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1 Introduction

The study of scattering amplitudes has unveiled remarkable structures that are satisfied by
these observables, which are obscured in the standard perturbative expansion in terms of
Feynman diagrams. One striking step in this direction was made in [1], where a geometric
description of scattering amplitudes was proposed in the context of the planar N' = 4
super Yang Mills (sYM) theory. More precisely, it was shown that the L-loop integrand
for the n-point scattering amplitude in the planar limit of N/ = 4 sYM can be obtained
as the canonical form of a certain positive geometry, the Amplituhedron [1-9]. This result
provided an alternative perturbative framework for the study of scattering amplitudes, and
was later generalized to various contexts, including non-supersymmetric theories [10] and
cosmology [11]. In particular, a similar geometric description was recently proposed [12-16]
for the three-dimensional N’ = 6 super Chern-Simons theory known as ABJM [17].
Performing loop integrals is usually a bottleneck step in the computation of scattering
amplitudes, and when doing so one often has to deal with infrared (IR) divergences.'
In [14, 15, 19] it was proposed that, both for the N/ =4 sYM and the ABJM theories, the
integrand for the logarithm of the scattering amplitude is described by the canonical forms of
negative geometries. Interestingly, this description in terms of negative geometries was shown
to imply that the result of performing L — 1 of the loop integrals over the L-loop integrand for

'Recently, a geometry-based approach to regulate IR divergences was initiated in [18].



the logarithm of the amplitude is IR-finite [19], i.e. all the IR divergences concentrate on the
last loop integral. In other words, the geometric description provides an IR-finite result that
is one integral away from the logarithm of the amplitude, and therefore motivates its study.

The result of performing L — 1 of the loop integrations over the L-loop integrand for
the logarithm of the amplitude has been previously studied at four points both in N' = 4
sYM [19-26] and in ABJM [27, 28], up to L = 4 and L = 3 respectively. Based on the Wilson
loops/scattering amplitudes duality [29-36], prescriptions have been proposed to compute
the cusp anomalous dimension I'c,sp, of each theory by applying certain functionals on the
integrated results [19, 24, 25, 27, 28]. This has allowed to obtain the full four-loop value of
Leusp in N =4 sYM, including the first non-planar corrections [25]. In the ABJM case, these
prescriptions were used to compute the three-loop contribution to I'cysp [27, 28], in agreement
with the all-loop integrability-based proposals [37]. Moreover, the integrated results have been
shown to have uniform transcendental weight in their coupling expansion [19, 20, 23-28], and
the corresponding leading singularities have been proven to be conformally invariant [26, 27].
Remarkably, all-loop sums have been obtained for certain subsets of integrated negative
geometries in the N' =4 sYM theory [19] (more specifically, for the ladder and tree diagrams
in the diagrammatic notation of [19]). Higher-point integrated results have also been studied
for the N/ =4 sYM case, up to L = 3 for five particles [38] and up to L = 2 for arbitrary
number of particles [26]. Interestingly, this analysis has suggested a duality between the
integrated results in ' =4 sYM and all-plus scattering amplitudes in the pure Yang-Mills
theory [26]. Finally, strong-coupling results have been obtained in the N = 4 sYM case
for the four- and six-particle cases [20, 39].

The above discussion poses the natural problem of computing the integrated negative
geometries to higher loops. In this paper we give a step forward in that direction by computing
the L = 4 contribution to the four-point integrated negative geometries of the ABJM theory.
A better understanding of the higher-loop structure of the integrated negative geometries of
ABJM could shed light on an all-loop computation of the cusp anomalous dimension I'cysp
of the theory.? In turn, this knowledge of ['cysp could give insight on the non-perturbative
structure of the interpolating function h(X) of ABJM [41-49], which percolates in every
integrability-based computation made in this three-dimensional theory. An all-loop proposal
for h(\) was made in [48].

Following the diagrammatic representation of [19], negative geometries organize scattering
amplitudes of the ABJM theory in a perturbative expansion in terms of connected and bipartite
graphs [14, 15]. It is at the L = 4 loop order that one encounters the first “loops of loops”
diagram in the expansion of the four-point negative geometry [14].> More precisely, at this
perturbative order one has to consider a box diagram, which contributes with a non-trivial
three-loop integral to our computation. To perform this and other loop integrals we have
used the method of differential equations [51], that has been widely applied to compute loop
integrals in perturbative quantum field theory.

2A Thermodynamic Bethe Ansatz approach for the computation of I'cusp was recently studied for the
ABJM theory in [40].

3For the negative geometries in the N' = 4 sYM theory the first “loops of loops” diagram shows up at
L =3 [19, 50]. The canonical forms of all one-cycle geometries are given in [50].



As we will show, the integrated results have uniform transcendentality up to L = 4
loops, with transcendental weight L — 1 for odd values of L and with weight L — 2 for
even values of L. Moreover, at the integrated level the results follow an alternating sign
pattern within the Euclidean region. Remarkably, the leading singularities are restricted
to the set {sv/t, t\/s, \/st(s + t)} in the limit at which the unintegrated loop variable goes
to infinity. Finally, we will use the L = 4 integrated negative geometry to compute the
four-loop contribution to the cusp anomalous dimension of the theory. This result is the
first explicit four-loop computation of I'cys, in the ABJM theory, and it agrees with the
all-loop integrability-based proposal [37].

