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1 Introduction

One of the significant recent progresses in the study of scattering amplitudes is the discovery
of color-kinematic duality by Bern, Carrasco and Johansson (BCJ) [1]. It was conjectured
that a generic L-loop Yang-Mills amplitude can be expressed as a double-copy formula,
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For the purpose of discussion, in this paper we shall call the above expression as BCJ form

so that it makes better distinction from the rest of the formulations. In equation (1.1) the
summation is taken over all possible cubic Feynman-like diagrams and 5; is a symmetry
factor. The color factor ¢; in this formula is consisted of group structure constants f®b¢
whereas n;([) is the kinematic factor satisfying the following properties: Whenever two
color factors ¢;,c; are related by antisymmetry or three color factors ¢;,cj, ¢, by Jacobi
identity, so are the corresponding kinematic factors n.

antisymmetry : ¢ =—cj = n; = —n;

Jacobi — like identity : ci+cj+c,=0 =n; +n; +n, =0. (1.2)

At tree-level the existence of BCJ form was proven from string theory in [2, 3], and in
particular from twistor string theory [4-7]. A proof from purely field theory perspective



can be found in [8-10], while a wide range of relevant studies can be found in the following
list of papers [11-19] (see also [20] for a nice review). At loop-level the BCJ form remains a
conjecture, however a considerable amount of support can be found in the literature [21-31].
The apparent equal-footing treatment of the color and kinematic factors of (1.1) in-
troduces a very interesting perspective to the understanding of the structure of Yang-Mills
amplitudes. To see its implication more clearly, let us review a few results at tree-level.

Tree-level formulations. At tree-level, we can write Yang-Mills amplitudes in the fol-
lowing three color decomposition forms [32, 33]:

Double-copy (or BCJ) form: Aot = Z Cgll (1.3)
Trace form : Aot = Z Te(T7 ... T")A(o) (1.4)

oESH—_1
DDM form : Aot = Z Cl\a(2,...,n—l)|nA(1a o,n) (1.5)
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Here Roman letters A represent color ordered amplitudes, T are generators of U(NN) in fun-
damental representation, and ¢;, ¢1|5(2,... n—1)|n T€Present strings of structure constants fabe

1 _ _
Clio(2,..n—1)n = f 02T fTIO8T2 | fEn=son-an (1.6)

Among these three forms, the relation between the trace form (1.4) and the Del Duca-
Dixon-Maltoni half ladder formulation (1.5) (abbreviated as DDM form in this paper) has
been well understood using the following two properties of the Lie algebra of U(N) gauge
group (see ref. [33])

Property One :  (f%);; = f*9 = Te(T*[T", 7)), (1.7)
Property Two : Z Tr(XT)Tr(T*Y) = Tr(XY)

On the other hand the existence of BCJ form (1.3) is far from trivial and has sparked the
intense study introduced at the beginning of this section. For special helicity configura-
tions, it was shown that the kinematic numerators correspond to area-preserving diffeo-
morphism algebra [16, 17]. Using this idea, an explicit construction of the BCJ numerators
n; was given in [18], thereby providing a support to an algebra-manifest formulation. Sim-
ilarly, Mafra, Schlotterer and Stieberger have given an explicit construction in [15] using
Berkovits’ pure spinor formalism. Finally, using the twistor string theory, Cachazo, He and
Yuan gave an algorithm for n; using solutions to the scattering equations [7].

Although it is seemingly quite difficult to derive BCJ form from the trace or DDM
form, it is not as much hard to derive the trace and the DDM form from the opposite
direction. Explicitly, using Jacobi relations, one can construct a basis of all the color
factors ¢;, which are simply the factors given in (1.6). Expanding color factors into this
basis, ¢; = Q1 ojn, and collecting terms rewrites the original BCJ form (1.3) as

Atot = Z Cl|a(2,...,n—1)|ng(1aa—7n) (19)

oc€SH_2



A crucial question that we need to answer before claiming equation (1.9) to be the same
as the desired DDM form (1.5) is that whether the coefficients A(1,o,n) obtained here
through collecting terms are the same as the partial amplitudes A(1,0,n) given in (1.5).
This identification can be argued either from the fact that basis color factors ¢ij4(2,....n—1)|n
by definition must be independent to each other and that both A and A are minimum
gauge invariant objects, or by using the KLT relation [34] as in [35].

In viewing of the fact that in BCJ form n; acquires the same status as ¢;, it is natural
to exchange the roles between ¢; and n; and consider the following two dual formulations

Dual trace form:  Aior = Z Tgl,,,gng(a) (1.10)
UESnfl

Dual DDM form: At = Y Majo(a,..nm1nA(L 0,7) (1.11)
O'ESn—Q

where A is the color-ordered scalar amplitude with f%¢ as its cubic coupling constant
(see refs. [35, 36]) and 7 is required to be cyclic invariant. The idea of a dual DDM-form
first appeared in the literature in [37]. Using the Jacobi identity we can expand a generic
numerator into a set of basis numerators, n; = > N1jo|n, through a parallel operation
to what was performed on the color factor ¢;. Plugging these relations back to the BCJ
form (1.3) and collecting terms leads to the form given in (1.11). Note however, it is
far from obvious that the A obtained this way reproduces the same color-ordered scalar
amplitude as was claimed by (1.11), which is defined by cubic Feynman rules with fo¢ as
its coupling. To make this identification, an idea is to perform the analogous manipulation
of [35] on KLT relation, and this requires the off-shell BCJ gauge theory amplitude relation
presented in [18]. Based on the existence of a dual DDM form, the dual trace form was
conjectured by Bern and Dennen in [38] with explicit constructions given for the first few
lower-point amplitudes. In addition two constructions of the dual trace form was discussed
in [40] and [41].

One-loop level. Having reviewed the tree-level case, let us move on to the one-loop case.
At one-loop level we have the following three formulations of total amplitude:

n d°l 1 n;(De
BCJ form : AtlothOP ig Z /H 2m)D 5 . EDZ 0 (1.12)
Trace form : .AtlcthOp = N, Z Te(T° ... T7")Apo(o1, ..., 0n)
Sn/Zn
[n/2]
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DDM form : A °P = Y~ prormpnoans  preaonin Aoy, o) (L14)
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In (1.13), Z,, denotes cyclic permutations, Sy, is the subset of S,, that leaves the double-
trace structure invariant and [n/2] is the greatest integer less than or equal to n/2. The R



in equation (1.14) denotes reflection. At the moment of writing, the last two formulations,
i.e., (1.13) and (1.14), are proven while the BCJ form (1.12) at generic n-point at one-loop
level remains a conjecture.

