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We provide evidence in favor of the conjectured duality between color and kinematics for the case
of nonsupersymmetric pure Yang-Mills amplitudes by constructing a form of the one-loop four-point
amplitude of this theory that makes the duality manifest. Our construction is valid in any dimension.
We also describe a duality-satisfying representation for the two-loop four-point amplitude with identical
four-dimensional external helicities. We use these results to obtain corresponding gravity integrands for a
theory containing a graviton, dilaton, and antisymmetric tensor, simply by replacing color factors with
specified diagram numerators. Using this, we give explicit forms of ultraviolet divergences at one loop in
four, six, and eight dimensions, and at two loops in four dimensions.
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I. INTRODUCTION

Recent years have seen remarkable progress in comput-
ing and understanding scattering processes in gauge and
gravity theories, both for phenomenological and theoretical
applications. (For various reviews see Refs. [1,2].) In
particular, various new structures have been uncovered
in the amplitudes of these theories (see, for example,
Ref. [3]). One such structure is the duality between color
and kinematics [4,5]. This Bern-Carrasco-Johansson (BCJ)
duality is conjectured to hold at all loop orders in Yang-
Mills theory and its supersymmetric counterparts. Besides
imposing strong constraints on gauge-theory amplitudes,
whenever a form of a gauge-theory loop integrand is
obtained where the duality is manifest, we obtain corre-
sponding gravity integrands simply by replacing color
factors by specified gauge-theory kinematic numerator
factors.

The duality between color and kinematics has been
confirmed in numerous tree-level studies [6—11], including
the construction of explicit representations for an arbitrary
number of external legs [12]. At loop level, the duality
remains a conjecture, but there is already significant non-
trivial evidence in its favor for supersymmetric theories
[5,13-17] and for special helicity configurations in non-
supersymmetric pure Yang-Mills theory [5,18]. Here we
provide further evidence in favor of the duality at loop
level, explicitly showing that it holds for pure Yang-Mills
one-loop four-point amplitudes for all polarization states
in D dimensions. We also present a duality-satisfying
representation of the two-loop four-point identical-helicity
amplitude of pure Yang-Mills. This amplitude in a
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non-duality-satisfying representation was first given in
Ref. [19], while Ref. [5] noted the existence of a
duality-satisfying form. Here we explicitly give the full
duality-satisfying form, including contributions from dia-
grams absent from Ref. [19] that vanish under integration
but are necessary to make the duality manifest.

In order to construct the one-loop four-point pure Yang-
Mills amplitude, we use a D-dimensional variant [20] of
the unitarity method [21]. Our construction begins by
finding an ansatz for the amplitude constrained to satisfy
the duality. Since the amplitude is fully determined from
its D-dimensional unitarity cuts, we obtain a form of the
amplitude with the duality manifest by enforcing that the
ansatz has the correct unitarity cuts. The existence of such
a form where both the duality and the cuts are simulta-
neously satisfied is rather nontrivial. We do not use
helicity states tied to specific dimensions but instead
use formal polarization vectors because we wish to have
an expression for the amplitude valid in any dimension
and for all states. The price for this generality is that the
expressions are lengthier. Since the constructed integrand
has manifest BCJ duality, the double-copy construction
immediately gives the corresponding gravity amplitude
in a theory with a graviton, dilaton, and antisymmetric
tensor.

We use these results to study the ultraviolet divergences
of the corresponding gravity amplitudes. Recent years
have seen a renaissance in the study of ultraviolet diver-
gences in gravity theories, in a large measure due to the
greatly improved ability to carry out explicit multiloop
computations in gravity theories [5,13-15,22-24]. The
unitarity method also has revealed hints that multiloop
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supergravity theories may be better behaved in the ultra-
violet than suggested by power-counting arguments based
on standard symmetries [25]. Even pure Einstein gravity at
one loop exhibits surprising cancellations as the number of
external legs increases [26]. The question of whether it is
possible to construct a finite supergravity is still an open
one, though there has been enormous progress on this
question in recent years, including new computations and a
much better understanding of the consequences of super-
symmetry and duality symmetry (see e.g. Refs. [27,28]). In
half-maximal supergravity [29], two- and three-loop exam-
ples are known where the divergence vanishes, yet the
understanding of the possible symmetry behind this van-
ishing is incomplete [23,24,28,30]. The duality between
color and kinematics and its associated double-copy for-
mula offer a new angle on the ultraviolet divergences in
supergravity theories [5,13,23,24,31]. Here we explore the
ultraviolet properties of nonsupersymmetric gravity from
the double-copy perspective.

We use the gravity integrands constructed via the
double-copy property to determine the exact form of the
ultraviolet divergences. We do so at one loop in dimensions
D = 4,6,8. The ultraviolet properties of one-loop four-
point gravity amplitudes have already been studied in some
detail over the years, including cases with scalars or
antisymmetric tensors coupling to gravity [26,32-36], so
no surprises should be expected, at least at four points.
Nevertheless, it is useful to look in some detail at the
ultraviolet properties to understand them from the double-
copy perspective. Here we examine the four-point ampli-
tudes in a theory of gravity coupled to a dilaton and an
antisymmetric tensor, corresponding to the double copy of
pure Yang-Mills theory. While related calculations have
been carried out, we are unaware of any calculations of the
ultraviolet properties in the theory corresponding to the
double-copy theory.

We find that in D = 4, there are no one-loop divergences
in amplitudes involving external gravitons, though there
are divergences in the remaining amplitudes involving only
external dilatons or antisymmetric tensors, as expected
from simple counterterm arguments [32]. By two loops,
even the four-graviton amplitudes contain divergences, as
we demonstrate. In the two-loop case, the divergence is
proportional to a unique R® operator which gives a
divergence in the identical-helicity four-point amplitude.
This means that the identical-helicity four-point amplitude
is sufficient for determining the coefficient of the R*
divergence. In D=6 and D =38, we find one-loop
divergences in the four-external-graviton amplitudes.
These results are not surprising and are in line with the
earlier studies. Our conclusion is that, by itself, the double-
copy structure is insufficient to render a gravity theory
finite in D = 4 and requires additional ultraviolet cancel-
lations, such as those from supersymmetry.
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This paper is organized as follows. In Sec. II, we briefly
review the duality between color and kinematics and the
double-copy construction of gravity. In Sec. III, we present
the construction of the duality-satisfying pure Yang-Mills
numerators at one and two loops. Then in Sec. IV, we study
the ultraviolet properties of gravity coupled to a dilaton
and an antisymmetric tensor at one loop in four, six, and
eight dimensions. In the same section, we also present the
ultraviolet properties at two loops in four dimensions.
Finally, in Sec. V we give our conclusions. Appendixes
evaluating two-loop integrals needed in Sec. IVB are
included. Appendix A focuses on extracting the divergen-
ces in dimensional regularization. This procedure mixes
infrared and ultraviolet divergences; so, in Appendix B we
give the infrared divergences that must be subtracted to
obtain the ultraviolet ones. Appendix C evaluates the
integrals using an alternative method for obtaining the
ultraviolet divergences more directly, by introducing a mass
to separate out the infrared divergences from the ultra-
violet ones.

II. REVIEW OF BCJ DUALITY

An L-loop m-point gauge-theory amplitude in D dimen-
sions, with all particles in the adjoint representation, may
be written as

ALoor _ 2205 § / ﬁ d°p; 1 _¢jn;
S, J 1=1 (2ﬂ)D Sj Hajp(%j

(2.1)

where ¢ is the gauge coupling constant. The first sum runs
over the m! permutations of the external legs, denoted by
S,,- The §; symmetry factor removes any overcounting
from these permutations and also from any internal auto-
morphism symmetries of graph j. The j sum is over the set
of distinct, nonisomorphic, m-point L-loop graphs with
only cubic (i.e., trivalent) vertices. These graphs are
sufficient because any diagram with quartic or higher
vertices can be converted to a diagram with only cubic
vertices by multiplying and dividing by the appropriate
propagators. The propagators appearing in the graph are
1/ Ha, pf,j. The nontrivial kinematic information is con-
tained in the numerators n; and depends on momenta,
polarizations, and spinors. In supersymmetric cases it will
depend also on Grassmann parameters, if a superspace
form is used. The loop integral is over L-independent
D-dimensional loop momenta, p;. Finally, ¢; denotes the
color factor obtained by dressing every vertex in graph j
with the group-theory structure constant, f*°¢ = jy/2 fe¢ =
Tr([T¢,T?]T¢), where the Hermitian generators of the
gauge group are normalized via Tr(TT") = §%.