The plan of the paper is as follows. In section 2 we will give a short review of the
Amplituhedron construction in the ABJM theory, with a focus on the current results for the
corresponding integrated negative geometries. In section 3 we will present the computation of
the L = 4 integrated negative geometry, and in section 4 we will discuss the main properties
of this result. Section 5 is devoted to the computation of the four-loop contribution to the
cusp anomalous dimension of the theory. Finally, we give our conclusions in section 6. We
also include an appendix and supplementary material that complement the results presented
in the main body of the paper.

2 Geometric description of amplitudes in the ABJM theory

In the reference [1], a description of amplitudes in terms of positive geometries was proposed
for the N’ =4 sYM theory. In turn, it was later shown that this result provided a description
of the logarithm of the amplitude in terms of negative geometries [19], which allowed to
prove that the result of performing L — 1 loop integrations over the L loop integrand for
the logarithm of the amplitude is free of IR divergences. The geometric construction of
amplitudes has also been extended to the ABJM theory [12-16]. Moreover, the analysis
of integrated negative geometries in ABJM was performed up to L = 3 loops in [27, 28].
This section is devoted to a short review of the ABJM Amplituhedron and its corresponding
integrated negative geometries.

2.1 The ABJM Amplituhedron

Throughout this paper we will focus on a four-particle scattering process, with external
momenta p;, ¢ = 1, ..., 4. To describe the kinematic data we will usually recur to dual-space
coordinates (x; = pit1 — pi, ¢ = 1, ..., 4), for which we will often use five-dimensional
notation. We will employ capital X letters when using five-dimensional notation, and we
refer to the appendix A of [27] for a discussion on its properties. Alternatively, we will also
use momentum-twistors [52] to describe the kinematics.

Let us start by defining the L-loop integrands Z; and Lj for the amplitude and its
logarithm as

M = H —_— 3/]2 ZL R lOgM = H . 3/]2 £L ) (21>
Lloops j=5 Z7T Lloops j=5 L
where x5, g, . . ., 441, describe the loop variables and M := A/ Atyee, with A the color-ordered

scattering amplitude and Ay its corresponding tree-level value. In [14] it was proposed that



the L-loop integrand Zj, for the four-particle ABJM amplitude can be obtained as
ZL =Ny QL, (2'2)

where 7, is the canonical form of a positive geometry known as the L-loop ABJM Ampli-

tuhedron, and ny is a normalization given as*

ny = % (%)L . (2.3)

We refer to appendix B of [27] for a discussion on the above relative normalization. In order to
define the L-loop ABJM Amplituhedron we need to consider the region in momentum-twistor
space characterized by the constraints

(1234) <0, (2.4)

([;12) <0, (1;23) <0, ([;34) <0, ([;14) <0, (2.5)

(1;13) >0, (l;24) >0, (2.6)

for all i,j =5, ..., 4+ L. Above we are using the notation (klmn) = erjxZL 2] ZE ZL,
where Z;, i =1, ..., 4 are the momentum-twistors that characterize the external kinematic
data and if7 .= Z4z], ) .= ZLZ}, 117 .= ZLZ], ... are the lines in momentum-twistor

space that describe the loop variables. Let us also consider the symplectic constraints given by

Y717z, =0,
Yiil =0,

foralli=1,...,4and k=5, ...,44 L all, where X is defined as

w0 ex) (2.10)
€2x2 0

with eaxo a totally anti-symmetric tensor. The L-loop ABJM Amplituhedron is then defined
as the region in momentum-twistor space characterized by (2.4)—(2.9).

Interestingly, the above geometry imposes strong constraints on the L-loop integrand Ly,
for the logarithm of the amplitude. In order to discuss such constraints it is useful to consider
the diagrammatic notation of [19]. We will use a node to represent a one-loop geometry
defined by the constraints (2.4)—(2.6), and we will recur to red thick lines to indicate a

negativity condition between the loop momenta associated to two nodes, i.e.’

“We are using the convention A = N/k for the ’t Hooft coupling of the theory, with N the number of colors
and k the Chern-Simons level.

5Let us note that the negativity condition (2.11) has the opposite sign to the one of the N' =4 sYM
case [19]. In fact, all signs are reversed in the ABJM Amplituhedron with respect to the N' = 4 sYM
geometry. This is due to the fact that the symplectic condition (2.8) implies (1234) < 0 for real-valued
momentum-twistors [14, 15].



Then, the results of [14] imply that the L-loop integrand Ly for the logarithm of the
amplitude is given as

Ly =nrQpL, (2.12)

with [27]

fip = % (2\%)L , (2.13)

and where the canonical form QL can be obtained as

Qp = > (—1)E@)

all connected and bipartite
graphs G with L vertices

(2.14)

with F(G) the number of edges of each graph G and where we are summing over the canonical
forms of all possible connected and bipartite graphs that connect L nodes with negativity
conditions. We define a bipartite graph as one in which one can assign an orientation to each
line in such a way that each node behaves either as a source (green nodes) or as a sink (white
nodes). In comparison to the N’ =4 sYM case, in which at L loops one has to consider every
possible connected graph with L nodes, the restriction to bipartite graphs that appears in
the ABJM case implies a significant reduction in the number of diagrams at each loop order.
Using (2.14), the canonical forms € were computed up to L < 5 in [14].

Finally, let us note that the above construction was extended to all loops and all
multiplicities in [15]. There the authors used the proposed ABJM Amplituhedron to obtain
explicit results for the integrands for n < 10 and n < 8 particles at L = 1 and L = 2,
respectively.

