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1 Introduction

It is a classic result in the field of scattering amplitudes that supersymmetric Ward identities
force gluon and graviton tree-level amplitudes to vanish if all particles carry the same
helicities or at most one state of opposite helicity [1],

Apn(£,+,+, ..., +) = My (£, +,+,...,+) =0. (1.1)

While this result holds at tree level in any quantum field theory, in the presence of su-
persymmetry the vanishing persists to all loops. In non-supersymmetric field theories, in
particular in the “pure” Yang-Mills and gravity theories, the above amplitudes are very
interesting as they receive their leading contributions at one loop and are remarkably
simple — resembling tree-level expressions, although with more subtle factorization prop-
erties [2]. Their unitarity cuts vanish in four dimensions since the helicity configuration of
any two-particle cut of the one-loop expressions in (1.1) implies that there is at least one
vanishing tree-level piece. Hence, these one-loop amplitudes are finite rational functions of
the momentum invariants.



In the case of pure Yang-Mills theory they were efficiently constructed through their
analytic properties and even the all-multiplicity expression has been established in the
all-plus case [3, 4], resulting in a remarkably compact formula

+) = N, Z (k1ko)koks](kska)[kaki]

Alloop(1+ ) =
A T) = o (12)(23) - (nl) °

(1.2)

1<ki<ko<ks<ks<n

using spinor helicity variables.'? These one-loop amplitudes are also generated by the
self-dual Yang-Mills theory and represent their only non-vanishing amplitudes [8-10]. The
single-minus gluon amplitudes at one loop are also known for all multiplicities and have been
constructed using Berends-Giele type [11], as well as BCFW-type recursion relations [2].
Their form is considerably more involved.

All-plus and single-minus helicity amplitudes have also been constructed in pure grav-
ity. A conjecture for the all-plus graviton amplitude at any multiplicity exists [12] and
agrees with explicit constructions at n <7 points. Again, this infinite series of graviton
amplitudes is identical to one-loop self-dual gravity. For the single-minus amplitudes, an
explicit, yet not very compact expression has been recently derived [13] using a spin-off of
the BCFW method known as augmented recursion [14], following earlier work in [15-17].
As is often the case, the analytic structure, in particular consistency of soft and collinear
limits, helped to constrain the ansatz.

In this work we focus on explicit S-matrix elements for mixed graviton and gluon
scattering in Einstein gravity minimally coupled to Yang-Mills theory, or EYM for short. In
the 1990s EYM amplitudes in four dimensions for the maximally-helicity violating (MHV)
case, i.e. two negative-helicity states, were given at tree level in [18, 19]. Only rather
recently modern approaches to scattering amplitudes based on the scattering equation
formalism of CHY [20, 21], or the color-kinematic duality relations [22, 23], were applied
to the realm of EYM amplitudes, leading to a number of explicit results. Double-copy
constructions for gluon-graviton scattering in supergravity theories were given in [24-26].
However, the most efficient way of establishing EYM amplitudes is by expanding them in a
basis of pure gluon amplitudes multiplied by kinematic numerators to be determined (also
featuring in color-kinematic duality):

A (1,2, ns ke, ) = > n(1, {8}, n) AL (1,{8},n). (1.3)
BEPerm(2,...,n—1;h1,....hm)

This form was initially presented by a string-based construction for one graviton and n-
gluon scattering in [27], the field theory proof followed shortly thereafter [28, 29] and
was further lifted to the sector of three gravitons in [28] employing the CHY formalism. A
color-kinematic duality based construction extended this to amplitudes involving up to five
gravitons [30]. The complete recursive solution for the numerators n(1, {8}, n) has recently
been constructed in the single-trace sector in [31, 32] and for multi-traces in [33]. This,
together with the existing result for all tree-level color-ordered gluon amplitudes [34-36],
constitutes the complete solution for the EYM S-matrix at tree level.

1Np is the color weighted number of bosonic minus fermionic states circling in the loop.
2See [5-7] for comprehensive reviews.
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Figure 1. Contributions to the one-loop EYM amplitude Asy;(1,2,3;h) at different orders in x
and g. Only the top line of the O(x ¢g*) contribution of the amplitude is constructible by replacing
the gluon by a (massive) scalar from (1.5) in the rational case.

This state of affairs sets the stage for the investigation of the present paper. Here
we compute the remaining rational amplitudes of the EYM theory at the leading one-
loop level at multiplicity four. These are the three all-plus helicity amplitudes involving
one, two or three gravitons, as well as the six single-minus amplitudes involving one, two
or three gravitons. An elegant way to determine such amplitudes consists in employing
two-particle unitarity cuts in D = 4 — 2¢ dimensions [37] (see also [38] for the first uses
of D-dimensional generalized unitarity). The main idea is that a rational term in four
dimensions, R, will in D dimensions acquire a discontinuity, but to a higher order in the
dimensional regularization parameter €. Schematically,

R = R(—=s)" =R[l—elog(—s)] + . (1.4)

Technically, the calculation is greatly simplified by using the general supersymmetric Ward
identity of (1.1) at the one-loop order, which implies that the contribution of an arbitrary
state in the loop is proportional to that from a scalar circulating in the loop,

AR State ooy o pep L Ry) = Ny AR I0ov ) o b)) . (15)

n+m n+m

It is important to realize that “any state in loop” refers to a “pure” contribution of a definite
quantum field excitation (e.g. graviton or gluon) propagating in the loop. This relation
may therefore be straightforwardly applied to the EYM situation of a gluon circulating
inside the loop of a mixed gluon-graviton amplitude, see figure 1 for a four-point example:
a one-loop single-graviton three-gluon amplitude will have one-loop contributions of order
kg> and k3g. A generic one-loop m-graviton and n-gluon amplitude will have g-leading
contributions of order ¢g"x"" representing only gluons in the loop, whereas the g-subleading

n=2k;m+2k reflect contributions where 2k gluon propagators are turned into

contributions g
graviton propagators. Note that there is no single-gluon [-graviton vertex.
For the contributions to the amplitude maximizing the powers of the gauge coupling

constant, i.e. the contributions to A,4+mn(1,2,...,n;h1,...,hy) at order g"x™

, we only
have gluons running in the loop, and the relation (1.5) applies with N, = 1, i.e. this

contribution may be computed upon replacing the gluon inside the loop by a scalar. The



cuts are performed in D dimensions, where a generic loop momentum L satisfies L? =
0= l?_%) —l%4) =0, where [(_g.) and [(4) represent the (—2¢)- and four-dimensional part
of L. Because the external kinematics is four-dimensional, at one loop there is just one
l(—2¢). Setting l?_zg) := 2, one then has l(24) =12, i.e. all internal D-dimensional scalar can
effectively be treated as four-dimensional massive scalar with uniform mass 2, over which
one integrates at the end [37].

The “non-pure” contributions of order ¢" 2*x™*2* however, have a mixture of gluons
and gravitons running inside the loop. Here the situation is less clear, as (1.5) does not hold.
A simple dimensional analysis also reveals that the mixed graviton-gluon contributions in
the loop are not represented by (1.5).

Hence in this work we only aim at finding the maximal g contributions to the one-loop
rational amplitudes in EYM theory. Here we find intriguingly simple results, to wit3

AW 2 3t —o0,
i 52 2 u2
AW F 2+ 3F 477 = () <[1122>]£?£> ((42)[23](34))° %
) ' i [24)34) 1 1
ADQT 25354 = v en aa) @ s ¢ T (16)
1 25
A(l)(1+,2+;3++74++) e — (47r)2 Ei;{ <[§j]>2 8’

; 2 2 2
(1)1 ok ot 44t _ i [24P[34°(14)% s
A (1 72 73 74 ),‘62g2 (47T)2 <34>2 6tu7
i [123R 14yt 2 + P
kg2 (47)2 (12) 6st2u2’
:0,

AW (* 2% 3t 477

A(l)(lﬂ:; 2++’ 3++’ 4++)

K3g

=0.