The numerators appearing in Eq. (2.1) are by no means
unique because of freedom in moving terms between
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different diagrams. Utilizing this freedom, the BCJ con-
jecture is that to all loop orders, representations of the
amplitude exist where kinematic numerators obey the same
algebraic relations that the color factors obey [4,5]. In
ordinary gauge theories, this is simply the Jacobi identity,
Ci=Cj—Cp = n;=n;—n, (2.2)

where i, j, and k label three diagrams whose color factors
obey the Jacobi identity. The basic Jacobi identity is
displayed in Fig. 1. The identity generalizes to any loop
order with any number of external legs by embedding it in
larger diagrams, where the other parts of the diagrams are
identical for the three diagrams. Furthermore, if the color
factor of a diagram is antisymmetric under a swap of legs,
we require that the numerator obey the same antisymmetry,
ci = —C; = n; = —n,. (2.3)

The duality was noticed long ago for tree-level four-point
Feynman diagrams [37]; beyond this, it is rather nontrivial
and no longer holds for ordinary Feynman diagrams. We
note that the numerator relations are nontrivial functional
relations because they depend on momenta, polarizations,
and spinors, as discussed in some detail in Refs. [2,11,13].
While a complete understanding of the duality and its
consequences is still lacking, a variety of studies have
elucidated it, especially at tree level. In particular, this
duality leads to nontrivial relations between gauge-theory
color-ordered partial tree amplitudes [4,38]. The duality
(2.3) has also been studied in string theory [6,9,39]. In the
self-dual case, light-cone gauge Feynman rules have been
shown to exhibit the duality [10]. Explicit forms of n-point
tree amplitudes satisfying the duality have been found [12].
Although we do not yet have a complete Lagrangian
understanding, some progress in this direction can be
found in Refs. [8,10]. The duality (2.2) does not need to
be expressed in terms of group structure constants but
can alternatively be expressed in terms of a trace-based
representation [40]. Progress has also been made in under-
standing the underlying infinite-dimensional Lie algebra
[10,41] responsible for the duality. The duality between
color and kinematics also appears to hold in three-
dimensional theories based on three algebras [42], as well

AN

(1) () (k)

FIG. 1. The basic Jacobi relation for either color or numerator
factors. These three diagrams can be embedded in a larger
diagram, including loops.
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as in some cases with higher-dimension operators [43].
Some initial studies of duality and its implications for gravity
in the high-energy limit have also been carried out [44].
At loop level, the duality remains a conjecture, but there
is already nontrivial evidence in its favor, especially for
supersymmetric theories. At present, the list of loop-level
cases where duality-satisfying forms of the amplitude are
known to hold includes:
(i) Up to four loops for four-point N = 4 super-Yang-
Mills [5,13] in a form valid in D dimensions;
(ii) up to two loops for five external gluons in N = 4
super-Yang-Mills theory [45];
(iii) up to seven points for one-loop amplitudes in N = 4
super-Yang-Mills theory [46];
(iv) up to two loops for four-point identical-helicity pure
Yang-Mills amplitudes [5];
(v) through n points for one-loop all-plus-, or single-
minus-helicity pure Yang-Mills amplitudes [18];
(vi) through four loops for a two-point (Sudakov) form
factor in N = 4 super-Yang-Mills theory [47];
(vii) one-loop four-point amplitudes in Yang-Mills the-
ories with less than maximally supersymmetric
amplitudes [17].
In this paper, we add the nonsupersymmetric pure Yang-
Mills one-loop four-point amplitude in D dimensions to
this list. Besides direct constructions, we note that the
duality also appears to be consistent with loop-level
infrared properties of both gauge and gravity theories [16].
Another significant aspect of the duality is the ease with
which gravity loop integrands can be obtained from gauge-
theory ones, once the duality is made manifest [4,5]. One
simply replaces the color factor with a kinematic numerator
from a second gauge theory,

This immediately gives the double-copy form of gravity
amplitudes,

mn o (5) S [T

(2.5)

where 7; and n; are gauge-theory numerator factors.
Only one of the two sets of numerators needs to satisfy
the duality (2.2) [5,8] in order for the double-copy form
(2.5) to be valid. The double-copy formalism has been
studied at loop level in some detail in a variety of cases
[5,13,14,16,23,24,45,46].

III. CONSTRUCTION OF
DUALITY-SATISFYING INTEGRANDS

We now describe the construction of a duality-satisfying
representation of the one-loop four-point amplitude in pure
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Yang-Mills. Since we want the form to be valid in all
dimensions and for all D — 2 gluon states, we use formal
polarizations instead of helicity states. This complicates the
expression for the amplitude, but has the advantage that it
allows us to straightforwardly study the amplitude and its
gravity double copy in various dimensions. In this section,
we also present a form of the two-loop pure Yang-Mills
identical-helicity amplitude given in Ref. [19] that satisfies
BCJ duality after some rearrangement and addition of
diagrams that integrate to zero. In Sec. IV B, we use this
amplitude to show that although four-graviton amplitudes
are ultraviolet finite in D = 4 at one loop, they diverge at
two loops, in accordance with expectations.

A. One loop

For a one-loop n-point amplitude, the duality (2.2) can
be used to express kinematic numerators of any diagram
directly in terms of n-gon numerators. In particular, for the
four-point case we have two basic relations determining
triangle and bubble contributions from box numerators as
illustrated in Fig. 2,

N1234).p = M1234;p — N1243;p>

n(12)34)p = M2(34):p ~ M21(34)3p+ (3.1)
The labels 1,2,3,4 refer to the momenta and states of each
external leg, while the label p denotes the loop momentum
of the leg indicated in Fig. 2. (The parentheses in the
subscript of the numerators indicate which external legs
are pinched off to form a tree attached to the loop.) Note
that in the figure the momentum of each internal leg of each
diagram is the same as in the other two diagrams except for
the single internal leg that differs between the diagrams. In
general, the bubble and triangle contributions are non-
vanishing; indeed, this explicitly holds for the BCJ repre-
sentation of the one-loop four-point amplitude of pure
Yang-Mills theory that we construct.

Besides the diagrams in Fig. 2, there are diagrams with a
bubble on an external leg and diagrams with a tadpole, as

2 2 3 2 4
3
D 4
1 1 P 41 P 3
2 1

— [\
h@ % g
= w
I
—
Ej i
oW
|
[\
Ej i
W

FIG. 2. The Jacobi relations determining either color or
kinematic numerators of the four-point diagrams containing
either a triangle or internal bubble.
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FIG. 3. The color or kinematic Jacobi relations involving a
bubble on an external leg or a tadpole. These diagrams have
vanishing contribution to the integrated amplitude.

shown in Fig. 3. The duality also determines the numerators
of these diagrams via

n1(234).p = M12(34);p T M1(43)2:p>
N(1234):p = M(12)(34):p ~ M(12)(34):-p>

N(1234);p = 1(234);p — M1(234);—p> (3.2)

corresponding respectively to the three relations in Fig. 3.
[On the final line in Eq. (3.2), the hat marks leg 1 as the
location where the tadpole is attached.] We use these
equations to impose the auxiliary constraint that the tadpole
numerators determined by BCJ duality vanish identically
and that all terms in the bubble-on-external-leg diagrams
integrate to zero as they do for Feynman diagrams. Thus,
these diagrams are not necessary for determining the
integrated amplitudes (though in D =4 the bubble-on-
external-leg diagrams do affect the Yang-Mills ultraviolet
divergence).

Once we impose the BCJ conditions, the amplitude is
entirely specified by the box numerators. Our task is then
to find an expression for the box numerators such that
we obtain the correct amplitude. It is useful to impose
a few auxiliary constraints to help simplify the one-loop
construction:

(1) The box diagrams should have no more than four
powers of loop momenta in the pure Yang-Mills
case, matching the usual power count of Feynman-
gauge Feynman diagrams.

(2) Each numerator written in terms of formal polari-
zation vectors respects the symmetries of the dia-
grams. In particular, this condition implies that once
a box diagram with one ordering of external legs is
specified, the other orderings are obtained simply by
relabeling.

(3) The numerators of tadpole diagrams vanish prior to
integration.
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(4) All terms in the bubble-on-external-leg diagrams
integrate to zero, as they do for Feynman diagrams.
While it is not necessary to impose these conditions, they
greatly simplify the construction. They ensure that the type
of terms that appear in the ansatz are similar to those of
ordinary Feynman-gauge Feynman diagrams, avoiding
unnecessarily complicated terms. (Using generalized gauge
invariance, one can always introduce arbitrarily compli-
cated terms into amplitudes, which cancel at the end.)

The first three conditions simplify the construction by
restricting the number of terms that appear. The purpose of
the fourth auxiliary constraint is a bit more subtle. While
bubble-on-external-leg Feynman diagrams are well defined
in the on-shell limit, the freedom to reassign terms used in
the construction of BCJ numerators can introduce ill-
defined terms into such diagrams. As a simple example,
consider the effect of the term (k; + k,)%e; - koey - ky&3 - &4
when added to the numerator of the first diagram of Fig. 3
(with k; and ¢; external momenta and polarizations). Even
after integration, this contribution to the diagram is ill-
defined because of the on-shell intermediate propagator.
Such singular contributions would need to be regularized
by an appropriate off-shell continuation to ensure that the
introduced singularities cancel properly against singular-
ities of other diagrams. While in principle we can introduce
such a regulator, it is best to avoid this complication
altogether. The fourth condition ensures that we can treat
the bubble-on-external-leg contributions in the same way as
for Feynman diagrams. In particular, with the constraint
imposed, the bubble-on-external-leg contributions match
the Feynman-diagram property that they are proportional to
(k?)(P=9)/2 " after accounting for the intermediate on-shell
propagator, and hence vanish in D > 4, for k; on shell. We
note that even with the fourth constraint, near D = 4 we
encounter the same subtlety encountered with Feynman
diagrams: Although bubble-on-external-leg contributions
are set to zero in dimensional regularization, they can carry
ultraviolet divergences. Such ultraviolet divergences cancel
against infrared ones leaving a vanishing result for on-shell
bubble-on-external-leg diagrams. The net effect is that in
gauge theory, we need to account for such contributions to
obtain the correct ultraviolet divergences. In contrast, in
gravity even near D =4 there are neither infrared nor
ultraviolet divergences hiding in the bubble-on-external-leg
contributions because an extra two powers of numerator
momenta give rise to an additional vanishing.