2.2 Integrated negative geometries for L < 3

As discussed in [19], one advantage of expressing the L-loop integrand L, in terms of negative
geometries is that it implies that the result of integrating L — 1 of the loop momenta is free
of IR divergences. Following the ideas of [20], it was shown in [27, 28] that dual conformal
symmetryS constrains the integrated result to be

4L, 13 2 y2 1 ;
d°X; Xi3X3, i€(1,2,3,4,5) Gr-1(2)
: Lr=+m ( : Fr-1(2)+ , (2.15)
]1;[6 / im3/? NP5 X35 X35 X15 X} X5 X5XE VT
with” ) oy v
X X5 X
p= 852 (2.16)
X5 X15X13
and where
€(1,2,3,4,5) == €upon XL XY XEXT X)) (2.17)

SEvidence of dual-superconformal and Yangian symmetry has been found for ABJM amplitudes in [35, 53—
56].

"Let us note that we are changing the definition of z with respect to the conventions of [27]. Moreover, we
are also using a different normalization for the F function.



Dual conformal symmetry does not further constrain the functions Fr_1 and Gy_1, which
should be computed by integration of the canonical forms . Those forms are given, up
to L < 3, as [14]

0, = £&
Ssts
a 2¢? ( 1 N 1 )
= — e—»—0 — o0—«—e = ———— | —
2 5 6 5 6 Ds¢ \ sste t586
Q3= o « + o—<—0 o + 2perms —&+(s<—>t)+2 erms
7 5 6 7 5 6 7 P " sstestDseDer P '
(2.18)
with
S; = <l212><l134> N ti = <l223><lzl4>, Dij = —<lzl]> s (219)
c = (1234) e = \/(113)(1;24) (1234) , (2.20)

and where the permutations are over all nonequivalent configurations of the loop momenta.
Let us note that up to L < 3 the only contributions to Q; come from ladder diagrams, i.e.
graphs in which all nodes are concatenated within a chain. By performing direct integration
over (2.18) it was shown in [27, 28] that

Fo(z) =0, Go(z) = -2, (2.21)

Fi(z) = —% (21/4 + 211/4> ; Gi(2) =0, (2.22)
z 7['2 71'2

Fa(z) =0, g2(2):§[%+2+ (z%i)] . (2.23)

where

(2.24)

3 L = 4 integrated negative geometry

In this section we will turn to the main goal of this paper, the three-loop integration of
the L = 4 negative geometry of the ABJM theory. After presenting the L = 4 canonical
form, we will focus on its integration by the method of differential equations. We will show
how to decompose the integrals into a basis of master integrals, which can be computed
from a set of first order differential equations. We will discuss how to take those differential
equations into a canonical form, which highly simplifies their analysis. Finally, we will solve
the canonical differential equations and we will use their solution to compute the L = 4
integrated negative geometries.



3.1 L = 4 canonical form

As shown in [14], the bipartite constraint that must be imposed in (2.14) implies that only

three type of negative geometries contribute to the L = 4 canonical form €. On the one

hand, one has to consider the ladder diagrams

° ° o + o e o + 11 perms.
5 6 7 8 5 6 7 8 P
whose canonical form is
~ €GE
Qhadd — g¢? 0%7 + (s <> t) + perms.

s5tes7ts Dsg D7 D7s

On the other hand, there is a contribution from the star diagrams

6 6
< 7T + <7 +3 perms.
5 5

8 8

t5 .
sstetrts Dsg DsrDsg

Finally, one has to take into account also the box diagrams

5 6 5 6
D -+ Ij + 2 perms.
8 7 8 7

with

Qgtar _ 863

(s <> t) + perms.

that have
- desegeres — c(eserNig + egeg NE-) — 2NSYS
Q4B°X =4 ( 68 57) 5,6,7.8 + (s <> t) + perms.
sstestts Dsg D7 D7s Dsg
and where

NE, = (I512)(134) + (I712)(1534) ,
Ngg = (l614)(1s23) + (Is14)(1623) ,
NS — (1,12) (134 (1 12) (134 + (1:23)(1;14) (1,23) (4 14)

v

The canonical form Qg is then given as
Q4 _ _Qiladd o Qgtar + Q4Box )

3.2 Star diagrams

(3.7)

Before turning to the computation of the integrals over Q5249 and QF°* with the method

of differential equations, let us discuss the integration over Qitar , which can be easily done

by direct integration.



We should recall that in order to compute the F3 and Gz functions that were defined
in (2.15) one should freeze one of the loop integrations in £4 and then perform the remaining
three-loop integrations. With the freedom of arbitrarily choosing a frozen node, we will always
leave the X5 variable unintegrated. In order to diagrammatically represent this integration
process we will use a squared node to denote the loop variable that is left unintegrated. For
example, for the star diagrams we have two possibilities: on the one hand, one can freeze
the node that is at the center of the graph, i.e.

P = < + < (3.8)

On the other hand, the unintegrated node can be in one of the legs of the star, i.e.

I3 = 3 < + < (39)

where the factor of 3 comes from the permutation of the loop variables that are being
integrated. Interestingly, both the Ilstar and the IQStar integrals can be straightforwardly
solved by taking into account the triangle integral

X, 1 3/2
/ m?)/g X2 X2 X2 27T 2 v2 (3.10)
26446456 (/) X X1 X5,
which can be easily computed using Feynman parametrization. Then, one gets
d3l d3l d3l 3t
IlstaTZS/. 6/. 7/. 8 Cc' 15 —l—(SHt)
imw3/2 ) iw3/2 ) imw3/2 sstetrtsDsgDs7Dss
5 o 3/4 (3.11)
— 892 Xi3X9, (21/4 4 1 )
Xi5 X35 X35X75 )
and 3 3 3 3
d°lg d°l; d?lg c° tg
5 =24 / / / ot
2 i7T3/2 i7T3/2 ’i7T3/2 86t5t7t8D56D67D68 + (S ) ( )
3.12

3/4
= —2479/2 ( 2 Xlng%l 2 ) <21/4 + —1 ) .
X5 X355 X35 X 5 Z1/4

Therefore, summing up (3.11) and (3.12) and taking into account the normalization (2.13)

L \4
(which gives ny = 4 (2\%) at L = 4) we arrive at

Star i 1/4 1 Star
3.3 Ladder and box diagrams

Let us now discuss the integration of the ladder and box diagrams. For the case of the ladders
we can either integrate a node at the end of the chain, i.e.