Kk3g

A(l)(1+; 2++’ 3++’ 4——)

The rest of our paper is organized as follows. In the next section we collect all rel-
evant tree-level amplitudes involving gluons, gravitons and massive scalars entering the
cuts needed to compute the rational amplitudes we are interested in. Sections 3.1-3.3 are
devoted to the calculation of all one-loop amplitudes with one graviton and three gluons. A
particularly interesting case is that of section 3.1, where we find that the all-plus amplitude
(1727314++)  although non-vanishing in terms of the higher dimensional integral basis,
actually vanishes in the four-dimensional limit. Sections 3.4-3.6 discuss the derivation of
the amplitudes with two gravitons and two gluons, while sections 3.7-3.8 contain the (van-
ishing) amplitudes with three gravitons and one gluon. Finally in section 4 we rederive
the curiously vanishing single-graviton all-plus amplitude from a double-copy construction.
Two appendices complete the paper. In appendix A we list the D-dimensional expressions
of the relevant integrals and the appropriate limits contributing to the amplitudes of inter-
est, while in appendix B we derive all the four-point tree-level amplitudes with two massive

scalars and gluons/gravitons using recursion relations.

3In our conventions we have s = (12)[21], t = (23)[32] and u = (13)[31].



2 Relevant tree-level amplitudes

In this section we collect all the tree-level amplitudes entering our calculation. The ba-
sic building blocks are the three-point amplitudes involving a gluon or graviton and two
massive scalars. The color-ordered gluon-scalar-scalar amplitudes are [39]

A(1*,24,35) = i <‘ZL?’1|>1] o A(LT,24.35) =i <1[’1?;|]Q} ,

where p3 = p3 = 12, and p is the mass of the scalar particles. In these formulae, Ag and Xq

(2.1)

are reference spinors, and the amplitudes themselves are independent of their choice. The
amplitudes involving a graviton are similarly given by the square of the previous ampli-
tudes?

. 2 — . — 2
A(1++;2¢73q§) -3 [A(1+72¢>73q§)] , A(l ;2¢’3q§) =1 [A(l ,2@3&)] . (2.2)

We will also need four-point amplitudes involving two gluons/gravitons and two scalars.
The amplitudes involving gluons have been derived in [39] using BCFW recursion rela-
tions [41, 42] applied to massive scalars, and the relevant amplitudes with gravitons can
be obtained similarly (see appendix B for details). We quote here the expression of the
relevant Yang-Mills amplitudes with two gluons and two scalars:

12] i
A(1T,2%,3,,45) = 2 , 2.3
203043 =00 o e — 2 23
2 .
512 [(p4 +p1)? —p }
while for the amplitudes involving a graviton, a gluon and two scalars we have:®
14] 1 i
A1, 24,37:41T) = — 2 | 1/3]4 [ + ] 2.5
e I (e e R o 7]

A(17,24,3547) = _ {1314 { ! + i ] , (2.6)

s14(14) [(p3 +pa)? —p2 (2 +pa)? — p?
_ 413|1)3 [ i i
A(17,24,35:4 _ + . 2.7
(17 20:35 ) s14[41] | (p3+pa)? — 2 (p2+ pa)? — p? (2.7)

We have also double-checked these amplitudes through a direct Feynman diagrammatic
calculation. The two-graviton/two-scalar amplitudes in turn read

41]? i i
A(24,35:41F, 170 = — 14 [ [ + ] , 2.8
(263 )=-w (41)% [(ps +pa)? —p?* (P2 +pa)® — 2 (28)

__ 1/3]4]* i i
A(24,35:4T,1 _ + . 2.9
(2035 ) 514 (p3+pa)? —p?  (p2+pa)? — p? (2.9)

Note that (2.3), (2.5) and (2.8) manifestly vanish if the scalars are massless.

4We have confirmed this calculation also from Feynman rules, for which a good source is [40].
®The derivation of (2.5), (2.6) and (2.8) is presented in appendix B.
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Figure 2. The s- and t-channel cuts of the all-plus single-graviton amplitude. Cyclic permutations

of the labels (1,2, 3) should also be added.

For later convenience we shall split up (2.5)—(2.9) into a sum of two partial amplitudes
which treat the single graviton effectively as if it were color ordered, in the sense that

A(1F,24,35471) 1= A(4TH 15, 24,35) + A(1F,47F,2,,35) (2.10)
with
AT, 1%,2,,35) = 412 411>]2<1|3|4]W, (2.11)
A 4+, 24, 35) = M2<41>]2 (113/4] W, (2.12)
AT 26:39) = 84'3'1 (p3+pz) — 2’ (2.13)
AT 47, 20,35) = 85‘414 e (2.14)

and similarly for the other amplitudes. In the unitarity-based construction of the one-loop
amplitudes to be discussed, we then symmetrize explicitly in the graviton leg(s) attached.

3 One-loop amplitudes

3.1 The (1121 3T 471) amplitude

We begin our investigation with the four-point same-helicity amplitude with one graviton
and three gluons. We will derive the integrand of this amplitude, as well as its four-
dimensional limit. We anticipate the interesting outcome of this computation, namely that
this amplitude is zero in the four-dimensional limit — a result that we will also confirm
from the double-copy perspective in section 4.5

To organize the computation efficiently, we employ the effective “color”-ordered gravi-
ton partial amplitudes introduced in the previous section. The diagrams to be considered
are shown in figure 2. As all gluons carry the same helicity, we need only to evaluate the
first diagram in figure 2; the final result will then be obtained by adding the terms obtained
by cycling (1,2, 3) in the partial result.

For the configuration (1234) of figure 2 there are two two-particle cuts, in the s12 = s
and so3 = t channels. We start with the t-channel cut which is given by the product of the

SWe thank Henrik Johansson and Radu Roiban for confirming the vanishing of this amplitude in four
dimensions from the double-copy approach implemented in [30].



two partial amplitudes:

(V) (g++. 1+ ot a+ — A(4F++ 1t _ +oat g g
AW (4t+1t 2t 3 )(1234)’t AT 1 1,1 5) AT, 37, 1o g, —1 ) (3.1)

[41]23] (1]l24] i i
(41)(23) (14) (l2+pa)? — p? (h —p2)? — p?’

where the explicit expressions of the tree-level amplitudes entering the cut are given in (2.3)

and (2.5), and the factor of two arises from summing of the possible assignment (¢, ¢ and
®, ¢) for the internal scalar particles.
For the s-channel cut of the (1234)-configuration, one similarly arrives at an integrand

AW gttt ot 3t = ABT. 4T 1540, VAT, 21 —l4y, —s - 3.2
( ) ’ ’ ) (1234),5 -’4( ’ 5 03,0 4,¢) ( ) s T 4, 37¢) ( )

[43][12] (3[l4]4] i i
(43)(12) (12) (la+p3)?> —p? (I3 —p1)? — p?

The strategy to find the integrand is now to rewrite the t-channel expression in such a way

as to reproduce the s-channel expression modulo terms that vanish on the s-cut. For this
we first introduce a uniform parametrization of the (1234) box diagram in terms of a single
loop momentum :

Lh=1-py, lp=—l—py4, Iz3=1, la=p1+p2—1, (3.3)
with
D= (1—q)*—p?, 0=0, ¢q=pi, @=pi+p2, @=—ps. (3.4)

Using these the, s- and t-channel cuts take the compact forms

, L [121034] (114] [(2m)8(Dy)] [(2m)6(D3)]
A(l)(4++71+’2+73+)‘(1234),t_2ZM4<12><34> (14) Do Ds (39

‘ L4 [121(34] (3]14] [(2m)8(Do)] [(2m)6(D2)]
A(I)(4++’1+’2+’3+)‘(1234),5_21“ 4<12><34) (34) Dy D3 » (36)

where we have explicitly indicated the cut propagators. From this it is obvious that we
need to relate (1]/|4] to (3|{|4]. The trick to do this is to exploit the identity

(3)114) = % (114 + E;ﬂm, (3.7)

where s;4 = (4|{|4] = 2(I - p4), which in turn may be written as
s = (l+ps)*—p® = (1 = p*) = D3 — Dy = D3 : (3.8)
on s-cut

We also note the identity

(3[e14] _ (1r)4] [24]
B a4y T pen (Pr o) (3.9)




Inserting this into the s-cut expression (3.6) and dropping the Dy term gives us an integrand
which may be lifted off the cuts (with the usual replacement (27)d(D) — i/D for the
cut propagators):’

AD(gH+1+ ot ghy| g 121 / AL A Ke11C) N D I

1231 (12)(34) | (2m)* (2m) 2 DoDiD2Ds | (14) ' [32](34)
(3.10)

The partial one-loop amplitude is thus given by a linear box integral and a scalar triangle.
The final step is to now reduce the linear box integral. Here we use the Mathematica
package FeynCalc [43, 44], which efficiently implements the Passarino-Veltman reduction
algorithm [45]. Doing this we arrive at the final result®
2 [41][42][43] t [1