At one-loop level the trace form consists of both single and double trace parts [42],
where the partial amplitude A, —pm (01, .- -, On—mi Tn—m+1, - - ., 0 associated to the dou-
ble trace part can be obtained by linear combination of those to the single trace part
Apo(o1,...,0n). In other words Ap—pm:m (01, ..., 0n—m;On—m+1,...,0p,) does not really
bring extra information to the one-loop amplitude. The DDM form given in [33] on
the other hand consists of summation over noncylic permutations up to reflections R :
(12...n) = (n...21). Here the Ay,,o(o1,...,0,) in (1.14) is nothing but the same single
trace partial amplitude appeared in (1.13). In fact it was demonstrated in [33] that it is
straightforward to derive the trace form starting from DDM form, and the relation between
single and double trace partial amplitudes appears automatically as a by-product.

Assuming the existence of (1.12), going from BCJ form to the trace form (1.13) or to
the DDM form (1.14) is relatively easy. As shown by Del Duca, Dixon and Maltoni in [33],
for the one-loop color factors, annuli of structure constants of the form

Cl—loop(o_l LLOp) = fOnOITLfTIONT T 10nTn (1.15)

serve as a basis. Using it we can expand any ¢; in BCJ form and collect terms carry-

17100p(

ing the same color factor ¢ 01...0,). Suppose if we call the collection of coeffi-

cients as A, o(o1,...,0,), again the crucial problem is whether it equals the amplitude

Apo(oi,...,0y) defined in (1.14)? The identification is again easy because by definition

l—loop(

the color basis ¢ 01 ...0p) consists of independent elements, and that A and A are

gauge invariant objects.
The above discussions are parallel to those given at tree-level. Considering the duality
between n; and ¢; in (1.12), it is natural to investigate the dual form [38], where the interest

1

of this paper lies.” Unlike color numerators, the n; depends on the loop momentum in

general, so the dual formulations at one-loop are expected to take the following forms:?
- n dP1 DDM 7,
Al-100p = 19 oD nie (DI(1,0). (1.16)
(27T) gESH—1 ’

for the dual DDM-form, and

dP /2]
Alfloop = Zgn/W Z Z T{Ul,...,an_m},{an_m+1,...,o‘n}(l)

m=0 oc€Sy/Sn;m

XI({o1, . oy 0n—m}i {On—mst1s- - y0n}), (1.17)

'In supergravity theory, a ‘dual DDM-form’(where the full amplitude is decomposed according to one

of the two copies of BCJ numerators) decomposition at one-loop level of supergravity has already been
suggested in [39] and the dual DDM-form in Yang-Mills theory has the similar form. Nevertheless, in this
work, we would like to give a general discussion on dual DDM-form at one-loop level in Yang-Mills theory
in the introduction and some explicit examples in section 2, because the dual DDM-form is crucial for the
construction of dual trace-form.

20ne may notice that in one-loop DDM form (1.14), reflection has been modded out, in the dual DDM-
form, we just leave the reflection symmetry and only consider it when we discuss on the dual trace-form.



for the dual trace-form.? Therefore inevitably, the duality needs to be considered at inte-
grand level. In the light of preceding success in deriving dual DDM forms from BCJ forms,
it is natural to wonder if similar idea works at one-loop, and we see that collecting coeffi-
cients in a suitable basis of n; indeed returns the dual DDM form, albeit a few complexities
introduced by the loop momentum dependence, particularly in identifying what integrand
these collected coefficients correspond to.

More explicitly, starting from BCJ form one decomposes numerators with respect to
any given loop momentum alignment convention, n;(l) = > kiana(l’), and the integrand
is given by

Mol Kio— 1.18
Za: a()<z‘:di§1ms mDi) )
up to terms that vanish after the integration. The factors inside the bracket can be iden-
tified as colored scalar integrand with respect to certain loop momentum alignment con-
vention.* In section 2, we will demonstrate how this can be done explicitly through a few
lower-point examples. The general operation should follow. Note that the approach just
described assumes the existence of a BCJ form in the first place. At one-loop level, one
can solve all numerators using the ansatz approach of Bern, Davies, Dennen, Huang and
Nohle [29] for example, which allows us to express the (pure) full Yang-Mills amplitude
in BCJ form.

Granted that a dual DDM form can be obtained using the approach outlined above,
the next step is to construct the corresponding dual trace form. At the moment the idea
of deriving a dual trace formulation seems to be inspired to a great extend purely by
academic interest. It would be natural that a dual trace form should exist if the duality is
to have a group-theoretic origin. A possible practical reason is that for example when all the
informations regarding to coefficients and polarizations are given, an algebraic construction
of the dual trace such as the one provided in [41] should allow us to write down directly
the explicit formula of the full amplitude.

To go from dual DDM form to dual trace-form, we need to find a way to rewrite
basis kinematic numerators n,, into a linear combination of analogues of “single trace” and
“double trace” nyrqce as what was done at tree-level [38, 40, 41]. However note that, as in
the tree-level case, the number of 74-4ce is much larger than n,, thus extra relations need
to be manually imposed in order to solve nqqce in terms of n,. Choosing the appropriate
relations is nevertheless far from trivial, in particular one needs to avoid over-constraint
and to maintain relabeling symmetry if possible. A 4-point example at one-loop level was
provided by Bern and Dennen in [38], where cyclic and KK-relations were implemented.
It is therefore natural to suspect that these conditions generically preserves relabeling
symmetry. In this paper we generalize the result of Bern and Dennen and give a general
algorithm for the construction of dual trace-form at one-loop. We will see that the solutions
obtained from this algorithm indeed satisfy relabeling symmetry.

3Since we only discuss on one-loop case, we will use n and 7 and I instead of n!~1°°P ri=loop pl=loop

for convenience.
4Relevant work is in progress by the current authors.
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Figure 1. Feynman-like diagrams for two-point one-loop integrand using only cubic vertex.

This paper is organized as follows. Trough a few lower-point examples, in section 2
we demonstrate how to derive dual DDM form assuming the existence of a BCJ form. We
elaborate the algorithm and calculate dual traces up to 6-points in section 3. In section 4,
we use relabeling symmetry to give another construction of dual trace-form. Finally in
section 5 a brief conclusion is given.

