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Complete four-loop four-point amplitude in N' = 4 super-Yang-Mills theory
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We present the complete four-loop four-point amplitude in 2N° = 4 super-Yang-Mills theory, for a
general gauge group and general D-dimensional covariant kinematics, and including all nonplanar
contributions. We use the method of maximal cuts—an efficient application of the unitarity method—
to construct the result in terms of 50 four-loop integrals. We give graphical rules, valid in D dimensions,
for obtaining various nonplanar contributions from previously-determined terms. We examine the
ultraviolet behavior of the amplitude near D = 11/2. The nonplanar terms are as well-behaved in
the ultraviolet as the planar terms. However, in the color decomposition of the three- and four-loop
amplitude for an SU(N,) gauge group, the coefficients of the double-trace terms are better behaved in the
ultraviolet than are the single-trace terms. The results from this paper were an important step toward
obtaining the corresponding amplitude in N = 8 supergravity, which confirmed the existence of
cancellations beyond those needed for ultraviolet finiteness at four loops in four dimensions.
Evaluation of the loop integrals near D = 4 would permit tests of recent conjectures and results

concerning the infrared behavior of four-dimensional massless gauge theory.
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I. INTRODUCTION

In recent years, scattering amplitudes have become an
important tool for studying fundamental issues in gauge
and gravity theories. For example, for the maximally
supersymmetric four-dimensional super-Yang-Mills the-
ory (N =4 sYM) in the planar limit, we have recently
seen an all-order resummation ansatz proposed by Smirnov
and two of the authors (BDS) [1,2], strong-coupling results
from Alday and Maldacena [3], and the identification of a
new symmetry—dual (super) conformal invariance [4-6].
Together, these results have opened a new venue for
studying the holographic AdS/CFT correspondence.
Furthermore, they suggest the remarkable possibility that
planar amplitudes of N =4 sYM may ultimately be
determined exactly [7]. In the maximally supersymmetric
four-dimensional supergravity theory (N = 8) [8], the
remarkable ultraviolet behavior of multiloop graviton scat-
tering amplitudes [9—12] has challenged the widely-held
belief that it is impossible to construct a perturbatively
consistent pointlike theory of quantum gravity.

In this paper we compute and analyze the four-loop four-
point amplitude in N° = 4 sYM, for an arbitrary non-
Abelian gauge group G. The amplitude can be graphically
organized into planar and nonplanar contributions. For the
case of a special unitary gauge group, G = SU(N,.), the
planar contributions dominate the limit in which the num-
ber of colors, N, tends to infinity. The planar terms are
much simpler, and were computed previously [13]. The
nonplanar contributions are the subject of this paper.
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Scattering amplitudes in gauge theory and gravity have a
much richer structure than that revealed by Feynman dia-
grams. One striking example is Witten’s observation that
tree amplitudes are supported on curves in twistor space
[14]. At the multiloop level, such structures have first been
identified in theories with maximal supersymmetry. In
N = 4 sYM, the first hint of powerful relations between
higher- and lower-loop amplitudes was the ‘“‘rung rule”
relation [15,16] for constructing particular contributions to
four-point amplitudes. More remarkably, an iterative struc-
ture was uncovered in the dimensionally-regularized pla-
nar two-loop four-gluon amplitude [1], using the explicit
values of the loop integrals in an expansion around D = 4
[17]. This iterative structure holds at three loops as well; it
led to the all-loop BDS ansatz [2] for maximally-helicity-
violating (MHV) amplitudes. For four external states, the
ansatz is almost certainly correct, given its verification at
strong coupling by Alday and Maldacena [3] using the
AdS/CFT correspondence. For four or five external legs,
the assumption of dual conformal invariance, together with
the structure of the infrared divergences, completely fixes
the amplitudes’ dependence on the kinematics [6], making
it very likely that the BDS ansatz is correct. In addition, a
variety of explicit four- and five-point computations con-
firm it through three loops in dimensional regularization
[1,2,18,19] and with a Higgs regulator [20]. However, for
six or more external states, the BDS proposal is incomplete
[21-24]. To clarify the structure of the additional “‘remain-
der” terms, it will undoubtedly be important to carry out
further computations at both weak and strong coupling.
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Positive steps have been taken in this direction recently
[7,25-27].

Much less is known about nonplanar contributions to
N = 4 sYM amplitudes. As a step in this direction, the
principal aim of this paper is to construct the complete
four-loop four-point amplitude in N' = 4 sYM, including
nonplanar contributions, using the unitarity method [28]
and various refinements of it. We express the result in terms
of 50 distinct loop-momentum integrals, each with non-
trivial numerators. (One of the 50 gives a contribution to
the amplitude that vanishes after integration.) At three
loops, the analogous expression requires only nine distinct
integrals [10,29].

Using these representations of the three- and four-loop
amplitudes, we can study their ultraviolet (UV) properties,
particularly the critical dimension D.(L) in which the first
UV divergence appears, as a function of the loop number
L. Based on information from some of the unitarity cuts, a
formula for D,.(L) was suggested in Ref. [16] [see Eq. (5.1)
below]. This formula corresponds to counterterms in
higher dimensions of the schematic form D?F*, where F
is the Yang-Mills field strength, D is a covariant derivative,
and the precise color structure is not yet specified. This
form for the counterterms was later argued for by Howe
and Stelle [30], based on harmonic superspace [31].

Here we confirm this expected behavior for the so-called
single-trace terms in the amplitude for G = SU(N..), which
correspond to counterterms of the form Tr(D?F?).
However, we also find striking cancellations in the
double-trace terms in the amplitude, starting at three loops,
such that counterterms of the form Tr(D?F?) Tr(F?), etc.,
are absent. These results were first reported in Ref. [32].
These cancellations have been discussed using the pure-
spinor formalism in string theory [33] and field theory [12],
as well as from the point of view of algebraic non-
renormalization theorems [34]. Because of contamination
from the closed-string sector, the string-based arguments
apply only to the double-trace terms with the most factors
of N., namely N-~!; the field-theory arguments [12] are
more general in this regard. Here we will rearrange the
color structure of the amplitudes in order to make manifest
the additional cancellations in the double-trace terms, in-
cluding all powers in N, at three and four loops.

The present paper also provides the key input for the
unitarity-based computation of the four-loop four-graviton
amplitude [11] in N = 8 supergravity [8]. On general
grounds, the unitarity cuts of gravity loop amplitudes can
be obtained from those of Yang-Mills amplitudes [16]. In a
first step, generalized unitarity allows gravity loop ampli-
tudes to be decomposed into gravity tree amplitudes. Then
the tree-level Kawai, Lewellen, and Tye relations [35] can
be used to express the gravity tree amplitudes in terms of
gauge-theory tree amplitudes. Alternatively, one can use
the new diagrammatic numerator relations between gravity
and gauge-theory tree amplitudes developed by three of the
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authors [36]. Thus the gravity cuts are expressed as bilinear
combinations of gauge-theory cuts. All the information
needed for the gravity computation may be found by cut-
ting the gauge-theory amplitude. In the case of N =8
supergravity, all the sums over supersymmetric particles
running in the loops are automatically performed in the
course of the N = 4 sYM computation. Because gravity
does not involve color, the nonplanar contributions are just
as important as the planar ones, and the full nonplanar
N = 4 sYM amplitude is required.

Multiloop N = 8 supergravity amplitudes have re-
vealed UV cancellations not anticipated from earlier super-
space power-counting arguments. The explicit UV behavior
of the three- and four-loop four-point amplitudes [10,11]
exhibits strong cancellations, beyond those needed for UV
finiteness in four dimensions. Moreover, an analysis of
certain unitarity cuts demonstrates the existence of novel
higher-loop cancellations to all loop orders [9], based on the
one-loop “‘no-triangle property” [37-42]. These results
support the proposal that N° = 8 supergravity might be a
perturbatively UV-finite theory of quantum gravity. String
dualities [43] and non-renormalization theorems [44] have
also been used to argue for both UV finiteness of N = 8
supergravity, and for a delay in the onset of divergences,
although difficulties with decoupling towers of massive
states [45] and technical issues with the pure-spinor formal-
ism [12,46,47] may affect these conclusions.

Another important reason to study the nonplanar con-
tributions to N =4 sYM amplitudes is to investigate
whether the resummation of the four-point amplitude to
all loop orders [1-3] can be accomplished in some form
for nonplanar amplitudes as well. However, given the
more complicated color structure of nonplanar contribu-
tions, and the probable lack of integrability for subleading
terms in the 1/N, expansion, it is not clear whether such a
generalization can exist. What is clear is that the infrared-
singular behavior would have to be understood first, before
the behavior of infrared-finite terms could be addressed.
At subleading orders in 1/N,, the soft anomalous dimen-
sion matrix I'gy controls infrared singularities due to
soft-gluon exchange [48,49]. The matrix structure
becomes trivial in the planar, or large-N,, limit [2].

Surprisingly, the two-loop soft anomalous dimension
matrix in massless gauge theory is proportional to the
one-loop one [50]. The proportionality constant is deter-
mined by the cusp anomalous dimension [49]. This result
was later understood to be a consequence of an anomalous
symmetry of Wilson-line expectation values under the
rescaling of their velocities [51,52]. It has been conjectured
[29,51,52] that the proportionality might persist to all loop
orders. However, velocity rescaling alone, even combined
with other constraints, such as collinear factorization of
amplitudes [51,53], is not powerful enough to determine
the form of I'y beyond two loops [54], except for the
matter-dependent part at three loops [55]. In principle,

125040-2



COMPLETE FOUR-LOOP FOUR-POINT AMPLITUDE IN ...

the soft anomalous dimension matrix for N" = 4 sYM can
be determined at three and four loops, for the case of four
external massless states, using the results in Ref. [29] and
in this paper. At three loops, this computation would also
determine I'g for any massless gauge theory, because the
matter-dependent part is known [55].

To perform such a determination, the dimensionally-
regularized loop integrals entering the amplitudes, for D =
4 — 2€, would have to be expanded in a Laurent series
around € = 0. If this can be accomplished, then it is
relatively straightforward to compare the results with
fixed-order formulas [50,56] in order to extract I'g. The
Laurent series for the L-loop amplitude begins at order
1/€?", and the L-loop soft anomalous dimension matrix
first enters at order 1/€ in the expansion.

At order 1/€?, the L-loop cusp anomalous dimension
y(KL) appears. While this quantity is known in the planar
limit of N" = 4 sYM through at least four loops [13,57],
and very likely to all loop orders [58], the subleading-color
terms are not known beyond three loops. If they are
nontrivial at four loops, it would indicate the violation
of ‘“quadratic Casimir scaling,” or y%‘) o« Nt for G =
SU(N,), which holds through three loops [59]. Such a
violation is allowed by group theory, beginning at four
loops, and hinted at by strong-coupling considerations
[60]. However, it would be very useful to compute the
subleading-color terms in 7(,?) explicitly, as it has been
conjectured that quadratic Casimir scaling will continue
to hold beyond three loops [51].

Unfortunately, both these tests will have to await im-
proved techniques for the evaluation of the Laurent expan-
sion in € of three- and higher-loop nonplanar integrals. The
nonplanar integrals required for three-loop form factors
(one off-shell leg and two on-shell massless ones) have
been evaluated [61], but not yet those for on-shell scatter-
ing of four massless states at three loops (let alone four
loops).

In order to determine the four-loop amplitude in terms of
a set of loop integrals, we use the unitarity method [28],
particularly the information provided by generalized uni-
tarity cuts [53,62—64]. The unitarity method takes advan-
tage of the fact that tree-level amplitudes are much simpler
than individual Feynman diagrams. One can exploit struc-
tures that are obscure in Feynman diagrams but visible in
on-shell amplitudes.

For planar 2N° = 4 sYM, the observation that the loop
amplitudes can be expressed in terms of a restricted set of
“pseudoconformal” integrals [4,13,64,65] helps stream-
line the construction of a candidate expression, or ansatz,
that is consistent with the unitarity cuts. For a planar graph,
dual coordinates x; can be associated with nodes of the dual
graph; differences of pairs of x; are identified with mo-
menta of the internal or external lines of the original graph.
Loosely speaking, pseudoconformal integrals are integrals
that are invariant under conformal transformations of the
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dual coordinates. It has not yet been proven that all planar
loop amplitudes in N" = 4 sYM are expressible in terms
of pseudoconformal integrals (especially for non-MHV
helicity configurations for six or more external states).
However, in any given loop amplitude we can directly
confirm that no other integrals appear, once the pseudo-
conformal ansatz satisfies all the unitarity cuts. This ob-
servation helped simplify recent calculations of the planar
five-loop four-point [64] and two-loop six-point [23] MHV
amplitudes in N = 4 sYM.

In contrast, for nonplanar terms in the amplitude, there
is currently no useful definition of dual conformal sym-
metry. In addition, nonplanar contributions are inherently
more intricate than planar ones. Nevertheless, planar and
nonplanar contributions do appear to be linked via iden-
tities between diagram numerators, whose structure is
similar to the Jacobi identity obeyed by color factors
[36,66,67]. Very recently, this structure has been observed
to hold at the three-loop level, with no cut conditions
imposed [68]. Indeed, for the three-loop four-point am-
plitude in /N = 4 sYM, one of the planar diagrams is
sufficient for determining all the nonplanar ones. It would
be interesting to study these properties further, particu-
larly to determine the restrictions they place on the four-
loop amplitude presented here. We leave this interesting
question to the future.

A powerful way to determine large classes of both planar
and nonplanar contributions is through graphical rules that
capture some of the features of generalized unitarity cuts.
The first of these rules is the rung rule [15,16]. The Jacobi-
like relation between planar and nonplanar contributions
can also be implemented as a graphical manipulation [36].
There is also a ““box-substitution rule” [64], which we will
generalize here. Some related graphical identities may be
found in Ref. [69]. The rules given here reduce the deter-
mination of contributions containing four-point subdia-
grams to a few simple manipulations.

The graphical rules presented in this paper capture many
contributions, but not all of them. In order to determine the
missing ones, we used the method of maximal cuts [29,64].
For four-point amplitudes in D = 4, maximal cuts are
those generalized unitarity cuts in which only three-point
tree amplitudes appear, connected by cut propagators, i.e.,
they contain the maximum number of cut propagators. One
first constructs a candidate expression (ansatz) for the loop
amplitude that is equal to each maximal cut, when eval-
uated for the appropriate cut kinematics. We refer to this
procedure as “matching” the ansatz to the maximal cuts.
Next one adjusts the ansatz to match as well the next-fo-
maximal cuts in which a cut propagator is removed from
between two of the three-point trees to form a four-point
tree. This captures all contributions with a single
four-point vertex, or “‘contact term.” Then one matches
to further near-maximal cuts with more canceled
propagators.
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In order to construct the complete four-loop amplitude,
we used a large number of maximal and near-maximal
cuts. To ensure that no contributions were dropped, we
then evaluated a set of 13 “basis cuts” (not counting
permutations of legs) which suffice to determine any mass-
less four-loop four-point amplitude. We verified that our
answer matches all of these cuts. Many of the cuts were
evaluated using four-dimensional intermediate momenta,
so that powerful helicity and supersymmetry methods
could be exploited. This leaves open the possibility that
some terms could be missed, which vanish when the cut
momenta are restricted to four dimensions. For this reason,
we performed a large number of consistency checks, as
described in Sec. 11 B.

The unitarity method also allows us to use an on-shell
superspace formalism to sum over states crossing cuts. On-
shell superspaces involve only physical states and, for our
purpose, they are generally far simpler than their off-shell
cousins. A number of years ago Nair presented an on-shell
superspace [70] for MHV tree amplitudes in N = 4 sYM.
More recently, this superspace has been extended to any
helicity and particle configuration. For the computations of
this paper, we follow the MHV generating-function ap-
proach [71-73], as organized in Ref. [74] for use in multi-
loop calculations. We also exploit specific supersum results
for cuts involving next-to-MHV tree amplitudes [73]. A
related procedure [42,75,76] for covering any helicity and
particle content employs the momentum shifts used by
Britto, Cachazo, Feng, and Witten to derive on-shell recur-
sion relations [77], extended to shifts of anticommuting
parameters. One-loop examples that use an on-shell super-
space in conjunction with the unitarity method may be
found in Refs. [42,72,76]. Various higher-loop examples,
including four-loop ones, are given in Refs. [73,74].

This paper is organized as follows. In Sec. II we describe
the general structure of multiloop amplitudes. We also
recall the specific form of four-point amplitudes in N =
4 sYM from one to three loops, as well as the planar terms
at four loops. We give a brief overview of the techniques
used to determine the amplitudes. In Sec. III we describe in
more detail various tools for determining the nonplanar
contributions. In Sec. IV we present the complete four-loop
four-point amplitude in terms of a set of 50 integrals. The
ultraviolet divergence properties of the four-point ampli-
tude through four loops, in the critical dimension D_.(L),
are discussed in Sec. V. In Sec. VI we compute the leading
UV divergence for the double-trace terms at three loops,
which appears at D = 20/3 [in contrast to the single-trace
terms, which first diverge in D.(3) = 6]. In Sec. VII, we
give our conclusions and prospects for the future. In
Appendix A, we present a sample evaluation of a nontrivial
nonplanar cut. In Appendix B we provide various repre-
sentations of the color factors appearing in the amplitudes.
In Appendix C we collect the numerator and color factors
for the 50 integrals entering the four-loop amplitude.
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II. STRUCTURE OF MULTILOOP AMPLITUDES

Loop amplitudes in N = 4 sYM exhibit remarkable
simplicity for a gauge theory. Using the unitarity method
[28], a large variety of amplitudes have been constructed
through five loops [13,15,16,18,19,23,64,78] in terms of
loop-momentum integrals. Indeed, the structure of the
planar four-point amplitude is simple enough that an all
loop order resummation is possible [2,3]. This simplicity in
the planar sector has been understood in terms of a new
symmetry dubbed ‘“dual conformal symmetry” [4,5,65],
which is intimately connected to integrability [79]. In this
paper we focus on the nonplanar contributions to N = 4
sYM amplitudes. Although they are much more intricate
and less well understood than the planar amplitudes, their
structure is still remarkably simple, especially when
compared to amplitudes in theories with fewer super-
symmetries.

In this section we begin by describing the color and
parent-graph organization of multiloop amplitudes, includ-
ing a review of the results for the lower-loop and planar
four-loop four-point amplitudes in N° = 4 sYM. Then we
turn to a brief review of the unitarity method.

A. Color and parent-graph decomposition

For gauge group G = SU(N,), the leading-color (pla-
nar) terms are particularly simple. They have essentially
the same color structure as the corresponding tree ampli-
tudes. The leading-in-N,. contribution to the L-loop n-point
amplitude may be written as

2N L
ﬂ(L),Plana.r _ n—zl: 8 N ]
n 8 (477.)2—6

XN Te(Teen . T)A (o (1), 0(2), ..., o(n)),
o€S,/Z,

(2.1

where the 7% are generators in the fundamental represen-
tation of SU(N,.), with adjoint color indices a;, and the sum
runs over noncyclic permutations of the external legs. In
this expression we have suppressed the (all-outgoing)
momenta k;, as well as polarizations and particle types,
leaving only the integer index i as a collective label. This
decomposition holds for all particles in the gauge super-
multiplet, as they are all in the adjoint representation. The
color-ordered (or color-stripped) partial amplitudes AP
carry no color indices; they depend only on the kinematics,
polarizations, and particle type. At leading order in the
1/N, expansion, they can be expressed solely in terms of
planar loop integrals.

For the complete amplitude for a general gauge group G,
including all nonplanar contributions, the parent-graph
decomposition,

ﬂl(’lL) :g2L+n72 Z aicili’

iEparent

(2.2)
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is more convenient than the color-trace representation. The
parent graphs are cubic graphs—graphs containing only
three-point vertices. Momentum is conserved at each vertex.
Every graph specifies simultaneously a combinatorial factor
a;, a color dressing C;, and a Feynman loop integral /;.
The C; are written in terms of group structure constants.
The contractions of group indices are encoded by the graph
i using the rules given in Fig. 1. More precisely, the color
factors C; are obtained by dressing each three-vertex of the
parent graph with structure constants, normalized as

]"éabc — i\/zfabc = Tr([T¢, Tb]TC), (2.3)

where f?¢ are the standard structure constants of the
gauge group G, and the Hermitian generators 7¢ are nor-
malized via Tr(T%T?) = §%. The ¢ should follow the
clockwise ordering of the legs for each vertex of the parent
graph. This clockwise ordering is important. For example,
if one redraws a graph so that an odd number of three-point
vertices have their ordering reversed, then the signs of both
C; and I; should be flipped in tandem.

Each parent integral for the L-loop four-point amplitude
is a Feynman integral with the following general structure
and normalization:

vt [ s

where k,,, m = 1, 2, 3, are the three independent external
momenta, €; are the L independent loop momenta, and /,
are the momenta of the (3L + 1) propagators (internal lines
of the graph 7), which are linear combinations of the €; and
the k,,,. As usual, d” ¢} is the D-dimensional measure for the
jth loop momentum. The numerator polynomial N;(€, k,,)
is a polynomial in both internal and external momenta.
Unlike the decomposition using color traces, the parent-
graph decomposition is not unique, due to contact terms.
Contact terms are contributions to the amplitude that lack
one or more propagators, relative to the parent graphs. If
the contact terms were allowed to contribute as isolated
integrals, they would correspond to graphs containing
quartic or higher-order vertices. Here we will absorb all
contact terms into parent integrals, by multiplying and
dividing by the missing propagator or propagators, so
that the corresponding term in N;({;, k,) will contain

(2.4)

b

« — p  — 5ab a fabc
c

FIG. 1. Rules for obtaining the color factors associated with

cubic parent graphs. The roman letters a, b, ¢ are color indices.
The sign of each structure constant f**¢ is fixed by the clockwise
ordering of each vertex, as drawn.
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factors of 12, which we refer to as inverse propagators.
However, because the associated color factors C; can be
expressed as linear combinations of other color factors via
the Jacobi identities, there is an ambiguity in choosing the
specific parent graph to absorb a given contact term.
Although there are many valid choices, particular choices
can reveal nontrivial structures or symmetries.

For N = 4 sYM amplitudes, the freedom in assigning
contact terms to parent graphs can be exploited to remove
all graphs with nontrivial two- or three-point subgraphs, as
was done at three loops [29]. While supersymmetry and
gauge invariance may be used to show the all-order con-
sistency of this condition on the parent graphs, a more
direct approach was taken in Ref. [29], by verifying that
an ansatz in this class is compatible with all unitarity cuts.
Here we will take the same approach at four loops.

At one loop, the structure of the N = 4 sYM four-point
amplitude is especially simple. We modify Eq. (2.2)
slightly by extracting an overall prefactor, and write the
result as

Al = - 8K > ORI (512, 523), (2.5)
Sy
where g is the gauge coupling. The prefactor XK is

defined by
X = K(l, 2, 3, 4) = 512S23A2ree(1, 2, 3, 4), (26)

where 51, = (k; + ky)?, 503 = (ky + k3)?, and the k; are
the external momenta. It contains all information about the
four external states.