1 1
AW (1+ 2% 3T 4t = — | S L[t s, 8]+ = Ia[ps t] + = I3[,
( ) ) ; ) (471')2_6 <41><23> w |2 4[:“’ 35, ]+t 3[M ; }+8 3[/'L 73] +perms,

(3.11)

where by “perms” we indicate the two permutations (2314) and (3124) of (1234), which
interchange the Mandelstam invariants as (s,t,u) — (t,u,s) and (s,t,u) — (u,s,t), re-
spectively. However, we need not do this explicitly as taking the four-dimensional limit
using the relations in (A.7) we get a vanishing result:

AWt 2% 3+ atH) = 0. (3.12)

It would be desirable to understand the deeper reason for this curious vanishing.
We also quote an alternative expression of the amplitude in terms of a higher dimen-
sional scalar integral basis which is given by:

2 [12][34] 1
(47)2=< (12) (34) (41)[12](42)

t
ADT 27, 3741 = %14[u4; s,t] — sIz[u*; ] + permS] ,

(3.13)
where the two permutations are the same as in (3.11). The vanishing of (3.13) is of
course obtained again upon using the formulae of appendix A. We also comment that
this integrand is manifestly odd under the exchange of any two same-helicity gluons. In
color space this means that this amplitude is proportional to f%92%  with no d%:929s
contribution. We will see that the same property is shared by all amplitudes involving
three gluons computed in this paper — they only come with an f%%2%3 color factor.

3.2 The (1~ 21T 3T 471) amplitude

Constructing this amplitude is a slightly harder task, hence as an introduction we will first
re-derive the four-point gluon amplitude with a single negative-helicity gluon of [37] and
then apply a similar procedure to the more complicated EYM case. The form of the four-
gluon integrand is also of use for a double-copy based construction of the EYM amplitudes.

"The factor of —1 in the following expression arises from reinstating two (uncut) propagators.
8The integral functions appearing in (3.11) and in the rest of the paper are defined in appendix A,
following the conventions of [37] up to a minus sign for the I3 integrals.
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Figure 3. The s- and ¢-channel cuts of the A (1~, 2%, 3% 4%) amplitude in pure Yang-Mills.
Warmup. As for the case of the all-plus amplitude derived in the previous section, we

work with two-particle cuts. Because only gluons are involved, color ordering leaves us
with only two channels to consider, see figure 3. For the s-channel we have

AP, 27,3545 = AT AT g by 5) AT, 2F, g, )
5 [34] —(1]ia2)?

= U , (3.14)
(34) (I3 — p2) (12)[21] (I3 — p?)
whereas the ¢t-channel cut reads
Af)(r, 2+, 3*,4+)L = AT, 17 1o, 1y 5) AT, 3%, —lag, —ly 3)
1|14]4]? 2

(A)[4] (1 — p2) © (23) (15 — p?)
The strategy to find the integrand is now to rewrite the t-channel expression in such a way

to reproduce the s-channel one modulo terms that vanish on the s-cut. For this, we will
make use of the following identity to rewrite the numerator in (3.15):

(1)11]4] = <314> (18) 5,1 + (102]2] 23) (3.16)

where s;,1 = (1|l1|1] = 21y - p1, which in turn may be written as

s = (1§ —p®) = (13— p®) = (1§ — 1*)

(3.17)

on t-cut

This last expression holds on the t-channel cut. Inserting the expression (3.16) for (1|l1|4]
into the t-channel cut amplitude A4|; of (3.15) then yields an expression which may straight-
forwardly be lifted off the cut. Thus we get an integrand®

4 —2e¢ 2
A2t == [ e () (e

+ 22;3 Do (1]1]2] + ggiz Dy Sll]

1

S — 3.18
DoD1D3D3’ (3.18)

where we have chosen the loop momentum parametrization as [ = [1, and

Do=01-u?, Dy=(-m)?—p*, Do=(-pi—p2)’>—p*, Ds=(l+ps)*—p?. (3.19)

Note that there is an ambiguity in treating the last term in (3.18). By the logic laid
out above we could have also replaced s;,; by Dy as the resulting expression would agree

9 Again, the minus sign in front of the following expression arises from two cut propagators.



with (3.15) and (3.14) on the respective cuts. However, only the choice quoted above does
reproduce the result in the literature.'® The final step is to now reduce the tensor integrals
appearing in (3.18), which we do again using the Mathematica package FeynCalc [43, 44].
Doing this we find

_ 20 (1]4]2)* s st s(u—1t)
AN (17, 2%, 3T 41) = S L[t s, ) 4+ — Lip? st + —2 I[u?st
( ; 73 ) ) (47_‘_)2,6 <34>2 u 4[/‘L 3 S, ] + 2u 4[/‘5 3 S, ] + tu 3[/‘L 3 ]
t(s—u uUu—S u—t
+ (su) I3[p?; s] + 2 L t] + 2 L8] | . (3.20)

This result agrees with the result in the literature [37].11

Single graviton amplitude. After this warmup let us now consider the EYM amplitude
for a single graviton and three gluons with one negative-helicity state. Again we shall
construct the integrand from two-particle cuts. Now, due to the presence of the graviton
41+ which we here include with the effectively colored ordered tree-amplitudes A of (2.10),
we will have to consider three distinct type of two-particle cut diagrams. These follow from
the particle configurations (1234), (1243) and (1423) pushing the graviton leg 4™ through
the color-ordered gluons. The full amplitude is then divided into three parts,

AW(17,27,3%47) = Af1934) + A(1243) + A(1423) (3.21)
which we now construct in turn from two-particle cuts.

Diagram (1234). Here we encounter an s-channel and a t-channel cut. For the s-channel
of the (1234)-configuration we find

2 Lo 3
A(1234)|s = = A(l_’2+7¢l3’QZ_)ZI)A(3+74++,¢—Z17§E—Z3)
I- o 4+

[12][34] (3]11]4] (1]11]2]% [(2m)8(Do)] [(2m)8(D2)]

= 2u%i? : 3.22
AU 19y Be) T 122 (34) D; Ds (3:22)
where for the diagram (1234) we use the following loop momentum assignments:
Do=0—p2=12— 42, Di=13—p?=(1-p)* —p?,
Dy=13—p*=(1—pr—p2)’—p®, D3=105—p*=(+p)*—p*. (3.23)

107t would be valuable to understand this seeming ambiguity better. Such an ambiguity does not appear
in the procedure of merging cuts employed in later sections, which we have used to confirm all calculations
of this paper. In the latter procedure, vanishing integrals are omitted, which may obscure a double-copy
interpretation of the results.

"Had we taken DZ instead of Dg s1, in the last term of (3.18) we would on top find a term proportional
to [u/(st)] I3[1*] in the above, in disagreement with [37].

~10 -



Note that we have set [; = —[. The t-channel cut of the (1234)-configuration on the other
side takes the form

I L i 24
A(1234)|t = = A(4++, 17, ¢y, gEl4) A(2+, 3+’ b1y, gE—lz)
4+ Lo 3
2.2 [120[34] (1]1j4]° [(2m)3(D1)] [(2m)3(Ds)]
(12)(34) [41]% (14) Dgy Do '

=—2u (3.24)

We now lift the two expressions (3.22) and (3.24) off the cuts by the same strategy that
was applied previously. We rewrite the two [-dependent spinorial expressions in A ;234 |s as

(31j4] = E?j ] + E‘?jz = 52 g+ o 2s)
Using these relations, we observe the identity
(3t 1 pf2? = LG s 4 PGS
5923 <32>
[12](31)
iz o (1]1]4] <<34> (1)1]4] + (23) <1!l|2]) . (3.26)

Inserting this into the s-cut amplitude (3.22), and rewriting the Mandelstam invariants
Sl = 2(l . pi) as

sy = D3 — Dy = D3

; sin=Do—D1=—-D;

on s-cut

: (3.27)

on s-cut

leads us to an expression for the A(j934) integrand manifestly agreeing with both cuts (3.22)
and (3.24),

A(1234) — 22’2 [12][34] /(d4l d_zelu { <1|l|4]3 _ [42] - D3 <1|l|2]2 (328)

(12)(34) J (2r)% (2m)-2 412 (14)  (14)[12]

(31) (1]7}4] ?

s Dy (130 ) + (23) (i) § o
This expression may be straightforwardly reduced to scalar integrals using e.g. FeynCalc.
As a matter of fact, one quickly sees that the second term in the above vanishes upon in-
tegration.
An alternative representation for A(ja34) is obtained if one rewrites the t-cut expres-
sion (3.24) in terms of the s-cut one plus Dy terms, arriving at