We start the construction with an ansatz containing all
possible products of ¢; - &;, p - &;, k; - €, p - k;, p - p, s, and
t, where the k; are three independent external momenta, p is
the loop momentum, ¢; are external polarization vectors, and

s = (ki + k)7, 1= (ky +k3)? (3.3)
are the usual Mandelstam invariants. By dimensional analy-
sis, each numerator term must contain four momenta in
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addition to being linear in all four ¢;’s. We also set k; - ¢; = 0
and impose momentum conservation with k, = —k; — k, —
ks and k; - €4 = —k, - €4 — k3 - €4. This yields 468 terms,
each with a coefficient to be determined.

Our first constraint on the coefficients comes from
demanding that the box numerator obey the rotation and
reflection symmetries of the box diagram. This leaves us
with 81 free coefficients. An ansatz for the full amplitude is
then obtained by using the duality relations (3.1) and (3.2)
to determine numerators for all other diagrams.

The next step is to determine coefficients in the ansatz by
matching to the unitarity cuts of the amplitude. It is
convenient to use a color-ordered form of the amplitude
[48] for this matching. The seven diagrams contributing to
the color-ordered amplitude, that is the coefficient of the
color trace N Tr[T“1T*>T*T%], are shown in Fig. 4. The
other color-ordered amplitudes are simple relabelings of
this one. For the one-loop four-point amplitude, the s- and
t-channel unitarity cuts shown in Fig. 5 are sufficient to
determine this color-ordered amplitude up to terms that
integrate to zero. One straightforward means for determin-
ing the cuts is to construct the amplitude in Feynman gauge
and then take its unitarity cuts at the integrand level prior to

3
3 4
4 D — ki 1
2
1
1 2
p
2 3
4
3 4
2 p— ki 1

FIG. 4. The seven diagrams for the color-ordered amplitude
with ordering (1,2,3,4).

3 2 3
pggw k4
4 1 4

(b)

FIG.5. The (a) s-channel and (b) #-channel unitarity cuts used
to determine the amplitude. The exposed intermediate legs are
on shell.
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integration. This automatically gives us an expression for
the cuts valid in D dimensions without any spurious
denominators (such as light-cone denominators from
physical state projectors). This matching procedure non-
trivially rearranges the amplitude so that BCJ duality is
manifest. After matching the cuts, we also impose the
fourth auxiliary condition to tame the bubble-on-external-
leg contributions. Finally we impose that the tadpole
numerators vanish. Including all the auxiliary constraints
with these conditions, we can solve for all but five free
coefficients. Because the s- and 7-channel unitarity cuts are
|

D, -2
—1
8

D, -2
ny234;p = 51452317%1?% + ;—4513524

2 2 2
- 551352417%3 + 551253419%5 + 5514523

D, — 74
24

—-26
6 534K41’C42P§ -

D, D,

D, 5(D,

- 26
3 E3ulC31 Kpp3 +

1
11(D, — 26)
24
D, — 14
: 6 E1K3uKaap3 +
11(D, - 26)
24
11(D, — 26)
T
D, —26
12

2

D, —

EuK s p} - ‘24

D, —38
6

E 1 K3 ICou 02
12K03K4p5 + o

11(D

E 13K P2
140134 P35 + o

D,

523’C31]C34P§ - 1

E13K12s4p3 + DST;MEMKBIC“W% -
g 20 E12Kp3KCaup3 —
7;26)524IC13’C41P§ -
20 E34K12s1p3 +

513’C24’C42P§ -
13D, -2

s_26)
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independent of these parameters, the integrated amplitude
should not depend on them.
Using the shorthand notation,

P1 =D, P2 =Dp—ky. p3=p—k —k,
Ps=p+ky, Eij=¢€ €,
Pij = pi . Ej, K’] = ki . Sj, (34)

and setting the free parameters to zero for simplicity, the
box numerator is

=2 2
751253419%[7% - 551452317%3

pipi—
) 1 2 2
D5S + 55145235 + 2E03K04 K41 P3

D, - 26
3

- 26
3 534’C127C41P§

D, —26
3 524/C13’C31P§

D, — 30
2

512’C13’C34P§
Dy

513’C12’C24P§

5(D, - 26
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90
E1uK23Kanp} + (Dy — 24)€14K 12K p3

D
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—2523’C34’C41P§ — 4814 K1 K38 = 283K K515
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2(D, — 29
L 20.=2)
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513’C247)22P§ = 28144 P33s — 283441 Pops — 2E14K 1, P33

= 2E1,K0uPsss = 2E1,K34P3zs — 2E14K3Pops + 2E13K34P s + 2E,4K4 Pazs

+ 213K Pos — (Dy — 2)Ex3 P11 Pasp3 —

D, -2
6

D, -2

- 6

E1a Py Puap3 +

D, -2

D, -2
6

51373227344P§ - 5247333731119%

6

5347)117)2219% —4E34 P11 Poys + 2E13P2 Pays

+ 2824 P33 Pris + 4K 1K 13K 51 + 4K 10K03 K04 51 + 2K1K13K51 K34

+ 4K 12K 23 K51 Kss + K13 Kos K31 Kap + 2K10K03 K34 K41 — 4K12K04 K41 P33
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= 8K34K41 P22 P33 — 8K0u K1 PoaPaz + 4K Kay P11 P33

+ (Ds - 2)7)1 ]7)2273337344 + CyCliC,

where D is a state-counting parameter, so that D, — 2 is
the number of gluon states circulating in the loop. The
notation “+ cyclic” indicates that one should include the
three additional cyclic permutations of indices, giving a
total of four permutations (1,2,3.4), (2,3.4,1), (3.,4,1,2),
(4,1,2,3) of all variables ¢, k;, p;, s, t. Plain-text, com-
puter-readable versions of the full expressions for the
numerators, including also gluino- and scalar-loop con-
tributions, can be found online [49]. In Eq. (3.5), we have
written the expression for the box numerator in a different
form than that available online in order to exhibit the
cyclic symmetry.

We have explicitly checked that after reducing the pure
Yang-Mills amplitude to an integral basis, the expression is
free of arbitrary parameters and in D = 4 matches the known
expression for the amplitude in Ref. [50], after accounting
for the fact that the expression in that paper is renormalized.
The reduction for four-dimensional external states was
carried out by expanding the external polarizations in terms
of the external momenta plus a dual vector [51].

As another simple cross-check, we have extracted the
ultraviolet divergences in D = 6, 8 and compared them to
the known forms. In D = 6,8, with our fourth auxiliary
constraint there are no ultraviolet contributions from
bubbles on external legs. This allows us to directly
extract the ultraviolet divergences by introducing a mass
regulator and then expanding in small external momenta
using the methods of Ref. [52]. We find complete
agreement with both earlier evaluations in Ref. [53].
We have also compared this to an extraction of the
ultraviolet divergences directly using dimensional regu-
larization without introducing an additional mass regu-
lator and again find agreement.

(3.5)

B. Two loops

We now turn to two loops. As we shall discuss in Sec. IV,
the four-graviton amplitude in the double-copy theory is
ultraviolet finite at one loop. To test whether this continues
at two loops, we need the two-loop amplitude. As it turns
out, the identical-helicity amplitude is sufficient for our
purposes because the divergence comes from an R’
operator whose coefficient is fixed by this amplitude.
We therefore now turn to finding a form of the two-loop
identical-helicity amplitude where BCJ duality is manifest.
It would be interesting to obtain a general two-loop
construction valid for all states in D dimensions, but we
do not do so here.

The identical-helicity pure Yang-Mills amplitude has
previously been constructed in Ref. [19]. There the ampli-
tude is given in the following representation:

2 1 .
AD(I4,27,35.4%) = g0 2 [ChnAlsy + Ol s,
S,

) (3.6)

where the sum runs over all 24 permutations of the external
legs. We will describe the all-plus-helicity case; the all-
negative-helicity case follows from parity conjugation. The
prefactor of 1/4 accounts for the overcount due to
symmetries of the diagrams. Cf,;, and C}y.5, are the color
factors obtained from the planar double-box and nonplanar
double-box diagrams shown in Figs. 6(a) and 6(b), respec-

tively, by dressing each vertex with an £ and summing
over the contracted color indices. A5, and ANY,, are then
the associated partial amplitudes. These partial amplitudes

are [19]
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2 3
2 3 2 3 P 3
q
p
D q
»q » q
1 4 1 4 1 4 1 4
(a) (b) (c) (d)
P 3 P 3 P 3 2 3
! q q = éq
1 4 1 Py 1 4 1 P 4
(e) (f) () (h)
2 3 P 3 2 3
q q
p » g
P
1 4 1 4 1 4
(i) ) (k)

FIG. 6. The diagrams needed to describe an integrand for the identical-helicity amplitude where the duality between color
and kinematics is manifest. When integrated diagrams (d)—(k) vanish. The (a) planar double-box, (b) nonplanar double-box, and
(c) double-triangle integrals are the only nonvanishing ones under integration.