Thadd — ¢ (D ° e + B— e °> (3.14)



or a node in the middle of the chain, i.e.

I%add =6 <C < = > e + o———0 < ° O ) (315)

On the other hand, for the integration of the box diagram we have only one contribution,

IBox — 3 D + D (3.16)

To be more specific, the integrals that we seek to compute are

given by

A3l d3l; d3lg eger
Ziadd — 48/ / / t 3.17
! i7T3/2 i7T3/2 i7T3/2 85t6$7t8D56D67D7g + (S H ) ’ ( )
d31 317 d3lg eser
Thadd — 4 / 0 / / t 3.18
2 8 i7T3/2 ’i7T3/2 i7T3/2 t655t788D56D57D7g + (8 “ ) ’ ( )

IBOX—12/ dlg / dly / d*ls deseqeres —cleserNig+esesNir) — c* Nz g

+(s<1).
i7T3/2 2'7'('3/2 i7T3/2 35t687t8D56D67D78D58 ( )

(3.19)

3.3.1 Differential equations

In the remaining of this section we will discuss the computation of (3.17)—(3.19) by the
method of differential equations [51]. As the first step towards that goal, let us begin by
defining the family of integrals given as

dPl; [ dPly [dPly 13 1
Gy, asas, - ars :/m3/2 /m3/2 /m3/2 jHlP}”’ (3.20)
with D = 3 — 2¢ and
P=—(li+p1)°, Ps = —(I3 — pa)®, Py =—(ls+p1)?,
Py = —(l1 — pa)?, Pr=—(lh —1p)?, Pig = —(l2 = pa)*,
Py=—l3, Py =—(ly — 13)*, Py =13,
Py=—(a+pi+p)?, Po=-1, Py =—(ls+p1+p2)?,
Ps = —(I3 +p1)?, P =—(li+p1+p2)°, Pis=—(h—13)7°,
and where the momenta p;, i = 1, ..., 4 are all massless. In order to express (3.17)—(3.19) as

a linear combination of integrals of the family (3.20) we use the identity

X4 X4 X2-X2'—|-X2»X2- X2-X2'—|-X2»X2-
€(1,2,3,4,) €(1,2,3,4,j) = = 24( A T

2 2
X13 X24

2
32 X )

(3.21)
which allows us to rewrite (3.17)~(3.19) in terms of integrals that only depend on X7; distances.
However, let us note that these integrals still do not belong to the family defined in (3.20),
given that there is still a non-trivial dependence on x5. One can get rid of that dependence by



taking into account the dual conformal covariance of the integrals (3.17)—(3.19), that allows
one to go to the x5 — oo frame. Therefore, we define

7Ladd : dd
Iyt = lim (25)* Ty, (3.22)
7Ladd : dd
ke ::x£§g$1§)3zga : (3.23)
7Box . Box
78 ::a%ggm(x§)3z'° : (3.24)

The advantage of taking the x5 — oo limit relies in that it allows us to express the inte-
grals (3.22)—(3.24) solely in terms of four-particle kinematic variables, i.e. in that limit one
can rewrite (3.22)—(3.24) as a linear combination of integrals of the type defined in (3.20).
Moreover, we can further decompose (3.22)—(3.24) in terms of a set of master integrals for
the family (3.20). In order to look for that basis we have used the FIRE [57] and LiteRed [58]
algorithms, that have allowed us to find the following basis of 19 master integrals:

_ —1/243¢ A — ¢3/243e A
My = s %3Gy 1001011 M = s> Go 011,100 5
Mz = s Go 1110111 My = "% Go 1110004
Ms = s5/213Go1 111012, Mg = s> Goa1100
5/2+3€ A 7/243€ A
M7 = s/ Go 111111 Mg =s"?*Go 11,2,
L rjoise A _ 3/243¢ A
My = s"/*"3¢Go 1111121 Mg = s**7 G001, (325)
/043 A _ 5/243¢ A
My = s/ “G1,1,0,1,1,1,0,1 » My = s/ “G1,1,0,1,1,1,1,1 5
3043 A _ 5/243¢ A
Mz =23 G 1111100, My = "3 Giy111101
_ /243 A = §7/2t3e G
Mys =8/ GQ 1111102, Mg = s G100,
_ 9/2+3¢ A = §7/2t3e G
Mz =82 GQ 1110010, Mg = s> G 11112001,

IR b Rt R e )

_9/243¢ A
Mg = s G 1111011,

It Rk Eat et I Rl

where we are using the shorthand notation

Ga1,a27(137a47a5,a6,a7,a8 = Gal,az7(137a47a5,a67a7,a870,0707070,070 . (3.26)
Let us note that we have choosen to normalize each element of the basis with a factor
—213e+3°0°
s 2 =1 (3.27)

in order to get dimensionless integrals.