C LB [ AN a7 [@UAE? 24 )
Ay =2 <12><34>/ @) <2w>—2€{ 122 (34) " [d][12)sgs D0 AP (3:29)

2
+ AL by (o) a3 o) | 55—
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which upon Passarino-Veltman reduction indeed matches A ;234 of (3.29). The result after
reduction reads:

20 [24](34] 1 3 . st? '
Aw230) = (< (20)(34) [12](23) [31] —gsthaluts t] = - Talu®; .1

s2(s+3u 52 (s243st+3t2 t(u—s s2t
) gty - TSI b O it S
s2(2t—u)+ud s(2s—u)(s+3u
R g S | (3.30)

Diagram (1243). For the (1243)-contribution we have a u-channel and a s-channel cut,
which read

A(1243) |u = "‘ a ) ¢l2’ ¢l3) (2+a 4++7 ¢—l37 qz)—lz)

2[12][ ]» <2!l!4] <1!l|3] [( m)3(Do)] [(2m)3(Ds)]
(12)(34)  (24) [31) D1 Ds ’

= 2u%i (3.31)

and

A(1243) |s = 1_ 2+ ¢l47 ¢l1) (4++a 3+7 ¢—l1 ) &—14)

2 [12}[ 4] <3|l|4] <1|l—p3|2] [(2m)d(Dy)] [(2m)3(Ds)]

= —2u% , 3.32
HEE)G)  (30) BIP DD (3:32)
where we have introduced the loop parametrization [ := —I3 along with
Do =13 —p* = 1? = 2, Dy =0 —p* = (1—p3)* —p?,
Dy =15 —p? = (l—p1—p3)* = pi°, Dy=1i—p’=(+ps)®—p®.  (3.33)

The s-cut expression may now be lifted off the cut by using the identities

31) (3l014] = [12) 2014 + [14] 510, (42) (11— paf2] = (34) (LIJ3] + (14) 20 — ps) - i

(3.34)
On the s-cut (where D1 = D3 = 0) we may replace sy = D3— Dy = — Dy as well as 2(I—p3)-
p1 = Dy — D1 = Ds. Using this we arrive at the integrand for the (1243)-type contribution,

o [12][34] df d%u ((201)14)(1]1]3]? [14]
A =235 Gy e g A 6
(14 :

~ st P2 B ((34) (11013)+ (42) (111 —ps[2)) } BB DD

Again we have an expression in terms of box and triangle tensor integrals amenable to

standard integral reduction techniques. An alternative and more compact expression may
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derived if one rewrites the u-cut in terms of the s-cut followed by a shift in the integration
variable [ — [ + p3. One then finds

, o [120[34] [ d*l dp f (3]1]4] 1]1]2)°
Alr2az) = 20° (12)(34) /( )4 (2m)2 { (34)[12]
(14 i

~ ey D I (130 (B + ¢a2) a2 b

(3.36)

where now
Do = (l+p3)°—p?, Di=0P—p*, Do=(-p)°—p?, Do= (I+ps+ps)°—p*. (3.37)
Passarino-Veltman reducing (3.35) or (3.36), one arrives at

N _ 2% [24][34] 1
(1208) = (g ry2—< (24) (34) [12](23)[31]

2
us s
{— 7[4[/14; u, s| + ng[/fl;u] (3.38)

2
U tu st

il ; 4. R 2. B 2.
+ s 3[# 75] 2 Q[M 75] 2u 2[/“ 7’LL]

Diagram (1423). The remaining (1423)-contribution carries a u-channel and a t-channel
cut. These read

A(1423)|t: ABT 17, ¢y, i) AT, 27,045, 04,)

_ 92,2 <1yzy4] [(27r)6(D0)] [(2m)8(Ds)]
(14)(23)2 Dy Ds ’

(3.39)

and

iz “‘ A3, 1, 6,) AO A 61,,61,)

92,2 <2\l\4] <1\l—p2!3] [ m)8(D1)] [(2m)d(Ds)]

g Dy D, , (3.40)
where we identified the loop momentum as [ := —Ily and used the inverse propagators
suitable for diagram (1423),

Dy =13 —p? =17 = i, Dy =13 —p? = (1—pa)? —pi*,
Dy=1f—p*=(—pa—p3)’—p>, D3=105—p>=(+p)*—p. (3.41)

However, by inspection we see that A(1493) may be obtained from the (1234)-configuration
by simply swapping 2 <> 3 (or s <> u). Hence we conclude that

A1423) = A(1234)

233
) 2,2
- (473)12—6 o0 o1y T |3 Ml s+ G Tl
+ug($35)13[“4?t]+u L +isu+3sz) 13[u2;t]+4t(uf)f3[u4;U]—%13[/3;71]
. u2(2t2—ui)+53 I [,LL2;'LL]+U(ZUQ +25;1;s—352)l2 [M2§t] ‘ (3.42)
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Final result. Adding all the three contributions A(1934) + A(1243) + A(1423) leads to the
final compact form in terms of higher dimensional scalar integrals:

A(l)(l—7 2t 3+;4++) _ 2i [24][34] 1 { 3 5212

—=sthyfpty s, t] — =—Is[u?; s, t
(@)= (o4 (30) I3y ] | 2 el sl = 5 el s
2> 52 — 22 52t
XLL[MQ;UJ] + ff?)[/f; s] + 713[,“25 ]
st + 253u + s2u? + 2sud + u4I u? — 252

sl t] +
SUu u

t(u—s) I s2+u? t(s —u)

1 3
+ 5sul4[,u,4;u, s] — §tuI4[u4; u,t] —

+ t I3[t t] + Llu; )

tu?

+ ?I3WW} + 1 ] + L[?t]) +

npf. ()

Taking the four-dimensional limit yields the compact final expression

oo i [24)34) 11
ADQ™,2% 3547 = s T sy @R 6 ¢ T ) (3:44)

3.3 The (1127 3+ 47~) amplitude

We now consider the rational one-loop amplitude with a single negative-helicity graviton
and three positive-helicity gluons A1) (17, 2% 3+:477). For amplitudes containing progres-
sively more negative helicities, the procedure described in previous sections to construct the
integrand becomes tedious. Hence, from now on, rather than constructing the integrand,
we will use the standard approach of [46, 47] where we directly merge all two-particle cuts
into a single function. The case at hand is particularly simple given the very symmetric
helicity configuration chosen. Using the tree-level amplitudes in section 2, we find that the
s-cut of the amplitude is given by

3¢ [, 1

3
s-cut: “ = —i%p? 821 Mj;ﬁ (3.45)

3 L \2 4 L N2

This amplitude also has t- and u-cuts which are obtained by simply cycling the labels
(312) — (123) and (312) — (231), respectively. As in the previous sections, we use
FeynCalc [43, 44] to perform efficiently all relevant Passarino-Veltman reductions of the
three-tensor box in (3.45) (and its permutations). We work first in the s-cut, and focus on
the tensor box with particle ordering (1234). We lift the integral off the cut, and perform a
Passarino-Veltman reduction. This will generate scalar boxes with particle ordering (1234)
(and powers of the (—2¢)-momentum g in the numerator), whose coefficient(s) we will
then confirm from the ¢-cut. It will also generate one-mass triangles and bubbles in the
s-channel (again with powers of p in the numerator), which we keep, as well as spurious
one-mass triangles and bubbles with a t-channel discontinuity, which we drop. We then
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repeat the same operation for the two other box topologies with particle orderings (1243)
and (1324). Merging all contributions thus obtained, we arrive at our final result:

AWt 2t 3t47) = 22‘2%«4%[23] (34))3 [f(s, t,u) + perms| , (3.46)
where
Fsiton) = i | it = P ngut - 2 np g
2 U 2 u
+;ij4[“2?s’t]+Wfii[/ﬁz%t]"‘mlﬂll?;ﬂ (3_47)
- 21;)8(;6 “2 ) 4 U 2?;; =2 s

As in the case of the (4TT1t273%) amplitude computed in section 3.1, by “perms” we
denote the two permutations 2314 and 3124 of 1234, with the Mandelstam invariants
interchanged as (s — t,t — u,u — s) and (s — u,t — s,u — t). Performing the
four-dimensional limit using the results of appendix A, we find:

i 3t? + 3tu + 2u?