The unique parent graph at one loop is the box diagram
shown in Fig. 2. For external legs ordered 1234, the box

color factor is
Cll)(2)§4 = f‘alaa“sf“z“ﬂef‘“}“s%f@”sﬂs, (27)

where we sum over repeated indices. This form is valid for
any gauge group. Finally, I°°*(s,,, 5,3) is the one-loop box

integral,
1°°%(s15, 523)
_ dPp 1
QmP p*(p — k)X (p — ki — ka)*(p + ky)*
(2.8)
2 3
1 4

FIG. 2. The box diagram is the only parent graph at one loop
(up to permutations of the external legs).
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The sum in Eq. (2.5) runs over the 24 permutations of It is not difficult to verify that ([12][34])/((12)(34)) is
external legs {1, 2, 3, 4}, denoted by S,. The permutations symmetric under exchange of any two legs, and that K
act on both the momentum and color labels. The prefactor  is local. Related to this, K represents the color-stripped

of 1/8 accounts for an eightfold overcount in the permu-  four-point (linearized) matrix elements of the local opera-

tation sum, which we leave in to make it slightly easier to  tor TrF*, plus its supersymmetric partners. Therefore K is

generalize to higher loops. a natural prefactor to extract from the four-point amplitude
In Eq. (2.6), A§{*°(1, 2, 3, 4) stands for any N =4 sYM  in N =4 sYM.

tree amplitude in the canonical color order. In four dimen- At two loops, the full N = 4 sYM amplitude is given

sions, a compact form of this object can be written down by a similar permutation sum as for the one-loop case (2.5)

using anticommuting parameters 7 in the on-shell super- [15,16],

space formalism [42,70-73,75,76],
i8® (A my + damy + A3ms + Agmy)

Agee(l) 2) 3: 4)|D:4 =

A | AP = LK S ICRIP 51529
(29) M
K(1,2.3,4)|ps + CRUIND (515, 53)] (2.11)
_[12][34]

L2y BNy my + Aamy + A3m3 + Ayma).
The planar and nonplanar double-box integrals, displayed
(2.10)  in Fig. 3, are defined by
J
dD dD
I(P)(SIZ: 523) = (_l)z P ZDq 2 2 2 212 2 2 2 2
Qm)*® p*(p = k) (p = ki2)*(p + @)°q°(q — ka)*(q — ks4) (2.12)
(NP) o [dPpd°q S12 .
I™(s12, 523) = (=) 2D 2 2 2 2.2 2 2’
Qm)*" pAp — k) (p + @)*(p + q + k3)°q°(q — k1)*(q — ki)
I
with kj, = k; + k, and k34 = k3 + k4. The permutation @ 1 g @ 1) (b) 7(b) 1 © 1)
sum again runs over S, and acts on both momentum and Ay = 28 KSZ[Ca '+ o + ECC I*
color labels. Because both graphs in Fig. 3 have a fourfold ¢
symmetry, the permutation sum overcounts by a factor of 4. + lC(d) J Y OF (O YOy ()
As before, we include this overcount and divide by an 4
overall symmetry factor. In a form valid for any gauge @710 1 L ~h)yh) @) 76)
group, the color factors of the planar and nonplanar graphs, ACETE + 2 CHIR 4+ 2C0T |, 2.14)

with legs ordered 1234, are

In this case, the integrals 7™ (s,, s53) are D-dimensional

loop integrals corresponding to the nine graphs shown in

Fig. 4, using Eq. (2.4) with the numerator polynomials N;

ngz = falasasfazaﬂefawgas]?awl1“10f~a7asa10f515“9“11. displayed next to the diagrams. In Fig. 4 the (outgoing)

(2.13) momenta of the external legs are denoted by k; with i = 1,

’ 2, 3, 4, while the momenta of the internal legs are denoted

by /; with i > 4. For convenience, we use the following

At three loops, the fully color-dressed three-loop four- shorthand notation:

point N = 4 sYM amplitude is given by [10,29]

C(lg)34 = f‘alae“sf@“ﬂof“ﬂﬂsfa4aloagfa7axﬂ11fasallalo’

(ki +kp)?* i, j=4

2 3 2 3 si=1 (+1)? i=4<jt, 71,=2k-1. (2.15)
(L+1)* 4<ij
512 S12
1 (P) 4 1 ‘ (NP) 4 In the three-loop case, some of the numerator polynomials

contain squares of loop momenta, which could be used to

FIG. 3. The planar and nonplanar parent graphs contributing o collapse propagators and generate contact terms. (The
the two-loop four-point amplitude. The prefactors s;, are the three-loop four-graviton amplitude in N = 8 supergravity
integral numerators N® and N®™P), respectively. can be written [29] in a form very similar to Eq. (2.14),
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2 3 2 3
2 2
512 512
1 (a) 4 1 (b) 4
2 3 2 3
2 2
1 (c) 4 1 (d) 4
2 g 3 25 3 2 5 3
512546 512546 512546
6 6 6
1 4 1 l 1 i 1
(e) (f) (8)

2 3 2 3
s12(Ta6 + T36) 8y +6 Y9 519545 — S23546 7 / A6
+503(T15 + To5) [ —1(s12 — $23) 12

TA 410
+512523

1 (h) 4 1 5 (1) 4
FIG. 4. The nine parent graphs for the three-loop four-point
N =4 sYM amplitude. The prefactor of each diagram is the
numerator polynomial N®. The kinematic invariants are defined
in Eq. (2.15).

except that there are no color factors, and the numerator
factors in the loop integrals are of course different.)

The color factor associated with each integral in the
three-loop amplitude is easy to write down from the parent
graph, following Fig. 1. The expression (2.14) is valid for
any gauge group G and any dimension D, as verified by a
direct evaluation of the color-dressed cuts [29].

In Sec. IV we will present the complete four-loop four-
point amplitude of N = 4 sYM, using the same type of
parent-graph decomposition. As we will demonstrate, this
amplitude can be decomposed into 50 distinct parent in-
tegrals, corresponding to cubic graphs with no nontrivial
two- or three-point subgraphs. As explained earlier, contact
terms are incorporated as numerator factors containing

PHYSICAL REVIEW D 82, 125040 (2010)

inverse propagators. Thus we write the four-loop four-
point amplitude as

50
ﬂf{t) = gl()g(z Z aiCiIi,

Sy i=1

(2.16)

where the usual prefactor KK is common to all terms, the a;
are combinatorial symmetry factors and the C; color fac-
tors. The integrals I; are specified by the propagators
associated with the parent graph, and by the numerator
polynomials N;. Each numerator polynomial is subject to
various constraints. After accounting for the four powers of
external momenta in K in Eq. (2.16), dimensional analysis
implies that the numerator polynomial N,({;, k;) is of
degree 6 in the momenta. Moreover, consistency with the
known power-counting [16,30] requires that the numerator
polynomials for N" = 4 sYM have a maximum degree of
4 in the loop momenta.

The planar contributions to the four-loop four-point am-
plitude were presented earlier [13], although they were
given in the color-trace decomposition, rather than the
graphical decomposition used here. Out of the eight differ-
ent types of planar integrals present in the amplitude, the six
parent graphs are shown in Fig. 5. (The combinatorial
factors are not included in the figure.) The two additional
contributions are contact terms and are shown in Fig. 6. A
convenient choice for absorbing these contact terms is to
assign both of them to the parent graph (f) of Fig. 5, by
incorporating inverse propagators in their numerators. The
result, after combining two different permutations of dia-
gram (f), appears as integral /,g in Sec. IV.

B. Unitarity method

The unitarity method provides an efficient framework
for systematically constructing and verifying the expres-
sion for any massless multiloop amplitude. This method,
along with various refinements, has already been described
in some detail elsewhere [16,28,53,62-64,69]. Here we

2 3 2 3
2 3
. 45
5‘1%2 5235-/215 S19545
1 4 2
(a) 1 (b) 4 1 (C) 4
2 5 6 3 2 3 2 . 3
< - 6
5%2356‘ 512545536 512545526
Y6
5
< 5
1 4 1 4 ~ ,
(d) (e) gy

FIG. 5. Planar contributions to the four-loop four-point amplitude.
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2 3 2 3
—i312823 —S12
1 4 1 4
(f2) (d2)

FIG. 6. Contact terms in the planar four-point amplitude,
which can be absorbed into the numerator of graph (f) of
Fig. 5. [Note that here (f,) and (d,) refers to the labeling used
in Ref. [13]; unlike Ref. [13], we choose to write out explicitly
the relative factors of these integrals with respect to diagram (f).]

summarize those points directly salient to our construction
of multiloop amplitudes in N = 4 sYM.

A generalized unitarity cut is a sum over products of
amplitudes,

i Y AnAAg Ay

states

(2.17)
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evaluated for kinematics that place all ¢ cut lines on shell.
Here we normalize the cuts to include the factor of i of each
cut Feynman propagator. Each cut-line particle appears
twice in the summand—Ieaving one amplitude and enter-
ing another. Often the cuts are chosen so that all the
amplitudes are tree amplitudes, although this is not neces-
sary. Figure 7 illustrates particularly useful cuts for deter-
mining the four-loop four-point amplitude, in which the
maximal and near-maximal number of propagators are cut.
(In order to avoid excessive clutter, we draw maximal and
near-maximal cuts without the usual dashed lines to in-
dicate the cuts.) Another set of useful cuts for confirming
all contributions is depicted in Figs. 8 and 9.

For massless theories, the on-shell momentum condition
for the particle associated with each cut line is [ = 0. We
sum over all possible states of the cut-line particle. For
N =4 sYM theory the sum is over the full supermulti-
plet, including gluons, scalars, and fermions. For pure-
Yang-Mills theory in four dimensions, the sum is only

(a) (b) (c) (d) ()

FIG. 7. Examples of maximal and near-maximal cuts used to construct a complete ansatz for the four-loop N° = 4 sYM amplitude.
Cuts (a) and (b) have the maximal 13 cut conditions. Near-maximal cuts (¢) have 12 conditions, and (d) and (e) have 11 conditions. No
cuts with fewer than 11 on-shell propagators are needed to build the complete ansatz.

FIG. 8 (color online).

These 11 cuts, along with the two-particle cuts in Fig. 9, suffice to determine any massless four-loop four-point

amplitude. As displayed they determine any planar amplitude; to determine any nonplanar contributions one must also include cuts
with the legs of each tree subamplitude permuted arbitrarily. The cuts (h) and (k) have been evaluated in D dimensions, as they are

included in the box cuts Fig. 10(c) and (e), respectively.
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& 86
() (b)

FIG. 9 (color online). The two-particle cuts. These cuts have
been evaluated in D dimensions. Together with the cuts of Fig. 8
these form a spanning set of cuts for any massless four-loop four-
point amplitude.

over positive and negative helicity gluons. In the latter
case, there can also be contributions, such as loops on
massless external legs, that are not detectable in the cuts
of Figs. 8 and 9. While these contributions vanish after loop
integration in dimensional regularization, they can never-
theless alter the UV behavior of the amplitude because
their vanishing is the consequence of a cancellation be-
tween UV and IR divergences. In the case of N = 4 sYM
theory, for representations of the amplitude that obey
manifest power-counting [16,30] and do not contain
three-point subamplitudes with one external and two inter-
nal legs (which is the case in this paper and in previous
work), such massless-external-loop contributions do not
appear, by virtue of unitarity and the vanishing of super-
symmetric three-point loop amplitudes.

The cut construction of a multiloop amplitude formally
begins with a generic ansatz for the amplitude in terms of
multiloop Feynman integrals, in which the numerator
polynomials of each integrand N,({;, k;) contain arbitrary
coefficients.! These coefficients are then systematically
determined by comparing the generalized cuts of the ansatz
to the cuts of the amplitude.

For a multiloop expression to be correct for a given
theory, it must satisfy all possible generalized unitarity
cuts. However, many cuts are simply special cases of other
cuts. We define a spanning set of cuts as any set whose
verification is sufficient to ensure that all other cuts are
satisfied, and thus the correctness of a multiloop expression
for the amplitude. Below we shall describe such sets.

In the process of cut verification, an ansatz for the
desired multiloop amplitude—described in terms of
Feynman integrals over loop momenta—is evaluated using
on-shell momenta on the cut lines at the integrand level and
compared to Eq. (2.17), using the same cut kinematics.
This procedure requires first identifying the subset of
parent graphs in the ansatz that are nonzero on the specified
cut, and then lining up momentum labels between each
such parent graph and the generalized cut (2.17). The latter
step can be performed by decomposing each of the con-
stituent amplitudes in Eq. (2.17) into their own parent

"The number of independent Feynman integrals present in the
four-point amplitude is typically far smaller than the number of
Feynman diagrams.

PHYSICAL REVIEW D 82, 125040 (2010)

graphs. These graphs come with a labeling, which can be
used to provide a suitable labeling for each parent graph in
the ansatz. (One may have to perform some initial relabel-
ing in order to avoid duplicate labels coming from different
constituent amplitudes.) Finally, one permutes the labels in
the original representation of the ansatz so that they match
this labeling. In Appendix A we illustrate this procedure in
the evaluation of a nontrivial cut at four loops.

As mentioned in the discussion of the parent-graph
decomposition, the numerators of parent graphs are not
uniquely determined by cut constraints, because of an
inherent ambiguity in the assignment of contact terms.
This ambiguity corresponds to the ability to add terms to
the integrands associated with different parent graphs,
such that the complete amplitude remains unchanged.
Essentially, this ambiguity is nothing more than the free-
dom to add zero to the amplitude in a nontrivial way. This
freedom allows various representations of the amplitude,
which can expose different properties. A particularly use-
ful property is for every term in every parent integral to be
no more UV divergent than the complete amplitude; that is,
all UV cancellations are exposed. It is also rather desirable
for the numerator factors to respect the symmetries of the
parent graphs. Indeed, we will find a representation of the
four-loop four-point amplitude with both these properties.
Imposing these properties at the beginning helps to limit
the number of possible terms in the ansatz.

In practice, as will be discussed in Sec. IIID, it is
possible to construct a multiloop amplitude iteratively—
building and refining an ansatz by requiring it to be con-
sistent with a sequence of generalized cuts, beginning with
the maximal cuts. Note that, a priori, one can make any
simplifying assumptions that restrict the ansatz; these as-
sumptions are justified a posteriori by verifying the ansatz
against a spanning set of cuts. Figures 8 and 9 show
generalized cuts used in the verification of the four-loop
four-point amplitude. In these figures all exposed internal
lines are cut.

Color-stripped cuts involve products of the color-
ordered tree-level partial amplitudes that appear in the
trace-based color decomposition for gauge group
SU(N,). On the other hand, color-dressed cuts are products
of full tree amplitudes, including their color factors, which
are products of structure constants f%*° and are valid for
any gauge group. One can always verify a color-dressed
amplitude for any gauge group G by considering a
spanning set of color-dressed cuts. In practice, we used
color-stripped cuts in our construction of the four-loop
amplitude; in the final step we color-dressed our integrands
with color factors C; which are built from structure con-
stants f°¢ and are valid for any gauge group.

Although in principle all cuts can be evaluated analyti-
cally, some cuts in Fig. 8 are rather nontrivial. It is there-
fore often more practical to evaluate the cuts numerically
to high precision for a number of points in the phase space
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satisfying the cut conditions. Because the check is per-
formed at the level of the integrand, and does not require
any numerical integration, it can be performed at arbitrarily
high precision.

In the rest of this section we will review technology for
summing over the N = 4 multiplets of states crossing
each cut, which is needed to evaluate the unitarity cuts.
In Sec. III we will present two classes of unitarity cuts—
the two-particle cut, and the box cut—which have been
worked out in all generality in terms of lower-loop parent-
dressings. These cuts are particularly handy because they
can be applied with very little calculation.

1. Supersymmetric sums over states in four dimensions

We can simplify the evaluation of many cuts by restrict-
ing the internal loop momenta (as well as the external
momenta) to four dimensions. Then we can enumerate
the internal states according to their four-dimensional he-
licity, and apply powerful supersymmetry Ward identities
[80] or on-shell superspace formalisms (both of which are
valid only in four dimensions), in order to simplify the sum
over intermediate states. In 2N = 4 sYM, this sum runs
over the N = 4 supermultiplet, so we refer to it as a
“supersum.” For simple cuts, the sum over supersymmet-
ric states in Eq. (2.17) is easy to evaluate component by
component [16], by making use of supersymmetry Ward
identities that relate the different tree amplitudes, and
hence relate the different terms in the state sum.

As described in some detail in Ref. [64], for maximal or
near-maximal cuts, it turns out that one can avoid non-
trivial sums over particles by making use of solutions to the
cut conditions that force all, or nearly all, particles prop-
agating in the loops to be gluons with a single helicity
configuration. Such restrictions can be arranged for cuts
that contain sufficiently many three-point tree amplitudes.
These solutions were sufficient for constructing the com-
plete four-point amplitude in N" = 4 sYM in this paper.”
Remarkably, this allows us to build a complete ansatz for
the four-loop amplitude, avoiding all nontrivial supersym-
metric sums over particles crossing the cuts. Even so, we
must satisfy all solutions to all cut conditions, including
those that impose no restriction on the particle content. As
discussed earlier, we verify the correctness of our construc-
tion on a spanning set of cuts. In such cuts we must sum
over all allowed configurations of particles crossing the
cuts. A good means for summing over the states is there-
fore needed, especially given the nontrivial bookkeeping of
states required at four loops.

In supersymmetric theories, superspace provides an effi-
cient way to track contributions from different states in the
same supermultiplet. However, we prefer a superspace
which works well with on-shell methods. Such a superspace

This property is special to maximally supersymmetric ampli-
tudes and will not hold in other theories such as QCD.
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is based on Nair’s construction, which encodes the MHV
tree amplitudes of N = 4 sYM [70]. In recent years, this
superspace has been generalized to any four-dimensional
tree amplitude and also to loop level [42,71-76]. A solution
to the problem of evaluating supersums in generic multi-
loop unitarity cuts was given [73], based on an MHV-vertex
generating-function approach. In Ref. [74], this solution
was recast into two complementary approaches for effi-
ciently evaluating multiloop unitarity cuts. In the first ap-
proach, the problem is recast into the calculation of the
determinant of the matrix associated with a certain system
of linear equations. In the second approach, used in this
paper, the contributions of individual states are tracked via
SU(4) “R-symmetry index diagrams.”

To systematically step through the many cuts we used to
verify our construction of the four-loop amplitude, it is
helpful to have an efficient and easily programmable algo-
rithm for evaluating any cut, with essentially no calcula-
tion. The R-symmetry index diagram method [74] is based
on the observation that, after applying the MHV-vertex
expansion for tree amplitudes [81], the cuts of N =4
sYM amplitudes are simply related to those of (nonsuper-
symmetric) pure Yang-Mills theory. By carrying out the
supersums in the MHV-vertex expansion, each term con-
tains a numerator of the form

(S;+ S, +---+8,)4 (2.18)

where the S;’s are spinor-product monomials, such as
(iyi)isig] - - - (ij—1i;). Upon expansion of Eq. (2.18),
each quartic expression S;5;5;S,; corresponds to a single
assignment of helicities to particles crossing the cuts.
Remarkably, Eq. (2.18) can be inferred instead from the
much simpler state sum for pure Yang-Mills theory, for
which the analogous numerator is

ST+ 83+ -+ S (2.19)
One introduces anticommuting parameters, which trans-
form under the SU(4) R symmetry of N = 4 sYM, and
track the relative signs between S; and S; in Eq. (2.18).
With the aid of these parameters, the result (2.18) for the
N = 4 sYM cut can be read off from the pure-Yang-Mills
cut (2.19). A detailed description of the algorithm, as well
as the R-symmetry index diagrams, may be found in
Ref. [74].

Using this algorithm we have evaluated cuts containing
only MHV and MHYV vertices, as well as the spanning set
of all 13 cuts in Figs. 8 and 9 and their permutations. These
evaluations confirm that the ansatz we constructed for the
amplitude, using graphical rules and information provided
by the maximal and near-maximal cuts, captures all con-
tributions that are nonzero when loop momenta are re-
stricted to four dimensions.

Elvang, Freedman, and Kiermaier [73] have used the
MHV-vertex expansion to provide very compact expres-
sions for the supersums for cuts (a) and (j) in Fig. 8, which
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contain next-to-MHV (and next-to-MHV) amplitudes. We
also compared the cuts of our ansatz to their results, and
found agreement.’ Cut (a) is particularly powerful because
it checks most of the terms in all 50 of the parent graphs in
Eq. (2.16), providing an important independent check.

2. D-dimensional cuts

The method outlined above efficiently solves the prob-
lem of evaluating unitarity cuts in four dimensions in
N = 4 sYM. However, because we are interested in com-
puting the amplitudes in (D > 4) dimensions, this is not
sufficient; the loop momenta are D-dimensional. Even if
we are interested in amplitudes in four dimensions, we
need to use a (supersymmetry-preserving [82]) form of
dimensional regularization to regulate infrared singular-
ities. If the cuts are evaluated in four dimensions, as
described in the previous subsection, then terms that vanish
when the loop momenta are restricted to four dimensions,
but are nonvanishing in D dimensions, could be missed.
Indeed, amplitudes in theories with fewer supersymmetries
[83,84], and N = 4 sYM amplitudes with more than four
external legs [23], do contain such terms. Unfortunately,
generic D-dimensional cuts are significantly more compli-
cated than their four-dimensional counterparts. For con-
tinuous values of D, there is no helicity formalism, nor is
there a useful on-shell superspace. Some of the additional
complexity can be avoided by working in D dimensions,
but with the N = 4 states organized according to the
N =1 super-Yang-Mills theory in ten dimensions [13].
Nevertheless, evaluating general cuts in this way at four
loops is still difficult.

It is important to note that we do not need the full power
of D-dimensional cuts to construct the amplitude, but only
to identify any potential terms dropped by the four-
dimensional cuts. Such terms are rare or even nonexistent
for N =4 sYM at low orders and low multiplicity.
Specifically, for four-point amplitudes through three loops,
and for the planar contributions through four loops, explicit
computation has revealed [13,15,16,29,85] that the
D-dimensional versions of the amplitudes are obtained
simply by replacing the four-dimensional loop integration
measure with the D-dimensional one,

d*p dPp
Q2m)* QmP’

and reinterpreting all Lorentz products of momenta as
D-dimensional ones. Based on this evidence, we have
every reason to believe that Eq. (2.20) holds as well for
the nonplanar contributions at four loops. Although we
have not checked all cuts in D dimensions in this paper,
we have performed a set of strong consistency checks to
make it extremely unlikely that any D-dimensional

(2.20)

3We thank Elvang, Freedman, and Kiermaier for assistance in
implementing their expressions.
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(a) (b)
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FIG. 10 (color online). The three box cuts. These cuts have
been evaluated in D dimensions.

contributions have been missed. Such checks include all
two-particle cuts, and all generalized cuts that isolate a
four-particle subamplitude (box cuts), as shown in Fig. 10.
As noted some time ago [15,16], for four-point amplitudes,
the iterated two-particle cuts automatically give the same
result in D dimensions as in four dimensions. In the next
section we will explain why the box cuts have the same
property. Another powerful check comes from the new
diagrammatic numerator identities [36,68], which hold in
any dimension. They allow us to obtain many nonplanar
terms directly from planar ones. At four loops, the latter are
known to be valid in D dimensions [13], at least for
external gluon states. Because of these checks, it is rather
unlikely that any terms were dropped in extending the four-
dimensional loop-momentum integrand to D dimensions.
Nevertheless, it would still be useful to evaluate a complete
set of unitarity cuts in D dimensions. As a step in this
direction, the unitarity cuts have been confirmed for six-
dimensional external and cut momenta [86], using the
helicity formalism of Cheung and O’Connell [87] and the
on-shell superspace of Dennen, Huang, and Siegel [88].

III. CONSTRUCTING A COMPACT ANSATZ

In the process of constructing amplitudes, it is helpful to
have a toolkit that allows one to write down large classes of
terms with essentially no computation. Even heuristic rules
motivated by observed structures, or tools that capture only
a subset of terms, can be rather useful. Typically, such rules
allow one to quickly fix the structurally simplest terms in
the amplitude, allowing the remaining effort to be focused
on the more intricate ones. This strategy is especially
potent when combined with the method of maximal cuts
[64], which (as discussed below) allows a relatively small
set of contributions to be considered in isolation.

For planar /N =4 sYM there is a set of powerful
graphical tools. The oldest of these tools is the “‘rung
insertion rule” [15], which generates certain higher-loop
contributions from lower-loop ones. More recently, the
observed dual conformal properties of planar N =4
sYM [4,13] amplitudes have led to a powerful method
for determining them, up to prefactors [19,23,64,89] that
can be determined straightforwardly from cuts. Heuristic
rules for determining the prefactors in the planar four-point
case have been given as well [64,65,69]. Unfortunately, it
is not clear how to extend the notion of dual conformal
invariance to nonplanar contributions. We also remark that
the planar terms in the four-loop four-point amplitude were
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determined previously (without using dual conformal in-
variance) [13]. The nonplanar contributions are much more
intricate. In this section we will discuss tools that are useful
for identifying both planar and (more importantly) non-
planar contributions.