As it is well known, for a given basis of master integrals one can generically derive a
set of first order differential equations that formally allows for their computation. For the
case of interest to us, we have

M = A(w,e) M, (3.28)

where M is a vector constructed with the 19 master integrals presented in (3.25), A is a
19 x 19 matrix presented in the file non_can_DE.txt, € is the dimensional regularization

,10,



parameter (defined as D = 3 — 2¢), and w is defined by®

t_ % (w _ 1>2 7 (3.29)

S w

where the Mandelstam variables are taken to be s = (p; + p2)? and t = (p1 + ps)?. The
reason for introducing the w variable defined in (3.29) will become clear soon.
As shown in [51], in order to solve (3.28) it is better to look for a change of basis

M=TC, (3.30)
that takes the differential equation (3.28) into a canonical form
9,C = e A (w)C, (3.31)

where the matrix A.(w) is given as
Ac(w) = a;dlog[W;(w)], (3.32)
j=1

with constant a; matrices and where the W; are a set of algebraic functions of w. The W;
functions are known as letters, and the set of all letters is known as the alphabet. Then,

expanding the canonical basis as’
Clw,€) = Z M (W), (3.33)
k=0
one gets
(' (w) = const. (3.34)
and -
G0 (w) = G0 (0) + / dr A(r) G (7Y, (3.35)
0

for kK > 1, where c (k)(O) are boundary constants at the boundary point w = 0.' Therefore,
from (3.32) and (3.35) one can see that the solution to the differential equation (3.31) will
be a set of integrals with uniform transcendental weight in their € expansion, provided the
C© vector has a given transcendental weight wy.

In order to take the differential equation (3.28) into the canonical form we have used the
algorithm CANONICA [59]. We have found that, given the change of basis presented in the file
change_of_basis.txt (which corresponds to the T matrix in (3.30)), the alphabet is

W =w, Wo=14+w, (3.36)
Wy=1-—w, Wy=1+w?. (3.37)

8For each value of t/s there are four possible solutions of (3.29). Throughout this paper we will always
choose to work with the solution that lies in the 0 < w < 1 interval.

9In order to get (3.33) one has to properly normalize the canonical basis so that all integrals are finite
in e — 0.

10The choice of the boundary point is arbitrary.

— 11 —



The corresponding a; matrices are presented in the supplementary material al.txt, a2.txt,
a3.txt and a4d.txt. At this point we are in the position of arguing the choice of w as the
kinematic variable to construct the differential equations. Had we used z = t/s instead of
w, we would not have got a rational alphabet, and the letters would have included square
roots of z. The decompositions of (3.22)(3.24) into the canonical basis C' are presented in
the supplementary material I1_ladd_dec.txt, I2_ ladd_dec.txt and I_box dec.txt.

3.3.2 Solving the differential equations

As discussed in the previous section, given a set of canonical differential equations, their
solution reduces to the process of finding the boundary values c (k)(O), k> 0. As we expect
the F3 and Gs functions to have transcendental weight 2, we will only be interested in solving
the differential equations up to second order in the € expansion. Therefore, we only need to
compute C(©(0), CM(0) and C¥(0). To that aim we take into consideration that

1. Given that we are working with planar integrals, we should not have discontinuities for

real negative values of z = t/s. Therefore, the symbol [60] of the C integrals should

(1—w?)?
4w?

for u — 0, which taking into account the pole structure of the A, matrix implies

always have z =

as its first letter. Moreover, there should not be singularities

lim a; C®(w) =0, (3.38)

w2——1

for all kK > 0.

2. Four out of the nineteen integrals in the canonical basis can be computed exactly by
Feynman parametrization [61]. More precisely, we have

L 9(242 —10e +1)T <7—6> T (3¢-3)

Gilz) = -2 10€3(2¢ + 1)3T(2 — 4e) ’ (3.39)
Cule = (3-¢) T=20r (e+ )T (c+§) T2e +2) (3.40)
€2(2¢ + 1)°T (% 3¢) I(1 - 2¢)
216 (3- e) O (e+3)T (e+3) (2 +2)
Cus) ==~ €2(2¢ + 1)5T (% 3¢) D(1 - 2) ’ (34)
Crale) = 2 1081 (4 —e)ﬁr (e+ )3 a2

€(2¢ + 1)3T(1 — 2¢)3
Consequently, the solutions obtained from (3.31) should agree with (3.39)—(3.42).

3. Within the euclidean region, which in our conventions'! is defined by the s > 0 and
t > 0 constraints (or, equivalently, 0 < w < 1), all the integrals in the C basis should
be real.

"YWe are taking the metric to have signature (—, 4+, +) and we are defining s := (p1 +p2)? and t := (p1 +pa)?.
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We have used the PolyLogTools package [62] to manipulate the iterated integrals that
appear when solving the differential equations. All the above considerations allow us to
completely fix the zeroth-order and first-order constants C(©) and €. As for the second-order
boundary vector 6(2), the previous constraints leave only two unknown constants. We have
fixed them by demanding consistence of the c integrals with their numerical evaluations. The
C' canonical basis is presented, up to second order in its e-expansion, in the supplementary
material DE_sol.txt.