APy = iT{sIf;[(DS — D) (A2 4 AR 2R ) 16((R, - ) = A2A2)|(s,1)

Mzgow-ﬁe[zgxg((p +q)% +5)](s, t)}’

ANy = iTSTYP(Dy = 2) (322 + 2202 + 2223, 0) + 16((A, - Ag)> = 2222)](s, 1), (3.7)

+4(Dy = 2) TP (45 + A7) (4, - 4)](s) +

where the permutation-invariant kinematic prefactor is given by
T=——— (3.8)

where the angle and square brackets are standard spinor inner products. For the all-negative-helicity case, the angle and
square products should be swapped. The planar double-box [Fig. 6(a)], nonplanar double-box [Fig. 6(b)], and bow-tie
integrals (Fig. 7) are

d’p d°q P(Ai. p.q. k;)
IPP(Ai p.q. k)](s. 1) = ,
4P p. g ki))(s. 1) / (27)P 27)P p*¢*(p + q)*(p — k1)*(p — ki — k2)*(q — k4)*(q — k3 — ky)?
d’p d°q P(4i,p,q, ki)
INP /1., , ’ki , = i i ,
+ [Pl P 4 Ki)l(s. 1) /(Zﬂ)D Qm)P p*a*(p+ 9’ (p —k)* (g = k)’ (P +a+k3)* (P + g + ks + ky)?
de qu P(ﬂh pa qvki)

TP Py pg k)50 = [ (39)

(27)P (27)P p*q*(p — ki )*(p — k1 — ka)*(q — ky)*(q — k3 — ky)*’

where 4, 4,, and 4, , represent the (—2¢)-dimensional components of loop momenta p, g, and (p + q).

Reference [5] notes that a representation where the numerators satisfy the BCJ duality can be obtained directly from the
representation of the amplitude given in Ref. [19]. Here we describe this in more detail, including additional diagrams that
integrate to zero and are undetectable in ordinary unitarity cuts, but are needed to make the duality manifest.
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We begin with a rearranged form of the identical-helicity amplitude,

1

2

Af‘ )(1+, 20.37,4%) = 62 [4 Chy3uATa3 +
Sy

1
DT 4DT
< Ci234A1234 |-

1
F O A +

i (3.10)

CPY, is the color factor obtained from the stretched bow-tie or double-triangle diagram in Fig. 6(c). A}T, is given in

Eq. (3.7), while AP, and ADY, are

. (Ds - 2)2
Alyy = iTT} [T (p+ ‘1)2’1%/13 + 16s((4,, "14)2 _’%’15)

+ (D, —2) (s(l?,/lé + A5 + A4

. (Ds B 2)2
apg, =iz P2

+8(Dy = 2)(A3 +25)(4p - 4) (P> +@* = (P —q) - (ki + ko) + S)] (s, ).

The double-triangle integral displayed in Fig. 6(c) is simply

1 )
Z?T[P(li’ pP.q, ki)](s’ t) = ;Igow_ne[,])(/li’ P9, ki)](s’ t)’
(3.12)

so that all integrals in the new representation of the
amplitude are given by trivalent graphs.

This form of the amplitude differs from Eq. (3.6) by
absorbing the bow-tie contribution depicted in Fig. 7 into
both the planar double box in Fig. 6(a) and the double
triangle in Fig. 6(c). When moving terms into the double
box Fig. 6(a), we must multiply by a factor of (p + ¢)? in
the numerator to cancel the central propagator, while in the
double triangle Fig. 6(c), we must multiply by a factor of s.
In this rearrangement we have also included terms that
integrate to zero. In particular, the second term in the
double-triangle contribution in Eq. (3.11) proportional to
(4, - 44) integrates to zero and does not contribute to the
integrated amplitude. We are therefore free to drop it. We
can also modify the first term in the double-triangle integral
into the form appearing in Ref. [19] by using the fact that
the substitution

1 4

FIG. 7. The bow-tie integral appearing in the identical-helicity
pure Yang-Mills amplitude.

2

o) + 40+ 0P + ) 4| G50

(4p-q+2(p—q)- (ki + ko) = 5)Ap A5

(3.11)

I
(4p-q+2(p-q)- (ki +hk)=s)=>2(p+q)+s
(3.13)

does not alter the value of the integrated amplitude: All
terms that are proportional to p2, ¢, (p — k; — k,)?, and
(q — k3 — k4)? yield scale-free integrals that integrate to
zero. Finally, to see the equivalence of the two representa-
tions, we note that the double triangle Fig. 6(c) has a
different color factor from that of the planar double box
Fig. 6(a). However, we can convert the double-triangle
Fig. 6(c) color factor to the double-box Fig. 6(a) color
factor via the color Jacobi identity CY5, = CF,s, — C5 5,
This matches the color assignment used in Ref. [19].
Although not manifest, the kinematic numerator reflects
the antisymmetry of the Jacobi relations so that the addi-
tional terms picked up by A, and A%, 5, are simply related
by relabelings. Thus, after integration our representation in
Eq. (3.10) is equivalent to the one in Eq. (3.6), which comes
from Ref. [19].

The integrand in Eq. (3.10) satisties BCJ duality once we
include additional contributions that integrate to zero. To find
the full form, we consider Jacobi relations (2.2) around each
internal propagator of the planar double box, the nonplanar
double box, and the double triangle, as well as all resultant
integrals that arise from these Jacobi relations. Duality
relations where all three numerators are nonvanishing are
depicted in Fig. 8. The need for additional nonvanishing
numerators depicted in Figs. 6(d)-6(m) arises from these
dual-Jacobi relations. Other sample Jacobi relations where
one of the numerators vanishes are shown in Fig. 9. Up to
relabelings, there are in total 16 such relations involving two
nonvanishing numerators and one vanishing numerator. A
fully duality-satisfying form is given by the numerators,
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2 3 2 31 3 P 3 2 3 9 3
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2 3 3 2 3 1 2 3 2 3
q q P
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p 1 P q q
1 41 4 9 4 . ) ) A . A
(c) (d)
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2 3 2 3 2 3 2 3 2
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a p 1 P g q
P P 4 q ,
1 4 1
1 4 1 4 1 4 1 4
(e) (f)
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5 a éq 1 ) »
1 41 P 41 4 1 4 1 Py 4
(8) (h)
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q
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= 4 q = — q
P q p 1 P pq 1
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(k) Q)
2 3 2 33 4
AN
= 4 q

FIG. 8 (color online). The nontrivial duality relations (a)—(m) satisfied by the numerators of the identical-helicity two-loop amplitude.
The shaded (red) leg marks the central leg of the applied Jacobi identity.
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FIG. 9 (color online).
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2 3 2 3 2 4
q q q
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(b)
2 3 2 3 2 3
= + q
g q
1 i3 401 Py Py
(d)
4 3 9 3 3 P
q _
= - q
P P q P
1 2 1 4 1 4
(f)

Sample duality relations (a)—(f) involving graphs with vanishing numerators. In each relation, the leftmost

diagram has a vanishing numerator. The shaded (red) leg marks the central leg of the applied dual-Jacobi identity.

(Ds - 2)2

Pp(ihl’,qvki) = 3

(p+q)* 2522 +165((4, - 4,)* — 1322)

(D = 2) (S22 + 2202+ 202, )+ 4(p + @2 (23 + 22) (2, - 2y)),

PN (4. p.q. ki) = (Dy —2)s(232% + 2322

292
g T Agh
(D, —2)?

P+q

PDT(/IZ" P9, kt) =

\S]

)+ 165((4, - 4,)2 = 212),

A—)(4p q+2(p—q)- (ky +ky) — 5)A227

+8(Dy = 2) (45 +25)(Ap - 2) (P> + @* = (p = q) - (ki + ko) + 5),

(Ds B 2)2

P(d)(/’{hpv qvki) = 2

(P +q)2 222 +4(Dy = 2)(p + q)* (A2 + 22) (4, - ).

P (A pog. k) = (D=2 (P + ¢* = (p—q) - ky)A322
+8(Ds—2)2p-q+ (p—q) - ki) (A5 +23)(4, - 4y)
7)“)(/11‘7 P q. ki) = =2(D;=2)*(p- kl)ﬂ%ﬁé - 16(D; —2)(q- kl)(/li + lé)(l[) “Ag)

(Ds - 2)2

P(g)(//{iv pﬂQ7ki) = 2

((p+q)*25 + p*2%, )22

+4(D,; =2)((p + @)* (A + 3) 4y - 2g) = P*(Ag + Ap1.9) (g * Apsg))

P (A, p.g. k) =2(Dy = 2)*((p - q)23 + p*(4, - 4,))A

. Ds -2 2
PO p.g.ki) = —% (4q - ky + )25 g — 4(Dy
PO G p. . Ki) = 8(Ds = 2)s(45 + %)y ).
P(k)(ﬂi, D, q, ki) — (DS _ 2)2”1%1‘21’

where each P* is the numerator of an integral
Zi[P*(Ai. p. q.k;)](s. 1) corresponding to diagram x de-
picted in Fig. 6. In contrast to the one-loop case, the
duality-satisfying amplitudes do contain tadpole diagrams
with nonvanishing numerators.

2—8(Dy —2)(3p%22 — ¢* (25 + 22)) (A, - Ag)

=2)(4p - ky = 5)(Ap + 49) (4 - Ag)-

(3.14)

Although BCJ duality gives us a set of well-defined
numerators for all diagrams, those diagrams with on-shell
or vanishing intermediate propagators are ill-defined.
However, all such ill-defined diagrams give vanishing
contributions after integration. They also do not contribute
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to the standard two- and three-particle cuts. In more detail,
using the numerators from Eq. (3.14), Figs. 6(d)-6(k)
contain scale-free integrals that vanish after integration.
Note that Figs. 6(e), 6(f), and 6(h)-6(k) are ill-defined.
Figures 6(f), 6(h), and 6(j) contain a tadpole subdiagram.
We set these to zero, just as they are set to zero in Feynman
diagrams since the tadpole integral is scale free in dimen-
sional regularization. Figures 6(e), 6(i), and 6(k) are also ill-
defined for on-shell external legs because of the propagator
carrying an on-shell momentum. With Feynman diagrams,
this is normally dealt with by taking the legs off shell;
in principle, we can also define an off-shell continuation,
although it is nontrivial to do so consistently in our case.
However, such ill-defined bubble-on-external-leg contribu-
tions again vanish in dimensional regularization, since
the integrals are also scale free. In the gauge-theory case,
although vanishing, these integrals can potentially contain
ultraviolet divergences that cancel completely against
infrared divergences. However, in the gravity case, which
we are interested in here, the integrals are suppressed by an
additional power of the on-shell invariant k7 =0 and
therefore lead to ultraviolet divergences with zero coef-
ficient. Figures 6(d) and 6(g) may appear to have non-
vanishing cut contributions, but inverse propagators in the
numerator cancel propagators, again leaving scale-free
integrals that vanish.