" _ 3.48
f(37 7u) - (47_[_)2 924 g3¢3 ( )
Adding the permutations, we arrive at a very compact final result:
- i [12][34] s2 + 12 + u?
AW 1+ 9t 3t.4 — _L[i A9V[231(34))3 2~ T 4
(128,374 = — g e (2R3 S (3.49)

Note that the kinematic function in (3.49) is an odd function under any exchange of two
gluons, and hence the complete amplitude is even under such an exchange (including a
minus sign from the colour factor f%¢), as it should.

3.4 The (1121 3T+ 4%+) amplitude

In this section we move on to amplitudes which contain two gravitons and two gluons. The
simplest case to consider occurs when all particles have the same helicity — a particularly
symmetric configuration.

We briefly describe the outline of the derivation, similarly with previous calculations.
As usual there are three cut diagrams to consider, in the s-, t- and u-channels. These cuts
will give rise to tensor boxes with particle ordering (1234), (1243) and (1324). These are
given by:

seut:  ABTT AT L 5o 6) [A(LT, 27, <y 5, —l ) +1 2],
teut:  A(AYH 1YL 5l g) AT 3TF <l 5 —lig) (3.50)
w-eut:  A(BTT 171 5 00) AT, 47T —ly5,—l1g) -

Note that on the right-hand side of the s-cut in (3.50) we have to include the sum of
two color-ordered amplitudes, A(1%, 2", —llqg,—ll@) and A(2F, 1, —ly 5, —l1,4). Indeed,
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since the left-hand side of the cut is an amplitude with a colorless (two-graviton) external
state, both terms contribute to the same color ordering. This will be a recurrent feature
of all cuts where one side of the cut is colorless. Moreover, there will be an additional
contribution from the cut obtained by swapping ¢ with ¢, which will double up the result
of the previous cuts, as usual.

Using the tree-level amplitudes given in section 2, we work out the expressions of these
cuts, which give rise to three tensor boxes with the different particle orderings (1234),

(1243) and (1324). Inspecting all cuts we can reconstruct the amplitude. We find the
following results:
o Lo . .
34)2 [12]
-cut: ‘ _ g, 34”12 3.51
o M‘ SRETEND) (351
3+ Lo 2
4 ll 1 4 lz 1 3 ll 1 3 l~ 1
[ + + + } :
3 7z 2 3 71 2 ;2 2 4 71 2
I o 2
41] [32]
t-cut: — gyt ] 1]11]4](2[12]3 3.52
o . (41)2 <32>2< 141 2E213] (3:52)
4+ Lo 3+
: 11 2 : lz 2 4 ll 2 4 lz 2
: [ + + + ] :
s/ L \3 o/ 1 \3 /N3 /1N
. Lo 5
31] [42]
~cut: oyt 1]11(3](2[l2]4 3.53
e K Tamy2 a3l 22l (3.53)
3" Lo 4+
| + + + -
3 L \s4 3 I \4 1 L \4 1 I\

Note that our cut integrand contains tensor boxes with cut momenta [; and ls as well as
the same contribution but with /; and Iy flipped. At the level of the integral, this will be
taken into account by doubling up the contribution of a single copy.

The next step consists in combining all cuts, which we will do for each box topology
separately. Doing so, we arrive at the following result for the topology (1234):

i [12] [34)? 6 1 4
A Iy s, t] — = Ia[pt;t

(471_)2_5 <12> <34>2 4[1“’ 787 ] t Q[M 9 ] Y
which is obtained from combining the relevant terms in the s-cut given in (3.51) and the
t-cut of (3.52). The topology (1243) is simply obtained by swapping 3 <> 4, or s — s,t —

(1234) : — (3.54)

~16 —



u,u — § in the previous result:

[12] [34]?

(1243) : —(4732_6 (12) (302 -4 <I4[u6;s,u] — i[g[;ﬁ;u]) . (3.55)

The last topology to consider is (1324), which is obtained from combining the relevant
terms from the s- and u-cuts, given in (3.51) and (3.53). Doing so we get:

i [12] [34)

1324) : — 3.56
(1324) = (=< (12) (302 (3.56)
ut t U Lt Lt u
4 <I4[u6;u,t] o Lalhut] = It = —Is[ut ] + 2] Bl ]>
s s s t U
Finally we take the four-dimensional limit:
6 1 4 s
4| Lfp’ss, t] — —L[p™;t] | = ——, (3.57)
t 15
while
ut t u Lut])  Llu*;ul s
A Ly[pOu, )+ — Iy [ptsu,t]) — = Ig [ t] — — Is[u?; ’ ’ ——. (3.58
(1t e Tl rlu) =t 2O BV )
Combining all terms we arrive at a remarkably simple final result:
i [12] [34)? s
AW+ o+ gty = ] . 3.59

We note that (3.59) is symmetric under the exchange of the two gluons. This is consistent
with the colour factor §%° of this amplitude — indeed, the complete, color-dressed result
should be symmetric under a swapping of the two gluons.

We also quote the compact expression of the full result using a higher dimensional
scalar integral basis:

AW (1t 2% 3t 4th) = —(4;1;2_6 <[ ]> gf; {I4[u6; s,t] 4+ Iy[p®; s, u) + Iu[u®; u, 1]
+ et = nltie = Y Bl ). (3.60)

3.5 The (1~ 27 3+ 4%T) amplitude

Here we follow the same strategy as in the previous section, and derive the complete
amplitude from merging two-particle cuts. As we will see, this procedure will now give rise
to three tensor boxes with different particle orderings as before, with numerators that are
up to quartic order in the loop momenta. These will then be Passarino-Veltman reduced
as usual.
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We now compute the three possible two-particle cuts of the amplitude. We also include
the usual factor of two from swapping ¢ and ¢ in the loop. The s-cut is given by

v - " 2 2
34)° (1]42]
-cut: =2 il
st a2 s
3+ Lo 2

(3.61)

4

1

+

~ Y

3 2 2

I ! 4

L] 3

3 / 2 4

/

2

4

/

I

2

arising from A(3*F, 4%, 1y 4,1, 5) [A(17,2F, 1y, —lyg) +AQRT, 17, =gy, —lw;)]. Again,
the appearance of two terms on the right-hand side of the cut, with two different gluon

orderings, is due to the fact that the amplitude on the left-hand side of the cut contains a
colorless external state. The next cut to look at is:

I- Lo 2
32]  (Un|4P (2] 3]
t-cut: =2 [ 3.62
o M 32y2(14) t (3:62)
4+ [2 E 3+
3\ 1 4 / 4 3\ 1 ! I !
- [ + + + :
2 ;| 1 ;2 1 2 ;z 4 2 ;1 4
obtained from A(47F, 17,11 4,15 5)A(2",37F, —la 4, —1; 5). Finally,
l_ [l é 2§ 3
42)  (1]11]3]%(2]11]4]
~cut: = 22 [ 3.63
3+ Lo 4+
3 ! 2 / 2 1 / 2 1 2
: [ + + + ] :
1 I \y4 1 L N\g4 3 L \4 3 I \4

from A3, 17,11 4,1 5)A(2F, 47, —lp 4, —1; 5). We also define a convenient spinor pref-

actor which has the correct spinor weights for the given amplitude:

[24]2[34]*(14)?
= 3.64
J (34)2 (3.64)
We are now ready to merge the different cuts. From the topology (1234) we get:
LA 6. 1 4, s
2
47 [ 5°(25+3t) 4 —(2s5+t)

1 [ ((t—23) (4543t

utd

uts?
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The box topology (1243) is simply obtained from the topology (1234) in (3.65) by swapping
3 < 4, or (s,t,u) = (s,u,t). Note that J is invariant under this swap, hence the result
for the (1243) topology is immediately found to be:

(1243): (4:;2—6*7{_14 [1°;5,u] <7jt> — Iy [ 5,u] (2it2)

it (2 Y o] (220 (3.66)

st2
o () (20 o )

Note that in (3.65) and (3.66) the I5[u?] functions only appear in the u- and ¢-channel.
The last topology is (1324), for which we obtain

ﬂw@zuﬁiEJ{—um%wﬂ(;)—AUA%q(i)

2 &2+3t+» —2 (3u?+3ut 412
—i—[s ( u u))+13[u4;u]< (U8u3u ))
+I2 < 3 t4 >+12 [M4;u] < -
t 1182 4 Tut +2u?
b w( ) et () el () -l (M)
242+ Tut+ 110>
—I [,UQ;U] <63u3> } (3.67)

The expression (3.67) is symmetric in u <> ¢.
Finally we take the four-dimensional limit of (3.65), (3.66) and (3.67) using (A.7),

thus getting
i (t + 2u) i (u+ 2t) i 53

(47)> J 30t2 7 (47)? J 30u? ’ (47)2 J 15u2t2’

(3.68)

respectively. Thus, we arrive at the final result for the four-dimensional limit of the ampli-
tude (using the expression of J in (3.64)):

i [24)%34)2(14)% s

A(l) 1~ 2+.3++ 4T = )
(253 A =0 a2 6ta

(3.69)

The D-dimensional answer is easily obtained by adding (3.65), (3.66) and (3.67).