We begin by reviewing and extending some particularly
useful cuts that can be expressed very simply, and in all
generality, in terms of lower-loop expressions. We also
discuss a tree-level identity that allows many multiloop
contributions to be constructed, up to potential contact
terms. We will close this section by discussing the method
of maximal cuts, which provides a systematic tool for
constructing all terms in any amplitude, including contact
terms.

A. Two-particle cuts

A two-particle cut of a multiloop four-point amplitude
has the form shown in Fig. 11—it divides the amplitude
into two lower-loop four-point amplitudes. Four-point am-
plitudes in JN" = 4 sYM have an especially simple depen-
dence on the external states. This fact makes it possible to
immediately write down the numerator factors for parent
graphs that have two-particle cuts, in terms of lower-loop
numerator factors (up to potential contact-term ambigu-
ities). This method can be applied to nonplanar parent
graphs as well, making it especially powerful.

This simplicity relies on the observation that all N = 4
sYM four-point amplitudes can be expressed in a common
factorized form,

AP1,2,3,4) = g22K(1,2,3,4U1(1,2,3,4), (3.1)

where A, represents the full color-dressed amplitude (as
distinguished from the color-stripped A,). All of the state
dependence in A, is carried by the kinematic prefactor
K = s15593A%¢¢, also defined in Eq. (2.6). All of the color
dependence is carried by the state-independent universal
factor U'Y). We will use this factorization of color and state
dependence to determine the terms in U™ that are visible
in two-particle cuts, iteratively in terms of lower-loop
universal factors. This result will be valid in D dimensions,
whenever the lower-loop universal factors are valid in D
dimensions.

lQ'

1 1l

4

FIG. 11 (color online). A two-particle cut that may be used to
construct contributions to the (L + L’ 4 1)-loop amplitude from
those at L and L' loop orders.
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For four-dimensional external momenta and states,
Eq. (3.1) follows from the Ward identities for maximal
supersymmetry. These identities relate all four-point am-
plitudes to each other at any loop order [16,80,90]. From
explicit computations, we know that this equation holds in
D dimensions for all states at one and two loops and at least
for gluon amplitudes at three loops [10,15,16,85]. Using
the observation that, in theories with 16 supercharges, the
number of states (2%) in a massive representation of
the supersymmetry algebra is the same as the number of
states in a product of two short (massless) representations
(2* x 2%), Alday and Maldacena [3] argued that the inter-
mediate states in a 2 — 2 scattering process form a single
supermultiplet in any dimension. This argument suggests
that Eq. (3.1) also holds in any dimension, with the loop
factor U capturing the L-loop correction to this multi-
particle intermediate state. We therefore assume that
Eq. (3.1) is valid in D dimensions, for any two-particle
cut of the four-loop four-point N° = 4 amplitude.

In order to treat the tree-level case, L = 0, on an equal
footing with loop level, we note that the color-dressed tree
amplitude in N" = 4 sYM can be written as

A0®1,2,3,4) = g2AY(1,2,3,4)

X (f‘a4a1bf~baza3 + f~a3a]b]7‘baza4 2)

513

(3.2)

where Ago) = AJ*®, and we have used the color Jacobi
identity to eliminate the color factor f@1%ffP®as jp
favor of the other two. We also used the fact that JC is
crossing symmetric [see Eq. (2.10)], which implies that
all the orderings of the color-ordered tree amplitude
Aio) (1,2, 3, 4) are related simply to each other, up to ratios
of kinematic invariants. Dividing Eq. (3.2) by XK, we see
that the state-independent color-dressed universal factor at
tree level, U”), defined by Eq. (3.1), is given by

]?a4a]bf~ba2a3 ]?a3a|bf~'baza4
+
$12523

U@@23®=< ) (3.3)

$12513

In general, the universal factor U™ is a sum of L-loop
integrals. The integrands entering U are rational
functions of momentum invariants involving the loop and
external momenta. Explicit formulas for the universal
factors for L = 1, 2, 3, including planar and nonplanar
contributions, may be found by matching Eq. (3.1) with
the known amplitudes already presented in Sec. I A,
Egs. (2.5), (2.11), and (2.14).

Next we evaluate the generic two-particle color-dressed
cut depicted in Fig. 11. It cuts the (L + L’ + 1)-loop

amplitude ﬂE‘HL/H)(l, 2,3,4) into the two four-point
amplitudes A (—1;,1,2,1,) and AL (~1,,3,4,1,) of
loop orders L and L', respectively. The cut has the form
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‘/,ZLZL+L/+1)(]) 2) 3) 4)'2—cul
=2y AP (=1, 1,2 L)AL (—1,3,4.1),  (34)
N=4

states

where the state sum is over the particles with momenta /;
and /,.
Using the factorization (3.1) and the state-independence

of UV, we can immediately rewrite the cut as follows:
UEHEHIN(1, 2,3, 4) |y X K(1,2,3,4)
= 2UD(=1,, 1,2, L) U (=1,,3,4,1))
XY K(=11, 1,2, 1) K (=15, 3,4, 1)).
N=4

states

3.5

Substituting in the definition of XK given above, we find
UL ED(1,2,3, D) X 51282341 (1,2,3,4)
= 2UD(~1},1,2, L) UL (~15,3,4,1)
X shysan 54, 3 AL (=11, 1,2, )AP (=15, 3,4,1).
N4

states

(3.6)

To evaluate this, we use the sewing relation between two
four-point color-ordered N = 4 sYM trees [15,16],

> AP0, 1,2 B)AY (—1,3,4,1)
N=4

states

1
= —is;sAl(1,2,3,4) . (3.7)

821,541,
This sewing relation is valid in any dimension D and for
any external states in the N' = 4 multiplet. A straightfor-
ward way to confirm Eq. (3.7) is to work in D = 10 and
evaluate the sum over states in components, using the fact
that in D = 10 2N = 4 sYM is equivalent to an N = 1
theory composed of a gluon and a gluino. By dimensional
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reduction, the sewing relation (3.7) then holds in any
dimension D = 10. Recently, this equation has also been
verified directly in six dimensions using an on-shell super-
space [88].

Applying Eq. (3.7) to Eq. (3.6), we find the key equation
for building all contributions from two-particle cuts di-
rectly in terms of the Us:

U(L+L’+l)(1, 2, 3, 4)'2—cut

= ishUP(=1,, 1,2, 1) UL (=1, 3,4,1)). (3.8)
Equation (3.8) is rather powerful. No complicated
calculations remain in order to obtain all contributions
visible in two-particle cuts; they are given simply by taking
the product of lower-loop results. The color-dressed
ULHL'*D s given immediately as a sum over products of
individual integrals residing inside the U and U fac-
tors, up to terms that vanish because of the on-shell con-
ditions, /3 = I3 = 0. [As a straightforward exercise, one
can verify that the one-loop universal factor U)—which
can be extracted from Eq. (2.5)—satisfies this equation,
using the tree-level universal factor given in Eq. (3.3).]

Figures 12 and 13 illustrate diagrammatically some of
the terms generated by Eq. (3.8) for the case L = 2 and
L' = 1. For simplicity, we draw only the planar contribu-
tions of UP(—1,, 1,2, 1), encoding the fabe visually in the
diagrams, and we omit all factors of i. The denominator
factors in U® and U correspond to propagators that are
visible on the left- and right-hand sides of Fig. 13, respec-
tively. Therefore they are accounted for graphically in
U®|y-ye simply by connecting the /; and [, legs of the
corresponding diagrams. Similarly, the numerator factor
for each parent graph on the right-hand side of Fig. 12 is
given by forming the product of the numerator factors for
the two sewn subdiagrams in Fig. 13 (taking into account
the proper permutation of legs), and then multiplying by
two powers of s,.

2 Iy 3 2
(a) : l — b
1 ‘h 4 1
2 Iy 2
(b) : E 3 — sh
1 o 1

FIG. 12 (color online).

2

2
I 3+ 5%2“’1—11)2 ‘ V4 3
1 1
1 1

T 1

Sample contributions to the full color-dressed two-particle cut for L = 2 and L’ = 1. The diagrams on the

right-hand side show some of the terms in U (1,2, 3, 4) that are constructed from these cuts, using Fig. 13. The explicit color factors,

as well as factors of i, have been omitted.
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2 ly 2 ly 12_ 3
(d) S12 + (k1 —11)* F— X
1 h 1 h b 4
U (=13, 1,2,1) UM (—ly,3,4,1)
) ly ) Iy ly
(b) 12 + (k- h)? X 4 3
! Iy ! Iy Iy
U (=11,1,2,15) UM (=1y,3,1;,4)
FIG. 13. The lower-loop integral functions entering the cuts on the left-hand side of Fig. 12. This figure displays in detail how the

prefactor of the planar double-box integral appears in U?(—1,, 1,2, I,) as either s, or (k; — ;)2, depending on the permutation.

This diagrammatic interpretation of the two-particle
cuts provides a rather simple tool for generating many
higher-loop contributions from known lower-loop ones. It
is the mechanism behind the rung rule [15,16]. For the
planar contributions at four loops, the two-particle cuts
have either L = 2, L' = 1, as in Fig. 12, or else L = 3,
L' = 0. Together, they capture diagrams (a)—(e) in Fig. 5,
but not diagram (f). [Diagram (f) can still be guessed from
the rung rule, or constructed using a box cut, as described
in the next subsection.] These cuts also do not guarantee
the absence of contact terms that have no two-particle cuts,
such as diagrams (f,) and (d,) in Fig. 6. For the full four-
loop amplitude described in Sec. IV, 33 of the 50 parent
graphs contain two-particle cuts (graphs 1 through 27, and
graphs 40 through 45). The two-particle cuts capture the
majority of the terms contributing to these graphs. Because
the two-particle cut sewing algebra is valid in D dimen-
sions, all contributions obtained by iterating two-particle
cuts are automatically valid in D dimensions. Surprisingly,
the two-particle cuts capture the majority of terms in the 33
parent graphs containing them. The fact that so many
potential contact terms are absent hints at further structures
to be uncovered.

2 3
—S512523 —
1 4

FIG. 14 (color online).

—s12893(l + 12)%(lo + 13)?

We note that in N = 8 supergravity, the two-particle
cuts have an equally simple structure [16], which can be
exploited analogously.

B. Box cuts

The simple structure of the four-point amplitude in
N =4 sYM can also be applied to (generalized) four-
particle cuts that isolate a four-point subamplitude.
A simple version of this generalization appeared already
[64] as a box-substitution rule. It allowed the construction
of L-loop contributions with a box subgraph, starting from
(L — 1)-loop contributions with a contact interaction, as
illustrated in Fig. 14. Related rules were discussed in
conjunction with leading singularities [69]. Here we pro-
mote the box-substitution rule into a more general cut for
N = 4 sYM amplitudes in D dimensions, which we call
the ““box cut.”

Consider the generalized cut of an L-loop n-point
amplitude,

ﬂSIL)lbOXCut = Zﬂ(l) e ‘A(LI) e ﬂ(m): (39)

4,(i)

1 4

The box-substitution rule [64] for generating a higher-loop contribution by inserting a one-loop four-point

box subintegral into a four-point vertex. In this example, we substitute a box into the central four-point vertex in the four-loop
“window” diagram. The result is a five-loop integral that cannot be obtained from two-particle cuts. (Note that an overall
normalization factor of s;,5,3 has been absorbed into K, relative to Ref. [64].)

125040-14
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FIG. 15 (color online). Two examples of multiparticle multi-
loop “box cuts.” They reduce to lower-loop cuts by replacing the
darker (red) four-point subamplitudes by four-point color-
ordered trees, multiplied by known numerator and denominator
factors. This property allows these cuts to be computed easily in
D dimensions, once the amplitudes with fewer loops are known.
White holes represent loops and the darker subamplitudes mark
four-point amplitudes amenable to reduction.

that is composed of a generic set of color-dressed ampli-
tude factors, except for the ith such factor, which we take to

be a color-dressed L’-loop four-point subamplitude, J’Zlff(?).
(There may be additional cut conditions imposed on this
subamplitude; its internal kinematics are irrelevant for the
subsequent discussion.) Examples of such box cuts are
given in Fig. 15.

The L’-loop four-point subamplitude of N = 4 sYM is
special because of the factorization property (3.1).

Labeling the cut legs by [y, », I3, l4, we have
ﬂf‘f(,i))(ll’ b1y ly) = Afgi)(lb b, 13, 1)
X (I + L)l + B)U(1, b, 1, 1), (3.10)

where, as in the previous section, we use A, to represent
the color-dressed amplitude, and only the color-ordered

tree amplitude factor Aio()i) depends on the states crossing

the cuts. Therefore we can pull the factor U out of the
sum over states in Eq. (3.9), leading to a simpler expression
in the summand,

AP oox e = I + L)L + BUE, b, 1, 1)
(0)
XY Agy Ay Ay
N=4

states

@3.11)

The state sum is identical to a lower-loop cut, that of the
(L — L')-loop amplitude, but utilizing the color-ordered
contribution to the ith tree. This fact immediately gives a
simple relation between the L-loop box cut and contribu-
tions to the reduced (L — L’)-loop cut under the same cut
conditions.

We can formally write down an equation relating the cut
of an L-loop amplitude to a cut of a lower-loop one as

ﬂEzL)|box i = (I + L)L + LU, 1, 1, 1)

x AL (3.12)
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We introduced the reduced cut A notation to emphasize
that the state sum in Eq. (3.11) is exactly an (L — L’) loop
unitarity cut which is color-dressed with f**¢ everywhere,
except for the four-point color-ordered tree amplitude
whose associated color factors are accounted for in the
L'-loop universal factor U,

Given a generalized cut that isolates an L’-loop four-
point subamplitude with legs [, I,, I3, I, we can reexpress
the box cut as a recipe that can be applied easily to
individual diagrammatic (integral) contributions:

(i) Split up the cut into three parts as in Eq. (3.12):

The reduced cut, jZlE,L_L/)ICm, the kinematic factor
(I, + )*(I, + I3)%, and the loop integrals U™ of
the four-point subamplitude. (This latter part gener-
alizes to L' loops the one-loop box integral of the
box-substitution rule.)

(i) Express the reduced cut of the known lower-loop
amplitude in a diagrammatic form that corresponds
to a covariant integral representation.

(iii)) The diagrams of the reduced cut may contain spu-
rious propagators in the (I, + 1,)? or (I, + [3)?

channels, which upon multiplication cancel against
the (I, + 1,)*(I, + I3)? prefactor in Eq. (3.12). The
result is always a diagram with an internal four-
point contact vertex.

(iv) To recover the integrals of the original box cut,
insert the four-point integrals of U (e.g., the
box integral for L' = 1) into the obtained four-point
contact vertex of each diagram.

Figure 16 shows how the box cut can be used to determine
the numerator polynomial for Fig. 5(f), using the three-loop
information in Fig. 4(e). Although this example is planar
(and is presented in a color-ordered way in the figure), it is
justas simple to use the box cut for nonplanar contributions.
For example, inserting a box into the four-point vertex in
Fig. 16 in a nonplanar fashion generates contributions to
parent graph 29 in the full four-loop amplitude.

The box cut is an extremely efficient way to obtain
contributions to parent graphs that contain a lower-loop
four-point subgraph. As mentioned earlier, the L’ = 1 box
cut is closely related to the box-substitution rule. The box
cut also generates contributions that are consistent with the
rung rule [15].

Box cuts capture a majority of those terms in the com-
plete four-loop four-point amplitude in Sec. I'V that are not
determined by two-particle cuts. Of the 17 parent graphs
that do not have two-particle cuts, 13 of them have box
cuts. The only four that have neither two-particle cuts nor
box cuts are graphs 39, 48, 49, and 50. In fact, most of the
parent integrals have multiple box cuts, allowing us to
constrain their numerators under complementary cut con-
ditions, and to fix many of the contact terms.

From the above covariant derivation, it follows that box
cuts are valid in any dimension, if both the reduced cut

Aﬁ,l‘_wlCut and the four-point universal factor UL are
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2 4 |§ 3 2 7’ I v 3
’ 1 ’ | 9
N~ 1= X 827525
7 6
1 9 4 1 * 4
/ [
T-_Th
N 512549
527
_|_
71
7 |
! 523548
T ~Y
T 525
512549 523548
—> N = S97S595 ( + 7)
527 525

= 512525549 + 523527548

FIG. 16 (color online). Application of the box cut to determine
the numerator N for the four-loop parent graph in Fig. 5(f). The
(red) dashed cut conditions around the upper left box in this
diagram allow us to replace it by the product of a reduced cut
diagram, some kinematical factors and a box integral. The
reduced cut diagram is then expanded into two three-loop
“tennis-court” diagrams, corresponding to the two allowed
channels of the marked four-point vertex. The relevant kinemati-
cal pieces of the tennis-court diagrams, i.e. the numerators and
the spurious propagators, are extracted from the known three-
loop contribution in Fig. 4(e). Assembling all the kinematical
factors gives the result for N, which is free of spurious propa-
gators. The result is consistent with Fig. 5(f); here the numerator
is symmetrized with respect to the (1 <> 3) symmetry of this
parent graph.

known in D dimensions. As a practical matter, the univer-
sal factors entering the lower-loop amplitudes should
already be known in D dimensions, prior to attempting
the higher-loop calculation in D dimensions. In the case
relevant to this paper, L = 4 and n = 4, all we need as
input are the L' = 1, 2, 3 four-point amplitudes, which are
indeed known in D dimensions [10,15,16].

The effectiveness of the box cut suggests that one should
investigate analogous ‘‘pentagon cuts,” etc., which isolate
subamplitudes with five or more legs. Both the color and
kinematic structures of the five- and higher-point loop
amplitudes are, however, more intricate, and there is no
simple factorization property similar to Eq. (3.10). (See,
for example, the five- and six-point loop amplitudes
described in Refs. [23,84,89].)

The box cut also easily generalizes to N = 8 super-
gravity, because its four-point amplitude has a factorized
form similar to Eq. (3.1), which is related to the existence
of analogous supersymmetric Ward identities [80].
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C. Color-kinematic duality

In the early 1980s, radiation zeroes appearing in certain
gauge-theory cross sections were traced back to a curious
identity obeyed by tree-level four-point amplitudes
[91,92]. This curiosity turns out to be the simplest of a
set of relations arising from a general tree-level duality
between color factors and kinematic numerators [36]. If
one assumes that the duality holds for an arbitrary number
of external states, one can derive [36] new relations among
color-ordered tree amplitudes, which have since been
proven [93]. Similar relations among string theory ampli-
tudes have also been proven recently [94,95]. In the low-
energy limit, the string theory relations become identical to
two types of field-theory relations: the Kleiss-Kuijf rela-
tions [96] (which follow from color considerations alone
[97]) and the amplitude relations which follow from the
color-kinematic duality.

In this subsection, we discuss how the four-point tree-
level color-kinematic identity may be combined with gen-
eralized unitarity at the loop level [36], particularly in the
construction of the four-loop N =4 sYM amplitude.
In short, the identity relates sets of three parent graphs
that only differ in how a four-point cubic tree graph is glued
into the rest of the graph. Evidence that the color-kinematic
duality also holds directly at the loop level, without the
need to impose on-shell conditions, was presented recently
for the three-loop four-point amplitude [68].

Consider the color-dressed four-point tree amplitude.
Just as for the loop amplitudes discussed in Sec. 1T A, it
can be written as a sum of color factors C; multiplied by
kinematic factors. The kinematic factors can be further
divided into denominators, which are propagators associ-
ated with (tree-level) parent graphs, and numerators N;. As
in Sec. II A, contact terms can be absorbed into the N;, so
that we require only the three cubic graphs shown in
Fig. 17. In this representation the amplitude is

(3.13)

Ay = g2<Nscs NG, Nucu>’

K t u

where s = (k1 + k2)2’ = (k2 + k3)2 and u = (kl + k3)2
correspond to the three channels, and

— fajab fhaza, — fayazb fhasa,
Cy = faerfros, C, = foovfraa,

. . (3.14)
Cu = fa4a2bfba3a]
2 3 2 3 2 3
Ns > < Ny Ny < Z
/
1 4 1 4 1 4

FIG. 17. Graphs for the four-point tree amplitude. Contact
terms are absorbed into the diagrams as inverse propagators.
Each diagram is associated with a color factor obtained by
dressing the vertices with an £, as in Sec. I A.
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are color factors corresponding to the three graphs in
Fig. 17. The color factors of the graphs satisfy the Jacobi
identity,

C,=C,—C, (3.15)
The N; in Eq. (3.13) contain momentum invariants,
polarization vectors, spinors, and superspace Grassmann
parameters. The only real restriction on them is that
Eq. (3.13) gives the correct color-dressed tree amplitude.
Hence there is a tremendous amount of freedom in the
definition of the numerator factors. (Nonlocal N; could
even be allowed.) This freedom is just the tree-level analog
of the inherent ambiguity in the multiloop parent-graph
decomposition mentioned in Sec. Il B. We refer to the
invariance of Eq. (3.13) under this freedom as a “‘general-
ized gauge invariance.” For every such generalized gauge
choice for the four-point N =4 sYM amplitude, the
numerator factors must satisfy the identity [36]

N,=N;— N, (3.16)
in concordance with the color Jacobi identity (3.15). We
emphasize that the identity (3.16) is only between the
numerator factors; it does not involve the propagators
associated with the s, 7, and u channel graphs. It is fairly
straightforward to check that these identities hold in D
dimensions by direct computation [91]. Although it is not
relevant to this section, it should be noted that for higher-
point tree amplitudes the color-kinematic duality is only
manifest for certain special generalized gauge choices
[36,67].

In conjunction with the unitarity method, the tree-level
four-point numerator identity (3.16) becomes quite power-
ful. In every multiloop parent graph that contains four on-
shell propagators arrayed around a four-point tree subam-
plitude, it relates the numerator factor to those of two other
parent graphs satisfying those conditions [36]. The three
multiloop parent graphs correspond to gluing in the four-
point cubic tree graph in its s, ¢, or u channel configuration.
For every line of each cubic graph, this identity will always
relate the numerators of three graphs. However, the rela-
tions do not have to be manifest in a given amplitude
representation, because of the freedom to move contact
terms” associated with other propagators between different
graphs.

These relations allow one to take kinematic numerator
information, obtained using dual conformal symmetry (for
planar graphs), two-particle cuts and box cuts, and export
that information to other parent graphs or contributions for
which such methods are not applicable.

To see how this works, consider the two four-loop ex-
amples illustrated in Fig. 18. In each case, the numerators

*One can automatically disregard such contact terms by con-
sidering near-maximal cuts where only the central propagator in
the four-point tree graph is off shell.
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N5y Nog

(Nog)™

FIG. 18 (color online). Two nontrivial relations between nu-
merators of planar and nonplanar contributions at four loops,
which follow from the tree-level numerator relations in Fig. 17.
For the three graphs in each relation, the configuration of lines
outside the region marked by a dashed circle is identical; the
only difference is for the lines fully inside this region. The
relation on the second line involves the same graph numerator
N»,g with two different labelings of momenta.

on the right-hand side are planar, and are relatively simple
to obtain using two-particle cuts (Vg and N;g) or box cuts
(N,g, at least up to contact terms). We then use the four-
point tree color-kinematic duality to obtain the bulk of the
nonplanar graph numerators on the left-hand side of each
equation. The numerators of the four-point tree amplitudes
entering the cut satisfy the relation (3.16) (see also Fig. 17).
The remaining contributions from the outside of the dashed
circle are identical in all three contributions. Hence we
obtain a numerator identity for the loop integrands,

Nalcut = (Nb - Nc)lcut’ (317)

where the N, are the kinematic numerators of the integrals
corresponding to the graphs in Fig. 18. This relation is valid
in D dimensions. However, it holds only for the numerator
terms that are nonvanishing under the imposed on-shell
conditions, in which the four legs crossing the dashed circle
are put on shell. Also, it should be realized that some
contact terms may be distributed for convenience into other
graphs. That is, there are a large number of coupled equa-
tions obtained from these constraints, and it is not necessary
to satisfy each one simultaneously for all contact terms.