2 Dual DDM-form

In this section we use explicit examples to demonstrate generically how to derive dual
DDM form from BCJ form, in particular that the subtleties introduced by loop momentum
degrees of freedom can be seen from the three and four point examples. As remarked in the
previous section here we are assuming that all numerators has been determined using for
example the method described in [29]. In the discussion below we will follow the convention
where the loop momentum [ is defined to be the momentum carried by the propagator next
to leg 1.

2.1 Two-point example

At two points , two diagrams A and B can be constructed using only cubic vertices, as
depicted in figure 1. The corresponding integrands are

Cana(l) Cpnp(l)
IA(1) = , Ip(l) = ——"%. 2.1
Al s12(1 + p1 + p2)? 5(0) 12(1 + p2)* 21)
where C'y and Cg are color factors
OA _ fl?@fee’e” CB _ fele’fe’Qe (22)

and summation convention has been used implicitly. Since the structure constant is anti-
symmetric, fee/e/ =0, we see that C4 = 0. The two-point one-loop integrand becomes

fele’fe’Qe

IZ*pt(l) = Ip(l) = np(l) W

. (2.3)

Comparing with (1.16), we see that the part inside the bracket in above equation is simply

the integrand I(1,2) we are looking for. It is obvious from the expression that I(1,2) is
the one-loop integrand of color-ordered scalar theory with two external lines.
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Figure 2. Feynman-like diagrams for three-point one-loop integrand.

2.2 Three-point example

The first non-trivial case occurs at three points, where we encounter three diagram topolo-
gies (see figure 2). The first kind of topologies are the tadpole diagrams. Because of
antisymmetry these diagrams do not contribute, just like the diagram A at two-points.
The second kind of topologies are bubbles, i.e., diagrams A, B, C in figure 2, corresponding
respectively to the three following terms

(1) = Cana(l) () = Cang(l)
s12(l + p2)?(1 + p2 + p3)?’ s13(1 + p3)? (1 + p3 + p2)?’
Io() = — gene® (2.4)

s23l2(L+ p2 + p3)?’

The third kind of topologies have three lines connecting directly to the loop, i.e., diagrams
D, E in figure 2 and these contribute as

CD”D(Z) CETLE(I)
(14 p2)2(1 4+ p2 + p3)?’ (14 p3)2(l + p3 +p2)?

where Cp, Cg are the corresponding color factors. Using Jacobi-like identity and taking

Ip(l) = (2.5)

np and ng as basis, we find the following expansions
na(l) =np(l) —ne(l +p2), np(l)=ne(l)—np(l+p3), nc(l)=np(l)—ne(l). (2.6)
Thus 14, I, Ic can be written as

Calnp(l) = ng(l + p2) Canp(l) Cang(l)

_ | _ _
La) = s12(l4+p2)2(L+p2+p3)?  si2(l+p2)2(L+p2+p3)?  s12l2(l+ p3)? o
Is(l) = Cplne(l) —np(l + ps3)] _ Cpng(l) B Cgnp(l) o
b s13(0+p3)2(L+p3 +p2)°  s13(l+p3)2(L+p3 +p2)2  sis()2(1+p2)2 °
Io(l) = Ccnp(l) —ng(l)] 2.7)

s23l2(l + p2 + p3)?’



Note that in order to be able to extract n;(l) instead of shifted numerators we simulta-
neously add and subtract unshifted terms. The differences between shifted and unshifted
terms, T4 and T'’p, integrated to give zero.

7, = %A [ ne) np(l+ p) }
si2 [P(1+p3)? (14 p2)*(l+p2+p3)?]’
Cp [ np(l) np(l + ps) }
Tp = 2B _ ) 2.8
P s [P0 +p2)? (4 p3)2( +ps+p2)? (23)
Therefore up to terms vanish upon integration, the full integrand is given as
Cy Cp Cc
1(1,2,3)(1) = np(l — +
( )0 (D) si2(l+p2)?(l+p2+p3)?  s13(0)2(1 +p2)? 523021 + p2 + p3)?
+ o
(1 + p2)*(l+ p2 + p3)?
Cy Cp Cc
+nge(l)|— + -
&) [ s1202(1+p3)?  si3(L+p3)2(L+p3s+p2)?  s23l?(l + p2 + p3)?
Cg ~ ~

0 | = e WI 230 + s OI1,3,20),  (29)

The above is exactly the expected dual DDM form of one-loop amplitude (1.16), where
np and ng are just the kinematic basis numerators. The corresponding expressions for

I(1,2,3)(l) and I(1,3,2)(l) are again the three-point one-loop integrands of color-ordered
scalar theory.

2.3 Four-point example

At four-points, four types of diagrams are present. FExcept for tadpoles, which vanish
because antisymmetry, the rest of the diagrams are list in figures 3, 4 and 5. We choose
D.1-D.6 of figure 5 to be the basis numerators n, and expand those in figure 3 and figure 4
using Jacobi identities. The coefficient of nPa)! for example receives contributions from
diagrams A.1, A.3, B.1, B.3, B.5, B.8, B.9, B.10, B.12, C.1, C.5, C.8, C.12, D.1, and is
given as

Caa Cas
512834 (1 + p2)?(l — p1)? * s514523(1 + pa)?(l — p1)? (2.10)
Cpa n CB3 n CBs
s125123(I4+p2+p3)2(1—p1)?  so3si3(l+pa+p3)?(l—p1)?  s1asi24(l+p2+pa)?(1—p1)?
. Cpr n CByo n Cg.10
5135134(1 + p3 +p4)?(l —p1)?  s3as134(1 +p3 +pa)?(l —p1)?  s23523412(1 — p1)?
. Cpa2 Cca . Ccs
s53459341%(1=p1)?  s12(l+p2)?(I+p2+p3)?(1—p1)?  s1a(l+pa)?(I+p2+pa)?(l — p1)?
Ccos Ceoaaz Cpa

+ + + ’
s93l?(L+p2 +p3)2(L —p1)?  ssal?(l+p2)2(L—p1)* P+ p3)*(I+ps+pa)*(l — p1)?
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Figure 3. Feynman-like diagrams with two lines connected to the loop in four-point case.

where we have neglected terms that integrate to zero. We recognize the above expression

as the four-point one-loop integrand I(1,2,3,4) of color-ordered scalar theory. Repeating
similar operations on the rest of the terms and we do get the expected dual DDM form (1.16)

1(1,2,3,4)(1) = > n1,()I(1,0). (2.11)

o€permutations of{2,3,4}

up to terms that vanish after loop integration, where each I(1,0) can be identified as the
colored scalar integrand at one-loop level. The above procedure generalizes to higher points
although the computations will become much more complicated.
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Figure 4. Feynman-like diagrams with three lines connected to the loop in four-point case.