In summary, the two-loop four-point all-plus-helicity
pure Yang-Mills amplitude in a duality-satisfying repre-
sentation is given by

1
2 X X
AP (17,2734, 41) = ¢ E E < Clp34AT2340
S, xe{diagrams} (3 15)

where x labels diagrams in Fig. 6 with nonvanishing
numerators. S* is the symmetry factor of diagram x, while
(1534 1s the color factor. The partial amplitudes are given by

Alysy = ITLEP* (A, P. q. ki)](s. 1), (3.16)
where all diagrams except for those in Figs. 6(a)-6(c)
integrate to zero in gauge theory. In Sec. IV B, we will use
the double-copy relation (2.5) on these numerators to study

the two-loop ultraviolet behavior of gravity coupled to a
dilaton and an antisymmetric tensor.

IV. ULTRAVIOLET PROPERTIES
OF GRAVITY

We now turn to the ultraviolet properties of the gravity
double-copy theory consisting of a graviton, dilaton, and
antisymmetric tensor, from the perspective of the double-
copy formalism. The theory generated by taking the double
copy of pure Yang-Mills corresponds to the low-energy
effective Lagrangian of the bosonic part of string theory [54],

PHYSICAL REVIEW D 92, 045041 (2015)

2 1 1 s
L: = H(;R + Eaﬂ¢aﬂ¢ + 8€_2K¢/ D_ZHIW/,HWJP> s

(4.1)

where H,,, = 0,A,, + 0,A,, + 0,A,,, and A, = —A,, is
the rank-two antisymmetric tensor field.

Pure Einstein gravity is one-loop finite in four dimen-
sions [32]. However, when coupled to a scalar (dilaton)
[32] or to a rank-two antisymmetric tensor [34], the theory
is divergent. We find that the double-copy theory coupled
to both a dilaton and an antisymmetric tensor is also
divergent, although for all these theories the four-point
amplitudes with at least one external graviton are finite, as
expected from simple counterterm arguments. We will
show that the cancellation no longer holds at two loops,
and the theory has an R® counterterm, in much the same
way as it does for pure Einstein gravity [55]. In six
dimensions, pure Einstein gravity is ultraviolet divergent
at one loop [35]. We find the same to be true in our double-
copy theory, and we find a divergence in eight dimensions
as well. We will give the explicit form of the divergences
for these cases. In carrying out these computations we use
the four-dimensional helicity scheme [56]. It would be
interesting to compare our results to ones obtained using
the standard dimensional-regularization scheme, used in,
for example, Ref. [55].

A. One loop

1. Four dimensions

In four dimensions, there is no one-loop four-point
divergence when one external leg is a graviton [32,34]
because the potential independent counterterms for such
divergences vanish on shell or can be eliminated by the
equations of motion. Using the double-copy formula (2.5),
we have explicitly confirmed finiteness in one-loop four-
point amplitudes containing at least one external graviton,
with the remaining legs either gravitons, dilatons, or
antisymmetric tensors. We obtain the gravity numerator
from the double-copy formula (2.5) by taking the two
Yang-Mills numerators, 72; and n;, to be equal to the BCJ
form of the Yang-Mills numerator (3.5). As an interesting
cross-check, we have obtained an asymmetric representa-
tion of the gravity amplitudes by taking the n; to be the
numerators that satisfy BCJ duality and the n; to be
numerators obtained by gauge-theory Feynman rules in
Feynman gauge, similar to the procedure used recently for
half-maximal supergravity [23,24]. By generalized gauge
invariance [5,8], this should be equivalent to the symmetric
construction. Indeed, we find identical results for the
ultraviolet divergences.

To evaluate the ultraviolet divergences, we expand in
small external momenta to reduce to logarithmically
divergent integrals [52]. We then simplify tensor integrals
composed of loop momenta in the numerators by using
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Lorentz invariance, which implies that the integrals must be
linear combinations of products of metric tensors #**. (See
Ref. [13] for a recent discussion of evaluating tensor
vacuum integrals.) With the insertion of a massive infrared
regulator, we finally integrate simple one-loop integrals to
find the potential ultraviolet divergence. Due to our
auxiliary conditions, contributions from bubbles on exter-
nal legs vanish, as they would for ordinary gravity
Feynman diagrams. We therefore obtain our entire result
from box, triangle, and bubble-on-internal-leg diagrams.

For completeness we have also computed the divergen-
ces directly in dimensional regularization without intro-
ducing a mass regulator, using techniques similar to those
for two loops in Appendix A. After subtracting the infrared
divergence as computed in Appendix B, we find complete
agreement with our result found using the massive infrared
regulator.

We obtain an expression for the divergence in terms of
formal polarization vectors. By taking linear combinations
of the product of polarization vectors from each copy of

|

PHYSICAL REVIEW D 92, 045041 (2015)

Yang-Mills, we can project onto the graviton, dilaton, and
antisymmetric tensor states. In D = 4 this is conveniently
implemented by using spinor helicity [57]. Graviton
polarization tensors correspond to the “left” and “right”
copies of Yang-Mills according to sﬁj - frfﬂgﬂu and

h— _ . . .
€ — €1,€x,- For the dilaton and antisymmetric tensor,
we symmetrize and antisymmetrize in opposite-helicity
: ; @ L (ot o - ot
configurations according to &, — 7 (e,€R, T €L4ERy)

and &

Hv
polarizations, we find that all configurations where at least
a single leg is a graviton are free of ultraviolet divergences,

— 75 (e1,€R, — €L,€x, ). By substituting the explicit

MW(1",2,3,4)|4, =0, (4.2)
where leg 1 is either a positive- or negative-helicity
graviton, and the other three states are unspecified.

We however find divergences for the cases with no
external gravitons. For the four-dilaton amplitude, we find

1132 = 92D, + 3D?

| 1 /k\* i
M! )(1¢72¢’3¢74¢)|div == (
€

2

corresponding to the operator,

1 /x\* 1 1132-92D, +3D?

€ (2) (4m)* 240
This result is similar to the one obtained long ago by
’t Hooft and Veltman [32]. However, in our case we have an
antisymmetric tensor which can circulate in the loop,
altering the numerical coefficient. We note that the operator
in Ref. [32] looks different than above, but it can be written
in a similar way through use of the field equations of
motion.

The amplitude with four antisymmetric tensors is also
one-loop divergent in four dimensions. In four dimensions,
the antisymmetric tensor is dual to a scalar field, so we
expect the divergence to be the same as that for dilatons.
Indeed, the divergence in the four-antisymmetric-tensor
amplitude for a theory with an antisymmetric tensor
coupled to gravity is equal to that of the four-dilaton
amplitude in a theory of a dilaton coupled to gravity [34]. In
congruence, we find the divergence for four external
antisymmetric tensors to also be given by the same
expression as the four-dilaton divergence (4.3),

(D, pDFp)?.  (4.4)

MDA, 2438, 44|, = MO(19,29.30,47)] ..
(4.5)

In terms of the antisymmetric tensor fields, the divergence
is generated by the operator,

2 t2 2 4
47)? 120 (" + £+ u%), (4.3)
[
1/\* 1 1132-92D, +3D? )
€ <§) (4n)* 2160 (Hyup 1) (4.6)

The counterterm that cancels the divergence is given by the
negative of this operator.