To illustrate these ideas in more detail, consider the
identity on the first row of Fig. 18. It involves the numer-
ators N,s, Ng, and N;g which are presented in the next
section, in Figs. 20-22, and also in Appendix C. We relabel
the lines to match the labels in Fig. 18, obtaining

Fig. 18 _ _ 2 272
Nys = —512(s45538 = S12537) T 5512545 + [lgs 1o,
Fig. 18 _ _ 2
Ne® " = siy8sleas—r = sirs,
Fig. 18 _ _
Nig = 512535546l (304,68) = 5125455838 (3.18)
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In addition, numerator Ngif 8 picks up a sign relative to N,s

in Fig. 22. That is because the deformation of graph 25 in
Fig. 22 into the graph in Fig. 18 requires an odd number of
three-vertex reorderings (three). Each reordering results in
a minus sign (from the structure constants) for the color
factor C,s, and a corresponding minus sign for N»s.

Using Eq. (3.18), it is easy to see that the numerator
relation (almost) holds on the cut:

NFig. 18

T IS = (NEE T = NRE )| (3.19)

The on-shell conditions on the legs crossing the dashed
circle include 73 = 0, so the term 3515545 in Eq. (3.18)
should be set to zero. What about the term /2/3s,,? It is not
zero on the cut, so it should be accounted for. The alert
reader will notice that canceling propagators 6 and 8 in
graph 25 in Fig. 22 gives a graph that is topologically
identical to that obtained by canceling propagators 5 and
8 (or 6 and 7) in graph 28. Also, terms containing /2/3 and
213 are present in N,g. These features allow the /235,
contact term in N,5 to be moved elsewhere to be consistent
with the identity. However, the presence of overlapping
identities can complicate their application, when all con-
tact terms are retained.

The second relation in Fig. 18 works similarly. The same
graph 28 appears twice on the right-hand side, with two
different labelings. It is worth noting that for our choice of
numerators Nog and Nsq, as given in Figs. 22 and 25 and
Appendix C, this particular relation holds even including
all contact terms.

It has been conjectured recently [68] that a representa-
tion exists for all multiloop amplitudes in which all
color-kinematic duality relations are manifest for all
graphs, and with no internal on-shell conditions imposed.
This conjecture has been confirmed for the three-loop four-
point amplitude of N =4 sYM, as well as for certain
lower-loop cases [68], but it remains to be tested more
generally. Strong evidence in favor of the conjecture would
be provided if the four-loop amplitude presented here can
be rearranged into such a duality-satisfying form. We leave
this exercise to future work.

At four loops, the three rules just presented can be
used to generate all non-contact-term contributions to the
N = 4 sYM amplitude, as well as many of the contact-
term contributions. To ensure that all contact terms are
captured correctly, we turn to the method of maximal cuts.

D. Method of maximal cuts

The method of maximal cuts [29,64] offers a particularly
efficient means for determining the numerator polynomials
for each parent integral. In this method we start from
generalized cuts with the maximum number of cut propa-
gators (maximal cuts) and match these cuts against an
initial ansatz. If an ansatz has been constructed that covers
all non-contact-term contributions (for example, by using
the three rules just presented), then this step is merely one
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of cut-verification. Next we systematically reduce the
number of cut propagators (by one at each step) and match
these (near-maximal) cuts—capturing in the process all
potential contact contributions.

It is important that massless on-shell three-point ampli-
tudes are nonvanishing and nonsingular [63], for appropri-
ate choices of complex cut loop momenta [14,98]. The
maximal cuts of four-point amplitudes involve products of
only three-point tree amplitudes, and are the simplest cuts
to evaluate. Near-maximal cuts, in which one or two of the
maximal-cut propagators have been allowed to go off shell,
are the next simplest to evaluate, and so on.

The advantage of the maximal-cut method is that it
allows one to focus on a small number of terms at a time,
namely, those that become nonvanishing when a particu-
lar propagator is allowed to go off shell. This feature
reduces the computational complexity at each stage, al-
lowing us to efficiently find compact representations of
amplitudes with the desired properties. We note that the
“leading-singularity” technique, which is applicable to
maximally supersymmetric amplitudes, is also based on
cutting a maximal or near-maximal number of propaga-
tors [69,78,99], but in addition it makes use of further
conditions from hidden singularities that are special to
four dimensions.

In practice the method of maximal cuts allows the
sequential improvement of an ansatz for the numerator
factor of each parent graph. Every new cut identifies the
presence of missing pieces, which were left undetermined
by the previous cuts, and which can be assigned to one of
the parent graphs contributing to the cut. Because these
pieces vanish on the previous set of cuts, they will contain
an inverse propagator factor associated with the last propa-
gator to be allowed to go off shell. Once new cuts cease to
reveal any more missing pieces, the ansatz is generally
complete and is ready for systematic cut-verification.

Although the maximal-cut method can be applied to
D-dimensional cuts, in order to simplify their evaluation
we restrict many of the cuts to have four-dimensional
momenta for both internal and external lines. As we often
evaluate these cuts numerically, it is useful to build an
ansatz for any missing pieces, which consists of a
Lorentz-covariant numerator polynomial containing un-
known constant coefficients. We reduce the number of
unknowns in the ansatz by assuming that no individual
term in it violates the expected ultraviolet power-counting
bound [Eq. (5.1) below] [16,30]. These assumptions are, of
course, validated by comparing against a spanning set of
cuts after the amplitude has been constructed.

At four loops, the bound (5.1) predicts that at most four
powers of loop momenta (or at most two inverse propa-
gator factors [2) can appear in any numerator polynomial.
This restriction allow us to focus our attention on the
maximal and near-maximal cuts that have at least 11 cut
conditions, l? = 0, out of the maximal 13 (corresponding
to the 13 propagators of the parent graphs). Examples of
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%

FIG. 19 (color online).
tree amplitudes.

such cuts are shown in Fig. 7. At the level of 11 cut
conditions, there are always some quartic monomials of
the form /2/2, that are nonvanishing. As one cycles through
all cuts at this level, all such quartic terms will be detected,
and their coefficients will be fixed. Similarly, one can show
that these cuts will detect all quartic monomials of the form
p%q* and more generally (p - p')(q - ¢'), where p, p', q,
and ¢’ are linear combinations of the loop momenta and
external momenta. We can continue the procedure of re-
moving on-shell conditions, one by one, until we end up
with a spanning set of cuts. However, in practice, it is much
simpler to stop the construction phase as soon as we
suspect that the ansatz is complete.

The ansatz is then confirmed by checking that it
matches the minimal spanning set of 11 cuts in Fig. 8,
plus the two two-particle cuts in Fig. 9. We refer to this
set as a spanning set because the information it provides
is equivalent to that contained in all possible cuts, and
minimal because any further reduction could only involve
tadpolelike contributions. To show that it is a spanning
set, we show that it includes all the information in the
ordinary two-, three-, four- and five-particle cuts. First of
all, Fig. 8(a) is just the ordinary five-particle cut. The
information from the ordinary two-particle cuts is given
by Figs. 9(a) and 9(b). Ordinary four-particle cuts consist
of a tree-level six-point amplitude multiplied by a one-
loop six-point amplitude. We can reproduce the informa-
tion in these cuts by studying those generalized cuts in
which we further cut the one-loop six-point amplitude in
all inequivalent ways (omitting three-point trees). This
procedure leads to Figs. 8(b)-8(e). Finally, ordinary
three-particle cuts leave either the product of a tree-level
five-point amplitude and a two-loop five-point amplitude

1
4
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Four-loop examples of “MHV/MHYV-amplitude cuts”, which are composed entirely of four- and five-point

[with further cuts leading to Figs. 8(f)-8(k)], or the
product of two one-loop five-point amplitudes (which
does not lead to any new cut). In this classification, we
can omit a cut if another cut already appears with a subset
of the cut propagators.

Suppose one assumes the existence of a representation
of the four-loop amplitude in which each term in the
numerator polynomial for each parent graph has no
more than two inverse propagators, consistent with the
known N = 4 sYM power-counting [16,30]. In this case,
one only needs to check near-maximal cuts with at most
two canceled propagators. Because of this, the spanning
set of cuts can be restricted to products of four- and five-
point tree amplitudes, as illustrated in Fig. 19. (A six-
point tree amplitude requires three propagators to be
canceled from a maximal cut.) We refer to these as
“MHV/MHV-amplitude cuts”, because all tree ampli-
tudes appearing in the cuts are either MHV or conjugate
MHV amplitudes. The MHV/MHV-amplitude cuts are
useful because they are simpler to evaluate than the
spanning set in Figs. 8 and 9; the supersums are particu-
larly easy to evaluate [74].

We note that when the cuts are verified using color-
stripped amplitudes, in order to capture all nonplanar con-
tributions we must include cuts where the legs of each tree
entering the cuts are permuted in all possible inequivalent
ways.

IV. THE COMPLETE FOUR-LOOP AMPLITUDE

We applied the construction methods outlined in the
previous section to the four-loop four-point N = 4 sYM
amplitude. The resulting amplitude is given by

1 1 1 1 1 1 1 1 1 1
AY =g10,’K§[ZII tyht et gLt g st ot s L+ Iyt Io+ T+ 51+ 5 1o

1

1 1 1 1

2
1
2 4
1

1 1 1 1 1 1 1 1
"‘1140 "‘5141 + 1+ 1y "‘5144 +1]45 +§I46 +§]47 +§]48 "‘5149 +§]5o:|,

1 1 1 1 1 1 1

4.1)
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where the prefactor XK, defined in Eq. (2.6), encodes the
full external-state dependence, and I; = C;I; are the color-
dressed four-loop integrals. The C; are color factors
obtained by dressing the parent graphs with structure
constants ¢, and are given explicitly in Appendix C.
The 1;(s|,, 5»3) are D-dimensional loop integrals, defined
in terms of numerator factors N; in Eq. (2.4), and corre-
sponding to the 50 four-loop cubic parent graphs in
Figs. 20-25. The 50th graph, which appears in Eq. (4.1)
and in Fig. 25, is needed to match all cuts; however, it
integrates to zero, and its associated color factor Cs also
vanishes. Thus its contribution to the integrated color-
dressed amplitude is doubly vanishing. (Another reason
we list this N = 4 sYM contribution is because it gives a
nonvanishing input into the construction of the correspond-
ing N = 8 supergravity amplitude [11].)

3 2 3 2
S12 1 4 12 1
(1)
J—
3 2 3
ST2 1 S7p 1
34
\-—
(4)
) 3
2 2 2
812845 1 812545 1
5
SN——
(6)
] 3
2 2
S12845 1 —2 812845 1
5
— 4

FIG. 20.

A (/ﬁ’w\\ P
S’ S
@(mw
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As in the lower-loop amplitudes in Sec. Il A, the sum
runs over the 24 independent permutations of legs
{1, 2, 3,4}, denoted by S,, which act on both kinematic
and color labels. The numerical coefficients in front of the
integrals in Eq. (4.1) are symmetry factors 1/, where S is
the number of elements in the discrete automorphism
group of the corresponding unlabeled graph. As before,
these factors compensate for overcounting.

As mentioned in Sec. III, the parent graphs containing
two-particle cuts, namely, graphs 1-27 and 40-45, are the
simplest to obtain; the bulk of the terms in their numerator
polynomials are constructed using Eq. (3.8). The remaining
terms in these graphs, and all of the terms in the remaining
17 parent graphs, are obtained using box cuts [Eq. (3.12)],
plus the color-kinematic duality relation (3.17), as well as
an evaluation of the near-maximal cuts. The amplitude’s

34

N
NS

2 2
512545 4

2
S19845 1

Integrals (1)—(11) appearing in the four-loop amplitude. The graphs encode denominator factors as the Lorentz squares of

the momenta flowing along every internal line, and color factors following the rules defined in Fig. 1. The momentum-dependent factor
in front of each graph represents the numerator factor N; that resides inside the integral I;, where (i) is the label below each graph.
Numbers 1, 2, 3, 4 label the external (outgoing) momenta. The internal lines carry momenta as signified by the arrows (here only line 5
is labeled). The kinematic variables are defined as s;; = s;; = (/; + [;)? and in the following figures s;7 = — [;)*and 7;; = 21; - I},
where /; is the momentum of line i. A specific (clockwise) orientation of each cubic vertex (in the plane of the figure) is implied here.
Because of the antisymmetry of the structure constants, any noncyclic reordering of a vertex should be accompanied by a sign flip of

the numerator factor.
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2 2 2 2

512556 1 —812956 1
2 2

512535546 ? —512556547

512556547 519556547 %

(21) 2!

FIG. 21.

construction was followed by a confirmation of the com-
plete set of cuts in Figs. 8 and 9.

V. ULTRAVIOLET PROPERTIES IN
HIGHER DIMENSIONS

In this section we examine the UV behavior of the four-
point ' = 4 sYM amplitude in its critical dimension, i.e.,
the lowest dimension in which it diverges. This issue is of
some importance because it provides a simpler venue than
N = 8 supergravity for studying UV cancellations in
theories with maximal supersymmetry. For N = 4 sYM,
an analysis of supersymmetric cancellations in two-
particle cuts (and more generally, in ordinary m-particle
cuts that have only MHV amplitudes on either side of the
cut), suggested the UV finiteness bound [16],

(L>1).

6
D<D =4+, (5.1)

One-loop amplitudes, corresponding to L = 1, are special
as they are UV finite for D <8, not D < 10. The bound

PHYSICAL REVIEW D 82, 125040 (2010)
12

8128:255 4

2

2
."7
512556547
7 2y
(19) 21 (20)
7 Lo
Py AP

4

(22) (23)

Integrals (12)—(23) appearing in the four-loop amplitude. The notation follows that of Fig. 20.

(5.1) is somewhat stronger than earlier superspace power-
counting bounds [100], although all bounds agree that the
theory is UV finite in D = 4. The bound (5.1) is consistent
with a formulation of the theory having 3/4 of the super-
charges manifestly realized, and it has been confirmed [30]
using N = 3 harmonic superspace [31]. Explicit compu-
tations (including the ones discussed in this paper) dem-
onstrate that this bound is saturated through at least four
loops [1,9,15,16]. It is straightforward to verify from the
planar amplitude in Ref. [64] that the same result holds in
the large-N, limit at five loops.

An interesting question concerns the UV behavior of the
different color terms. For an SU(N,) gauge group, it is
convenient to expand the amplitude in the trace basis—i.e.
traces of products of generators in the fundamental repre-
sentation, as in Eq. (2.1), but including also terms that are
subleading in the 1/N, expansion. For a four-particle
amplitude, there are only single- and double-trace terms.
This decomposition follows quite closely that of the terms
in the effective action that have four or fewer field strength
tensors. The single-trace terms satisfy the finiteness bound
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N

512(535838 - 537836)

2

519589 — 512535567
2

+ l95127’35

+ BBs12(sa,00 — 1)

N

512817536 + S23515538
172

- 559512823
272 272

523515729 — 513526719
— 512515526

— ZS(Z?)SB + lg523)

FIG. 22.

(5.1). As noted already in Refs. [32], double-trace terms at
three and four loops exhibit additional cancellations which
increase their critical dimension. These cancellations have
been discussed in Refs. [12,33], which suggest double-
trace terms should instead satisfy the finiteness bound,

D<4+% (L >2). (5.2)

This formula is equivalent to the statement that an addi-
tional momentum invariant (s, ¢, or u#) can be extracted
from the double-trace terms than the single-trace terms, at
each loop order. As a statement about counterterms,
it implies that the leading double-trace counterterms for
L > 2 would have four covariant derivatives, for example
Tr(D*F?) Tr(F?), in contrast to the two derivatives char-
acteristic of the single-trace counterterms Tr(D?*F*). In a
superspace description, the dimension of the double-trace
counterterms would then be consistent, curiously, with the

PHYSICAL REVIEW D 82, 125040 (2010)

s12(845538 — 512837) 9
2 272
- 19812545 - 5658812

s12(S12578 + S4559,10)
2
— 512545

2 2
— s12(s1203; + S45l75)

ot

7T
gvay

(27)
2
5 9
512517568 1 S23538515
9 6
— l§512523 1
272 272 3
+ l6l8812 - l719823
7 8
4
(29)
1
— 819536557 — S12597S 59
12236256 12996268 9
— 512536595 — S23538525 6
+ 12512(s57 + S558 + Ss9) 3
6512\ S57 T S58 T S89
2 2, 72 7 8
— l6812(l5 + lg)
4
(31)

Integrals (24)—(31) appearing in the four-loop amplitude. The notation follows that of Fig. 20.

existence of a superspace formalism for these terms that
preserves manifestly all 16 supercharges.

Here we provide details of the cancellations observed
in Refs. [32] and affirm the double-trace power-count
bound (5.2) for three and four loops. Moreover, by direct
integration of the results we show that at three loops the
double-trace bound is saturated. At four loops, we have not
evaluated the required integrals in D = 6, so it is possible
(though perhaps unlikely) that the behavior of the double-
trace terms is better than this bound.

A. One-loop ultraviolet divergence

Before turning to the four-loop amplitude, it is useful to
review and expand on the lower-loop results. Let us con-
sider first the color-dressed one-loop amplitude in Eq. (2.5).
For each of the contributing integrals, it is necessary to
specify the corresponding color factor. The trace basis, in
which the color factors are expressed in terms of traces

125040-22
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FIG. 23. Integrals (32)—(39) appearing in the four-loop amplitude. The notation follows that of Fig. 20.

of products of group generators 7¢ in the fundamental The color factor of the box integral, given in Eq. (2.7),
representation, is convenient for discussing the UV diver-  may be expressed in the trace basis as

gences for an SU(N,.) gauge group. The basis elements are:
CP93 = Ne(Tripas + Trigs)
Tr ijkl = Tr(TaiTafTakTal), (5 3) + 2(TI'12TI'34 + TI'14TI'23 + Tr13Tr24). (54)
Try; = Te(T4T4) = 64% The lowest dimension in which the one-loop box integral
in Eq. (2.8) develops an ultraviolet divergence is D = 8.
[In general, one may also add to the basis Tr(7%), Near D = 8, we have
Tr(T9 T4 T%), etc. For four-point amplitudes the traces of
length one and three must appear together; for SU(N,.), they JooxD=8-2¢(g
are not necessary, because Tr(7“) = 0.]

1

s23)|pole =

125040-23
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From Egs. (2.5) and (5.4), it then follows that the diver-
gence of the one-loop amplitude in the critical dimension is
given by
AP,2,3, 450N
4
g K
—— (N (T +T +T
6(477)46( (Try34 T1423 T1243
+ Tryzgp + Trypss + Trigsn)

+ 6(Tr12Tr34 + Tr14Tr23 + Tr13Tr24)).

(5.6)

At this loop order, the coefficients of the double-trace
terms, relative to the single-trace ones, are fixed by a
U(1) decoupling identity, or dual Ward identity [101].

For a general gauge group G, the UV divergence is
expressed in terms of three independent color tensors: the
two tree-level tensors and the irreducible one-loop tensor
CB%, in Eq. (2.7):

_ &'X
6(4m)*e

AL(1,2,3,48

pole =

<_ lCA(f”alagb]?b%M
2

£ o) 4 308) 6)
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s 5
1 4
512515 @
(41)
g 4
—512535546
21 (43)
8
11 4
S12(S45578 + 355910
— 845835 — 131835 — 125545) @
7 10
(45)
P L5
s1356.10(S6s — S12 — 13;)
2
— 59358.10(S68 — S12 — l11)5
+ 512(57956,10 — 55958,10) $
+ 2512(1(25 - lg)(l%Q - l%o) i 10
(47) *

Integrals (40)—(47) appearing in the four-loop amplitude. The notation follows that of Fig. 20.

where Cy is the quadratic Casimir in the adjoint represen-
tation, normalized as in Eq. (B1) of Appendix B. Note that
the Bose symmetry of the divergence is not manifest in this
form. As discussed in Appendix B, any one-loop four-point
quantity can be expressed in terms of these three color
tensors. Thus at one loop, in the critical dimension D, = 8,
the coefficients of all listed color structures diverge and
there are no additional hidden cancellations.

B. Two-loop ultraviolet divergence

A similar analysis may be carried out for the two-loop
four-point N =4 sYM amplitude, which is given in
Eq. (2.11) in terms of planar and nonplanar double-box
integrals I® and I™P). These integrals first diverge in
D = 7 and their poles in D = 7 — 2€ are [16]

o = [(P),D=7726|pole _ - 55
= —, .
S1a 20(4m) e
V(NP) _ I(NP),D:7—26 pole _ T (5 %)
S12 30(47T)7E ’ ’
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I315) + sa3(I313, — I§11,)

[P

(50)

Integrals (48)—(49) appearing in the four-loop amplitude. Integral (50) is required for the ansatz to match the color-stripped

cut at the level of the integrand. However, it does not contribute to the color-dressed amplitude. The notation follows that of Fig. 20.

For an SU(N,) gauge group, the planar and nonplanar

two-loop color tensors C'5) 1234 and C (1];]3)31 defined in Eq. (2.13)

become, in the trace basis,

C(1};)34 = (N2 + 2)(Tryp34 + Trygzp) + 2(Trpag3 + Tryzgn)
— H(Trig03 + Tryzpe) + 6N, Tryp Tray, (5.10)
(NP)
Cla3s = 2(Tryn34 + Tryasn) + 2(Trjp; + Tryzgn)
- 4(Tr1423 + Tr1324) + 2Nc(2 Trlz TI'34 (511)

— Try3 Tryy — Trys Trpz).

The full amplitude was originally presented in the trace
basis [15]. In terms of V(®) and VNP the UV divergence of
the amplitude (2.11) is

AP (1,2,3,4) 500N

= —gOK[(N2VP) +12(VP) + y(NP)))
X (812(Try304 + Trygn3) + 523(Tr1243 + Try342)
+513(Tryp34 + Trpy3)) — 12N (VP 4 VD)

X (s12Trp Tray + 523 Try Troz + 513 Try3 Trog)l - (5.12)

Inserting the planar and nonplanar integral poles (5.8) and
(5.9) into Eq. (5.12), the UV divergence becomes

AP(1,2,3,4)50N)

pole
K
= 25(47)[(1\72 + 20)(s12(Try304 + Try423)

+ 523(Try243 + Try340) + 513(Try034 + Trya3,))
— 20N (512 Trip Try + 503 Tryg Traz + 513 Try3 Trog) ]
(5.13)
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As was the case at one loop, U(1) decoupling identities
at two loops [102] relate the coefficients of the single- and
double-trace structures. These identities provide an a priori
justification that the double-trace terms diverge whenever
the single-trace terms diverge, at this loop order. In slightly
more detail, the double-trace coefficient is equal to the
negative of a subleading-color (N?) single-trace coeffi-
cient, plus the sum of all three leading-color (N2) single-
trace coefficients. (See Egs. (4.48)—(4.50) of Ref. [102].)
However, in the case of Eq. (5.13), the relevant leading-
color sum vanishes by the identity s;, + $o3 + 513 = 0.
Thus group theory enforces the equality of the two
“20”’s appearing in Eq. (5.13).

We may also analyze the color structure for a general
gauge group G. In this case, the UV divergence of the two-
loop amplitude depends on five independent color tensors,
which we take to be the tree-level and one-loop tensors that
already appear in the one-loop divergence (5.7), plus two
new independent (irreducible) two-loop tensors. We take
the latter to be two independent permutations of the tensor
C(II?M. (All other tensors are related to these by repeated
application of the Jacobi identity.) In terms of the pole parts
(5.8) and (5.9) of the planar and nonplanar double-box
integrals, the two-loop divergence is

AP(1,2,3, ]G

pole

1 - ~ ~ -
— gGKI:Z C%v(P)(slzfazﬁbfbawl + S23fa]a2bfba3a4)
+ (VP + VOPY3C, CBox 515 + 2C s, (515 — 513)

+ 2C(21;)41(s23 - S13))]~ (5.14)

The five color tensors appearing in Eq. (5.14) form a basis
in the space of two-loop four-point color tensors (see
Appendix B). Each of their coefficients diverges in the
critical dimension D, = 7, and we see no natural combi-
nation of coefficients for which the D = 7 divergence
cancels.