3.6 The (11t 213+ 47~) amplitude

We proceed similarly to the previous sections and study all two-particle cuts of this ampli-
tude. As in earlier examples, we find three box topologies with tensor numerators. In this
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case, an appropriate spinor prefactor which has the correct spinor weights for the given
amplitude is

12)[134(14)!

12)

We construct the two-particle cuts of this amplitude using the tree-level expressions in
section 2. The corresponding cuts will again give rise to three tensor boxes with differ-
ent particle orderings and numerators which are now quartic in the loop momenta. The
expression of the relevant cut diagrams are:

s-cut 1 ABTT AT g, log) [ALT, 27, —log, —l 5) + 1 ¢ 2],
t-eut s A4, 17 1 g, 1y g) ART, 37T, —la g, —1y ) (3.71)
u-cut : ABTT 1T g, 1y 5) AT, 477, —lag, 1 5) -
As in the cases studied in sections 3.4 and 3.5, the s-cut integrand includes the sum of two
color-ordered tree amplitudes on the right-hand side of the cut, which contribute to the

same color-ordered amplitude, given that the external state on the left-hand side of the
cut is colorless. Using the expressions of the relevant tree-level amplitudes and including a

J = (3.70)

factor of two from the two possible assignments from the internal scalar fields, we obtain
the following expressions for the cuts:

" Lo .
[12] (4]ta]3]*
s-cut: =2u! a2 s (3.72)
3 Lo 2!

N 1 A 1 31 1 3 1
3 7z 2 3 7l 2 4 ;2 2 4 7| 2
l. Il E 2§ 3
32]  (4|u|1]°(2]l ]3]
t-cut: _ o2 3.73
o K 3y2141] / (3.73)
4 Lo 3+
: [ + + + } :
2/ L\ 2/ L\ 2 L \g4 2 I \4
and finally,
1" [1 : 2+ 5
31] (4]l f2)°(1]n 3]
~cut: _ g2 3.74
et “. H 31)2[42] u (3:74)
3+ Lo 4-
3 12 2 3 11 2 1 ll 2 1 lZ 2
[ - - + ]
1 I \4 1 L \4 3 L \4 3 I \4
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As usual, we now merge the cuts focusing separately on the three different box integrals.
Merging the s- and t-cut for the topology (1234) we get:

4i 1 2s

(1234) : (47[_)2_6\7{_14 [M6537t] <u2t2> —1I4 [M4;8,t] (tu3>
33 52 S 2

+13 [ t] (2(t+)> + 13 1] (2(6 — )>

tdus s3u3

I ] <(2u—t) (4u—|—3t)>+[2 o] ((s+2t) (352 —8st—8t ))

3tdu? 354t2q2
2
s
—1I4 [MQS 5.t <2u4>

+13 [t (%)_13 (2 5] ((2s+t) (282—{-2375—{-152))

s2yut

2 2 3 2 2 3
o 1 [ 8(66*=3tu+2u?) o 1 (11 +59s%t+645t+22¢
—Ip [p*;1] ( 61443 +Io [ 5] 653tu3 :

(3.75)

The topology (1243) can be obtained by swapping 3 <> 4 in (3.75), or (s,t,u) — (s,u,t).
Noting that J is invariant under this swap we get:

(1243) : (zl;l)zé—ej{_f‘* (1% 5, u] <u21t2> — Iy [p*s s, u] (;ﬂ)) (3.76)
3 u3 82 suU u2
+ 15 [ ] (2 (tu;za )> + I [ 5] <2(6 Uckhi ))

s3¢3

S u 82— sSu — u2
1 [ ] ((2t—u)(4t+3u)>+1_2 ko] <( +2u) (3s% — 8su — 8 ))

3udt? 3s4t2q2

2

sSTU 52 su + u?
i () ¢ () ) (2005 1)

524

2 _ 2 3 2 2 3
1 [MQ;U] (3(6u 3tu + 2t )> L [MQ;S] <113 + 59su + 64su® + 22u >}

6utts 653ut3

Next, we merge the u- and t-cuts for the topology (1324):

(1324): (47:1;26 J{—L; (1% u,t] (u21t2> — Iy [p*;u,t] <2$1ut> I [t t] (T)
+13 [ ] <2t+fu>+lz [151] <(t_2u) (3t+4u)>+12 (5] <(u_2t) (4t+3u)>

3u2td 3t2ub

+1z [p%5u] <3;4t)+12 [1%:1] (?jﬁ)} (3.77)

As expected, the expression (3.77) is symmetric in u <> ¢.
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Finally we take the four-dimensional limit of (3.75), (3.76) and (3.77). These are
given by

_ 7 Bt* +ut+w?) 7 Bu?+ut+t*) i 7 s(2t2 + ut + 2u?)
(47)? 1552 ¢3 ’ (47)2 158203 7 (47)? 30udt3 ’
(3.78)

respectively. Thus, we arrive at the final result for the four-dimensional limit of the ampli-
tude, using the expression for J in (3.70),

~ AP aNA 42 4 2
D)1+ ob.att 44—y ¢ [12][13]714)" "+ u
AN 2858547 = s PR (3.79)

The full result in terms of higher dimensional scalar integral basis is obtained by
adding (3.75), (3.76) and (3.77).

3.7 The (111 2++ 3T+ 4%) amplitudes

We now move on to consider the one-loop amplitudes with three gravitons and a gluon,
beginning with the amplitude with three same-helicity gravitons and one gluon. It is easy
to show that this amplitude vanishes upon integration. Consider for instance the s-cut
diagram of the (171 27% 3t+ 4%) amplitude. Its expression is

5 [34] i 4 [12)2 —i
412|3] | ——————5+lh <1 o 3.80
or
3” ]l : 1*' 2
[34] 4 [12]
-cut: = —u’ 41 81
4 Lo 2
4 ll 1 4 lz 1 3 [l 1 3 17 1
| ] ]
3 I 2 3 j 2 4 1 2 4 l 2

Although the integrand does not vanish, the integrated expression does because it is an odd
function under the exchange of [ <+ l5. The ¢- and u-cut are simply given by permutations
of the s-cut and hence combining the three cuts one obtains a vanishing integrated expres-
sion. Finally, using (2.10) it is immediate to see that also the (11t 27% 3T+ 47) amplitude
vanishes for the same reason. In conclusion,

AW (1 oFF 3+ 4%y — 0, (3.82)
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3.8 The (11 21T+ 3+ 47=) amplitude

Similarly to the previous section, we can easily show that the amplitude (17 27+ 3+t+477)
vanishes upon integration. Consider for instance its s-channel cut. This is given by

s-cut: =ABT, 47 I, lg,é)A(ler 2% —lg 4, —l1,5)

4 . .
- [—<4Lz§3] [(l2+p;)2_u2+zlmz}] !“2<[2211>]2<1|_l1|2] WHH—MQ]]
_ o [21] (4)ia)3]*(1]2]2]
BCTVE 52
N N TN
[ " + " + " " } (3.83)
3 72 2 3 71 2 4 72 2 4 Z 2

Again, the integrated expression is an odd function under [y <> lo and hence it vanishes.
The same holds true for the ¢- and u- channel cuts. In summary, we get

AWt 2%+ 34+ 477 = 0. (3.84)

4 The (11 2T 3T 4%F) amplitude from the double copy

The color-kinematic duality or double copy [22, 23] was extended in the works [24-26, 30]
also to the domain of mixed graviton-gluon amplitudes in the Einstein-Yang-Mills theory.
In particular [30] exposed explicitly how to construct an Einstein-Yang-Mills amplitude
through a double copy from Yang-Mills and Yang-Mills + ¢2 theory:

Apym = Aym @ Ayniqgs - (4.1)

The latter Yang-Mills-Scalar theory contains biadjoint scalars ¢ next to the gluons Az
and is defined through the Lagrangian

1 & e 1 R 1 T P

LyMygs = — ZFSVFM @4 §(DH¢A)G(D“¢A)“ + A )\gFABC fabc ¢Aa ¢Bb ¢CC

2 ' (4.2)
g s aan . ~ R ~

o Z fabd fdcd ¢Aa ¢Bb ¢AC d)Bd )

As a one-loop application of (4.1), we wish to derive the vanishing of the (17 2% 3% 4++)
amplitude, which we observed with a direct computation in section 3.1. Thus we need to
construct integrands for the two amplitudes A (1, 2+ 3+ 4F) and A(l)(lﬁl, 2?2, 3;‘3,4+)
where color ordering is performed in both cases with respect to the hatted gauge group
index. The first one, the all-plus helicity four-gluon amplitude, is well-known and takes
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the form

A(l)(1+ ot 3t 4+) — _ [12”34] / d'l d72€,u /JJZJL )
o <12><34> (27T)4 (271')_25 DoD1D>Ds

~A

1+ 4+

(4.3)
As this is a pure box-integral, in the construction of the one-loop YM + ¢3 amplitude inte-
grand we only need to construct the box-contribution to the A™®) (1£, 25 , Sg, 47) amplitude

as well:

.............

