+a/2—h

(F17)

[
APPENDIX H: EVALUATION PARAMETERS

In this appendix we list the evaluation parameters
entering the definition (9) of the Yangian level-one gen-
erators for the different integrals considered.

The evaluation parameters for the D-dimensional box
integral (27) with j = 1,...,4 read

N[ =

The double box PDEs given in (78) are obtained by using
the evaluation parameters (cf. [1])

s;=—(0,1,2,2,3,4),. (H2)

Finally, the hexagon PDEs given in (E1)-(E15) are
obtained with the evaluation parameters

si==(a—D,2a+b—-D,2a+2b+ ¢ — D,

1
T2
D—d—-2e-2f,D—e—-2f,D~f), (H3)

where j =1, ...,6.
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