C. Three-loop ultraviolet divergence

Let us proceed with a similar discussion of the UV
divergences of the three-loop four-point amplitude given
in Eq. (2.14) and Fig. 4. In this case the critical dimension
is D, = 6. In the representation of the three-loop ampli-
tude given in Fig. 4, integrals (a)—(d) and (h) are all finite in
the critical dimension. Only integrals (e), (f), (g), and (i)
contribute to the UV divergence, because they have nu-
merator polynomials that are quadratic in the loop momen-
tum. To extract the divergence, we follow the procedure
discussed in Refs. [11,29,103,104], i.e. we expand in small
external momenta and keep only the leading terms. In this
limit, the contributing integrals reduce to

PHYSICAL REVIEW D 82, 125040 (2010)

1© — 5, V), 10 — 5, VB,

A 1
19— (s — 523)(‘/(8) - gV(A)>,

19 — 5,V®),

(5.15)

where V@) and V® are the vacuumlike graphs in Fig. 26.
These integrals are both UV and infrared divergent. As
discussed in Ref. [29], to extract the UV divergence we
inject off-shell momenta at two vertices, thus removing the
infrared divergence. The values of their UV divergences are:

1
VA =——, 5.16
VB .= _;(g - l) (5.17)
pote 6(4m)P’e\™ 3

The relevant three-loop color factors c®, c®, c®, and
CY are easy to express in the trace basis,

C® = N(Trip34 + Tryyzp) + 2NZ Tryp Tryy
+ 2N (4(Trp34 + Trygz) — 2(Try043 + Try340)
— 3(Try403 + Try304)) — 4(Try Trsy

+ TI'14 TI'23 + Tr13 Tr24), (518)

C(f) = —2N§(Tr14 TI'23 + TI']3 Tr24)
+ 2N (4(Trp34 + Trigz) — 2(Trioas + Triss)
— 3(Try403 + Try3p4)) — 4(Tryp Tray

+ Try4 Trys + Tryz Troy), (5.19)
C® = —4N2?Tr; Tryy + 2N (3(Trip34 + Trigs)

= 3(Trip43 + Triza0) — Trigns — Tris)

— 4(Tryy Tryy + Tryy Tryy + Try3 Tryy), (5.20)
cW = 2NZ(Tryp Tray — Tryy Tras)

+ 2N (Triggs + Trizgn — Trigns — Trizpa). (5.21)

Using these expressions, as well as the relation (5.15)
between the leading poles of the integrals / (e), 101 (g), and
1% and the vacuum integrals V) and V®, we find that the
leading UV divergence of the three-loop amplitude in
dimension D = 6 — 2€ is

V(4 v®
FIG. 26 (color online). The vacuumlike graphs describing the
three-loop UV divergences in D = 6. The large (blue) dots
indicate that a propagator appears squared, or doubled.
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AD(1,2,3,4)5UN)

pole
= 2g8 (N3 VA + 12N, (VA + 3vB)))
X (512(Try304 + Trigns) + 523(Try43 + Tryz4)

+ 513(Tr1234 + Trigs)). (5.22)
Inserting the UV pole parts (5.16) and (5.17) of V) and
V®) then gives,
AD(1,2,3, 450N

8K

= 3(4 34m)’e (N? +364;3N,)

X ($12(Try304 + Tryg3) + $23(Try043 + Tryzs0)

+ 513(Tryp34 + Tryg3,). (5.23)

A remarkable feature of the three-loop UV divergence
(5.22) in the critical dimension is the absence of double-
trace terms. From Eqgs. (5.18), (5.19), (5.20), and (5.21) it is
clear that such terms exist separately for each integral and
cancel only in the complete amplitude. This cancellation
was first noted [32] as a consequence of the calculation
described in this paper. Two rather different discussions of
this property have been presented recently. One approach
is based on the pure-spinor formalism, both in string theory
in the low-energy limit [33] and more recently in field
theory [12]. The other approach is based on algebraic
non-renormalization theorems [34], following up on earlier

work [105]. |

v®A)
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Motivated by these results, especially the structure of
the leading contributions in the string theory analysis of
Ref. [33], we rearrange the leading terms in the small-
momentum expansion of the integrals in Fig. 4 such
that double-trace terms are manifestly absent. This rep-
resentation is found by noting that all terms quadratic in
loop momentum, can be placed into contact-term dia-
grams, of the form in Fig. 27. This fact suggests that
the leading terms can be absorbed into the graphs with
external propagators displayed in Fig. 28, if we include
a factor of sy, to cancel the external propagator. After
dressing the graphs with color, and a factor of (s;3 —
S»3) so that the graphs have the proper antisymmetry, it
is not difficult to verify that with the numerical coef-
ficients in Fig. 28, the expression

AP (1,2,3,4) = - gS.fKZ [CVv Ty + ClamIym]

+ subleading (5.24)

has the proper leading behavior. Here Iy, Iy®, and

CY. 1234, C 34 correspond to the integrals and color fac-
tors indicated by the graphs in Fig. 28. The dropped
subleading terms are better behaved in the ultraviolet
than the displayed leading terms and are not relevant
for our discussion. The integrals in Eq. (5.24) are
essentially just the two vacuum graphs V® and V®),
promoted to one-particle-reducible four-point integrals,
and dressed with appropriate numerator factors. The

VA .
color factors Cj,,, and Cm4 are given by

1234 f”l“Z“Sfasusa7fﬂaal()asfaslll1“9f“9alvﬂ7fﬂsﬂnalofanamallfll4u12014

= N.(N2? + 12)(Tryp34 + Trygsm

= f~fl1az“sf%%%f%“ls”lof”s“10a8fa801109f013a14a11f~a7“9a12fa41112“14

y(®)
Cl234

= 12N (Tryp34 + Tris

exposing the manifest absence of double-trace terms in the
leading divergence. Because the color factors are one-
particle reducible, they are proportional to the tree-level
color factors; they are given by

CV(A)fu]azhfha3u4, C}/Q“;l; _ CV(B)f'"a]azh‘fhu_;a;‘.
(5.26)

These equations may also be taken as the definition of the
three-loop scalar invariants Cy,») and Cym).

The graphs in Fig. 28, dressed with the two types of one-
particle-reducible color structure, reproduce the original
representation of the divergence. Thus they account for
the absence of double-trace terms for the terms with two
powers of loop momentum in the numerator. Double-
trace terms may only arise from subleading terms in the
small-external-momentum expansion of the integrals in
Fig. 4. In Sec. VIB we will show that the three-loop

v
Clyy =

= Tryps

— Tryp43 — Trysg0),

— Try340), (5.25)

|
double-trace terms develop UV divergences starting at
D = 20/3; therefore the double-trace bound suggested in
Eq. (5.2) is saturated at L = 3. We note that the leading
divergences at one and two loops are not associated with

4 4

FIG. 27. The leading contributions with numerators quadratic
in loop momentum in Fig. 4 can be absorbed into the two contact
diagrams displayed here, up to relabeling of external legs.
Further rearrangements push the leading terms into the diagrams
of Fig. 28.
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2

812(813 - 823)

1

Iy

FIG. 28. At three loops the leading divergence can be rearranged so that it comes from parent graphs which are one-particle
reducible, depicted here in the s, channel. The color factors of these graphs have no double-trace contributions. The complete
contribution comes from summing over all 24 permutations of external legs and multiplication by a symmetry factor of 1/4 to remove

double counts in both graphs.

powers of loop momentum in the numerator of the parent
integral (which can be considered contact terms in the UV
limit). Thus a rearrangement of the leading-divergence
contributions similar to Eq. (5.24) is not possible at one
and two loops. Therefore the single- and double-trace terms
have the same critical dimension at these loop orders.

We now turn to the independent question of the diver-
gence structure for a general gauge group G, starting from
the representation in Eq. (2.14). Following a similar pro-
cedure as at one and two loops, we write the three-loop
four-point color tensors in terms of six independent ten-
sors, which we may take to be the five lower-loop ones
used in Eq. (5.14) plus one irreducible three-loop tensor
(see Appendix B). Summing over the various color permu-
tations, the divergence of the four-particle three-loop
amplitude in D = 6 — 2¢€ dimensions is
AP(1,2,3,4)|6

pole

= R IV O (s p fozsl frostt 4 gyp frnd phases)(5.27)

[Alternatively, one can use Eq. (5.24) to arrive at Eq. (5.27).]
The color tensor of the three-loop divergence is propor-
tional to the tree-level color tensor. Only two out of the six
independent color tensors for a general gauge group G are
present in the divergence. However, the scalar coefficient
V© involves additional group invariants Cyw and Cyw,
defined in Eq. (5.26), which do not appear below three
loops,

VO = —2(Cpy V) + 3C, 0 VP®). (5.28)

They are nontrivial group invariants constructed out of
structure constants, with the index contraction following
the topology of the vacuum diagrams V*) and V®); their
explicit definitions are given in Eq. (B1), and their values for
SU(N,) are provided in Eq. (B3). Although they are not
reducible to C,4 alone, they are related to the standard group
invariants C, and (d$"°?)? by

C3
Cyw — Cym = ?A (5.29)
1 2 dﬁdedeCd
—Cyn +-Cym = —7—7F—, 5.30
3 Cvw T 3Cw N.C, (5.30)

where d4P¢¢ is the totally symmetric rank four tensor in the
adjoint representation,” and N, is the dimension of the
adjoint representation. However, the invariants Cy and
Cy® are more natural in our context, because they corre-
spond directly to the color factors of vacuumlike diagrams.

We can make a few observations related to the one-
particle-reducible form of the UV-divergent terms
displayed in Fig. 28. We note that the group invariants in
Eq. (5.28) can be promoted naturally to rank-three invari-
ant tensors, as suggested by the marked points on the
internal lines of the vacuum diagrams V® and V® in
Fig. 26, which denote doubled propagators. This connota-
tion suggests that

— Fab
Cabe = Cle)fa <

abe (5.31)

s = Cynf,
are the most primitive yet nontrivial three-loop rank-three
color tensors that can be constructed only out of structure
constants. All other three-loop rank-three tensors built
from a single string of structure constants reduce to a
multiple of C3 F9b¢ Tt is remarkable that the UV divergence
depends only on the three-loop invariants in Eq. (5.28).
Moreover, they follow a simple pattern: the color invariants
and vacuum integrals are in one-to-one correspondence,
with no mixing between the terms, and their relative nu-
merical coefficient can be interpreted [via Eq. (5.24)] as
having a combinatorial origin. We shall see below that the
four-loop divergences follow a similar pattern.

Finally, we comment on the degree of transcendentality6
of the divergences. In four dimensions, infrared-divergent
terms of N =4 sYM amplitudes, expanded in Laurent
series around D = 4, exhibit a uniform degree of tran-
scendentality through at least three and four loops in the
planar case [2,13], and through two loops for the full color
dependence [106]. This property is related to the uniform
degree of transcendentality observed for the anomalous

>The invariant tensor df““% is defined as d} ““" =
%27554 Try (T T T T4 ), where S, is the set of permu-
tations of four objects.

®Riemann ¢ values {, are assigned degree of transcendentality
n, logarithms are assigned degree 1, polylogarithms Li, degree
n, and rational numbers are assigned degree 0.
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dimension of twist-two operators [107]. Information on
UV-divergent terms in D >4 is more limited. Through
two loops, the simple structure of the vacuum integrals
(5.5), (5.8), and (5.9), enforces a uniform degree of tran-
scendentality. As can be seen from Eqgs. (5.16) and (5.17),
this is no longer the case at three loops: a nonuniform
degree of transcendentality can and does occur [cf.
Eq. (5.23)]. It is interesting to note, however, that for gauge
group SU(N,) the coefficient of each power of N,. does
have a uniform degree of transcendentality, due to the
appearance of the particular linear combination V) +
3V®) in the subleading-color terms in Eq. (5.22). The
same combination of vacuum integrals appears in the UV
pole for the three-loop N = 8 supergravity amplitude in
D = 6 — 2e, ensuring that it also has a uniform degree of
transcendentality [29]. On the other hand, for a general
gauge group, Eq. (5.28) does not display any interesting
behavior with respect to transcendentality. The signifi-
cance and generality of these facts may be clarified further
by evaluating the UV singular terms of the four-loop

amplitude, as we do below.
|

hy — sV, Iis — —s1pVy, I — —s12Va,
Iy — 512V,
Ly = s1p(Vy + V),
I3y = (523 = 513)(Vy = Vi),

I3 — —5p3(Vs + 2V),

Iy — s12V3, I, — 51,Vs,

I — =523V,

I35 — 2513V,

Iy — sV, I3 — —spVs,

Iy = —s12Va,
Iy — 512Vs,
Iy — =sp(Vy = Vs) = 553V,
Iis = s1pVy = s3(Va + V3 =V, = Vs + V),
I3g = 2515(Vy = V3 + Vs) = 5p3(Vy — 2V3),

Iis — s12(3Vg — 2Vyy),

PHYSICAL REVIEW D 82, 125040 (2010)

D. Four-loop ultraviolet divergence

The four-loop four-point amplitude is given in Eq. (4.1)
and Figs. 20-25. According to Eq. (5.1), we expect the
four-loop planar amplitudes to start diverging in the critical
dimension D, = 11/2. Indeed, an inspection of the parent
integrals in Figs. 20-25 reveals that many of them have
numerator polynomials N; that are quartic in the loop
momentum, leading to logarithmic divergences in D, =
11/2. For G = SU(N..), we have no reason to expect color
single-trace terms to exhibit further cancellations com-
pared to Eq. (5.1). However, because all divergences in
the critical dimension can be interpreted as arising from
contact terms, we expect that, as for the three-loop case,
divergences from double-trace terms may cancel, increas-
ing the dimension in which such divergences first appear;
below we show in detail how this occurs.

Of the 49 nonvanishing integrals in Eq. (4.1), 29 diverge
in D, = 11/2. Following a similar analysis as at three
loops, their leading divergences may be expressed in terms
of 11 vacuum integrals, V; through V,;, shown in Fig. 29:

Lig — s1pVi, Lig = —s1,V5,

Is — —s512Vy, I — =512V,
I3 — —s512(Vy = Vs — Vo) — 53V,
I3g — 512 V7,

Iy — 512V,

1
Ly — 5(523 —513)(Vy = Vs = 2Vg + V),

Lig = —510(Vy + Vs) = 523(2Ve — Vg + 3V — 2Vyy) — 5132V — Vo),

lyg— s 13<V3 >
and all other integrals are finite in the critical dimension.

The color factors of the 50 parent integrals in
Figs. 20-25 are collected in Appendix C. For gauge group
SU(N.), it is straightforward to evaluate these color factors
in the trace basis. We refrain from including these expres-
sions directly, due to their length. (In Appendix B we
decompose the C; in a basis of color tensors for a general
gauge group, and list the basis elements in the trace basis.)
However, the structure of the UV divergence is substan-
tially simpler. Upon using the explicit color factors and the
reduction to vacuum integrals (5.32), we find that the UV
divergence of the color-dressed amplitude depends only on
the three integrals V;, V,, and Vyg:

AP,2,3,4)550

= —6g' " KN2(N2V, + 12(V, + 2V, + V)
X (512(Try304 + Tryg3) + $23(Try043 + Tryzgn)

+ 513(Tr 234 + Tryu30)). (5.33)

1 1 5
FVa Vst Vit Vg =2 Vo= Vit Vll)’

(5.32)

|
Thus, we find that double-trace terms are absent from the
divergence in the critical dimension D,., as was the case at
three loops. Another interesting feature is that terms inde-
pendent of N, are also absent from the divergence. Only
the leading and next-to-leading powers of N, are present in
the single-trace divergence. Finally, using Egs. (5.12),
(5.22), and (5.33), the divergences for L = 2, 3, 4 all
have the form

AP 1,23, 9558 = (DL - 118742

X :](Ng((l + 1_22) Vplanar + 1_22 Vnon-planar)
N, N,

c c

X (512(Try304 + Trigns) + 523(Tryn43 + Try3s0)
+ 513(Try234 + Try432))

+ 61, X (double-trace-terms), (5.34)

where VPlanar apd ymon-planar come from planar and non-
planar four-point integrals, respectively.
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Vi Vy
Vs Vo
Vs Vy

FIG. 29 (color online).
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Vs Vi

Vz

556 l S56 |

Vio Vii

Four-loop vacuum diagrams describing the UV divergences of individual graphs in the four-loop N = 4

sYM amplitude. A dot indicates that a given propagator appears squared in the integral. For V|, and V|, the factor of 554 indicates the
insertion of 555 = (Is + Ig)? into the numerator of the integral, where lines 5 and 6 are marked in the figure by arrows.

For a general gauge group the leading UV divergence at
four loops has a similarly simple structure, proportional to
the tree-level color tensor:

AL(1,2,3,98

pole

— glOKV(4)(Slzf~aza3bf~ba4al + s23fa]a2bf‘ba3a4)’ (535)

where

V@ =3(Cy,V, +2Cy,V,y + Cy, Vy). (5.36)
The coefficients Cy,, Cy,, and Cy, are the group invariants
associated with the corresponding vacuum diagrams. Their
expressions in terms of structure constants are collected in
Appendix B. This structure is similar to that of the three-
loop UV poles in Eqgs. (5.27) and (5.28). As at three loops,
the four-loop group invariants are not independent; rather,
they satisfy the following relations:

C4
Cy, = Cv, == (5.37)
1 2 dﬁdedide
gCVl + §CV2 = T, (538)

Cy, = Cy,. (5.39)

As with the three-loop case discussed above, it is pos-
sible to rearrange the UV-divergent contributions at four
loops into one-particle-reducible parent graphs. This form
manifestly exhibits the absence of double-trace terms. In
this case our representation exhibits two propagators in the
same momentum channel, which are canceled by numera-
tor factors, as depicted in Fig. 30. The divergent part of the
amplitude then has the simple form

1 1
AY(1,2,3,4) = —8105(2[% Ciisuly, + gC}/%MIVz
Sy

1
+ RCIVQBMIVS] + subleading,  (5.40)

where the integrals correspond to the three graphs in
Fig. 30, and their color factors are proportional to the
tree-level color factors,

Clipy = Cy fmbbasas =128  (541)

The next step is to evaluate the UV poles for the four-
loop vacuum integrals V4, V,, and Vjg in their critical
dimension D = 11/2 — 2e. To this end, we use the same
infrared rearrangement [103] (related to the R* operation
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2 3
252,(513 — 523)
1 4
(Iv,)
2
2s1y(s13 — 523)

1

PHYSICAL REVIEW D 82, 125040 (2010)
2 3

28%2(813 — 823)

1 4

(Iv,)

(]Vs)

FIG. 30. At four loops the leading divergence can be rearranged so that it comes from graphs with two spurious external propagators.
The graphs with 1/s,, propagators are displayed here. This rearrangement makes manifest that the color factors of these graphs have
no double-trace contributions. The complete contribution comes from summing over all 24 permutations of external legs and
multiplication by a symmetry factor of 1/16, 1/8 and 1/16, respectively, to remove double counts in all three graphs.

[108]) that was used [29] to evaluate the three-loop vacuum
integrals V® and V®): We inject and remove momentum
k*, with k* # 0, at two of the vertices of the vacuum
integral, thus transforming it into a four-loop two-point
integral, which possesses the same UV poles, but no infra-
red divergences. (The infrared divergences arise in the
small-momentum limit from doubled internal propaga-
tors.) We always take the two vertices in question to be
connected by a single propagator. Then the four-loop
two-point integral factorizes into the product of a finite
three-loop two-point integral and a UV-divergent one-loop
two-point integral.

Some of the three-loop two-point integrals can be eval-
uated through a similar procedure, by factorizing them into
a product of two-loop and one-loop two-point integrals. A
few of the resulting two-loop integrals, such as those
shown in Fig. 31, are not factorizable. To evaluate them,
we employ the gluing relations [109], which require
consistency of the various ways of factorizing a higher-
loop UV-divergent integral into products of lower-loop
integrals.

For example, the diagram V| has four inequivalent
propagators (not related by symmetry), leading to four
inequivalent factorizations; they are shown in Fig. 32. As
usual, a dot indicates that a given propagator appears
squared in the integral. Similarly, the numbers (9 —
3D/2) and (10 — 3D/2) indicate the power to which that
propagator is raised, which is determined by dimensional

’G<2><n7 D) <_k2)7(n+47D) _ k k

FIG. 31. A two-loop integral with central propagator raised to
the power n. If n is not an integer, G (n, D) cannot be reduced
to one-loop integrals.

analysis of the three-loop integral. All four factorizations
should give the same answer; this consistency condition is
an example of a gluing relation [109].

The one-loop bubble integral is simple to evaluate. For
an arbitrary dimension D and powers n; and n, of the two
propagators, it is given by [110]

dPp 1
Ibubble(n n ) = —
b Qm)P ((p + k> (p?)m

(—pmrm 2\—(n,+n,—D/2)

e G(ny, ny)(=k?)~mrrm=br2),
(5.42)

where

G(n n )_F(—D/Z-l-nl +n2)F(D/2—n1)F(D/2—n2)
1, e2) — .

L(n))C(ny)I'(D —ny —ny)
(5.43)

In D = 11/2 — 2€ dimensions, for the cases required in
Fig. 32 we have (ny, n)) = ( + 3¢,2) and (n, ny) = ( +
3¢, 1). Inserting these values into Eq. (5.42), we find that
both integrals have the same UV pole,

3 4 11
G(Z + 3¢, 2) =31 W%) p + O(1), (5.44)
7 4 11

The finite three-loop two-point integrals can be reduced
to a set of master integrals using the method of integration
by parts (IBP) [109], particularly the algorithm MINCER,
which is available in FORM [111]. For the two planar top-
ologies occurring in Fig. 32, the so-called Benz and ladder
topologies, the IBP reduction procedure results in integrals
that factorize into the product of two-loop and one-loop
two-point integrals. Equation (5.42) can be applied to the
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FIG. 32 (color online). The UV poles in the vacuum diagram
V| can be determined from the product of a finite three-loop two-
point integral with a UV-divergent one-loop two-point integral.
There are four inequivalent ways of doing the reduction, corre-
sponding to different propagators connecting the two points at
which the momentum k* is injected.

latter. The two-loop integrals can also be reduced to
products of one-loop integrals, except for the integrals
G%(n, D) shown in Fig. 31, in which the power n to which
the central propagator is raised is not an integer. However,
a gluing relation can be used to solve for such integrals in
D =11/2.

For example, IBP reduction of the top three lines in
Fig. 32 results in the following relations for the 1/€ pole
terms:

=[ErQ) )

=
(222G

[ (e
SR ) )

G+ 3¢ 1)

an (5.48)

PHYSICAL REVIEW D 82, 125040 (2010)
Equating the three forms for V; at order 1/€ yields
3(3)\T(1
G(2)(§ E) = — %W@)Iﬁ(}) + % M
4’2 25 \4 2 125 F(}t) ’
(5.49)

896 IAI()

9 11 32 3 1
of2 Y= 2222\ r2(2) +
© (4’2) 5F<4)F (2)

25 1@
(5.50)
and
V= 5 6) - T rOrG)rG)]
+ 0(1). (5.51)

The fourth line of Fig. 32 provides a redundant equation.