' : 4 —2¢ A1A2A3 4
AVt = :i/<dl S (alt|4]

271’)4 (27‘(’)_26 DoD1D>Ds <q4>

boxes

Feyel(1,2,3). (4.4)

Here we have simply inserted the scalar-scalar-on-shell-gluon vertex of (2.1) in the south-
east corner with a reference spinor \,. The numerator emerging from this integrand respects
color-kinematics duality as it is built entirely from three-valent graphs. Employing the
double-copy prescription [30] of (4.1) we are therefore led to the following representation
of the all-plus single-gluon EYM-amplitude

4 —2¢ 4
(W) 1+ ot at+ g++\ _ ; pA1A243 [12][34] / 'l d™"p K (q|7]4]
A (1,417 2,421 3A374 ) Zf <12> <34> (27T)4 <2ﬂ—>—25 DyD1DyDg (q4) (45)

+ cycl(1,2,3) .

Passarino-Veltman reducing the integral one arrives at the full expression in terms of higher
dimensional scalar integral basis
[12][34] 1 1

A(l)(1£1,2£2, 34,47 = if e (12)(34) (qd) E{%(t<CI|3|4] — s(q|1[4]) La[p*; s, 1]

+ (ql2/4] (I3[u; 5] - Is[;f‘;ﬂ)} +cyel(1,2,3). (4.6)
Going to four dimensions simplifies this result considerably, and one arrives at

AW 24 34 4Tty = jpAideds gzzg[gg <ql4> %{@\3]4} + %(q[2|4]} Feyel(1,2,3) = 0.
(4.7)

The expression above vanishes as the prefactor is invariant under cyclic shifts in (1,2, 3) and
obviously the bracketed terms sum to zero, as (q|3]4] + cycl(1,2,3) = (q| p1 + p2 + p3 |4] =0.
Hence, we have reproduced the vanishing result of section 3.1.

Finally, we comment on the question whether the amplitude relations of Stieberger
and Taylor [27, 48] relating pairs of collinear gluons to gravitons extend to the one-loop
level for the one-loop rational amplitudes we have considered in this paper.
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We will test this for the simplest case of the all-plus amplitude with one graviton.
For such a relation to be true, the vanishing four-dimensional result must follow from the
specific collinear limit proposed by Stieberger and Taylor on the five-point all-plus rational
amplitude in pure Yang-Mills. In analogy to the tree-level relation, in four dimensions we
expect to have:

? KR
)

AS%M;ST(1+,2+,3+,P++)i G(x) lim spq AN (17,54, 2% 47 3%) + cyel(1,2,3),

g p4llps

(4.8)
where the equality would hold in the collinear limit {ps — xP, ps — (1 — )P} on the
right-hand side of (4.8), and G(z) is an undetermined function of the momentum splitting
fraction x which is expected to be independent of the helicities of the particles. Note
that G(z) has been determined for tree amplitudes in [48]. We have also added cyclic
permutations of the three gluons to secure cyclic symmetry in these particles. Using the
well-known expression for the all-plus five-point rational amplitude in Yang-Mills [49], we
see that the right-hand side of (4.8) contains the factor

1 —S15S852 — S13543 + <5 2> <4 3) [2 4] [3 5]
1877 (15)(52)(24)(43)(3 1) |

s A (11,57 2% 4t 3h) = 5y (4.9)
Performing the above-mentioned collinear limit on (4.9), followed by a cyclic permutation
of the three gluon legs in order to reflect the anticipated color structure, and relabelling
P — p4 (with pg being the momentum of the graviton leg), we arrive at

1 1
lim soq AU, (1F,5%,27 4% 3%) 4 eyel(1,2,3) = [ _ 24 ~(st+ut + su) Ay,
pallps (1—x) 2
(4.10)
with N )
Ao = (21K (4.11)

T A8x? (24) (12)(23)(34)(41)
Clearly this does not vanish and hence invalidates the conjecture (4.8). However we note
the following rather intriguing similarity: consider again our full result for this amplitude in
terms of scalar integrals as obtained in (3.11), and focus only on the pure box contribution;
evaluated in the D —4 limit, it gives

1
+ perms = —§(st + ut + su) Ao . (4.12)

t
6.Ao [5214[,“4; 8%]}
D=4

This is curiously proportional to the z-independent part of the right-hand side of (4.10),
which was obtained from the Stieberger-Taylor collinear limit. Given the vanishing of our
final result in four dimensions, also the triangle contribution in (3.11) can be written in a
similar way:

1
6 Ay | sI3[u*;t] + tI3[u?; s]} + perms = Q(st + ut + su) Ag . (4.13)

D=4
In conclusion, even though the amplitude (3.11) vanishes in four dimensions, we find the
similarities between (4.12) (or (4.13)) and (4.10) intriguing, and worth further investigation.
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5 Summary and conclusions

In the present paper we initiate a systematic study of loop amplitudes in the Einstein-
Yang-Mills(EYM) theory. Due to recent progress in computing tree-level amplitudes in
string theory as well as from novel formulations like CHY, it has been understood that
interesting relations exist between amplitudes involving gravitons and gluons and the ones
involving only gluons- which in turn inspired us to start exploring the structure of mixed
amplitudes at loop level.

We have studied and provided the complete results for all four point mixed gluon-
graviton amplitudes at one loop that have only rational contributions at the leading gauge
coupling order. These are amplitudes with one, two or three gravitons. We have used
the on-shell unitarity technique to compute these amplitudes. Here we utilized a super-
symmetric decomposition which allows us to compute the complete rational amplitude at
the relevant perturbative order from the unitarity cuts with massive scalars traversing the
loop. We provide the explicit result in terms of higher dimensional integral basis of boxes,
triangles and bubbles. The final results of all computed four point amplitudes in four di-
mensions are remarkably simple functions of the Mandelstam invariants (1.6). In section 3
we give a detailed description of the calculations. As noted in this section, the symmetry
property of the final results reflect the appropriate behavior expected from the color-factor
structure of each amplitude. A very important observation is an unexpected vanishing of
the all-plus(three gluons and one graviton) amplitude (3.12).

The EYM theory have also recently been an interesting playground from the color-
kinematics duality and double copy perspective. In section 4 we provide the sytematics of
such a double-copy approach where by EYM amplitudes are obtained from double-copying
a pure YM and a biadjoint scalar theory. As an example we re-derive the double copied
integrand for the all plus amplitude which finally integrates to zero as expected from our
previous unitarity based computation. Moreover, as a probe of a possible loop extension
for a tree-level conjecture [27, 48], relating amplitudes in EYM to linear combinations
of those in YM, we use our all-plus amplitude result to show that this does not hold at
the level of the integrated amplitude. However, our double-copy example of the all-plus
amplitude does verify the proposed formula connecting such amplitudes at the level of the
integrand in [30].