3.3.3 Integrated results

The solution to the canonical differential equations discussed in previous sections allows us to
compute the ladder and box integrals defined in (3.22)—(3.24). We get

T4 = —245v/£7%/? [(log(2) — 2log(2))” + 27|
— 24ty/5 72 [(log(2) + 2log(2))* + 277 , (3.43)
Zhadd — _a8n5/2, [st(s + 1) [H(z) +H <i> + 27r2] , (3.44)

8o — _487%/% \ [st(s + t) [H(z) +H (i)]

— 32792 (3 st(s+1t) — sVt — t\/§) , (3.45)

where the H function was defined in (2.24). Let us note that the Z}#dd integral can also
be easily obtained from direct integration using the two-loop integrals computed in [27, 28],
in agreement with the result presented in (3.44). Reversing the x5 — oo limit introduced
in (3.22)—(3.24) and taking into account the normalizations presented in (2.12) we arrive at
~1/4

Fhadd(yy = 2 —— | (log(2) — 210g(2))" + 27|
1/4
— 2176 {(10g(2) +210g(2))* + 2#2}
A 1
= Z‘% [H(z) +H (Z) + 2w2} (3.46)
—1/4 1 1
=0 (1)
2
13 (3,271/4\/ T+2z—2Y4— 271/4) , (3.47)
and
Gy (z) = GBo%(2) = 0. (3.48)
Finally, adding up the contributions from the different diagrams as in (3.7), we get
F3(z) = —F3™4(2) = F3*(2) + F3 (=) (3.49)
L1/ , /A ,
=16 [log(z) — 2log(2)]* + 6 [log(z) + 21log(2)]
2
+ 72% (21/4 + z*1/4) : (3.50)
Ga(z) =0. (3.51)
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We note that the above L = 4 formulas, together with the L < 3 results presented in (2.21)-
(2.23), suggest that

For+1(z) and Goi(z) have transcendental degree 2k (3.52)

for £ > 0.

4 Properties of the L = 4 result

After computing the L = 4 integrated negative geometries of the ABJM theory, we will
turn now to the analysis of the integrated results. We will begin with a discussion on their
leading singularities, and then we will move to an analysis of the sign patterns that are
observed in the integrated results.

4.1 Leading singularities

One can always generically write the integrated negative geometries as

4+L d3$' k
Hﬁ mT/é Ly = ERLAJ Tr—1;, (4.1)
j= 1=

for some integer k, where the T7,_;; are transcendental functions and the Ry_q; are rational
functions known as leading singularities. For the sake of more generality, we will separately
study the contributions of each individual negative geometry diagram, without considering
the cancellations that may occur when adding up all contributions according to (2.14). Taking
into account the L < 3 results of [27, 28] and the L = 4 results presented in the previous

section, we see that the only leading singularities that contribute to the integrated results are?
4€(1,2,3,4,5) Ry z
Ry = , Ry = , R3=,/— Ry, 4.2
' T XZXZ X2 X2, E, s=yzyif (Y
xzuxz \
R4= 13724 ) 2_14, R5=\/2R4, R6=\/1—|—Z’R4. (4.3)
<X125X225X§5X§5

As discussed in [27], in order to work only with four-particle kinematic variables it is best to
perform the analysis of leading singularities in the frame in which the unintegrated variable
goes to infinity. Therefore, defining

r= lim ()R, (4.4)

T5—>00

we see that in the x5 — oo limit the leading singularities reduce to

ri=4/st(s+1t), Ty = 5V, r3 =1/s, (4.5)

Ty = sVt, s =tV/s, Tﬁz\/m' (4.6)

12The R¢ leading singularity appears when integrating the box and ladder diagrams at L = 4, but it cancels

when summing all contributions as in (2.14).
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That is, we get that up to L < 4 the leading singularities of each individual integrated
negative geometry diagram belong to the set

{\/st(s+1), sVt, t\/s}. (4.7)

Finally, let us comment about the conformal symmetry of the integrated results. In [27],
it was shown that the leading singularities of the L < 3 integrated results are conformally
invariant in the x5 — oo limit and after normalization with a three-dimensional generalization
of the Parke-Taylor factor. We should note that this result is in fact general for every arbitrary
function of s and ¢t with dimension 1 in energy units. As a corollary, the complete integrated
results (i.e. including also the transcendental functions) are conformally invariant in the
x5 — oo limit and after normalization with the three-dimensional Parke-Taylor factor (or
any other factor of dimension —2 in energy units). We refer to appendix A for a detailed
analysis of this statement.

4.2 Sign patterns

We will close this section with a positivity analysis of the integrated negative geometries.
To that end, let us first comment on the sign properties that have been observed for the
integrated results of the N' =4 sYM theory. As discussed in [20], dual conformal symmetry
constrains the four-particle integrated negative geometries of N'=4 sYM to have the form

T x%3m%4 Fr1(2) 4.8
H mQ — 2.2 .2 2 2 ) (4.8)

95151'2533359545

where z is defined as in (2.16). From an inspection of the L < 3 results, it was suggested in [19]

Fr-1(z) <0 for odd L, (4.9)
Fr—1(z) >0 for even L, (4.10)

when restricted to the Euclidean region z > 0. Moreover, similar results were found for the
five-particle case in [38]. There it was found that

0 1 2
fé )’Eucﬁ > 07 f5( )‘EuCH < 07 fEE )|Eucl+ > 0, (411)

where

(L—1) 5+L 5
f5 :x(l)li)noo H/ Z7T2 ) (412)

with ﬁ(LnZB) the five-particle L-loop integrand for the logarithm of the amplitude. Let us
note that x5 is no longer an unintegrated loop variable in (4.11), and such a role is played
by x¢ in that case. Furthermore, the region Eucl® in (4.11) is defined as the one were all
adjacent five-particle Mandelstam invariants are negative and

di€ 0Py PEPEPT > 0. (4.13)
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Let us turn now to the analysis of the ABJM case. For the L < 3 the results reviewed
in (2.21)—(2.23) one can read that in the Euclidean region, i.e. for z > 0,

go(z)’2>0 <0, F1(2)|Z>0 <0, Qz(z)\z>0 >0. (4.14)

Moreover, from section 3 we see that in the L = 4 case the individual negative geometry
diagrams behave as

Frl(2)| 00 <0, F3™(2)|,00 <0,  FP%(2)].o0 >0, (4.15)

and, therefore, from (3.7) we get
F3(2)] o0 > 0. (4.16)

Consequently, we conjecture that
For+1(2)],o0 <0, and Gk ()], <0, for even k, (4.17)
For1(2)] o0 > 0, and Gok(2)] o9 > 0, for odd k, (4.18)

for £k > 0.