A similar strategy leads to an analytic evaluation of V,.
As depicted in Fig. 33, there are four inequivalent ways of
factorizing this integral into a product of three-loop and
one-loop two-point integrals. The same Benz and ladder
topologies appear as for V;, but with different configura-
tions of double propagators. After using Eqgs. (5.49) and
(5.50) for P, 1) and G? (3, 1)), they all give the same
result,

1 4352 13\ . 832 L(3\p(1\ 1
_ _ 2V 22232\ 2\ 2
V2 (477)“6[ 105 r (4) 105F (4)F(2)r(4)]

+ O(1). (5.52)
9-2D
JRNZERe)
V2 10-3D
JR/ARe)

10-3D

.
=

G

10-3D

e

L
=

FIG. 33 (color online). Four inequivalent ways of reducing
vacuum diagram V, to a product of a finite three-loop two-point
integral with a UV-divergent one-loop two-point integral.
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There are four inequivalent ways of factorizing the non-
planar vacuum integral Vg into a product of three-loop and
one-loop two-point integrals, depicted in Fig. 34. This time
the nonplanar three-loop two-point topology is obtained.
The IBP equations can be used to reduce any integral with
this topology down to the master integral “NO,,” of the
same topology, in which all propagators appear undoubled.
In D = 4 — 2¢, gluing relations allow one to solve for the
value of this master integral [109] as € — 0 (which is
proportional to {5). However, in D = 11/2, we find that
the gluing relations do not give new information. That is,
all four ways of factorizing Vg lead to the same expression,

1 4 1 v
_77774_ .
Vs T G 21 TG e om. 653
where

) 5248 . /3\ 224 . /3\../1\./1
fin — _“770s mindbly (Y (| Y ()| Y () ) .
Vs 125 (4) 25 (4) (2) (4) NO»
(5.54)

Although it is not needed for the four-loop N = 4 sYM
amplitude, a similar factorization and reduction procedure
for Vy gives

Lo,

Vo=———— 2+ O(1), 5.55
97 @mT21TC) e ) (5.53)
where
. 15552 . (3\ 576 _,/3\../1\../1
e 3920 T (D (L) - 2v0,,
Vs 125 (4) 25 (4) 2) \4 NO,
(5.56)

E. Gegenbauer sums for nonplanar three-loop integral

Although we could not obtain an analytical value for
Vg, or equivalently for Vo or NO,,, we could obtain the

48 F3(4) F(K 4) S T'(n+ +

NO,,
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9-2D

- X<:>
&

10-3D

103D
— |— e —_—

10-3D
_ ) Q

FIG. 34 (color online). Four inequivalent ways of reducing
vacuum diagram Vg to a product of a finite nonplanar three-
loop two-point integral with a UV-divergent one-loop two-point
integral.

result to 13 digits using the Gegenbauer polynomial
x-space technique [112]. This method is based on the
observation that, in position space, all propagators de-
pend only on the coordinates of the vertices they connect
and thus, after Wick rotation, they may be identified with
the generating function of the Gegenbauer (or ultra-
spherical) polynomials. Expanding them and evaluating
the integrals using properties of these polynomials re-
duces Feynman integrals to finitely many (nested) sums.
A nice exposition of this technique is given in
Ref. [113]; in particular, the integral NO,, in any dimen-
sion D is reduced to a triple sum. Using this approach
for D =1, we obtain

F(l+4)r(n—l+4) 1

"~ 50 F(z) Z ! Z;)F(n +k+ 11) Z

(n=0! (+xk+Dn—1+x+)

1
XI:_Z((H-F%)(I’L-FK+§)(n+K+%)(n+K+2)_

3n+ 4k + 1Y

1
(n+3)(n+K+%)(n+K+l4—3)(n+K+4))

n+2k+ 4
(l+/<+1)(n—l+l<+1)<

(n+3)(n+K+2)(n+;<+”)(n+2;<+7)

n+ 2k +1

3n+4Kk+6 )
5)

_(rl%—%)(n+;<+%)(n+K—f-2)(n—i-2l<+z

+ 5 5
I+ k+3)n—1+k+3)

3n+ 4k +9

( 3n+4k+3

(n+3)n+k+B)n+k+4)(n+2x+3

- (n+Hn+k+0n+k+2)(n+ 2k + ;))]‘ (5.57)
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The sum over / can be done in terms of hypergeometric
functions:

25 F4(§) © 00
NO,, = = —2 A(k, n)
F T 22,

X [(D(K, n) — D(K - g, n+ g)

— D(K — 2, n) + D(K —2,n+ %))H(K, n)

+(D( )—D( 2 +§)—D( 43 )
KN K—pnts K+ oon

1 5 3
+D(k—=,n+=))Hlk+= :
(K 2,n 2)) (K z,n):l, (5.58)
where
Ik +DH(n +HI(n + k + )
Ak, n) = 4 4 . 5.59
() k!In!l(n + k + 14 (5-59)
Dlx. n) 1 [ 1 2
K, n) = —
(k +32Ln+1 (n+)+(k+3I
1
, 5.60
(n+%)+2(;<+§)] (560)
and
1 7 3
= _ + - + o, T i
H(k, n) K+13F2<4,K l,—nk+2 —n 4,1)

(5.61)

Using this representation and truncating the « and n sums
at a value N up to 6500, we found sequences of truncated
values NO,,(N), such as

NO,,(6000) = —6.197074209444889,
NO,,(6100) = —6.197095923684655,
NO,,(6200) = —6.197116937698505,
NO,,(6300) = —6.197137284819593,
NO,,(6400) = —6.197156996298421,
NO,,(6500) = —6.197176101462998,

(5.62)

which we then fit to a polynomial in 1/N, obtaining
NO,, = —6.198399226750(2), (5.63)

where the number in parentheses indicates the uncertainty
in the last digit.”

We also applied the Gegenbauer polynomial x-space
technique to VI and ViM, obtaining similar sums, but
with somewhat more complicated summands. The

7Recently, a much more accurate numerical value for this
integral has been obtained by Lee, Smirnov, and Smirnov
[114], using methods similar to those in Ref. [115].
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sequence for VI converges the fastest with N, but its
numerical evaluation takes longer. We obtain

vin = 1.428452926283(3), (5.64)

viin = 2.472370645275(3). (5.65)

To the given accuracy, these values are compatible with
Eq. (5.63) and the two analytic relations, Eqgs. (5.54) and
(5.56).

The combination appearing in the subleading-color part
of Eq. (5.33) is

I 4 1 6.161859216543(3)
@mT 21 TO) p

V1+2V2+V8:

(5.66)

Thus the ratio of the subleading-color term to the leading-
color term in Eq. (5.33) is

12(Vy + 2V, + Vg) _ 44.40538395605(2)
N2V, N? ’

(5.67)

Amusingly, the large-N,. approximation is strikingly bad, if
we take the gauge group to be SU(3) as in QCD. It is also
strikingly bad at three loops, where the ratio analogous to
Eq. (5.67) can be extracted from Eq. (5.23) and is very
similar in magnitude, 36{;/N? = (43.274 - - -)/N2.

The fact that these numerical ratios are irrational (in the
four-loop case, apparently irrational) precludes the overall
UV divergence from canceling for any gauge group G at
three or four loops, because ratios of group invariants are
always rational.

VI. UV DIVERGENCES OF
SUBLEADING-COLOR STRUCTURES

As discussed in the previous section, the color double-
trace terms are better behaved in the ultraviolet than the
single-trace terms. Instead of the finiteness bound (5.1), for
three and four loops the double-trace terms satisfy the
bound (5.2). The double-trace terms of the three- and
four-loop amplitudes are finite in the dimensions where
the corresponding single-trace amplitudes first diverge,
respectively, in D = 6 and D = 11/2. This result implies
that two-derivative double-trace operators of the form
Tr(D?F?) Tr(F?) are not renormalized in these dimensions.

Suppose an L-loop cubic parent integral has [ powers of
the loop momentum in the numerator factor N;. Because it
has 3L + 1 propagators in the denominator, it behaves in
the UV as

dDngl

~ (62)3L+1 —~ €DL+176L72‘

6.1)

By dimensional analysis, the number of powers m of
external momenta sitting in front of this integral [including
the four powers in the prefactor J defined in Eq. (2.6)] is
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related to [ by m = 2L + 2 — . The critical dimension in
which UV divergences can first appear in Eq. (6.1) is found
by setting DL + [ — 6L — 2 = 0. Eliminating / in favor of
m, the critical dimension is

D(m, L) =4+ % 6.2)

By Lorentz invariance, only even powers of momenta
give nonvanishing results, implying that m is effectively
always even. Furthermore, the three- and four-loop inte-
grals have at least six powers of external momenta that are
manifest in the prefactors, counting the four powers in K
and two powers in the “worst behaved” integral numerators
N;; therefore m = 6. We showed in the previous section
that the divergences in the single-trace terms indeed start at
m = 6, with no further hidden cancellations. We also found
cancellations in the double-trace terms in D = 4 + 6/L. If
there are no further cancellations, we expect the double-
trace divergences to start with m = 8, corresponding to
D = 20/3 for the three-loop double-trace terms, and im-
plying D = 6 for the four-loop double-trace terms.

An important question is whether the bound (5.2) is
saturated for the double-trace terms, or whether further
hidden cancellations remain. To definitively answer this
question we must directly integrate our expressions, in
order to extract the coefficients of the potential double-
trace UV divergences in D = 20/3 and D = 6 at three and
four loops, respectively. Below we answer this question at
three loops.

A. Extracting UV divergences

A systematic procedure for obtaining the potential di-
vergences from multiloop integrals is based on differenti-
ating with respect to external momenta [103,104]. Here we
follow a related procedure, and expand the amplitudes
for small external momenta k;. Formally, this is achieved
by introducing a single infinitesimal parameter &, giving
formal  amplitudes  A(k;) — A(ek;) = €%aq + £’a;+
edag + - - -, where the expansion starts at £° due to the
manifest m = 6 behavior of each integral. At the integrand

level this expansion corresponds to

I(k;, €)= 1(gk;, €;) = g?vg+ v, +etvg+--. (6.3)

In Eq. (6.3) we have dropped the overall tree factor I, and
the v,, correspond to sums of vacuumlike integrands,
depending only on the loop momenta €,

U = mep(ki)yp(ej)’ (64)
p

where the dependence on the external momenta factorizes
into polynomials p,,, of degree (m — 4). The terms with
odd powers of ¢ in Eq. (6.3) may be dropped because they
are zero by Lorentz invariance. To make sense of the
expansion under the integral sign, we formally take
elk;| < |€;] (where | - | is the Euclidean norm). This is
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not true in general, because the €; are integrated over all
values. Fortunately, this error affects only the UV-finite
part of the amplitude and is therefore not relevant to our
discussion. The UV-divergent contributions indeed come
from the region |k;| < |€;| (if the amplitude contains no
UV-divergent subdiagrams). We thus interpret the inte-
grand expansion (6.3) as a formal series where the integrals
over v,, encode the UV divergence of the integral in
dimension D(m, L). If subdivergences appear, which hap-
pens for the potential color double-trace divergence at four
loops, they must be accounted for; a procedure for doing so
may be found in Refs. [103,104]. Here we only evaluate the
three-loop case, which has no subdivergences.

When evaluating terms in the expansion (6.3) one en-
counters tensor vacuum integrands that are not quite in the
factorized form of Eq. (6.4), but contain numerator factors
in which external and loop momenta are contracted, of the
form k; - €;. These integrands are easily converted to the
factorized form (6.4) using the identity

¢

€f‘€}’ — n“”TJ. (6.5)
This identity is valid for tensor vacuum integrals with two
free space-time indices, which must be proportional to the
metric tensor by Lorentz invariance. (Similar identities for
tensors with more free indices are easily constructed, but
we will not need them here.)

The various vacuum integrands Vj are distinguished by
their propagator structure and possibly numerator factors
€; - €}, and can be represented as Feynman-like diagrams
of various topologies. There are many hidden relations
between the integrals, some of them generated by IBP
identities [109]. These identities complicate the analysis
slightly, because the representation of v,, in terms of the
Vj, as given in Eq. (6.4), is not unique. To expose the
identities, we can make use of the invariance of the inte-
grals under reparametrizations,

L L
[l—[ dngl(Ski, f,) = fl_[ dngI(Skl‘, g] + chl,skp),
j=1 j=1 »
(6.6)

where ¢, are arbitrary numbers. After such a reparamet-
rization, the & expansion of the integrand looks different,
but the total UV pole after integration must be the same.
We equate the different representations of v,, integrals, for
a sufficient number of reparametrized expansions of the
form (6.6),

fvm =2 upVp = 2PV =
P P

where V,, stands for the integral of Vp. The resulting
system of linear equations for the poles of the V; can be
solved easily. In contrast to IBP identities, the relations

6.7)
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we find are between the pole parts of vacuum integrals that
are relevant to our calculation, and no others.

B. The logarithmic three-loop divergence
inD =20/3 - 2¢

Consider now the amplitude in D = 20/3, which is the
lowest dimension for which a potential divergence can
appear in the three-loop color double-trace terms, and
corresponds to the vg terms in Eq. (6.3). In the expansion
of the nine three-loop integrals we obtain 11 different
scalar vacuum integrals. We will not present them expli-
citly here. However, we note that nine of them have a
propagator topology very similar to the nine parent graphs
of the three-loop amplitude, but where the external mo-
menta is set to zero, k; — 0, effectively replacing a leg
insertion by a two-point vertex, and thereby doubling a
propagator. (An example is provided by V) in Fig. 35.)
The two remaining scalar vacuum diagrams both have a
contact interaction. Remarkably, the consistency of the
expansion (6.7) demands that the 11 vacuum integrals are
all proportional to each other in D = 20/3. The propor-
tionality constants are simple rational numbers. We
can therefore express the results in terms of the single
vacuumlike diagram displayed in Fig. 35. We obtain the
following contributions to the three-loop divergence in
D =20/3 — 2e:

AP(,2,3,4)P7205)

Trya34-pole

2
= —g8xKy® Tr1234<§N3(7s2 + 712 + 6u?)

5
— 5NC(23s2 + 232 — 126u2)), (6.8)
‘AEE)(]’ 2’ 3’ 4)|'(1“Dr:"1%r03£2)01e
= — g8 KVWTr, Try,(IN2(585% + 312 + 3u?)
+ 400(s% + 2 + u?)), (6.9)

where we have isolated the pieces of the divergence pro-
portional to two characteristic four-point color structures
of SU(N,): the single-trace Trj,3, and double-trace

174Q)

FIG. 35 (color online). The three-loop vacuum diagram
appearing in the UV divergence of the three-loop four-point
N =4 sYM amplitude in D = 20/3 — 2€. Dots indicate the
appearance of squared propagator factors in the integral.
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Try, Tr3y, respectively. The divergences of all other single-
and double-trace structures are simply related to Eq. (6.8)
and (6.9) by crossing symmetry. This proves that no further
cancellations remain in the double-trace terms and at least
for L = 3, the finiteness formula (5.2) is saturated. The
scalar vacuum integral appearing in Eq. (6.8) and (6.9) is
shown in Fig. 35, and the UV divergence is given by

1 T3 (=3

v = —
(4)'° 2310€

+ O(1). (6.10)

We can similarly determine the D = 20/3 logarithmic
divergence for a general gauge group G. For clarity, we
split up the divergence into two contributions: one con-
taining the tree color tensors and one containing the irre-

ducible loop color tensors (the latter was shown to be finite
in D = 6). The result is

AL, 23 4120

tree-pole
1

320
— 16C3(7s% + 61> + Tu?))

— b(200C 0 (1452 — 8712 — 87u?)
+16C3(6s% + 712 + Tu?))],

SIVPLO200C,w (75 — 9412 + Tu?)

6.11)

(3) (D=20/3)
ﬂ4 (1> 2,3, 4)|100p-p0/le

1
= — 5 S KVIRIB GG + 30 + 582)
+ 7706 Co (% — u?) — 706'P C4(952 + 2072 + 31u?)
+12006%) (52 + 2 + u?)], (6.12)

where the basis color tensors bEL) can be found in
Appendix B. For the three-loop four-point amplitude, any
color tensor can be written in terms of the six basis tensors
that feature in the above formulas. Note that none of the
coefficients of the basis elements vanish. The full diver-
gence is simply the sum of the tree (6.11) and loop (6.12)
color-tensor contributions. Note also that this division into
tree and loop contributions is somewhat arbitrary, and
certainly not unique (unless the loop contribution vanishes,
as in the case of the three-loop divergence in D = 6); it
depends on the choice of basis for the color tensors.
(Specifically, choosing different basis tensors bf-L) at L

loops affects the coefficients of the bf-]‘) tensors, as well
as of lower-loop basis tensors, but not the coefficients of
higher-loop basis tensors.) The split in Egs. (6.11) and
(6.12) does not even respect the Bose symmetry of the
divergence.

By inspecting the above expressions, it is clear that at
three loops the coefficients of all independent color
tensors, for SU(N,) as well as for a general group G,
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develop UV divergences in D = 20/3. In other words, the
double-trace terms for SU(N,), and the loop color-tensor
terms for general G, which are finite in D = 6, exhibit no
further cancellations; their divergences start at m = 8, or
equivalently at D = 20/3.

Here we will not evaluate the four-loop divergence in
D = 6. Its evaluation is more involved than that of the
three-loop case, not only because of the greater complexity
of the four-loop integrands, but also because of a three-
loop subdivergence. A calculation of the divergences in
D = 6 would, of course, answer the question of whether
there may be further hidden UV cancellations in the four-
loop double-trace terms.

VII. CONCLUSIONS

In this paper we obtained the four-loop four-point am-
plitude of /N = 4 super-Yang-Mills theory, i.e. both the
planar and the nonplanar contributions, in terms of a set of
50 loop integrals (one of which has vanishing color coef-
ficient and also integrates to zero). The planar part of the
amplitude was already known [13]. Here we presented the
more complicated nonplanar terms. At the core of our
computation lies the unitarity method [28], and, in particu-
lar, the method of maximal cuts [13,64]. For the planar
amplitude, hidden symmetries [4] lead to major simpli-
fications. No comparable considerations are presently
available for the nonplanar terms.

An important problem is therefore to develop new tools
for constructing multiloop integrands, which are valid also
for nonplanar amplitudes. In this paper we extended and
developed graphical rules applicable to such amplitudes, to
speed up their construction. The simplest of these rules is a
generalization of the rung rule [15,16], which allows us to
write down all contributions having two-particle cuts di-
rectly from lower-loop results. However, not all terms have
two-particle cuts. A more powerful tool, which partly by-
passes this limitation, is the box cut, which yields terms
having four-point subgraphs. This rule has a simple graph-
ical formulation. Another rule, based on the color-
kinematic duality [36], allows us to generate many non-
planar contributions from much simpler planar ones. In fact,
it appears that these relations can be applied directly at loop
level with no cut conditions imposed, though this has been
confirmed only through three loops [68]. Although the
graphical rules presented in this paper do not determine
all contributions, they determine most terms, allowing us to
focus on the remaining ones, for which we employed gen-
eralized unitarity, particularly maximal and near-maximal
cuts. Nevertheless, identifying further tools and structures
would be extremely helpful for future studies.

The results in this paper, as well as those of
Refs. [10,11,29,64], provide a wealth of information on
the explicit form of planar and nonplanar amplitudes in
N =4 sYM. However, the structures we are seeking,
which could allow the development of new tools, are
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obscured by ambiguities in assigning contact terms to the
parent graphs. Each form of the amplitude may expose one
property or structure while hiding others. For example, the
representations of the complete three- and four-loop four-
point amplitudes presented in this paper do not highlight
the fact that double-trace terms are better behaved in the
UV than single-trace terms. As we discussed, a nontrivial
rearrangement is necessary to manifestly expose this fea-
ture. As another example, nontrivial rearrangements would
be needed to expose a recently proposed loop-level color-
kinematics duality in the four-loop four-point N = 4
sYM amplitude. It is quite likely that other important
features will be revealed through appropriate reorganiza-
tions of the amplitudes.

Generally, it is simplest to construct an ansatz for the
amplitude in four dimensions, where powerful helicity and
on-shell superspace methods can be used. Because we are
interested in the higher-dimensional UV structure of the
theory, it is important that our construction of the four-loop
amplitude be valid in higher dimensions. In this paper, we
evaluated a complete set of cuts in four dimensions, but
only an incomplete set in D dimensions. Strong checks that
our expressions are valid in D dimensions come from two-
particle cuts, box cuts, and the color-kinematic duality
[36]. The planar contributions to the four-loop four-point
amplitude have been evaluated in D dimensions, subject
only to the mild condition that no terms violate the ex-
pected power count [13]. It is nevertheless still important to
compare our results against a complete evaluation of the
D-dimensional cuts. At least in D = 6, efficient tools for
doing so now exist [86—88].

A key reason for computing the four-loop N = 4 sYM
amplitude is to study its UV behavior as a function of
dimension. Our expressions are manifestly finite for
D < 11/2 in accordance with the expectation [16,30]
that L-loop N =4 sYM amplitudes are finite for
D <4 + 6/L. Direct evaluation of the integrals reveals
that the theory is indeed UV divergent in D = 11/2 for a
general non-Abelian gauge group G; we have therefore
demonstrated that no hidden UV cancellations remain for
generic G, through at least four loops.

In the course of our analysis of the color structure of
UV divergences, we have found, however, that certain
terms are more convergent than the general expectation:
in particular, for G = SU(N,) the terms with double-
trace color factors have no divergences in the critical
dimension for which single-trace divergences first appear,
at three and four loops [32]. This curious improved behav-
ior has been discussed from the vantage point of the pure-
spinor formalism in string theory [33] and field theory [12],
as well as from the standpoint of field-theoretic algebraic
non-renormalization theorems [34]. In the present paper,
we give a field-theoretic clarification, motivated by the
structure of the leading contributions in the string theory
analysis of Ref. [33]: It is possible to rearrange all
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leading-divergence contributions of the amplitude into a
one-particle-reducible form, which has propagators de-
pending only on external momenta. The color dressing of
such terms forbids the presence of double-trace color
factors. In contrast to the string-based approach, this also
clarifies the absence of subleading-color double-trace
terms. This rearrangement can first be performed at three
loops because this is the first loop order where inverse
propagators can appear in numerators of integrals. The first
potential divergence of double-trace terms is then at D =
4 4+ 8/L, in contrast to the D = 4 + 6/L divergences for
single-trace terms. We showed that the D =4 + 8/L
bound is saturated at three loops; it remains an interesting
open question whether it is saturated at four loops.

An equally thorough understanding of the UV properties
of N' = 8 supergravity is absent. However, the complete
four-loop four-point amplitude constructed in this paper
helps shed light on this issue. This is another important
motivation for our work. The N = 4 sYM amplitude is
the basic input into the construction of the corresponding
N = 8 supergravity amplitude [11], following the strat-
egy of Refs. [10,16,29]: as a consequence of generalized
unitarity [53,62] and of the Kawai, Lewellen, and Tye [35]
and graphical numerator double-copy relations [36], cuts
of N = 8 supergravity amplitudes can be expressed di-
rectly in terms of the cuts of N = 4 sYM amplitudes.
Although /N' = 8 supergravity is known to have surpris-
ingly good UV properties [9-11,16,29,30,43,44,105] and
may even be UV finite [9], its UV behavior beyond four
loops is still unclear. Recently, a consensus has formed
[33,34,46,47,116—118] that supersymmetry alone cannot
protect the theory beyond seven loops in D = 4 and that an
additional mechanism must be at play if the theory is finite.
Clearly, further high loop studies would be helpful for
resolving this issue. Apart from its direct relevance
for answering the question of ultraviolet finiteness of
N = 8 supergravity, N = 4 sYM offers a much simpler
arena for sharpening our understanding of such divergen-
ces in supersymmetric theories, as well as for explicitly
testing general arguments.

The results described in this paper may also shed light
on the infrared singularities of gauge-theory amplitudes,
by allowing tests of proposed structures for the soft anoma-
lous dimension matrix [29,51,52] and the cusp anomalous
dimension. The evaluation of the nonplanar integrals ap-
pearing in the expression for the amplitude in D = 4 — 2¢
is a necessary step for the extraction of its infrared diver-
gences. Unfortunately, such four-point integrals are noto-
riously difficult to evaluate; they have not been computed
even at three loops. Thus, the use of our results for this
purpose must await the development of new techniques for
evaluating higher-loop nonplanar integrals.

In summary, the results and tools presented here should
provide new handles on a number of important unanswered
questions, including the structure of multiloop infrared
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divergences in gauge theories and the UV properties of
gravity theories. They may also help expose hitherto un-
expected structures in these theories.
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APPENDIX A: SAMPLE EVALUATION
OF A NONPLANAR CUT

In this appendix we describe the details of the evaluation
of a nontrivial cut which appears in the construction of
Eq. (4.1). The cut presented here can be used to confirm
large parts of our construction, and is sensitive to the most
complicated nonplanar terms in the amplitude. Seven-
particle cuts that break the four-loop amplitude into
four- and five-point MHV and MHYV tree amplitudes are
especially helpful in our construction, because they are
sensitive to all terms actually present in the amplitudes,
and yet are relatively simple to work with. As mentioned in
the text, we checked that our expression for the amplitudes
matches all such cuts.