/3
| +p2

2

D.4 D.5 D.6

Figure 5. Feynman-like diagrams with four lines connected to the loop in four-point case.
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3 Dual trace-form

In the discussions above we saw that the dual DDM-form can be derived through relatively
straightforward manipulations. Deriving a corresponding dual trace-form at one-loop how-
ever turns out to be less direct, especially because of the extra conditions required to define
dual trace factors [38, 40].

Recall that at tree-level, the set of numerators niq,, consisting of (n — 2)! elements,
having legs 1 and n fixed at two ends, were translated into (n — 1)! dual traces 715, which
are counterparts of the single color trace factors. To uniquely determine 7 we need to
impose KK-relation among 75’s, so the number of independent dual traces can be reduced
to (n —2)!. The algorithm formally picks a fixed pair (1,n) to define basis numerators. To
examine if the solution satisfy relabling symmetry we need to inspect the transformation
under permutaions of legs 1 and n.

At one-loop level, similar constraints are required to properly define dual traces. For
the purpose of discussion let us first review the U(N,) color structure at one-loop, which
also serves as input to the definition of dual traces.

3.1 General structure of the defining conditions

Generically, the color factors appear in the DDM-form at one-loop level can be translated
into double trace factors,

1—loop fxlo'lngxgagxg o fJJnO'nxl — 'I‘I'(Txl [TUl, [Taz’ o [TUn’Tml]H)

Yoy T
= S (Fyre (@ T Tone T T TP
oe0P({a}U{B})
= S ()M T(T T ) Te(T T TP, (3.1)
ccOP({a} U{8})

where in the last line we used the property of U(N,),
> Tr(T™ AT™ B) = Tr(A)Tr(B). (3.2)
1

Note however, two exceptional cases call for special attention. When the repeated gener-
ators are adjacent, single trace factors are produced instead. This can happen in equa-
tion (3.1) as

> T(TTTO ... T T™) = N/Tr(T°" ... T°") (3.3)

1

or as

()" Te(TH TP T Tt T = (=) NI (T T T, (3.4)

1

Inspired by the above algebraic structure, it is natural to assume that there are kine-
matic correspondence of the following color trace factors

Te(T™ ... T Te(T% ... TP = 105, Te(T°0...T") = 1,, (3.5)

— 11 —



where kinematic trace factors 7,,3 and 7, are cyclic invariant. Thus we can impose the
following commutation-like relation between n,, in the dual DDM-form and kinematic trace
structure 7,.3 in the dual trace-form as

10}100P _ Z (1) 7,447, (3.6)
occOP({a}U{B})

where 7 should be understood as the ordered set 8 with its ordering reversed. Once a
dual DDM form is written down, relation (3.6) alone allows us to translate it into the dual
trace form introduced at the very beginning of this paper,

n Pl DDM T
Al loop = 19 @D ni,  (DI(1,0)
oESH—_1
ap | A
= n/ 27T D Z Z T{Ul,...,an,m},{on,erl,...,On}(l)
m=0 €S, /Sn;m
xI({o1, ., 0n-m}: {Onmits - 0n}). (3.7)

Generically the dual traces can depend on loop momentum, however since that all loop
momenta appear in the dual DDM form are already properly aligned (in the sense that
no shifted numerator is present), we see that going from the first line to the second line
of equation (3.7) follows the same operation on color factors in a rather straightforward
manner. As it happens to the color factors, when applying (3.6) we have two special cases
corresponding to those when the repeated indices are adjacent, and we retain strictly the
same correspondence between traces of U(N,.) and 7 by writing: when a = (), To:8T —
Netgr, and when 8 = ), 7,57 — Nc7o. In the absence of an algebraic interpretation,
we are treating the “kinematic rank N.” here as a remaining degree of freedom left by
equation (3.6).

From equation (3.6), one can see that the number of all 7 together clearly exceeds
that of n. In total there are (n — 1)!/2 independent n,’s because n,, is cyclic invariant and
satisfies the following reflection relation

ne = (=) Mnr (3.8)

where M is the number of elements of the set a. To be able to solve 7 in terms of n,, we
need to impose extra equations. Nevertheless without any clue from an actual kinematic
algebra it is rather difficult to pick the proper constraint that does not spoil relabeling
symmetry. A possible solution was proposed by Bern and Dennen in [38], where Kleiss-
Kuijf (KK) relation was imposed on N = 4 super Yang-Mills amplitude at 4-points. In the
light of this initial success we are assuming the same KK relation between the kinematic
single and double traces

s = (0 3 3w )

C€Zng oeCOP(aUC(B)T)

generalizes to higher points, in the hope that relabeling symmetry can be preserved despite
that U(N,) traces generically do not satisfy the same relation. Here we use COP to denote
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“cyclic ordered permutations”, in the sense that we include all possible permutations where
the cyclic orderings of both o and C(B)” are kept fixed. It is worth noticing that subsets
a and (3 in equation (3.9) were not treated on equal footing. For this reason we manually
impose the following two additional conditions.

T8 = TBas (310)
and
Ta = (=1)M7 1, (3.11)

where M is the number of elements of the set a. The minus sign in the reflection condi-
tion (3.11) is necessary in order to be consistent with (3.9) and (3.10).

Equations (3.9), (3.10) and (3.11) together reduces the number of independent dual
trace factors to (n — 1)!/2. Under these constraints the original commutation-like equa-
tions (3.6) become an (n — 1)!/2 by (n — 1)!/2 matrix equation,

ne= Y Glolo'ry (3.12)
o'€Sn_1
Once the matrix G is known, in principle we can solve 71,/ in terms of the numerators ni,
and in turn determine all the kinematic trace factors.