5 Cusp anomalous dimension

Wilson loops with light-like cusps have divergences that can not be renormalized by a
redefinition of the couplings of the theory [63-66]. Instead, to regularize the expectation
value of cusped Wilson loops one has to introduce a Z..s, renormalization factor, which as
usual allows to define a cusp anomalous dimension as

dlog Zeusp
TR

where 1 is the renormalization scale of the theory. The appearance of the cusp anomalous

Lewsp = 1 (5.1)

dimension is ubiquitous in Quantum Field Theory, as it does not only control the UV
divergences of light-like Wilson loops, but also governs the IR divergences of scattering
amplitudes [67]. In the context of the AdS/CFT correspondence this can be seen as a
consequence of the Wilson loops/scattering amplitudes duality [29-36], that relates amplitudes
with polygonal light-like Wilson loops.

Based on a proposal for the all-loop asymptotic Bethe Ansatz that describes the anomalous
dimensions of large-charge single-trace operators in the ABJM theory [37, 68], it was stated
in [37] that the cusp anomalous dimension of ABJM is related to its N' = 4 sYM counterpart by

[ABIM _ EFN =4

cusp 4 cusp

: (5.2)

WN=4_,, ABIM

hN=4 hABJM

where and are the interpolating functions that appear in the dispersion relation
of magnons in A" = 4 sYM and ABJM, respectively [41-43, 69, 70]. The AN=* function
was shown to be

RNV=(N) = 46 (5.3)
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to all loops [71]. On the other hand, for the ABJM case an all-loop conjecture was made
in [48],' where it was proposed that

sinh(2rhABIM)

A= 2

L1l 3 o ABJM >
3Fy (2, 55" 1, 5 sinh*(27h ), (5.4)
which is in perfect agreement with the four-loop results for h? of [45-47]. Combining (5.2), (5.3)
and (5.4), one gets

4974

Feusp(A) = A2 — w2 \*
p(A) AT+ 30

N (5.5)

for the ABJM theory, which agrees with the leading order computations made in [27, 28, 72].

As discussed in [19, 24, 25] for the N' = 4 sYM theory and in [27, 28] for the ABJM
case, one of the advantages of computing integrated negative geometries is that the cusp
anomalous dimension of the corresponding theory can be read from them by applying a
certain functional on the integrated results. More precisely, for the ABJM theory it was
shown in [27, 28] that the L-loop contribution Fgﬁgp to the cusp anomalous dimensions can
be computed from the integrated negative geometries Fr_1(z) as

T = Ir[Fra], (5.6)

where

- D/2 2 v2 v2 v2
irP/ X5 X595 X355 X 75

Iy (o] = [_\f /dDXs ( X3 X3, ) ]-‘L_l(z)] . (5.7)

1/€? term

In particular, using

S P A — (5.5)

C(i+p)r(i-»)

it was proved in [27, 28] that the L < 3 integrated results (see (2.21)—(2.23)) give

IF[Fo] =0, IFlF] =1, IF[F] =0, (5.9)

and therefore Teysp(A) = A2 + O(A?), in agreement with (5.5) and the two-loop Feynman
diagram computation of [72].

Let us now discuss the computation of the four-loop contribution Féﬁ)sp from the L =4
integrated negative geometries computed in section 3. To do so it is useful to notice that,
as in the N' = 4 sYM case,

0
I7[2Plog?(2)] = %13% e Ir[2PF]. (5.10)

In particular, this allows us to get

Ir {zl/Wsz (H(z) +H (i))} = 4;:2 . (5.11)

13See [49] for a generalization to the ABJ theory.
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Then, applying (5.8) and (5.10) to the different L = 4 integrated negative geometry diagrams
we arrive at

Iy [Fyd| = Qj (5.12)
2

Ir [ﬂ?tﬂ - % (5.13)

IF [F§| =0. (5.14)

Interestingly, the box diagram has a vanishing contribution to the cusp anomalous dimension.
It would be interesting to see if this result continues to be valid for higher-loop “loops of
loops” diagrams. Combining all contributions we get

L [Fs) = —Lp [F5*9] = 1p [F5] + Lp [FPx] (5.15)

Therefore, we obtain that the four-loop contribution to the cusp anomalous dimension of
ABJM is

4 2
i, =—n. (5.16)
This constitutes the first direct four-loop computation of the cusp anomalous dimension of
the ABJM theory, and shows perfect agreement with the integrability-based proposal (5.5).