A very exciting direction in future will be to extend these techniques to study one-
loop amplitudes at four points which have non-analytic behavior, especially a thorough
understanding of the UV divergence in this theory with gravity coupled to matter will be
very interesting. It will also be rather fruitful to compute just the rational amplitudes
at higher multiplicities and study whether they have a compact form for all multiplicities
like the YM or gravity rational amplitudes. An exciting possibility here will be to find a
suitable BCFW-like recursion relation for this purpose. It would be interesting to construct
the contributions to the rational four-point one-loop amplitudes at higher orders in x as
well, where one has gravitons running inside the loop, even though they will be numerically
subleading at energies well below the Planck mass. This could be possible using the double-
copy techniques initiated in [30] and used herein. The most interesting observation of this
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paper has been the vanishing of the all-plus amplitude and it will be very important to
check if this is also true for higher multiplicities and also at two loop order. Vanishing of an
amplitude unexpectedly usually signifies some hidden symmetry and a proper explanation
of this case may provide us some new structures of the EYM S-matrix. It would also be
illuminating to understand these mixed EYM amplitudes within the context of loop-level
extensions of the CHY [50] or the ambitwistor formalism [51, 52].
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A Integrals

The integral functions used in this paper are defined as:

/ dA—2¢g, Mm _ / d?l d—QEM Mm
@mt=2er2. (L -5 p) S @0 EmTH @ - ) (- T p)? - )

= W In[p™] (A1)

where L? = L%4) + L%726) := 12 — ;2.'2 The exact expressions for the bubble, one-mass
triangle and zero-mass box integral functions in 4 — 2¢ dimensions following from the
definition (A.1) are

L) = El_—)m , (A.2)
[ls] = — 5 (—s)71F, (A.3)

for the bubble and one-mass triangle, while for the zero-mass box function one has [53, 54]

2 [(—s)7¢ —t)~¢ t
L[1;s,t] = rp— (=5) o Fy (1,—6,1—6;1+§) +Q2F1 1,—e,1—¢1+-]|,
st €2 t €2 s
(A.4)

120ur definition (A.1) differs from [37] in that we do not include a factor of (—)™ on the right-hand side
of this equation. Hence, note the minus sign on the right-hand side of (A.3), in contradistinction with
e.g. (I.4) of [47].
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where
er2(1—e
i L0 : (f 2(; ). (A.5)

The results (A.2), (A.3) and (A.4) are exact to all orders in €, and the expression of the
corresponding integral functions in a different number of dimensions can be obtained by

simply replacing € to the appropriate value, for instance ¢ — ¢ — 1 and ¢ — ¢ — 2 for
D =6 —2¢ and D = 8 — 2¢, respectively. The dependence on the relevant kinematic
invariants is indicated in brackets along with the power of p. Using [37]

D= 22 = —e(1— )2 —€) - (p— 1 — &) IP=2HI~2 (A.6)

along with the expressions (A.2), (A.3) and (A.4), which are correct in any number of
dimensions, one easily arrives at the following result, used widely in this paper:

2

Ll s = — 5 +0(e), Dt s] = — 5+ 0(0).

Bl 6] = 5 +0(0), Bltis) = = +0(),

Lufp?;s,t] = O(e), Lyfu*;s,t] = —é +0(e), (A7)
Ilas 5, = ="+ 0(e),

I8 s,t] = —ﬁ (2% + st +2t*) + O(e),

in complete agreement with results of [12, 37] (after taking into account the opposite sign
in the definition of triangle functions compared to those papers).

B Tree-level amplitudes via recursion relations

In this appendix we derive the relevant tree amplitudes involving gravitons, gluons and
massive scalars which enter the one-loop calculations in EYM performed in earlier sections.

The A(4T+,11,2,, 35) amplitude. We use a BCFW recursion relation with a (41]
shift, i.e. we perform a shift

5\4:)\44-2)\1, f\l :5\1 —25\4. (B.l)

There are two recursion diagrams to compute, A and B. The first one is

i

Aa(att1t,2,,3:) = AT, Py 3;) ———— A1, 24, —P;). B.2
A( ¢ ¢) ( ¢ ¢) <p3 +p4)2 — ,U,2 ( ¢ ¢) ( )
In accordance with (2.1) and (2.2) we have

i A 4)?

A (4++,P¢>3¢3) — <Q1|3:1\ 2] 7
el Pl o

3 42| —
A(l ,2,—P—)=z ,
v (@)
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with P = p1 + p2. The reference spinors ¢; and gs can be conveniently chosen to be g3 = 4
and ¢; = 1. Using

(11314 (4] = P[i] = —p® s14 (1[3]4], (B.4)
one quickly arrives at the result
41] i
Ap(4T1,17,24,3;5) = —i% 1 [ 1|3[4] ————— . B.5
4 #%) P = (B-5)

The second diagram corresponds to swapping the position of the graviton with the gluon,
to account for the fact that the graviton is colour blind. We have

Ap (47,17,24.35) = A (1% B,.35) ! A2, -B5) . (B
( ¢) ¢ (p2 —I—p4)2 — p? ¢
With the same choice of reference spinors, we get
41] i
Ap (477,17,24,35) = —i* 1 [ 134 — B.7
 ( #35) 8 <41>2< i (p2 +pa)? — 12 (B7)

and hence the result for the complete amplitude is

L [41] i i
(41)2 s (p3 + pa)? — p? " (p2 +pa)? —p?]

A(4++7 1+7 2¢>7 3(5) =Hu (B8)

Note that this amplitude vanishes for p? = 0.

Soft limits of the A(41TT,17, 24, 35) amplitude. It is an interesting check to confirm
that the amplitude obtained in this way has the correct soft limits. To this end we consider
the case with gluon 1% becoming soft. We then expect the amplitude to factorize as

0
AT 17,24, 35) —7 SO A(4T;24,35) (B.9)

where the soft function is

5O _ p2-elp1)  p3-elp1)
\/5(102 'pl) \@(Ps '101) .

(B.10)

Using el (p1) = (€|v1]/(V2(€ 1)), where |€) is a reference spinor, and choosing for conve-

nience £ = 4, we get
(4]3[1] 1 1 (q]3[4]>

O g4t+.0 30— i
SUAMT 2035 =150 50 o0 T3 ) @z B

In the soft limit, one easily finds that
(41311]{al314] —— —u*(q4)[41], (B.12)
p1—0

and choosing the arbitrary spinor ¢ to be equal to 1, we finally get

[41] 1 1
1134 +

314 2(p2-p1)  2(p3-p1)
which is identical to the result for A(47F,1%,24,35).

SOAMUTT24,35) —— ip?

— e : (B.13)
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The A(47%,17,24,35) amplitude. We will use the same BCFW shift as in (B.1).
Again, there are two recursion diagrams to compute, A, and B. The first one is

B s i - -
Ap (44,17,2,,3;) :A<4++,P¢,3($> (173+P4)2—M2A<1 ,2¢,—qu> . (B.14)
with
R (q1]3[4]?
A Posts) = 0
(1] - Pla] (B-19)
A A . — 171q2

and with P = P1 + p2. A convenient choice for the reference spinors ¢; and ¢o is again
g2 = 4 and ¢ = 1, which immediately leads to

_ o (1]2]4]3 i
A (4T ,17,24,3; :—z2< . B.16
Al #39) = " ifyss ot = 2 (B.16)
Similarly
Ap (417F,17,24,3;) = A (17, Py, 33 ! A4t 24,—P;) , B.17
( 4 35) ( C ¢>) (o2t pa) — 122 ( ¢ <z>> (B.17)
which leads to
_ o (1]2[4]3 i
Ap (477,17,24,3; :—12< . (B.18)
( #35) (14) s14 (pg + pa)® — 2
Adding the two contributions, we get
_ 12143 i i
A(ATY17,24,32) = < + ) B.19
( #35) (14) s14 | (p3 +pa)? —p?  (p2 +pa)? — p? (B-19)

Note that this amplitude does not vanish for p? = 0.

The A(1T+, 2T+, 34, 4(5) amplitude. We now consider the case of two gravitons and
two scalars. The simplest case to consider is that of two gravitons of the same helicity,
already considered in [12] in the computation of all-plus graviton amplitudes. We will use
the shifts )

5\1 = A1 + 22, Aoy = g — 2A1. (B.QO)
As usual, there are two diagrams to consider. The first one is
o
(pa +p1)° — p?
while Ag(17F,21+,34,45) = [AA(1TF,2%+,34,45)],,,- Thus, using (2.1) we get

Aa (14,243, 45) = A <1++,15¢,4&> A <é++,3¢,, —Pq;) . (B.21)

(q1|4]1]? i (go| — PI2J*

@2 et p)? =2 gap

Choosing g2 = 1, ¢1 = 2 and using (q114]1](g2| — P\Q] = — %519, we finally arrive at
4 [12)? i N i

(12)2 | (pa +p1)? — p?  (p3+pa)? — p?
Note that (B.23) agrees with (4.10) of [12].

Ap=(—1)

(B.22)

A(1FF,277,34,45) = —p

(B.23)
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