In addition to the above divergences, there is also a
divergence in the D = 4, ¢p¢pAA amplitude. This divergence
is given by

MO(A2,20,3444) |,

1<K>4 i (1116-76D, - D? ,
=— = s
(

e\2) (4r)* 120
—1124 + 84D, — D? ) )
‘ ‘ 4.7
which corresponds to the operator,
1/c\* 1 1124 — 84D + D?
o S . “H,,.H,°D'pD*
€ (2) (4m)* ( 60 poll D PD" G
1132 -92D, + 3D?
_ e 20 HWpH/‘”/’DaqﬁD"q’z). (4.8)

2. Six dimensions

In six dimensions for external gravitons, the only
independent invariant operator at one loop [58] is
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Rop R*7°R p,,“ﬁ . (4.9)

This corresponds to the known D = 6 one-loop divergence
of pure FEinstein gravity given in Ref. [35]. We have
computed the coefficient of the D = 6 divergence for
the double-copy theory of a graviton coupled to a dilaton
and an antisymmetric tensor. In this case, the divergence is
given by the operator,

1 1 (Dg-— 2)2
3 Raﬂuv
€ (47[) 30240

RIroR . (4.10)

Appropriate powers of the coupling are generated by
expanding the metric around flat space, g,, =7, +
«hy,. Although we do not include the explicit forms of
the counterterms here, we have also found divergences for
the following amplitudes (as well as their permutations and
parity conjugates) involving external dilatons and antisym-
metric tensors, where we restrict the external states to four
dimensions:

MWD (19,2F,3+ 4F), (D(19,29,3+,4%),
MWD (12,24 39 41), (D(12,29,39,4%),
MW (14, 24,3+ 4+), MW(14,24,3¢ 4+),
MM (14,24,3¢ 49), (4.11)

3. Eight dimensions

In eight dimensions, there are seven linearly independent
R* operators [59]:

T, = (R,,,R""°)?,

HUUPO
Ty, = R,,cR"™ )R s O Ry
T3 =R,,R", R’W RPo%K,
T4 R/,wpaRﬂ /IprjékRGy&&
TS R/,wpa R 1//17 Rp A Ra&yk
Ts = R,,-R') R’1 Y RV
T7 = R,,-R')’ R%”KRV‘S"". (4.12)
On shell, the combination
T T
U=- 161 T, - ?3—T4+2T5—T6+2T7 (4.13)

is a total derivative, so only six of the T'; are independent on
shell. In terms of these operators, the divergence for gravity
coupled to a dilaton and an antisymmetric tensor at one
loop in D =8 is
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rr v
¢ (47)* 1814400
— 40(466 — 103D, — 2D?)T,
—2(1886 + 319D, — D?)T;
—180(1034 + D)T, + 16(1196 + 34D, — D*)T
+64(12454 + 71D, + DT, + cU), (4.14)

(4274 — 899D, + 11D)T,

where ¢ is a free parameter multiplying the total deriva-
tive (4.13).

We have also found that the following four-point
amplitudes involving dilatons and antisymmetric tensors
diverge in D = 8:

MO
MO
MO
M1

19,29 3+,4%),
19,29 3%, 4¢)
14,24,3%,47),

424,39 49),

MO (19,29 3+ 47),
MUI(14,24 3+ 4+),
MW(14,24,3¢ 4+),
MM (14,24,34 44,

A/_\/_\/_\

(4.15)

where we have again chosen the external states to be four
dimensional. The other configurations are finite.

B. Ultraviolet properties of gravity
at two loops in four dimensions

Pure Einstein gravity in D = 4 is one-loop finite, but it
does diverge at two loops [55]. This suggests that the two-
loop four-graviton amplitude, including also the dilaton and
antisymmetric tensor, should diverge as well. For external
gravitons, the only independent operator is the same R>
operator for one loop in six dimensions (4.9). Our aim is to
find its coefficient.

The R® operator generates a nonvanishing four-point
amplitude for identical-helicity gravitons, illustrated in
Fig. 10. This means that we can determine the coefficient
of this operator by computing the four-graviton all-plus-
helicity amplitude. Fortunately, as we discussed in Sec. III,
we have the BCJ form of the required all-plus-helicity
Yang-Mills amplitude. Applying the double-copy formula
(2.5) to the Yang-Mills amplitude in Eq. (3.15) immediately
gives us the corresponding gravity integrand, simply by
squaring the numerators. Figures 6(d)-6(k) integrate to
zero in gravity just as they did in Yang-Mills. In addition, as

+ + +

FIG. 10. The R? operator diagrams that contribute to the all-
plus-helicity four-graviton amplitude. The solid dot represents
vertices generated by the R? operator.
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was mentioned in Sec. III B, the second term of the double-triangle in Eq. (3.11) also integrates to zero; in fact, due to the
simple identity,

1

1 1
-(p=q) (ky+hk)+s==(p—-k —k2)2+§(9+k1 +k2)2—§p2—5q2, (4.16)

N =

all such terms will integrate to zero because the inverse propagators lead to scale-free integrals. Thus, the four-graviton
all-plus-helicity amplitude is given by

K\ O [1 1 1
MO (1+,2+ 3+ 4+) = <§> Z[ZMTZ34+ZM¥;34+§M?§34 . (4.17)

4

where

: (Ds _ 2)2
MYy, = iT*T} [(# (p+q)* 4322 +165((4, - A,)* — 1222)

2
Dy = 2)(s(RE2 4+ 22, 22, ,) + 4(p + a2 + )4, -zq») ] (5.1

= iTZ{IE[((DS —2)S(A2A2 + 22+ 2223, )+ 165((2, - )* — A222))] (s, 1)

+Ibow—tie|:2<4(D _2>(/12 _|_/12)(A ) )+M1212>
4 s p q/)\*p " g D) r™q

X ((Dg =2)s(Aphg + Apd5 g + Aghs ) + 165((4, - 4,)* — /1%,/15))} (s,1)

P ptq

; D —2)? 2
+ Zhowtie [(p +q)? <%z§,zg +4(Dy —2)(A2 + 22)(4, - @)) } (s, z)},
MII\I2P;34 = iTZSzIAI:IP[((DS - 2)(}“%72%1 + l%)’%+q + A’%}’%+q) + 16((/1[) : /Iq)z - ﬂ%’%))z](s’ t)’
(DS - 2)2

2

— )2 2
= iTZEIE"W'“e [(Ls 5 2 @4p-q+2(p—q) (ki +k)- s)/ﬁa/@) } (s.1). (4.18)

2
MPL, = (2707 [( (4p-q+2(p—a)- (ky + k) — suzzz) ] (5.0

We have explicitly confirmed that s-, 7-, and u-channel unitarity cuts are satisfied. We did so numerically keeping the
internal states in integer dimensions D = 6 and D = 8.

To obtain the ultraviolet divergences, we integrate the amplitudes in dimensional regularization. We carry out the
extraction of the ultraviolet divergences in two ways. In the first approach we simply use dimensional regularization and
then subtract the known infrared divergences, leaving only the ultraviolet ones. In the second approach we introduce a
mass regulator to separate the ultraviolet singularities from the infrared divergences, as carried out in Appendix C. Either
method yields the same result. In fact, the second method also shows that the vanishing integrals that we dropped, including
Figs. 6(d)-6(k) and the second term of the double-triangle in Eq. (3.11), are not ultraviolet divergent.

The dimensionally regularized integrals are performed in Appendix A. Equation (A10) gives the planar double-box
integrals, Eq. (A17) gives the nonplanar double-box integrals, and Eq. (A21) gives the bow-tie integrals. The infrared
divergence from Appendix B is

1 /k\6 i (D, —2)?
(2) 1+ 2+ 3+ 4+ I 72 s 2 l‘2 2

x [s log <;—2S> + tlog (;—,f> +ulog <;—Z>} (4.19)
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We insert the divergent parts of the integrals evaluated using dimensional regularization into Eq. (4.18), then insert these
results into Eq. (4.17) and perform the permutation sum. Finally we subtract the infrared divergence and arrive at the two-
loop ultraviolet divergence of gravity coupled to a dilaton and an antisymmetric tensor for four external positive-helicity
gravitons:

, (2D* — 136D3 + 2883D% — 35164D, + 103052)s1u
10800 ‘

MO, 25,35 4 oy, = ()
1V € 2 (

pe (4.20)

For our second method, we evaluate the ultraviolet divergences of the required integrals by going to vacuum integrals and
using a massive infrared regulator, sidestepping the need to subtract the infrared divergence. The ultraviolet divergences of
the individual integrals are calculated in Appendix C. After permutations, the contributions of the planar double-box,
nonplanar double-box, and double-triangle components are

, (2D3 — 63D + 588D, — 1420)stu

M. 2%. 35 45 [yy iy =

_é G)é (4;;)4 4

NP1+ A+ 2+ 4+ ,__156.
M1, 27,37 45 [yy giy = @

e \2

180 '
2 (21D} 4D, — 396)s1u
240 '
, (Dy = 2)*stu

MDT(1+ 2+ 3+ 4+)‘ . :l E o i
’ ’ ’ UV div e \2 (

4r)*

4.21
5400 ( )

Summing these contributions, we find complete agreement with Eq. (4.20).
We can reexpress the two-loop divergence in terms of the operator that generates it. By matching the amplitude generated
by the diagrams with an R3 vertex shown in Fig. 10 to the divergence in Eq. (4.20), we find that the operator

1(x\2 1 2D} —136D; +2883D? —35164D, + 103052
e\2) (4n)* 648000 P

Ropu R R, (4.22)

generates the bare two-loop divergence for gravity coupled to a dilaton and an antisymmetric tensor. As will be discussed in
Ref. [60] there are also additional evanescent counterterm contributions.

V. CONCLUSION

In this paper we constructed a representation of the one-
loop four-point amplitude of pure Yang-Mills theory explic-
itly exhibiting the duality between color and kinematics.
This construction is the first nonsupersymmetric example at
loop level valid in any dimension with no restriction on the
external states. The cost of this generality is relatively com-
plicated expressions in terms of formal polarization vectors.

The duality between color and kinematics and its asso-
ciated gravity double-copy structure has proven useful for
unraveling ultraviolet properties in various dimensions
[5,13,23,24,31]. Using the one-loop four-point pure Yang-
Mills amplitude with the duality manifest, we obtained the
integrand for the corresponding amplitude in a theory of a
graviton, dilaton, and antisymmetric tensor. In D = 4, we
found that one-loop four-point amplitudes with one or more
external gravitons are ultraviolet finite, while amplitudes
involving only external dilatons or antisymmetric tensor
fields diverge. This result is similar to those of earlier studies
involving gravity coupled either to a scalar, an antisymmetric
tensor, or other matter and is in line with simple counterterm
arguments [32-34]. We gave the explicit form, including
numerical coefficients, for all four-point divergences in this
theory. Since our construction is valid in any dimension, we

|

also investigated the ultraviolet properties of the double-copy
theory in higher dimensions. In particular, we showed that in
D = 6, 8 the one-loop four-graviton amplitudes diverge, as
expected, and gave the explicit form of these divergences
including their numerical coefficients.