Finally, let us end this section by discussing an integral representation of the Ir functional.
To that end, it is useful to note that the result (5.8) can be rewritten as

A" = — 4 , (5.17)

B(%er,%—p)

where B is the well-known Euler Beta function. Then, we can use the identity

1 cFioo (fn i
B CrE i 1 b 1
B(avb) b/c—zoo 27 ¥ (1 Z) ’ 0<e< ’ Re(a+ ) > 07 (5 8)
to get
3 c+ioco dz 3 B 1— 217
Il =4 (5-p) [ et R (519
Therefore,
c+ico ] -3/4 —7/4 1—2 dF (1_Z):|
T o - —2) =/ 2

for 0 < ¢ < 1. One of the advantages of this representation of the Ir is that it is more
amenable for numerical computations of the cusp anomalous dimension. As an example, we
have tested (5.20) at L = 4 loops, finding excellent numerical agreement with (5.16).
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6 Conclusion

We have studied the IR-finite functions that arise when performing a three-loop integration
over the four-loop integrand for the logarithm of scattering amplitude in the ABJM theory.
With a focus on the four-particle case, we have performed the corresponding loop integrals
by means of the differential equations method [51], therefore providing an application of
this method to a three-dimensional theory. Along the lines of [27, 28], the L-loop integrated
negative geometries splits into a parity-even term, proportional to a function Fr_1, and
a parity-odd contribution, described by a function Gy ;. Extending the ideas of [27, 28],
our results show that both the parity-even function For41 and the parity-odd function G
have transcendentality degree 2k for k < 1. Moreover, we have found that the leading
singularities are surprisingly simple in the limit in which the unintegrated variable goes
to infinity. More precisely, in this frame the leading singularities are restricted to the set
{sV/t, t\/s, \/st(s +t)}, up to the loop order we have studied. Furthermore, we have found
that in the Euclidean region z > 0 the signs of Fory1(z) and Gop(z) alternate with k for
k < 1, suggesting a pattern for all k. This generalizes the results found for the N' = 4
super Yang Mills theory in [19, 38], both at the four- and at the five-particle case. Finally,
starting from the integrated negative geometries we have provided a direct computation of
the four-loop contribution to the cusp anomalous dimension I'cysp, of ABJM, in agreement
with the integrability-based prediction that follows from [37, 68].

Let us conclude by discussing some of the interesting questions that arise from our
results. Firstly, it would be interesting to further extend the computation of the integrated
negative geometries of ABJM to higher loops. While the integration of the L = 5 order is
expected to give a vanishing contribution to the cusp anomalous dimension, reaching the
L = 6 order would serve as the first six-loop test of the all-loop integrability-based conjecture
for Teusp [37, 68]. In turn, it would allow for a O(\®) test of the current all-loop proposal for
the interpolating function h(A) of ABJM [48], that appears in all integrability-based results
performed in this theory. It would be interesting to explore if a bootstrap analysis [73-79]
could give access to these higher-loop integrated results. Another promising way to explore
higher-loop integrated negative geometries relies in the Laplace-operator trick studied in [19],
which in the N'= 4 sYM case provided an all-loop sum of ladder and tree diagrams.

Another question to address is the structure of higher-point negative geometries. To
that end, the six- and eight-point integrands presented in [15] could serve as a starting point.
It would be interesting to see if some of the properties found for the four-particle case also
extend to the higher-multiplicity integrated results, such as the sign patterns and the apparent
simplicity of the leading singularities. Furthermore, an interesting problem to study would
be the description of the leading singularities of the n-point integrated negative geometries in
terms of a Grassmannian formula [80-83], as done in [26] for an arbitrary number of particles
and in the context of the NV = 4 sYM theory.

Finally, one interesting direction to explore is the computation of the last loop integral
that steps in the way between the integrated negative geometries and the logarithm of the
corresponding scattering amplitude. Starting from our L = 4 result, that integration would

give the four-loop four-particle scattering amplitude of ABJM, which is currently unknown.'*

Up to L = 3 loops, ABJM amplitudes have been studied in [34, 35, 54, 55, 84-91].
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A Conformal invariance of integrated results

In this section we will show that the integrated negative geometries (including both the leading
singularities and the transcendental functions) are conformally invariant in the z5 — oo
limit and after normalization with the three-dimensional Parke-Taylor factor (or any other
factor of dimension —2 in energy units).

To start with, let us recall that in d = 3 dimensions the spinor-helicity variables are
defined as

0 1 2
ab p—D p a\b
p?’ = =A%\, Al

( p2 p0+p1> ( )

In this context, Lorentz invariants can be constructed as
(i) = eaNiAL, (A.2)
where we are using €12 = 1, and therefore
s=(p+p)?=-(12)?,  t=(p2+ps)’=—(23)% (A.3)

Moreover, the generator of special conformal transformations is given as [55]
4 . .
K = Z 0.0y . (A.4)
i=1

Let us consider a general function f(co, ), where a = (12) and = (23). Then,

Kapf = 02F (Ua{1ls + (21a(2ls) + 02F ((2at2lo + (3la(3l6) — Dadsf ((1]a(3lo + (1]o(3]a) ,
(A.5)
where we are defining (i|, := eAl. It is useful to note that to completely characterize the
K f matrix we only need to compute the matrix elements Kqpf [1)¢]1)°) Kqpf[2)¢]2)¢ and
Kapf [1)%]2)°, where |i)® := \¢. Consequently, (A.5) is equivalent to

0202 f — B203f =0,
Q202 f + B2O2f + 2030495 f = 0, (A.6)
BO3f + aBadpf = 0.
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At this point we should note that by dimensional analysis we can always write

Vi, f) 1_[/z7r3/2

for some function A and where V(«, 3) is some factor with dimension —2 in units of energy
(for example, the three-dimensional Parke-Taylor factor PT®) = a—lﬁ) We see that (A.7)
will always satisfy the constraints (A.6), regardless of the function N. Consequently, we

. =aN (i) , (A7)

conclude that the integrated negative geometries of ABJM are conformally invariant in the
x5 — oo limit and after normalization with a factor of dimension —2 in units of energy. This
generalizes the result presented in [27], where it was found that the leading singularities of
the integrated negative geometries of ABJM were conformally invariant in the x5 — oo frame
and after normalization with the three-dimensional Parke-Taylor factor.
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Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
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