General algorithm. To summarize, the general algorithm of constructing kinematic
trace factors is given by the following;:

e Starting with any dual-DDM basis numerator n1 ., we consider all possible splittings
of its label {1,...,n} into two subsets « and 3, each can be empty. Generically there
will be 2™ splittings. For example at four-points, denoting the one-loop dual-DDM

factor as n%;lwp, o € perm(2,3,4). the relation between n and 7 is given by
1—loop
a3 = NeT(ia3a) — T(24) {1} — T134}.{2) — T{124},{3) — T(123},{4}

TT(34},{21} T T{24},{31} T T{23} {41} + T{13},{42} T T{14},{32} T T{12},{43}
—T{4} {321} — T{3},{421} — T{2},{431} — T{1}{432} T Nc7{4321} (3.13)

e We then impose KK relation (3.9) on 7. In the four-point case, we have

T{bcd},{a} = ~T{abed} — T{bacd} — T{bcad}>

T{cd},{ba} = T{abed} T T{acbd} t+ T{cabd} T T{bacd} t+ T{bcad} T T{cbad}s

T{d},{cba} = ~T{abed} — T{abdc} — T{adbc}> (3.14)
Substituting these relations into (3.13) and using cyclic symmetry T{abed} = T{dabc}>
we get

-1
nygge’ = (15 + Ne)Tr1234y + 10741243y + 1071324 + 10713401 + 107(1423)

+(5 4+ Ne)T(1432) - (3.15)
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e Using reflection relation (3.11) we can reduce the obtained equations further. For

example, above equation is reduced to
niags " = (20 + 2No) 1934 + 2071043 + 2071304, (3.16)

Repeating the same manipulations for all basis numerators, we arrive at the matrix
equation (3.12), from which we can solve for all dual traces.

The G matrix. Now we discuss the computation of the G matrix. The calculation can
be divided into two steps. The first step is to calculate extended G-matrix G[o|p] where
o,p € Sy/Z, (ie., all permutations up to cyclic ordering). The second step is to impose

the reflection relation (3.11), i.e,
Glolp] = Glolel + (—)"Glolp™],  o.p € (Su/Zn)/ 22 (3.17)

Since the second step is easy, we will focus on the first step, i.e., the extended G-matrix.
Elements of extended G-matrix depend on N, only for following two kinds of structures

Glolo] = ag + N, Glo|o™] = (=)"(bo + Ne) (3.18)

where ag, by are constants. Because this dependence, if we know the extended G-matrix
for N. = 1, we will know the extended G-matrix for general N,.

To demonstrate the calculation of element G[o|p], let us use four-point result (3.15)
with N. = 1 as an example. For this example, we have o = {1,2,3,4} fixed and 3! = 6
different choices of p. Given the ordering of o, there are 2* = 16 different splittings to two
subsets. Among them, 8 of them with 1 at the first subset are given by (remembering to
keep relative ordering)

{17 27 37 4} — (ULv UR)
= (1234,0)/(123,4)/(124,3)/(134,2)/(12,34)/(13,24) / (14, 23) / (1, 234) (3.19)
and other 8 are obtained by exchanging these two subsets. We do similar splitting to the
ordering p, but now we will allow the cyclic shifting of one subset. For example, with
p=1{1,2,4,3} we will have following splitting with 1 at the first position of the first subset
(by cyclic symmetry, we can always fix one element)
[1,2,4,3} = (pr. pr) = (1243,0)/(124, 3)/(123,4)/(143,2)/(12, 43)/ (12, 34) (14, 23)
/(14,32)/(13,24)/(13,42)/(1,243)/(1,432)/(1, 324) (3.20)

where since we have fixed 1, we have to include the cyclic shifting of pr. Comparing these
two splitting (3.19) and (3.20), we see that there are five splittings to be same:

(123,4)/(124,3)/(12,34)/(13,24)/(14,23) = G[{1,2,3,4}/{1,2,4,3}|=2x5=10 (3.21)

where factor 2 comes from exchanging of two subsets. One can easily check that all
other five coefficients in (3.15) can be obtained by same way. For p={1,2,3,4} there
are 8x2 splitting. For p={1,3,2,4}, (124,3)/(134,2)/(12,34)/(13,24)/(14,23) from (3.19)
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are taken, so 5x2 =10. For p = {1,3,4,2}, (134,2)/(12,34)/(13,24)/(14,23)/(1,234)
from (3.19) are taken, so 5x2 = 10. For p = {1,4,2,3}, (123,4)/(12,34)/(13,24)
/(14,23)/(1,234) from (3.19) are taken, so 5 x 2 = 10. Finally for p = {1,4,3,2},
(12,34)/(13,24)/(14,23) from (3.19) are taken, so 3 x 2 = 6.

Having about general discussions, now we demonstrate our algorithm by several
examples.

3.2 Four-point dual traces

Under our imposed conditions (3.9), (3.10) and (3.11) the number of independent n’s and

7's is @ = 3. We take the liberty to choose following three orderings (1234), (1243)
and (1324) as our basis. Using our algorithm for G-matrix, equation (3.12) yields

Mg > = (20 + 2N,)T1234 + 2071243 + 2071304,

Nioae® = 2071934 + (20 4+ 2N,) 71243 + 2071324,

Nigas "’ = 2071234 + 2271243 + (20 + 2Ne) T1s04. (3.22)

The determinant of G-matrix is det(G) = 8N2(30 + N..) for generic N, from which we
derive the solution for 7934,

1

T2 = 9N.(30 + )

((20 + Nc)n1234 — 10n1243 — 1On1324) . (323)

Expressions of other orderings 7, can be obtained by relabeling symmetry.

This result seems to differ from the result previously obtained for N =4 SYM theory
in [38]. To connect the two results, notice that for N = 4 SYM, only have box diagrams
contribute and the corresponding n is given as

Mg " = Sabsad A" (a,b, ¢, d). (3.24)

Substituting (3.24) into (3.23) and using tree-level amplitude relation to write all the four-
point tree amplitudes in terms of A(1234), we get

_ 1
Tigg * = 55 stAT(1,2,3,4). (3.25)

which is just the result given by Bern and Dennen when N, is chosen to be 1.