Here we present the steps necessary to test Eq. (4.1) and
the numerator factors assigned to the integrals, using the
seven-particle cut displayed in Fig. 36. This cut has already
been discussed in considerable detail in Sec. 6C of
Ref. [74], so here we will simply quote the result, and
focus instead on the cut of our result in Eq. (4.1). As noted
in Fig. 36, the contributions to the cut come in two distinct
sectors, depending on the configuration of MHV and MHV
assignments of the tree amplitudes composing the cut.
The fact that all factors of tree amplitudes are either
MHV or MHV leads to compact expressions for these
two components. From Ref. [74], we have the simplified
result
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FIG. 36. A nontrivial nonplanar cut at four loops. The cuts (a) and (b) represent the two distinct internal helicity configurations
contributing to this seven-particle cut. The blobs representing MHV trees are labeled by a “+” and the blobs representing MHV trees
are labeled by a “—.” For a four-point amplitude, either assignment can be made; the assignment in the figure makes the supersum

calculation most transparent.

CFig. 36(a) —
states

1
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1
" T 2)
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states

1

1 1

((I2)[23]1[151411517])*

1
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This simple result is determined by the purely gluonic
configurations crossing the cuts; in the first case there are
seven such configurations and in the second eight.

The above two expressions are related by complex
conjugation:

Fig. 36(b) Fig. 36(a)y ¢

CAE{&C = (C Azree ) (AQ’)
This relation guarantees from the outset that after dividing
by the tree amplitude, the sum of the two expressions is a
function of only Lorentz dot products, with all spinors or
Levi-Civita tensors dropping out. (This property is special
to four-point amplitudes and does not hold for higher-point
amplitudes.)

The cut in Eq. (A1) needs to be compared to the cut of
our expression for the four-loop amplitude in Eq. (4.1). To
identify the possible contributions to this cut, we write out
all possible tree graphs with only three-point vertices, for
the tree amplitudes composing the cut. These are depicted
in Fig. 36. (We need only track graphs with three-vertices,
following our organization of contributions according to
such graphs.) The graphs labeled by (a) and (b) correspond
to the two five-point amplitudes in the cut, and those
labeled by (c) and (d) to the four-point amplitudes. Two

@I XIs L)X LN [ Ll L LB 1L T 315156 Ll 11173]

graphs were dropped from (a), in which external legs 1 and
4 fuse together, because they would generate three-point
subgraphs, which we know do not occur.

After sewing together the four trees, we can identify the
integrals and labelings of internal and external lines that
contribute to this cut. Of the 60 possible such products, 22
may be ignored as they do not appear in the list of integrals
composing the answer. The unnecessary ones would have
triangle or bubble subgraphs, and would violate the known
no-triangle property of N = 4 sYM at one, two or three
loops. Organized in this way, the contributions to the cut in
Fig. 36 are listed in Table I, which is structured as follows.
The first column represents the product of trees—(ijkl)
standing for the product of the ith tree from Fig. 37(a), the
Jjth tree from Fig. 37(b), the kth tree from Fig. 37(c) and the
Ith tree from Fig. 37(d). The second column is the number
n of the integral I, for which (ijkl) represents a cut
contribution. A given integral may appear multiple times
in the same cut. Several such products may represent cuts
of the same integral. The third column contains the map-
ping of (internal and external) momenta between Figs. 20—
25 and the momenta of the tree amplitudes assigned in
Figs. 36 and 37. The last column represents the numerator
factors from Figs. 20-25, evaluated for the cut conditions
specified in Fig. 36. We specify the mapping only for the
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TABLE I. The numerator factors and tree structures appearing in the seven-particle cut of Fig. 36. The first column gives the tree
structure according to Fig. 36 and the notation described in the text. The second column gives the integral number n whose cut gives
the tree structure. The third column gives the relabelings needed to go from the integral labels to the cut labels. The last column gives

the numerator factors in the labeling of the cut. The associated propagator factors can be read off from the tree structures.

Trees I, Momentum relabeling Numerator factor
(1321) 32 ky = k3, ky = ki, ks = ky, kg — k. —(ky + I57)[s13(ky + I57)* = s03(k1 3 + 13)]
15—'k2_l7, 16—’15
(1322) 18 ky = ky, ko = k3, ks = ki, ky = ky, s23(ky 3 + 17)2(k1,4 + 16)2
15_’k3+l7, 16_)k1 +16
(3412) 18 ky = kg, ky = ky, k3 = k3, ky — ks, s1alks = I6)*(ky — I7)?
15 — _16? 16 — _17
(1522) 20 ky = ko, ky — k3, ky — ky, ky — ky, 52313 45 (k13 + [7)?
Is = Lys, lg— Ly Iy — ks + 1y
(3212) 20 kl - k4, k2 - kl’ k3 - kz, k4 - k3, S14l%j‘5(k3 - l6)2
Is— —lL5 lg— —h,l;— —ls
(2212) 25 ky = kyy ky = ki, k3 = ko, ky — k3, sully = L5 55 = s1alis + k)?]
Is = =l lsg = —11, I = =15,
18 - _l7, lg - _12
(2412) 25 ky = ky, ky = ky, ky = ky, kg = ks, —s14[(ky — 12,6)2(15 - 11,2)2 = siulky = L)* ]+ 51412_1(/(2 - 12,6)2
Is—= =l lg = —lye, I = 1y,
lg—= =l lg = =15
(1511) 33 ki = ky, ky = ky, ks = k3, kqy — ko, sialBstkis = 1) + (ks + 135)°] = 34 s[s03(ky 5 — 15)* —
Is = bLs, lg—= 1y, I = s, Iy = — 17, sialks + 137)% + 51304 5]
lo—= ks —Is, ljg = ls7, lin = — s
(1312) 33 ky = ky, ky = ki, k3 = k3, ky — ko, Baslsialkys + 1) = si3lks + 137)°] = sialky + 1)*12 5
Is—=ly, lg—= I35, Iy = — 17, lg = Is,
lo—= k3 + 17, Lig—= 13, lin — — g
(1412) 33 ky = ko, ky = k3, k3 — ky, ky — Ky, —(s = Iy = L)[s13(ls + 1,)* — s23(ks — 16)*]—
Is— =, lg— —15, I; =k + [, sp3(ky — 1) (ky + Is + Ig)?
lg—=1s, ly—= —lg, Ljo— —1y,
ly—= ks + 1;
(1311) 36 k1 d kz, k2 - k3, k3 - kl’ k4 - k4, S14(k1 + l6)z(k2 - 14)2 - l§‘7S14(k4 + l4)2+
Is—=ly, lg— 15, Iy = k) + lg, I3 — Bssialsiz = (ky + Is6)* 1+ (kg + L6)*[s14(ky + I56)°
ky = s, lg = Iy7, Lig— — 17, ;)1 — +s13((ks + 1357)° = 514)]
Ls, lip— s
(1212) 36 ky = ky, ky = ki, k3 = k3, ky — ks, —(ky = I)*[s14(ky + l67)* + 51307 6 — s14513] + 514y + [15)* X
s — =15 lg— ki + g, I — — 15, (ky + I56)* = B ss1al(ky + I56)* — 3 515]
lg— —lg, lg = =1}, o= Is, ;) —
_12, 112 - k3 + l7
(1512) 36 Ky — ko, ky — ks, ks — Ky, g — ki, LB sialsis + 206 + I6P = 22,1+ 5[ (ks + Ly 5)?
Is—= s, ls = =13, I = ki + I, —(ky + 16)*(ky — 13,5)2] + (ky g + 1) [523 (515
lg—= ks + 17, lg— 13, 11p— s, —(ky + 167)%) — s13(ks + [37)*]
hy =y Ly — g
(1521) 32 ky = ko, ky = ki, k3 — ky, kg — ks, (ky + Is7)[s12(ky + I53)* = s1a(ky — 13)* = sy4(ky + 15)*]
15—'15, 16—’/(2_17
(2411) 21 ky = kas ky = Ky, ks = ko, ky = k3, sialy7(ks = 1,)?
Iy — —ly, Ig — — Ly, I — —1,
(3411) 22 kl g kl’ k2 - k4, k3 g kz, k4 g k3, S14l§j’§(k3 - 16)2
Is— —lL5 lg— —h,l; = —ls
(2211) 23 k] d k4, k2 — kls k'; - k2, k4 d k3, S14I%,7(k3 - l|)2
15 - _l7, 16 - _lz, l7 - _ll
(3211) 23 kl d kl’ k2 - k4, k3 - k2, k4 d k3, sl4l§,i,i(k3 - 16)2

15 g _11’5, 16 —_ _12, 17 —_ _16
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Trees 7, Momentum relabeling

Numerator factor

(1211) 37 ky = k3, ko = ky, k3 = ki, ky = ks,
ls - _17, 16 g _ll,g’ l7 g k4 + ll!
18 — kl + 16’ 19 - _lz

(1411) 37 ky — ky, ky = ks, ky — kg, ky — ko,
15 g _lz, l6 i _l7, l7 - lS, lg -
—h,ly— 15
(2522) 13 k] — kl’ k2 — k4, kg — kz, k4 — k3,
15 hand 712,6’ 16 b k3 + l7
(2311) 27 kl—’kl,kz—'k4, k3—’k2, k4—’k3,

Is— —lhe l7 = Is, Ig = =1, Iy —
—lo, o= =y, Ly = I3, [ — _13,5
(2512) 27 kl —’kl,kz—’k4, k3—’k2, k4—’k3,
Is—= —lye, I7 = =17, Ig = — 15,
lg—= —lg, lijgp = —l35, Iyy = — s,
lp— =1
(2511) 26 k1 —’k4, kz_’kl,k3—’k3, k4—’k2,
Is = —lye, lg = —ls, I7 = — 1y,
lg—= b, lo = a7, lio— — 135,
li—1s
(2321) 26 kl —’kl,kz—’k4, k3—’k2, k4—’k3,
Is— =1, lg— —ly, I; = — 135,
lg—= =l ly—=1Is, ljy—= 1, I; — 5
(2521) 26 kl —’kl,kz_’k4, k3_’k3, k4—’k2,
Is— =1, lg— —l35, I7 = =1y,
lg— =l lg = ky = I3, ljp = — g,
Ly — ks — s
(2312) 26 kl —>k4, kz_’kl,k3—’k3, k4—>k2,
Is = —be, lg = —lg, 7 = — I35,
lg— =Lz, lo—= I3, lijg— — 14,

I — —h
(2322) 12 k1 - kl, kz - k4, k3 i kz, k4 - k3,
Is— —lyg I — ks + I
(2122) 40 kl —’kl,kz—'k4, kg—’k?,, k4—’k2,
Is—= b5, Ig— lig
(1122) 42 kl i k3, kz - kz, k3 - k4, k4 - kl’
lg— ks + Ly, Iy — ky + I
(3112) 42 kl —’kl,kz—'k4, k3—>k2, k4—’k3,
l(, - _16? l7 - _l7
(2121) 44 kl —’kl,kz_’k4, k3—’k2, k4—’k3,
15—’ _ll’ 17—’](2_17, lg—’ls
(2112) 44 kl —’k4, kz—'kl,k3—’k2, k4—’k3,
15 - _12,67 17 - 13, lg - k3 + l7
(3111) 43 kl—’k4, kz—’k],k3—’k3, k4—’k2,
15 g _169 16 g _l7
(2111) 45 kl—’kl,kz—'k4, k3—>k2, k4—’k3,

15 i _ll, l7 i _12, l8 - ls, lg -
—ly7, Lo = g, [y — 12,3, liy— —1

(1121) 46 ky = k3, ko = ky, k3 = ki, ky = ky,
15—’](] +lé, 16—’15,17—’](2_17,
lg - *12

(ky + 175) [s3a(ky g + 16)* — s1alky + 15)*] + (ky — [7)* X
[s13(ky g + 1) = s14(ky + 1g7)*] + spalky + 115)*(ky — [;)?

(ky

= L) [si3(ks — 11)* = s34 l2 5]+ (ky — 1) [s14(ky + 15)* —
s3al? ] + s34lky — 1) (ky — 1) + S13S14I%5

5%4(163 + l7,2,6)2

514[514%5 = s1alky = Lye)* 1+ s1a(ks — L)’ [5G4 — 5]

533(ky — g)* = sp3ls03157 + (k3 — 16)* 15 5]

sS1alg [y + L) + (ks + 1)* — 5 — Ig] — 51,13,
—s14l6(ky = I35)* + 51405 (ks — Lp6)?

Sﬁléi = siulky = 1))* G4 5

sialks — 11)215,4,5 - 5%4(k2 - 12,7)2 + s14(ky — 17)2[(k3 +10) - Zﬂ

s%4l§,4j = salks = ) 5556 T 513 6(ky — 1y)?
sialks + 57)
530 54
s1alkys + 1) (kg + 16)?
s1alks = 1)*(ky — I3)?
spallka = 1)2Us = 1)* = (ks = 1))*(ky — 1 7)*]
—s14(ky — 12,6)2(k3 - 12,6,7)2 + s1alks — 12,6)2%3,5
sialks — 1)*(ky — I7)?

=siallks = LG5 + (ky = 15 51 + s14(ky — 1)7 X

(ks = 1)) + sialky — 1)

(Is = L)*[s23(ky + Is)* — spa(ky g + 16)*] + (ky — [p7)* ¥
[s13(ky 4 + 16)* = sp3(ky 3 + 17)*] = s13(ky + Ig)* (ko — 17)?
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TABLE 1. (Continued)

Trees I, Momentum relabeling Numerator factor

(1112) 48 ky = kg, ko = ki, k3 = k3, ky — ks, s1alky + 1) (ks — 1))* = si4(ky — L) (ky + 14)* + s14(ky + 13)* X
ls = —ls, lg = ky + 17, I = — 1y, (I + 1e)* + s14(ks — 11)* (k3 + [37)* + spas13(ks + l147)* —
lg—= 1y, lg— =1y, Lyg—= I3, Iy — s13G.6(ks + 147)* = 51203 6k + 137)* + 514(ks + [7)* X

—Lg lip— b3, Lz =k + g, (ks = 16)* + s1a(ky + 11)*(ky + 1y5)* — s13(ks + 11)*[5 o —

ha— =l his = ky + 1y, Lig = lyg si(ky + 1)1, = sulks + 1)1 = s1alks + )15

(1111) 49 ky = ky, ky = ki, k3 = k3, ky — k. s1alky = 17)*(ky = 16)* + sy4(ky + 13)* (ks — I6)* — 3 ;513(ky +

Is—k + g, lg— —lg, I; = —1,,
lg = =1y, ly = I3, ljp— l4,7, I —
=l hy— s, iz = —ly, L1y — b3,
lis— lT,4, lie = =1 — k4, L7 —
ls = ks

lg)* + l%,3S13(k4 + 1)+ Gosialky + 1) — 142;,7512(/‘:’1\"‘ L) —
lesiatky = 1) = 5 ,[s13(ky — 1)* + s14(sy3 — (ky + 156)7)] —
s1alka = L) (ky + 156)* + s13(ky = 1) (ky 4 + L6)* + s13(ks +
ly7)*(ky g + 16)* + 35[s15(ky + 1)* — s14((ky + L3 6)* + (kg +
L] = (ky + 16 [—s1alky = 1,3 + Bosis — B o510l +

2 2 72
ZISS13S14 + 12314’75‘14

external momenta or when the numerator contains a given
internal momentum. For convenience, we have introduced
the notation,

ki'zki+k', li,‘zli'i_l', li’-zli_l',
2] J J J 2] J (AB)
li,j,m:li_’_lj_f—lm) li,_]_',ﬁl:li_lj_lm'
C(1321)=j<

—(ky + Is = 1;)*[s13(ka + s = 13)* — 503 (ky + k3 + [7)*]

In general, subscripts separated by commas denote sums of
momenta, while a bar over the subscripts denotes that the
sign of the corresponding momentum is minus.

In Table I there are a total of 38 contributions to the cut.
The first such contribution is

(ky + 16)*(1y + kg)* (1 = 1) (13 + 15)* (I + 14)*(Is — k)

where the numerator is given in Table I and the denomi-
nators can be read off from the propagators of the diagrams
in Fig. 37. We have put back the overall prefactor K
defined in Eq. (2.6). The reader may check that the sum
over all 38 contributions adds up to give the sum of the two

1~ lg 1~ lg
(a’) —>— lg \ 12

47 Iy 47 Iy

l3 I3

lz-»—/ Iy —— Iy
(b) Iy 1&

I ,L_> I5 Iy I

I3 2” I3 2
© 1| 14/

l; Iy

(A4)

contributions in Eq. (Al). It is convenient to make
this comparison numerically, but it is also straightforward
to carry out analytically after imposing momentum
conservation.

e
ly
1/,
I3 I3 ly
L, l; ly —
\ 4 2 2 L
Iy
I I ly l5
Iz Iz
(&) g5 ] ls
S N l5 3T

FIG. 37. Tree structures building up the cut in Fig. 36.
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APPENDIX B: COLOR FACTORS: TENSORS AND CASIMIRS

In this paper we encountered several types of scalar color factors, or Casimir invariants, as well as group invariants
associated with various vacuum graphs. These factors are defined by

1 - ~ 1
CA — _falazagfagazal = N_C(l’z’S)C(S'Z'I),
A

Ny

Cyw =

N,C,

Cv<B> = €(1,4,3)€(3,2,5)€(5,6,7)€(7.8,1)€(9,2,10)€(10,4,11)€(11,6,12) €(12,8,9)
NoCy

CV] = CACV(A),

1
dgbcddgbcd = 5NACA (CV(A) + 2CV(B))y

CVZ = CACV(B),

€(1,23)€(3,4,5€(5,6,7)€(7,8,1)€(9,2,100€(10,4,11)€(11,6,12) €(12,8,9)>

(BI)

CVg = CACV(B),

where Ny = Tr,(1) is the number of gluon states, or the dimension of the adjoint representation. The structure constants

are written as

Cajp = fU® = Te((T%, T4]T*), (B2)
and i, j, k label internal or external lines.
For G = SU(N,), the quantities defined in Eq. (B1) evaluate to
C, =2N, Cyw = N.(N2 + 12), Cy® = 12N, Cy, = 2N2(NZ + 12),
2 (B3)
Cy, = 24N2, Cy, = 24N2, dgbedqabed = g(Nf — 1)N2(N? + 36).

Note that with our normalization (5.3) of the generators 7¢ for SU(N,), namely Tr(T*T") = 8%, the value of C, is twice

the more conventional value.

For four-point amplitudes in any purely adjoint gauge theory, with gauge group G, we take the basis of color tensors

through four loops (L = 4) to be {bf.L)}, where i is a label distinguishing color structures of the same loop order. An explicit

choice of basis is

0
b(l ) = €(1,2,5)C(5,3,4)»

0
b(z ) = €(2,3,5)C(54,1)

1
by = €0,59C265¢070CH87)
@ _
bl -

2
b(z) = €(2,7,5€3,6,7)€(4,11,9€(1,8,11)€(6,9,10)€(5,10,8)>

€(1,7,5)€(2,6,7)€(3,11,9)€(4,8,11)€(6,9,10)€(5,10,8)

(B4)

3

b(l ) = €(1,56)€(2,9,5)€(3,13,14)C(4,11,13)€(6,7,8)€(8,10,11) € (7,9,12) € (10,12, 14)»
4

b(l ) = €(1,56)€(2,7,5)€(3,17,14)€(4,16,17)€(6,9,10)€(7,8,9) €(8,11,12) €(10,12,13) €(11,14,15) € (13,15,16)>
4

b(z) = €(2,56)€(3,7,5)€(4,17,14)€(1,16,17)€(6,9,10)€(7,8,9) € (8,11,12) €(10,12,13) €(11,14,15) € (13,15,16)-

b(lo) and b(zo) are the s- and r-channel four-point trees,
respectively; b(ll) is the one-loop box; b]) are the
s-channel ladder graphs; b(ZL) are the r-channel ladder
graphs.

We have demonstrated that this basis is complete for
four-point amplitudes with only adjoint states and interac-

[

tions proportional to f*. We have done so by explicitly
solving the Jacobi identities for all color tensors appearing
at 0 = L = 4 for a generic amplitude, and converting the
reducible tensor structures to lower-loop color factors
multiplied by group invariants. (Typical reducible tensor
structures are color graphs with two- and three-point
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subgraphs.) Thus, any L-loop color tensor can be expressed
in terms of a linear combination of the basis tensors
bgo)’ R bEL). Through four loops the pattern is that the
number of new independent (irreducible) L-loop tensor
structures is two for even L, and one for odd L. The full
basis then consists of the independent L-loop basis

PHYSICAL REVIEW D 82, 125040 (2010)

lower-loop orders, which gives a total of (3L + 2) basis
tensors for even loop order, and %(L + 1) for odd L. We
believe that this pattern continues for L > 4 for the case of
four-point tensors, but we have not proven it.

In the standard case of G = SU(N,) the basis color
tensors are

tensors, plus all the independent basis tensors for

b(IO) = Tryp3q + Triazp — Trinaz — Tryzgp,

b(zo) = Trypzq + Triazp — Tryzps — Trygns,

b(ll) = N_(Tr 34 + Try435) + 2(Trjy Tray + Tryy Tryy + Try3 Tryy),

b(12) = (N2 + 2)(Tryp34 + Trs30) + 2 Tryo43 + 2Try340 — 4 Trygo3 — 4 Tryzp4 + 6N, Ty, Trag,

b = (N2 + 2)(Tryp54 + Trias) + 2 Tryns + 2 Tryaps — 4 Tryagy — 4Tryp43 + 6N, Tryy Tros,

b = (N3 + 2N,)(Tryps + Trigs) + 2N(Tryngs + Tryagn) + (14N2 + 8)Try Tryy + 8 Tryy Trys + 8 Try Tray,

b(14) = (N4 + 2NZ + 8)(Tryp34 + Tryazn) + (N2 + 8)(Trjoa3 + Tri345) — 16(Tr 304 + Trygn3) + (30N2 + 24N, )Tr), Tray,

b(24) = (N4 + 2NZ + 8)(Trya34 + Tryazn) + (N2 + 8)(Trigo3 + Try304) — 16(Trypuz + Trysan) + (30N + 24N, )Try, Trys.
(BS)

Using the Jacobi identity, the four-loop four-point color tensors C; appearing in Eq. (4.1) can be reduced to the eight-
dimensional basis (B4). For completeness, we first give the corresponding reductions of the one-loop four-point tensor,

Chox — b(ll)’ (B6)
the two-loop ones,
1
2 2 1
CO =p?, N = b =S CuplY, (B7)
and the three-loop ones,
1 1 1
C(a) — b(l?’)) C(b) — b(13) _ 5Cva(lz)’ C(C) — b(13) _ ECAb(IZ)) C(d) — b(13) _ CAb(IZ) + Z(/wf‘b(ll)y
1 3 1 1 3 1 1
€O = =2 +2CbY + S Cumb’, €O = = 2b 4 2 - O + S Cymi,
(B8)
1 1 1 1 5 1 1
ce) = =2 + LG + o Cubll, W = 2bY — b + 2 Cub S Cumb,
S 1 1
C(l) = ECAb(]Z) - 8 CAb(22)

The four-loop reduction gives
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1
4 4 3
=0 =y

C;=bY-c,

PHYSICAL REVIEW D 82, 125040 (2010)