In order to investigate whether the observed D =4
ultraviolet finiteness of the amplitudes with one or more
external gravitons continues beyond one loop, we also
computed the coefficient of the potential two-loop R*
divergences. This was greatly simplified by the observation
that the coefficient of the divergence can be determined from
the identical-helicity four-graviton configuration. The
required gravity amplitude was then easily constructed via
the double-copy property, by first finding a representation of
the pure Yang-Mills amplitude that satisfies the duality. The
existence of such a representation has already been noted in
Ref. [5]. Here we provided the explicit representation,
including diagrams that integrate to zero not present in
the original form of the two-loop identical-helicity amplitude
given in Ref. [19]. We found that the two-loop amplitude
with external gravitons is indeed divergent and that the R’
counterterm has a nonzero coefficient. This is not surprising
given that pure Einstein gravity diverges at two loops [55].
Our paper definitively shows that, as one might have
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expected, the double-copy property by itself cannot render a
gravity theory ultraviolet finite. For ultraviolet finiteness, an
additional mechanism such as supersymmetry is needed.
Further progress in clarifying the ultraviolet structure of
gravity theories will undoubtedly rely on new multiloop
calculations to guide theoretical developments. We expect
that the duality between color and kinematics will continue
to play an important role in this.

ACKNOWLEDGMENTS

We thank J.J. M. Carrasco, H.-H. Chi, L. Dixon, H.
Elvang, H. Johansson, S. Naculich, R. Roiban, E. Serna
Campillo, and A. Tseytlin for helpful discussions. We also
thank D. O’Connell for important comments on an earlier
version of this paper. We thank R. Roiban for cross-
checking our one-loop integral reductions and L. Dixon
for cross checking our two-loop integrals. This research
was supported by the U.S. Department of Energy under
Contracts No. DE-FG03-91ER40662 and No. DE-
SC0007859. The work of S.D. was supported by a U.S.
Department of Energy Graduate Student Fellowship under
Contract No. DE-SC0008279.

PHYSICAL REVIEW D 92, 045041 (2015)

Note added in proof.—A subsequent analysis has revealed
that at two loops there are evanescent counterterms not
accounted for in our two-loop analysis [60]. The appearance
of such counterterms is unexpected because there are no
corresponding one-loop divergences in D = 4 that can act as
subdivergences. The net effect is that the numerical coef-
ficient of the divergence in Eq. (4.22) should be interpreted
as a bare result without counterterm or subdivergence
subtractions. Consequently, the coefficient will be modified,
although the conclusion that there is a divergence is
unaltered. This surprising phenomenon, as well as the
counterterm subtraction terms, will be described in Ref. [60].

APPENDIX A: TWO-LOOP DIMENSIONALLY
REGULARIZED INTEGRALS

In this appendix, we explicitly compute the divergent
parts of dimensionally regularized two-loop integrals in
D =4 —2¢, appearing in Sec. IV B. In general, both
ultraviolet and infrared divergences appear as poles in e
so we must subtract the infrared ones in order to obtain the
ultraviolet ones.

We start with the planar double-box integral displayed in
Fig. 6(a), following the discussion in Sec. 4 of Ref. [61],

d’p dPq P(Aip.q. k;
O e e i e oy iy ey Y
Using Schwinger parameters, we rewrite the planar double-box integral with constant numerator as
TE[1)(s, ax DH/ dt;[Ap(T)] 7 exp {—%} (A2)
where
Ap(T) = (T, T, +T,T,, +T,T,,). (A3)
and
T,=t:+14+1s,
T,=t+ 15+,
T,, =t (A4)

T, T, andT,,
respectively. We also have

Op(s,1,1;)

To account for factors of A7, 47, and 3,
(Wick-rotated) integral:

/ dAi,%¢dAg* exp [T, 4% — T 43 —

with respect to T,
example,

T, and T,,

= =s(t1oT , + t314T , + 16(1) + 13) (12 + 14)) — ttstgt;.

are sums of Schwinger parameters corresponding to propagators with loop momenta p, ¢, and p + ¢,

(AS)

in the numerator, we take derivatives on the (—2¢)-dimensional part of the

TI"JAP‘H]]

o« [Ap(T)], (A6)

. This introduces additional factors to be inserted in the integrand in Eq. (A2). For
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(B)! = —e(1=e)2=e)(3~¢) <TqAP+—<TT>pq>4

3 (Tq + qu)z (Tq + qu)2T%7‘]
(/1%,) /1(2] —e2(1-¢€)(2- E)W —e(l—€e)2-€)(3—¢) W,
€ 2 2 22
(B2, — (1 —e) AP(IT>2 te(l—e)2—eTat Zq()T ; 2TaTos _ 12— )3 —e) Z:gf’)‘g. (A7)

We account for extra factors of A§(7T') by shifting the dimension D — D — 2a. Following Smirnov [62], we change six of
the seven Schwinger parameters to Feynman parameters with the delta-function constraint ), ca; = 1:

TPy (0.0) =i [ ] [Mana(1- Y ) o ), a9
i#6

156 Op(s, t,a;)]"=PH7

where D(a;) represents the extra factors in one term of Eq. (A7), with 7; — a;. The parameter y counts the factors of ; in
D(a;) and can take on values 0, 2, and 4 for the integrals under consideration here. Next we perform a change of variables
that imposes the delta-function constraint [62]:

a = pi&;, a = (1 =&5)(1 =¢&4), as = B¢, ay =&5(1-4),
as = pr(1 = &), a; = pi(1 = &), P =(1=&5)és, pr = &s&s. (A9)

We then integrate these parameters to obtain a Mellin-Barnes representation, which we again integrate. Finally we arrive at
the dimensionally regularized results of our required planar double-box integrals:

T (0.0 =7 = s e+ OE).
TH[(g)](s.1) = 277 - (4;)4291;36“ o),
T 8)(0.1) = = i gage + O
T8 B )50 = % + s St +OE).
TR (s.1) = O(e).
TG 20 ) = TP = g L O,
T2 5:0) = Grigage + O
TR0 (0.1 = = Grigige + OE).
T (B l(5.0) = T7 = s et + OE), (A10)
where
?= (4:[>4 @ (252 + st + 21) (—s) e 27 + 93005 e O:)su4€ (45° + 753571 + 43065 % + 914457 — 3152°5°
+93815%* + 48135° + 101966)+ t3(lls;4jgs7:3t€+ ) log (g) - 2;;546 log? Gﬂ +0(e). (A11)

All integrals above are symmetric under 1, <> 4,.
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Next we look at the nonplanar double-box integrals:

dPp dPq P4, p.q. ki)
2P 2m)P PP (p+ q)* (P — k1) (g —k)* (P + g+ k3)*(p + g + ks + kyg)*’

I[P, p.q.k)|(s.1) = (A12)

whose evaluation follows that of the planar double-box integrals quite closely. Axp(T) takes the same form as Ap(T) in
Eq. (A3), except that

Tp = tl + tz, Tq = t3 + t4, qu = t5 + t6 + t7. (A13)
We then also have
Onp(s, tou, t;) = =s(t13ts + tatyty + tst7(T, + T,)) = ttytste — utytyte. (A14)

In this case, we find it advantageous to only change the four Schwinger parameters associated with 7', and T, to Feynman
parameters, resulting in

7-L+y
INP[P(2,.2,)]) = FW D” / da; H/ da6< Za) QNPA:"E u)]a)]:_DHD(ai). (A15)

i=1
We impose the delta-function constraint via further redefinition:
=&(1-&), a = &6, a3 = (1=&)(1-&), ay = (1-&)é. (Al6)

Once again we can straightforwardly integrate the parameters and use the Mellin-Barnes representation to evaluate our
required nonplanar double-box integrals:

1 215s% + 3425t + 3422

INPI(2)4](s. 1) = TP — O(e),
4 [(45)%](s. 1) (4r)* 50400se 0
1 K
NP 2 §,1) = ———+ O(Y),
(+0)5:0) = Gyrg0e + )
1 21552 4 3425t + 34212
INP /12 322 , :Z/NP— O 0 )
2 [(45)°4g](s. 1) (dn) 50400se ()

I3 ) (s, 1) = O(°),
1 230s%+ 171st + 171¢2

TGPl = T = L B DT L o,
TP (e )(0.0) = e + OE).
Iy Ag 45 14) (s, 1) = (ar)* 1440¢ +O(eY),
TR, (5. 1) = OE)
IR, ) (s.1) = (471[ )4ﬁ +O(), (A17)

where
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1 1

NP = ——— (22 + tu 4 2u) (=s) "¢ (=) e e 4 ———— (5581u® + 25188u°t + 51783u*t> 4 6435211
n)* [8a0se 1 1 2 (=) (=) e A o e (081 W wrs .
(1172 + Ttu + 2u?) u su’ u
— 126022383 + 517831 + 25188ur’ + 558176)+ 2 log(— ) — log?( —
AT B A 2 T88ul i 84057 %8\1) T 2805% ¢ \i
+ O(€). (A18)
As with the planar results, the above are valid under the exchange 4, <> .
Finally we evaluate the bow-tie integrals:
de qu /P(li’ p’ Q9 kl)

TR, p. . kp)](s) = / (A19)