Our result (3.23) has a free parameter N.. It is easy to see that N, can not be 0 or —30
because for these two values, determinant of G-matrix is zero, i.e., G-matrix is degenerated
and we can not solve 7 by n,. Also, with particular choice of N., we may get simpler
expressions. For example, when N, = —10 we get

T1234 = 10 (+71234 — n1243 — M1324) (3.26)

while when N, = —20 we get

1
—— (n1243 + n1324) (3.27)

T1234 = 40
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3.3 Five-point case

Let us apply the same algorithm to five points. The relation between DDM basis numerator
n and dual trace 7 is given as

Nayazazasas = (30 + 2NC)T{a1a2a3a4a5} + 12T{a1a2a3a5a4} + 127{a1a2a4a3a5} + 127—{a1a3a2a4a5}
+6T(a1a2a4a5a3} T 6T{ara2a5a304} + 6T{a1a3a4a205} + 6T{a1a4a20305}
_12T{a1a2a5a4a3} - 127—{a1a4a3a2a5} - 67{a1a3a2a5a4} + OT{a1a3a5a2a4} (328)

The number of independent ns and 7s is (5 — 1)!/2 = 12. We choose the our basis to be

(12345), (12354), (12435), (12453), (12434), (12543), (13245), (13254), (13425), (13524),
(14235), (14325) in order, which leads to following matrix G

2Nc+30 12 12 6 6 —12 12 —6 6 0 6 —12
12 2Nc+30 6 —12 12 6 —6 12 0 6 12 —6
12 6 2Nc+30 12 —12 6 6 0 —12 6 12 6
6 —12 12 2Nc+30 6 12 12 —6 —6 —12 —6 0
6 12 —12 6 2Nc+30 12 0 6 6 —12 —6 —12
G_ —12 6 6 12 12 2Nc+30 —6 12 —12 —6 0 6
- 12 —6 6 12 0 —6 2Nc+30 12 12 6 —12 6
—6 12 0 —6 6 12 12 2Nc+30 6 12 —6 12
6 0 —12 —6 6 —12 12 6 2Nc+30 —12 6 12
0 6 6 —12 —12 —6 6 12 —12 2Nc+30 —12 —6
6 12 12 —6 —6 0 —12 —6 6 —12 2Nc+30 12
—12 —6 6 0 —12 6 6 12 12 —6 12 2Nc+30
(3.29)

with determinant det(G) = 2'2NS(N, + 30)5. Therefore the solution is

T{12345} = INL(B0+ NV,) {(15 4 N¢)ni2zas — 6n12354 — 6n12435 — 3112453

—3n12534 + 6n12543 — 6113245 + 3n13254 — 3N13425 — 3N14235 + 6n1az2s ) (3.30)

Other 7’s can be obtained using relabeling symmetry. For this expression, if we choose

N, = —15, all coefficients are % and flo. Especially the first coefficients (15 + N.) — 0.

3.4 Six-point example

At six-points, the basis can be labeled by the following (6 — 1)!/2 = 60 orderings

{1,2,3,4,5,6},{1,2,3,4,6,5},{1,2,3,5,4,6},{1,2,3,5,6,4},{1,2,3,6,4,5},{1,2,3,6,5,4},
{1,2,4,3,5,6},{1,2,4,3,6,5},{1,2,4,5,3,6},{1,2,4,5,6,3},{1,2,4,6,3,5},{1,2,4,6,5, 3},
{1,2,5,3,4,6},{1,2,5,3,6,4},{1,2,5,4,3,6},{1,2,5,4,6,3},{1,2,5,6,3,4}, {1,2,5,6,4, 3}
{1,2,6,3,4,5},{1,2,6,3,5,4},{1,2,6,4,3,5},{1,2,6,4,5,3},{1,2,6,5,3,4},{1,2,6,5,4, 3}
{1,3,2,4,5,6},{1,3,2,4,6,5},{1,3,2,5,4,6},{1,3,2,5,6,4},{1,3,2,6,4,5},{1,3,2,6,5,4},
{1,3,4,2,5,6},{1,3,4,2,6,5},{1,3,4,5,2,6},{1,3,4,6,2,5},{1,3,5,2,4,6},{1,3,5,2,6, 4},
{1,3,5,4,2,6},{1,3,5,6,2,4},{1,3,6,2,4,5},{1,3,6,2,5,4},{1,3,6,4,2,5},{1,3,6,5,2,4},
{1,4,2,3,5,6},{1,4,2,3,6,5},{1,4,2,5,3,6},{1,4,2,6,3,5},{1,4,3,2,5,6},{1,4,3,2,6,5}
{1,4,3,5,2,6},{1,4,3,6,2,5},{1,4,5,2,3,6},{1,4,5,3,2,6},{1,4,6,2,3,5},{1,4,6,3,2,5}
{1,5,2,3,4,6},{1,5,2,4,3,6},{1,5,3,2,4,6},{1,5,3,4,2,6},{1,5,4,2,3,6}, {1,5,4,3,2,6}. (3.31)
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The expansion coefficients of 1193456 into 7s, i.e, G[{123456}|p] =
tively by the orderings listed above, is given by

G = {62+ 2N, 34,34, 22,22, 12, 34, 22, 22, 22,
18, 16,22, 18, 12, 16, 26, 22, 22, 16,
16,22,22, 34, 34, 22,22, 16, 16, 22,
22,16,22,18, 18,12, 16, 18, 18, 18,
12,18,22,16, 18,12, 12,22, 16, 18,
26,22, 18,18,22, 16, 16, 22, 22, 34},

Gui=1,..

, 60 respec-

(3.32)

Other G;; can be obtained by relabeling symmetry. The determinant of matrix G' is

det(Q)
and the solution is given by

7o = G ololny

= 200NN, + 18)°(N, 4 21)18(N.. + 56)°(N, + 60)°(N. + 630),  (3.33)

(3.34)

The inverse of matrix G is very complicated, but with relabeling symmetry, it is enough to

give the first row, i.e., Gl_i1 withi=1,...
we list all 60 elements as following:

G-l B 1 5 16 9 5 1
11,12,13,14,15 = | Toq

56 99 35 21
%m(.N+m Not21 T N.456  N.+60  N,1630
56 99 35 21
2520 < N.+18 N, +21 T N156 TN c60 T N.4630
35 27 35 21
2520 <NC+18 N, +21 NC+56 - NC+6O+NC+63O
35 27 35 21
2520 <NC+18 N, +21+NC+56 T N.160  N,1630

G16 17,18,19,1(10) —

1 105 n 45 105 n 21 L
2520\ N.+18 N.+56 N.4+60 N.+630 N.)’

,60. To have a feeling about the N.-dependence,

24
N+B+N+M+Mﬁ%+m+meHﬂﬁN)’
176
N, )

176
N, )’

76
N.)’

—-}31)} (3.35)

116
N.)’

_ 76
N.)’