1 1
b+ G Co= by =S Caby,

1 1 3 1
Cs=bY =) + 2307, Co= b+ b + -0y b,
4 2 4 4
Lw 3.0 oo . 1. 0 Lw 1. o, 1. o
Cy = =5 b+ ZCab = Chby? +chzb(1 ), Gy = —§b§> +ZCAb(1) - chzb(l )
1 3 1 5 1
Co=—5b) + Cab =2 b7, Cro= =30 + Cub? =2 CRpY + 2 Y,
1 1 1 1 3 1
Cp= b+ b — B, Cp= b + Y + 0y b,
2 2 8 2 4 4
1 1 1 7 7 1
C13 = Eb(l“) - ZCAb(IS) - chzb(l())’ C14 = b(]4) - ZCAb(l3) + §C124b(12) + CV(B)b(ll) + ECVZb(]O),
5 3 5
Cis = =by + 3 Cabi” = L b7 = Cywbl! + 5 Cy b,
3 1 1
Cig = =0\ + S Caby” =S by = Cywby! + - Cy, b7,
7 1
Ciy = =0\ + L Caby — %c},bP + (g c - CV(B))bﬁ” + %cvzb?),
1 1 1 1 1 3 1 1
Cig = =5 b1 + 5 Cab? + 5 CibY +2Cpbl”, Cio =50y =L Cub + L CRpY = b,
Lo oo oo 1. 0 Lw 3~ ,0_ 10 1 ©)
Coo = =5b1" +5Cab1" =g Cab” =3 Cnby, G = —5by + 0 Caby” = Ciby = Cywby + 5 Gy, by,
1 1 1 1 1
Cyp = — Eb(f) + ECAb(f) + gcgbﬁ” - (g a3+ CV(B)>b(,” + §cvzbﬁ(’),
1 1 1 1 1
C23 = - Eb(14) + ECAb(13) - gCib(lz) - CV(B)b(ll) + gCVzbgo), C24 = chzb(l())’
Cys = — lCAb(B) + chb(Q) _ LC b(O) Coi = lC b(3) _ lczb(Z) _ iC b(o)
4747 g TATE T SR R R
1 4 1 3 1 2 1 0
Lw Lw.9 @ 1 ,0.5,.0 1 by 7 0.5 .0
Cog = =5 by =505 +§CA/9(1 ) — chb(, )+ §c§b§> =5 Cywby =51 Cy, b + chZng
Lw Lw 1 5 17 0.5 .0 |1 b 13 0. 5. 0
C29: _Ebl _Ebz +§CAb1 _Rc‘ibl +§Cf21b2)_ECV‘B)b(l)_ﬁCVzb(l)'FgCVzb(z)’
Lw 5.6 3 5,0 |1 h .5 o 1. .0
Cy = — Eb‘l )+ gcAbﬁ ) — Ec},bﬁ ) — ECV(B)bﬁ )+ ﬁcwbg ) — 6cvzb(2 ),
1 5 13 5 1 19 5
Gy = 517(24) - gCAb(13) + 1_6C34b(12) - gczzab(zz) + Ecvm‘b(ll) + ﬂCVzb(IO) - gcvzb(zo)r
1 9 35 17 7 5
— 1@ @ (3) 2 2 1 0 0
Cip = b + 505" — 2 CabY + 7 CRbY — ﬁcgby + Cywb\) + ECVZb(l) —~ gcvzb<2 ),
1 5 13 5 1 5 5
C33 - — Eb(;) + gCAb(IB) - Ecﬁb(lz) + gcib(;) - Ecv(B)b(ll) - gCVQb(IO) + ECVZb(z()),
Lw,,w_2-,0 2,0 _ 3 2,0 o, 70 S~ 0
C34 zibl +b2 _ZCAbl +2CAb1 _ZCAbZ + CV(B)bl +ECV2b1 _§CV2b2 ,
Lw . 5.3 35 0.0.13 .0 1 S .
Cas = =5 b5 + 2 Cab? = L CRpY + 54 Cabs) =5 Cywb! gCV219<1 ) + 6cvzlf2 g
1 (4) 7 (3 15 2) 5 (2) 1 1 7 0 5 0
C36 - Ebz - gCAbl ) + Ecib(l - gcib2 + ECV(B)b(l ) + gCVzb(l ) _ ECVZb(z ),
1 e, 7 )y 1 ) | .1 0
Cyy = =g Cab) )+ &cgbﬁ ' 5 Ciby 5 Cywb + gcvzb(l ),
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Cg = %b(f‘) + b3 — 20,7 + fc%@) - gcibg’“) + Cymb{ + %cvzbﬁ‘” - gc%bg»,
Cao = %b(f‘) + %b;“’ - %ICAbG) + % by - 2 b + %cwmbﬁ” ;Z Cy, by - %cvzbg(’),
Cao = %bﬁ‘” iCAb(3) + ich@) + - cvzb@) Cy = b - %cAb?) + %Cﬁb@ + Cywbdy =3 L b,
_ Vw30 Lo ) e 30,0 0 m_1o 0
Cip = = 5" + 2 CabY = 1 Chbg +—CV2b1 c Ca= b =G+ G+ Cubl) = S CbY,
Cy = — écvzbgo)’ Cys = %b(f‘) - %CAb(IS) + Zcfxb(f) + CV‘B)b(ll) - Zl‘cvzb(lo)’
Cas = — %b(f‘) - b+ %CAb(f) —203b7 + chb(;) — Cymb|” — g Cy, b\ + ; Cy,bY,
Cyr = %b(f‘) + b — ZcAbf') +2023p7 — §c§b§> + Cywb + E 20y, b0 - %cVZ by,
Cig = — %b(l‘” + %CAb(f) ;i Leap® o+ 3 L,
Cao = %b(f‘) + %bgo - %CAb(f) + %cgb(f) — gcgb(;) + Cymb| + %cvzbﬁ(” —~ %cvzbg’), Csp = 0. (B9)

In these equations, Cy, is the Casimir for the four-loop vacuum graph V, and Cy ) is the one for three-loop vacuum graph
V®) as defined in Eq. (B1).

Finally, because the color tensors C; may appear with arbitrary permutations of the external legs, we also need to give the
reductions of the basis elements for arbitrary permutations. In the following, we quote particular permutations, as well as
symmetries of the tensors that allow us to reduce all other permutations:

»\(1,2,3,4) = b\,
»\(2,3,4,1) = by,

b\%(1,3,4,2) = b — b, B0
b'%a, b, c,d) = —b" (b, a,c,d) = b\"(c, d, a,b),
p\(1,2,3,4) = b,
b\(1,3,4,2) = bV — %CAb(IO), (B11)
b\V(a, b,c,d) = b\ (b, ¢, d, a) = b\"(a,d, c, b),
b'¥(1,2,3,4) = b,
b'?(2,3,4,1) = b,
b'¥(1,2,4,3) = b — %c§b§°>,
b'?(2,3,1,4) = b — %c@é‘”, (B12)
bP(1,3,4,2) = —bP — bP + %cAbﬁ” - %cgbﬁ‘”,
bP(1,3,2,4) = =P — bP + %cAbﬁ” - %cgbg(’),

b2(a, b, c,d) = b (b, a,d, c) = bP(c,d, a, b),
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b(1,2,4,3) = b — %cﬁ;bﬁ‘”,
b¥(2,3,4,1) = b - %cA(b(f) —b9) = Cyw (B — bY),
bP(2,3,1,4) = b - %CA(b?) —b?) = Cpa (B'” — b)) - %cgbg», (B13)
bP(1,3,2,4) = b} — %cA(zbg” + b)) + %c/ib‘l” + (cwm - %cg)bg»,
7 1

7
b7(1,3,4.2) = b = 2 C, @67 + b)) + L Ciby” + Cywby =2 G,

b(13)(a, b,c d) = b(13)(b, a,d c)= b(13)(c, d a,b),

bP(1,2,3,4) =5, V23,41 =Y,

1 1
biV(1,2,4,3) = b\ — T cipl?, 23,14 = by - 6 ciby),
9 21 1
b'P(1,3,4,2) = —bW — b + ECAb(f) - c2p® + g(lscg —16C,w)b!"
9 21 1
pP(1,3,2,4) = —b\ - b + ECAb(f) - CibP + g(1503_; — 16Cyw)b!"

b'P(a, b, ¢, d) = P (b, a,d, c) = bV (c, d, a, b).

1
— &(30;“ — 160Cy,)bY —

8

10

1
- gBC+ 56Cy, )b\ + —Cy, by,

3
7 0
c Cy,b\”,

(B14)

APPENDIX C: NUMERATOR AND COLOR FACTORS OF THE PARENT INTEGRALS

In this appendix we collect all 50 numerator factors of the parent integrals, displayed in Figs. 20-25. These polynomials

are

_ 3 _ 2 _ 2 2
Ny, Ny, N3, Ny, N5 = 575, N, N7, Ng, Ng, N1o, Nii = 57,545, Nip = 51,5856 N3 = —s7,556

_ 2 .2 _ -
Nig = 512535, Nis, Nig, Ni7 = —81255, Nig = 512535546 Nig = —512556547,

Ny, Naj, Npg, Noz = $12856547, Noy = 512(535838 — 537536),
Nos = s12(S45838 — $12537) — 3s1284s — [3s1o,
Nyg = 51,850 — S12835867 + 15812735 + Bsi1a(s410 — 13},
Ny = s15(s12878 + 54539,10) - 5%2545 - 512(5121%1 + 3451%2)’
Nog = 512517536 T 523515538 — %léslms - léléslz - 1213523,
Nyg = 512517563 + 523838515 — 1512503 + [glgs12 — 513503,

— _ _ 22 2
N3g = $23515T29 = $13526T19 — S12515526 19(15513 + 16323)»

- o e o 2 2o (Rap
N3j = —512536556 — S12526568 — S12536526 — S23538525 T [g812(s57 + S53 + s89) — Lgs1o(l5 + [g),

— _ _n
N3y = 556(512856 — 523535 16512),

N3z = 512(515578 — $20556) + 523856(89,10 — [1) + (512529 — [3,523),

_ _ _n _ _ _n 2
N34_515(S13556 $12878 lgS13) S16(S23556 $12879 19S23)+l751271,10y

N3s = sp3(s10,11 (517 — 1) — lﬁl%l) + 512515(503 = s78 + 13) + s16(s128570 + [39523)

_n» _p >
13(s1251,10 = l1p812 + lps23),
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_ _ 2 _ 2 _ 2 _ 2 .. )
$12847(823 = S¢7 + 1) + 5125455610 — 523547589 T 11,512(S67 — 523) + $12(I515 — [55610 — 15513) + I1, 11,53

1
+ 5 l§S12S23,

_ _ 2 _ 272
S46(812828 = 523867) T S45(513537 — S23858) + S235u5546 + 5812813 — 530515,
_ _ _ 2 2 2 12 2 12
856(512578 T 523556 — 12523 — S12810.11 — S2305) + 5181011 + 513N, + 1),
512(312S6,ﬁ — 529838 — $358516,17 T S1,158477 — 52,12515,16) t 513515,16516,17
2 e 2 e e 2 2 2 202 _p2p
+ 510018575 T l3sy 1 — 55513 — lSo13) — s13(5812,14 + 585,13) + $03(liski; — 517,)
22 L RR _ 2R 272 20 _p 2 22
+osn(lls + Gly — Gl + [l + Bl — ol + Bsl),
_2 _ 2
$12556 Ny = $12845»
512546537 Nyz = —512535546 Nyy = 512(845557 — 535558)s
_ ) )
$12(845878 + $3559,10 — S45535 — 111535 112s45),
_ _ 212 _ 12 22 12
S68(523845 — 812846) + 578(512847 — S13845) + L(lgs13 — Bsa3) + 1515513 — [gs23),
_ 2y _ ) _ 2 RV12 2
$138610(S6s — S12 = I71) = 52358 10(Ses — S12 = I7}) + 512(57956 10 — Ss955,10) + 2512(lg — [ (17, — L),
$12(52,10539 = S478518 T 5210559 T 5395610 T $2356,11) — 523557568 — 51355956,10
2 _ 2 _ 2 _
+ (512535 + 5125473 — 523550) + [5(s12526 + 5125, 177 — 52356.10) T 5(51251, 75 — S13510,11)
2 _ ) ) _ 272 22 _RR L PRR LR
+ llo(SIZSuﬂ 51359,12) H3s128) 13 — Hass o3 + (s13 = 251505 + sn3(l3lg — Gl + [515 + [51)
22 272 _PRRALRR_PR2R _PRR _p2p LRRAR2 _RR _PRR _p2p
+osilizlly = snlsly + sp(= Bl + Bl — By — Blis — [5l1) + sio(= 1515 + 515, — 15, — [Els — liolis)
272 202 _pp_pp 272 2 2
+ 5350, + Lol — Gl — [1) + s3G5l + o),
512(347S5,12 — 519536 — Sa8536) T 523(S4ss6,11 — 5158310 — S15S47) — 512823511,12
+ (5938715 — $035415 — S13510.11) + (2(51288 11 — S108,72 — 1350 12) T 12(52353 15 — S12838 + $2356.10)
508238712 = 5235415 13510,11 651258 11 125,75 1359,12 o(52353 15 12538 2356,10
2 ) 2 _ 2 _
+ lo(s125, 75 = 5238517  S12859) + [3(512503 + 512838 = $2356.11) + L4 (523512 + 523517 — 5128512
2 _ 2 _ 2R L RR LRR2 LR 22 22 _ 2R _pp
+ 111S23(S4Y12 S6,10) + 1125'12(5'4,11 S59) + S13(l718 + 1518 + l6l7 + 111112 + l10116 + 19117 19112 llolll)
_np 202 2 _ 2R LR _ 2 2012 4 12 2R 2R 2 _ 2
+sp(=BEy + (5, + 1y — 15y) + 5,5 + 12— 55+ [3y) + B + ) + sp3(— G5 + (155 + 13, — 5)
2 (12 ) 272 2 2R _PRR 2R _p2pR _ppe
+ 1Ly + I — 1§ + 1) + By + 7)) + sl — [l = lolis — Lol — 13117)

+ 50305, 8y — I, — B3, — 31Ty — Bu0),

1
- _ _ _ 22 _ 2R
$1252854,12 — S1253751,11 — $2351653,10 T $23525549 T §S12523(513,15 S13,14) + Slz(lsllo 1519)

+ 503G, — §lT). (C1)

We note that graph 50 has a vanishing color factor and therefore does not contribute; the integral also vanishes under
integration.

We now give the tensor color factors for the 50 four-loop integrals describing the amplitude. Although it is simple to read
off these color factors from the graphs, we include them here because they contain signs. The color-factor sign (and hence
the sign of the numerator factor multiplying it) depends on how the graph is drawn. The signs here are properly correlated
with the signs of the numerator factors given above, as well as with the graphs in Figs. 20-25. With ¢(; ;) defined in
Eq. (B2), we have
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C = €(1,5,6)€(2,7,5€(3,17,14)€(4,16,17) €(6,9,10)€(7,8,9) €(8,11,12) €(10,12,13) € (11,14,15) €(13,15,16)>
C, = €(1,5,6)€(2,7,5€(3,15,16)€(4,17,14)€(6,9,10)€(7,8,9) €(8,11,12) €(10,12,13) C(11,14,15) € (13,16,17)»
G = €(1,5,6)€(2,9,8)€(3,14,15)€(4,17,16) €(5,7,8) €(6,9,10)€(7,11,12) €(10,12,13) €(11,16,14) € (13,15,17)»
Cy = €(1,5,6)€(2,7,5€(3,13,16)€(4,16,17) €(6,9,10)€(7,8,9)€(8,11,12) €(10,14,15) € (11,15,17) € (12,13,14)»
Cs = ¢(1,56)C(2,9.8)€(3,13,16)€(4,16,17) €(5,7,8)C(6,9,10)C(7,11,12) €(10,14,15) € (11,15,17) (12,13, 14)»
Ce = €(1,67)€(2,8,6)€(3,16,11)C(4,15,17)€(5,14,15)€(7,10,5)€(8,9,10)€(9,11,12) € (12,13,14) €(13,16,17)»
¢ = €(1,6,7)€(2,8,6)€(3,15,13)€(4,12,17)€(5,11,12)€(7,10,5) €(8,9,10)€(9,16,15) € (11,13,14) € (14,16,17)»
Cs = ¢(1,67)C(2,86)C(3,13,16)C(4,15,17)C(5,14,15)€(7,10,5)€(8,9,10)€(9,11,12) C(11,17,16) € (12, 13,14)»
Co = €(1,6,7)€(2,10,9)€(3,17,11)€(4,15,16)€(5,14,15)€(6,8,9) € (7,10,5) € (8,11,12) € (12,13,14) € (13,17, 16)»
Cp= €(1,6,7)€(2,8,100€(3,12,13)€(4,16,17)€(5,15,16)€(6,9,10)€(7,8,5) €(9,11,12) C(11,17,14) € (13,14,15)»
Ch = €(1,6,7)€(2,10,9)€(3,13,16)€(4,15,17)€(5,14,15)€(6,8,9) €(7,10,5) € (8,11,12) € (11,17,16) € (12,13,14)»
Cp = €(1,7,5)€(2,9,7)€(3,15,16)€(4,6,15)€(5,8,13)€(9,11,10)€(10,12,8) €(11,16,17) € (12,17,14) € (13,14,6)
Ciz = €(1,7,5€(2,8,7)€(3,17,16)€(4,6,17)€(5,13,11)€(8,9,10)€(9,11,12) €(10,15,14) €(12,16,15) € (13,14,6)»
Cy= €(1,8,9)€(2,5,8)€(3,14,16)C(4,10,13)€(7,17,15) € (6,15,14)€(5,16,17) €(9,11,10) € (11,7,12) € (12,6,13)»
Cis = ¢(1,7,8)€(29,7)€(3,15,17)C(4,14,16)€(8,12,13)€(9,10,11)€(10,6,15)C(11,17,5) € (12,5,16) C(13,14,6)»
Ci6 = ¢(1,7,8)€(29.7)€(3,17,16)C(4,12,13)€(8,13,14)€(9,10,11)€(10,6,17) € (11,16,5 € (12,5,15) € (14,15,6)>
C17 = €(1,7.8)€(2,8.9)€(3,14.16)C(4,11,12)€(5,15,17)€(6,14,15) €(7,17,16)€(9,10,11) €(10,6,13) € (12,13,5)>
Cis = €(1,89)€(2,58)C(3.6,12)C(4,16,14)C(7,17,16)€(13,15,17)€(5,12,11)€(9,10,7) €(10,11,13)€(6,14,15)>
Cpo= €(1,8,7)€(2,9,8)€(3,15,11)€(4,16,14)€(5,11,12)€(7,16,17) €(9,10,5) € (10,17,6) € (12,13,14) € (13,15,6)»
Cr0 = €(1,89)€(2,7,8)C(3,15.13)C(4,11,12)€(7,10,11)€(9,6,17) €(10,17,5) €(12,13,14) € (14,16,6) € (15,5, 16)>
Ca1 = C1,87)€2,9,8)C(3,13,14)C(4,17,1)C(5,14,15) €(6,12,13)€(7,16,17)€(9,10,5) €(10,11,6)€(12,16,15)»
Co = ¢(1,87)€(29.8)C(3,16,14)C(4,12,11)C(5,15,17)C(6,17,16)€(7,13,12)€(9,10,6)C(10,11,5)C (13, 14,15)»
Cy = €(1,8,7)€(2,9,8)€(3,15,17)€(4,12,11)€(5,17,16) €(6,16,14) €(7,13,12) €(9,10,6) € (10,11,5) € (13,14,15)»
Cyy = €(1,10,7)€(2,5,100€(3,16,14)€(4,13,9)€(5,11,6)€(6,17,16) €(7,8,12) €(8,14,15) € (11,12,13) € (15,17,9)»
Cos = €(1,10,6)€(2,5,10)C(3,14,16)C(4,17,8)€(5,11,9)€(9,12,13)€(6,7,15) C(11,15,17) € (12,8,16) C(13,14,7)>
Cy = €(1,12,13)€(2,5,12)€(3,16,11)€ (4,15,9) € (5,14,6)€(6,17,16) €(7,9,17) €(10,11,15) €(13,10,8) € (14,8,7)»
Co7 = €(1,13,5€C(2,6,13)€(3,16,15C(4,17,7)€(5,9,8)C(6,14,10)C(10,15,11) C(11,17,9)C (14,8,12) € (16,12,7)»
Cag = €(1,10,11)€(2,6,5)€(3,15,13)C(4,7,8)C(6,13,14)C(10,5,12) C(11,17,7)€(12,9,17) € (14,16,9) € (15,8, 16)>
Cy = €(1,10,11)€(2,9,5)€(3,17,15)€(4,7,8)€(9,13,14)€(10,5,12) €(11,16,7) € (12,6,16) € (13,8,15) € (14,17,6)»
Cy = €(1,10,11)€(2,15,13)€(3,6,5)€(4,8,7)€(6,13,14)€(10,5,12) €(11,17,9) € (12,7,17) € (14,16,8) € (15,9, 16)»
C31 = €(1,95)€(2,16,10€(3,17,14)C(4,7,8)€(5,10,11)€(9,12,13)€(11,15,7) € (12,8,14) € (13,17,6) € (15,16,6)>
Cy = €(1,7,6)€(2,9,15)€(3,17,16)€(4,5,8)€(5,10,11) €(6,12,10)€(7,8,9) € (11,14,17) € (12,13,14) € (13,15,16)>
Cy3 = €(1,1517)€(2,12,11)€(3,7,9)€(4,10,13)€(6,16,14) €(8,9,12) €(10,8,6) € (13,5,7) € (14,15,5) € (16,11,17)»
C34 = €(1,1614)€(2,13,7)€(3,11,9)€(4,8,12)C(5,14,15)C(6,17,16) €(10,5,8) € (10,9,6) C(11,12,13)€(15,17.7)>
C35 = ¢(1,16,14)€(2,13,7)€(3,8,11)C(4,10,12)€(5,14,15)C(6,17,16)€(9,11,13)€(10,9,6) € (12,5,8) C(15,17,7)>
Cy6 = €(1,13,9)€(2,8,6)C(3,12,7)€(4,15,17)€(5,14,15)€(8,10,12) €(9,5,10) € (11,16,14) € (13,6,11) € (16,7,17)»

Cy = €(1,10,11)€(2,7,12)€(3,13,8)€(4,16,14) € (6,17,16)€(7,8,9) €(9,15,17) €(10,12,6) € (11,5,13) € (14,15,5)»
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€(1,16,12)€(2,13,8)€(3,14,7)C(4,17,15)€(5,15,10) € (6,10,14)€(9,7,17) €(12,5,11) € (13,11,6) €(16,8,9)»
€(1,59)C(2,13,10)€(3,14,7)€(4,12,8)€(5,15,6) €(9,10,17) €(13,6,16) €(15,8,7) € (16,14,11) € (17,11,12)»
€(1,7,8)€(2,9,7)€(3,14,15)€(4,16,14)€(5,17,16) €(8,12,13)€(9,6,17) €(10,5,12) €(10,6,11) € (11,13,15)»
€(1,6,7)€(2,5,6)€(3,16,15)€(4,10,8) €(5,8,9)€(7,15,13)€(9,14,17) € (10,11,12) € (11,13,14) € (12,16,17)»
€(1,11,6)€(2,5,11)€(3,16,12)€(4,9,7)€(5,13,14)€(7,12,8) €(8,15,13) €(9,6,10) € (10,15,17) € (14,16,17)>
€(1,7,8)€(2,5,71)€(3,15,9)€(4,16,10)€(5,6,9)C(6,10,11) €(8,12,17) € (11,12,13) € (13,14,15) € (14,16,17)»
€(1,6,10)€(2,10,5)€(3,7,13)€(4,8,12) €(5,16,14) €(6,11,9) € (8,14,15) €(9,17,15) € (11,12,13) €(16,7,17)>
€(1,13,6)€(2,5,13)€(3,9,14)€(4,16,8)€(7,6,10)€(7,11,14) €(10,12,16) € (11,8,15) € (12,9,17) €(15,5,17)»
€(1,11,6)€(2,7,12)€(3,5,9)€(4,10,13)€(5,13,8) C(6,16,14) €(8,16,17) €(10,14,15) € (11,9,12) €(15,7,17)»
€(1,6,5)€(2,8,7)€(3,12,13)€(4,9,10)€(5,7,11)€(6,14,15)€(11,13,9) € (14,10,16) € (15,12,17) € (16,8,17)»
€(1,9,15)€(2,5,13)€(3,14,6)€(4,10,16)€(5,6,17) €(7,12,10) € (8,14,16) €(9,11,8) €(15,7,13) € (17,12, 11)»
€(1,16,11)€(2,6,5)€(3,12,17)€(4,10,9) € (6,17,8) €(7,9,14) € (8,13,10) € (11,13,15) € (14,12,15) € (16,5,7)

€(1,12,5)€(2,7,6)€(3,9,8)C(4,10,11)€(5,13,6)€(7,8,14) €(12,15,11) € (13,16,17) € (14,16,15) € (17,10,9)

(C2)

Group indices ay, a,, a3, a4 correspond to external color, and are not summed over. Internal indices a5 through a5 are to be
summed over. Thus the suppressed tensor structure of each color factor is C; = C;'“*““_ It turns out that Cs, vanishes

identically for all gauge groups (because of constraints from the Jacobi identity).
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