(2m)P (27)P p*q*(p — ki )*(p — k1 — ka)*(q — ka)*(q — k3 — kq)*

The bow-tie integrals are relatively simple because they are products of two one-loop integrals. Similar techniques
involving Schwinger parameters and Mellin-Barnes representations can be used on each one-loop integral. Since bubbles
with a massless leg vanish in dimensional regularization, the replacement (p + ¢)> — 2p - ¢ is valid in the numerator. We
also use the tensor reduction (4, -4,)* = 4242 /(—2¢). For the bow-tie integrals appearing in Eq. (4.18), this tensor
reduction is the only source of an ultraviolet divergence. When evaluating the bow-tie contributions then, we expose
(A, - 4,)* factors through the substitutions,

Mpig = 25 +25+204, - 2g). (P +0)* = 2p@) - duy) = 2(4, - Ay). (A20)
Only terms containing a (4, - 4,)* are ultraviolet divergent; there are no terms with (4, - 4,)* or higher powers of (1, - 4,).
The relevant bow-tie integrals are then given by

) 1 52
Ty 2a7NS) = e T O
bow-tie[ 32 72 2 1 _SZ 0
TGy 40 P)0) = G ige + O)
. 1 53
a0 - 2470) = e geae T O
) 1 s*
TR0 2aF10) = (g oo 01
. 1 s*(10s—1t
Ilzow-ne[(/%)zup 'llq)z(zl?(zl) gy (s,1) = - e 551206 ) + O(eY),
. 1 s2(12s—¢
Tove 12221 A2 (2pga) - 4] (s.1) = — D o). (a21)

(47)* 28800e

These are also symmetric under the exchange 4, <> 4,.

APPENDIX B: TWO-LOOP INFRARED DIVERGENCE

In this appendix we obtain the two-loop infrared divergence for the four-point all-plus-helicity graviton amplitude in the
theory of gravity coupled to a dilaton and an antisymmetric tensor using dimensional regularization in D = 4 — 2¢. We
subtract the infrared divergence from the total divergence to obtain the ultraviolet divergence. Infrared divergences in
gravity can be obtained by exponentiating the divergence found at the one-loop order [16,63,64]. In the cases where there is
a divergence at one loop, the infrared singularities are “one-loop exact”; however, in the all-plus-helicity gravitons case, the
first divergence occurs at two loops. Nevertheless, the same principles apply. More specifically we are concerned with the
exponentiation of the gravitational soft function, which describes the effects of soft graviton exchange between external
particles.
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Following the discussion of Ref. [64], a gravity scattering amplitude can be written as

Mn =S8, -H, (Bl)

where S, is the infrared-divergent soft function and H, is the infrared-finite hard function. Each quantity in Eq. (B1) can be
written as a loop expansion in powers of (k/2)*(4ze7E)¢:

M, = f:MSf), S,=1+> 8. H,= iH,S“. (B2)

L=0 L=1 L=0

The soft function is given by the exponential of the lowest-order infrared divergence:

o, K\ 2 .
Sn = eXp |:::| ) On = (5) 2—6 T :z: :1<]: Sl] 10g< ) sij = (kl + k])2 (B3)
An L-loop amplitude can then be written as
L L-1
L) 1 oy, 0
= E — H, . B4
1=0 (L_l)!|:€:| <€) ( )

For four-point amplitudes, we have

T e I S

and the one-loop infrared divergence is given by

04

0
Ml = M. (B6)

We used this to subtract the infrared divergence from our dimensionally regularized one-loop result in Sec. IVA 1 to isolate
the ultraviolet divergence. The four-point two-loop infrared divergence is given by

2 1lo4]%, (0, 64,0
Mgy =5 2] M0 + 2D (®7)

IR div

For the all-plus-helicity gravitons case, the tree amplitude ME{” vanishes. The one-loop amplitude is therefore infrared finite
and equal to the one-loop infrared-finite hard function. The one-loop amplitude can be computed using the double-copy
procedure in Sec. IVA 1 and is given by [65]

MO (1+,2+, 3+ 4+) = _<§)4 (42)2 <<[1122§[<3;;11]>>2 (D;;02) (2 + 2 + u?). (B8)

The two-loop infrared divergence is then

K i 2(D; —2)?
M(z)(1+’2+’ 3+’4+)|1Rdiv _ _é <§>6 (4ﬂ)4 <<[1122>]E?;j.]>> (DS1202) (52 + 2 4 MZ)

{s log( ) +tlog (,7t> + ulog (;—ZH (BY)
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APPENDIX C: TWO-LOOP ULTRAVIOLET The effect of inserting factors of 4, Ag» and 4, into
DIVERGENCES FROM VACUUM INTEGRALS the planar and nonplanar double-box integrals is very

In this appendix we compute the ultraviolet divergences ~ Similar to inserting factors of v - p, v- ¢, and v - (P +9),
of the integrals in Sec. IVB. The techniques are very ~ Where
similar to those used to study the one-loop ultraviolet
properties of gravity in Sec. IV. However, before we can use =€t kKSR (C1)
them, we must deal with the (—2¢)-dimensional compo-
nents 4,, 44, and 4, , in the numerators of the integrals ~ Example parameter insertions for factors of A; are given
using the techniques in Sec. 4.1 of Ref. [61]. in Eq. (A7). For polynomials in v - p and v - g, we have

wu\* (T, +T,,)*
p)8 105 () e Tee)
(v-p)°® - (8 Al

w\*[. (T, +T,,)* T,+T,,)*T?
(v-p)6(v-q)2_> (%) 15( q e pq) _|_105( q Aiq) pq}
stu\4[ 1 T2 T
(00 = () [+ 907 + 105722,
4 2 s (stu\*[ 1 375+ 375, —2(T, +Tpy)? T272,
(v-p)(v-q)(v-(p+9)) = (5 ) |92 115 X + 10554 (C2)

These are valid for both the planar and nonplanar double boxes provided the corresponding definitions for A, 7', T, and
T,, given in Appendix A are used.

We can also relate polynomials in v - p and v - ¢ to the ;. The four-dimensional component of the loop momenta p can
be written as

Ply = cTk| + k) + 5Ky + civ”, (€3)
where
o — 2;_14 —t2p - k) + u(2p - k) + 5(2p - Ks)),
&b =5 [12p k) ~u(2p ko) + 52 ko)),
et =3 [12p ko) + u(2p ko) ~ 52 ko))
¢y = —éeﬂy,pzwp"kq'k?k? = —£” P (C4)
We therefore have
pr+ 245 = pu - pu) = scich +1eh ek +ucfcl —thstu(cﬁ)z, (C5)
or
2= pp 4P, (C6)
stu
where
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P =—p +sclel + el el + uch el (C7)
Similarly, we have
2= —%(v g+ P,
Aprg = _%(”' (P + @) + Ppy, (C8)
where
75 =—g¢* + sclcd + 1ccd + uclcd,
Ppg==(p+q)* +s(ef + () + ) +1(eh + ) (5 + ) +ulel +e)(ef + ). (9)

These relations, along with the parameter replacements in Egs. (A7) and (C2), allow us to rewrite the integrals involving
factors 4; in terms of integrals involving tensor products between the loop momenta and the external momenta. For a general
function f(p - k;, q - k;), we have

Jis sz (%)4 [0 s

B 16e(1 —€)(2 —
__(1—2e)(3—2e)(5 2e 7 2¢) /P

3 16e(1 —¢€)(2 — 3
/(l)ﬂf (1-26)(3-2¢)(5 - 26 7 2¢) /P Paf

12¢(1 — €)(2 =€) Pf,f
(3—-2¢)(5-2¢)(7 - 26)/ A

16e(1 —€)(2 — 252
/%)2(,13)2f: T (1-20)(3-2¢)(5- 2e 7 2¢) /P Pal

16e(1—€)(2 —¢) Ppqu
(3-2¢)(5 —26)(7—26)/ A
_ 6e(1-¢) f
(5-2¢)(7-2¢) ) A*’
2129292 _ 16e(1 —€)(2-¢€)(3 - 242
/(’1 Vhakpiof = (1-2¢)(3 =2¢)(5 - 2¢)( /P PPyt
de(l —€)(2—¢) 77,,(771, +2P,+2P,,)f
+(3—2€)(5—2€)(7—2€)/ A
_ 6e(l—¢) f
(5-=2¢)(7=2¢) ) A’

(C10)

where a factor 1/A indicates that a shift in dimension of the integral should be made: D - D +2, ¢ - e¢—1 [¢’s in
prefactors in Eq. (C10) should not be shifted, however].

Once we have integrals in a form involving tensor products between the loop momenta and external momenta, we expand
in small external momenta to reduce to logarithmically divergent integrals, just as we did in the one-loop case. This gives us
vacuum integrals. We then reduce the tensors involving loop momenta using Lorentz covariance and insert an infrared mass
regulator. By integrating we obtain the ultraviolet divergences. Since every prefactor in Eq. (C10) contains a factor of ¢, to
get the ultraviolet divergence, we only need the 1/€? pole of the integrals on the right-hand side. These leading contributions
have no dependence on the mass regulator, so we are unaffected by subdivergence issues due to the mass regulator. The
ultraviolet divergences of the planar and nonplanar double-box integrals are then
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T[)4](5.1) = O(),
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NP2 (24 ) (s 1) = ‘(4,1;)416806+0(€0)' (C11)

The bow-tie integrals do not contain infrared divergences, and their ultraviolet divergences were computed in Appendix A.

Combining all the pieces then gives us the ultraviolet divergence in Eq. (4.20).
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