1 35 56 99 35
%%(N448+N¥M1+N566+Nﬁ£0+Nd£%
112 27 35 64

2n0< N, +18 NV+21 A@+56+AQ+60+AQ+6mI+A?>

35 27 35 21
mﬂo<AQ+18 A7+21 T Ne456  N.o+60 | N.+630

35 27 35 21
mno(AQ+18 Af+21 TN.156  N.160  N.1630

,17,
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G_ 1735+56781+35+21+i
1(11),1(12),1(13),1(14),1(15) — ) 2590\ N,+18 ' N.+21 N.+56 Nc+60  N,+630  N.)’

1 3% 56 9 3 n 21 +ﬁ
2520 \N.+18 N, +21 N.+56  N.+60 N.+630 N.)’
35 27 35 21 76>

+18 N+21 Nc+567NC+60+NC+630 N,

(s
(M N W R e )
(s

2520

N+18 N.+21 ]\70—5-564—Nc+60+]\76—5-6?>0+NC ’

45 105 n 21 _’_% (3.37)
N+18 No+56 N.+60 N.4+630 N, '

2520

2520

a1 1l (3 5 9 3 20 4
1(16).1(17).118).1(19).120) — ] 2520 \N,+18  No+21  No+56 N.+60 N.+630 N’

(3 569 3 7 12
810 \N.+18  N.+21 N, 456 N, 160 N,1630 N,)’
1 35 112 27 35 21 64
- - + + + +22),
2520( Not18  N.t21  N.156  N.+60 N, 1630 Nc)
N N SR B SR )
5520 \N,+18 ' N,+21 ' N, 456 N, 160 N, 1630 N,)’
1 [ 35 56 9 35 2 M
- - - M\ 338
2520<Nc+18 Not2l  Not36 NC+60+NC+63O+NC>}( )

Gl 135_56_9_35+21+ﬁ
1(21),1(22),1(23),1(24),1(25) — | 2520 \N,+18  N.+21 N.+56 N.+60  N.+630  N.)’

1 35 112 n 27 n 35 n 21 n 64
2520\ N.+18 N.+21 N.+56 N.+60 N.+630 N.)’

1 35 112 27 35 21 64
2520\ N,+18 N.+21 ' N.+56  N.+60 N.+630 N,

1 35 56 99 35 21 176

- + + + + - =),

2520\ N.+18 N.+21 N.+56 N.4+60 N.+630 N,

L/ 35 n 56 n 99 n 35 n 21 - 176 (3.39)
2520\ N.+18 N.+21 N.+56 N.+60 N.+630 N, ’

a1 1 35 12 27 3 2 64
1(26).1(27).1(28).1(29).130) ~ ] 2520 \" N,+18 No+21  No+56 Nc+60 N.+630 N’

1 35 112 27 35 21 64
2520 (N +18 N, +21+NC+56+NC+60+NC+630 NC)’
56 9 35 21 44
2520( +18  N.+21  N.+56 Nc+60+Nc+630+NC>’

35 56 9 3 n 21 +g
N.+18 N.+21 N.+56 N,+60 N.4+630 N.)’

35 2735 n 21 76 (3.40)
2520 Nc+18 N+21 Nc+56 N.+60 ' N,+630 N,

252
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G1_(31 ),1(32),1(33),1(34),1(35) —

1 35 + 28 n 213 n 2L 76
2520 \N.+18  N.+21 N.+56 Nc +60 N.+630 N/’
1 3% %6 9 35 n 21 +ﬁ
2520 \ V. —|—18 N —|—21 N.+56  N.+60 N.+630 N.)’

27 35 21 76
2520 ’

N—|—18 N+21 NC—|—56 NC+60+NC+63O N,

(o
(NN W W N )
(s

2520 N+18 N.+21 NC+56+NC+60+NC+630+E’
56 81 35 21 4
— 41
2520 \_ N.+18 T Not21 Nc+56+NC+6O+NC+63O+NC>}(3 )
o 1 35 N 12 11735 N 21 16
1(36),1(37),1(38),1(39),1(40) — | 2520 \ N, +18 ' N, +21 N.+56 N,+60  N.+630 N.)’
1 3% 56 9 35 N 21 +g
2520 \N,+18 N,+21 N,.+56 N.+60 N.+630 N,)’
1 35 56 81 35 21 4
— + — + + +—,
2520\ N,+18  N.+21 N,+56 N,.+60 N,.+630 N,
1 35 56 81 35 21 4
— + — + + +—,
2520\ N,+18  N,+21 N,+56 N,.+60 N,+630 N,
1 (35 N 56 8l N 35 N 21 +i (3.42)
2520\ N,+18  N,+21 Nc +56 N,.+60 N,.+630 N, :
G_ 1 35 N 12 117 35 N 21 16
1(41),1(42),1(43),1(44),1(45) ~ | 2520 \N.+18 ' N.+21 N.+56 N.+60  N.+630 N.)’
1 ( 3 N 56 81 N 35 N 21 +i
2520 N+18 N+21 N,.+56  N,+60 N.+630 N.)’
27 3 N 21 76
2520 ]V-+18 JV<+21 Aﬁ;+56 N,+60 N.+630 N_.J’
35 56 9 3 N 21 +g
2520 \N,+18 N,+21 N,+56 N.+60 N.+630 N,./)’
56 81 35 21 4
— )% (3.43
2520( N+18 N,.+21 Nc+56+Nc+60+Nc+63O+NC)}( )
Gt 1 35 N 112 117 35 N 21 16/
1(46),1(47),1(48),1(49),1(50) — | 2520 \ N, +18 ' N,+21 N.+56 N,+60  N.+630 N.)’
1 (105 N 45 105 N 21 +%
2520 N+18 N+56 N.+60 ' N,+630  N.)’

2 3% 2T
N1 N+21 TN.56  No+60  N.+630  N,)’

Eles
(35 N W v )
a( s

2520

N,+18 N.+21 N.+56 NC+60+NC+630+E ’

56 81 35 21 4
— )V (344
Not18 T N.tol - * * )} (844)

2520

2520 "~ N+56  N,+60  N.+630 N,
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e 1/3 56 9 N 35 B E
1(51),1(52),1(53),1(54),1(55) ~ | Q40 \N.+18 N.+21  N.+56 Nc+60 N, +630 N.
112 27 35 64
2520 N, +18 ~ Ne+21 NC+56 N +6O N. +630 Nc
56 81 N 35
2520\ N, +18 N +21  N,+56 teacth—i—GO Nc+630 Nc ’
56 81 N 35 N 21 N 4
2520 Nc—|—18 N,+21 N,+56 N.+60 N,+630 N.
2
35 N 7 35 (3.45)
2520 NC+18 N. +21 N.+56 N,+60 N +630
Gl 1 3. 56 9 35 N 21 N 44
1(56),1(57),1(58),1(59),1(60) — | 2520 \ IV, +18  N,+21 N.+56 N.+60 N.+630 N,)’
1 3% 56 9 35 N 21 N 44
2520 N+18 N.+21 N.+56 N.+60 N.+630 N.)’

2 27 3 21 64
N+18 N,+21 " N,+56  N.+60 N.+630 N.)’

(s
(N W N N W N
a( s

2520

N.+18  Not21  N.+56  N.460  N.+630  N.)°

6, 9 3 a1 176 (3.46)
No+18  No+21  N.156  N.+60  N.+630 M. :

2520

2520

Remarks. Before concluding this section, let us make a few remarks on the degrees of
freedom introduced by N.. First we notice that det(G) will depend on N, thus there are
solutions of N, such that det(G) = 0. When this happens, G -7 = n will not have solution.
In other words, for these specific values, N, and the imposed loop-KK relations are not
compatible to each other. At this moment, we are not clear what is the physical meaning of
these degenerated values of N.. However from explicit examples discussed above, it seems
that N, that lead to degenerating matrix G are always negative integer. For positive N,
there is no problem for it. It is perhaps possible to choose special values of N, such that
the final expression dramatically simplifies or manifest patten can be observed.

4 An alternative approach

In previous section, we solved 7 by n using the G-matrix directly. Since all conditions we
imposed, such as (3.9), (3.10), (3.11) and (3.12), are relabeling symmetric, the solutions
T, for different ordering o’s are also related by relabeling symmetry. This property can be
used to solve 7 without using the G-matrix, which will be the purpose of this section. In
fact, similar method has been used in tree-level case in [40]. For simplicity, in this section
we assume N, = 1.
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Four-point example. In the four-point case we assume that 7 can be expanded by
n, i.e.,

T1234 = ani234 + bni243 + cnazzg. (4.1)
Under the relabeling 1 <+ 2, we get

T2134 = an2134 + bn2143 + cnagia, (4.2)
which can be recast into the original basis using reflection and cyclic symmetry of 7 and n

Ti1342 = N1243 + bnigza + cnisaa. (4.3)

Same Ti340 can also obtained from 71234 by relabeling 2 — 3,3 — 4,4 — 2, thus we arrive
following equation

T1342 = aN1342 + bnisas + cniaz2 = anioag + bnizas + cnizsa. (4.4)
By comparing the 7349 in this two different ways, we can get
b=c. (4.5)
Thus
Tabed = @Nabed + b(Nabde + Nachd)- (4.6)

Substituting this into the relation between n and 7 (3.16), we get

21 )

_ E—— 4.
=5 P (4.7)
Then
21 5
Tabed = 672nabcd - ﬁ(nabdc + nacbd)- (48)

This is the same with the result obtained by imposing KK relation and then solving linear
equations.

Five-point expansion. Similarly at five-points, we assume the dual trace can be ex-
panded into the (5 —1)!/2 = 12 basis numerators n; , discussed in section 3.3,

T12345 = E Cl,oM,0 (4.9)
c€S4/R
= 12345712345 + C12354712354 + -+ + €14325M14325,

where R denotes reflection. Comparing the expansion expressions derived through permu-
tating leg 1 with 2, 3, 4, 5 with the corresponding expressions obtained by relabeling, we
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get the following relations

T21345 = —T12543 — C12453 = C12534, C12354 = C12435, (4.10)
C13254 = —C13425, C13245 = —C14325,

T32145 = —T12354 — C12534 = C14235, C12543 = —C13245, (4.11)
C12435 = —C14325, C12453 = —C13254,

T42315 = —T13245 — C13254 = —C14235, C12453 = C13425 (4.12)
C12435 = —C12543, C12354 = —C14325,

T52341 = —T14325 — C12534 = —C13254, C13425 = C14235, (4.13)
C12354 = —C12543, C12435 = C13245.

Relabling symmetry therefore reduces the number of independent coefficients to four,
yielding

T12345 = @N12345 + +b (N12453 + N12534 — N13254 + N13425 + N14235) (4.14)

cnigs2a — d (N12354 + M12435 — N12543 + N13245 — N14325)

while the other basis dual traces 7s can be obtained by relabelings of legs 2, 3, 4 and 5.
Substituting these expressions back to just one relation (3.28) allows us to fully determine
the remaining all four coefficients. Again, we arrive at

1
T35} = o5 (16m12345 — 6n12350 — 6n12435 — 3n12453 — 3n12534 + 6112543

—6n13245 + 3n13254 — 313425 — 3N14235 + 6114325) - (4.15)

5 Conclusion

In this paper we have discussed two kinds of dual-color decompositions of Yang-Mills
amplitude at one-loop level. Starting from an existing double-copy formulation we showed
that the Yang-Mills integrand can be translated into dual DDM form up to terms that
vanish upon integration. Once a dual DDM form is obtained, we showed that it is possible
to take one step further and write down the corresponding dual trace-form. In particular
we saw that the similar technique used to determine tree-level dual trace generalizes to
one-loop. In a sense that the additional degrees of freedom introduced by loop momentum
shifting which potentially may cause problem has been taken care of during the translation
between BCJ and dual DDM form.

Without the knowledge of an actual kinematic algebra as input the algorithm presented
in this paper uses Kleiss-Kuijf relation and reflection conditions as substitutes and we
discussed the possibility of generically solving dual traces in terms of one-loop numerators.
We expect that there might be an algebraic realization of the dual trace analogous to
what has discussed at tree-level in [41], or more interestingly, if the algebraic structure
observed in the scattering equations approach [19] could be systematically generalized to
loop-level. Note especially that although in this paper we constructed the dual traces
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assuming BCJ numerators were determined in advance, this operation can be reversed.
The relation between 7 and n; provides an alternative derivation of the numerators if the
7s can be determined from an independent method, for example from the recent work of
Naculich [43], or from the method outlined by the current authors in [44].

Acknowledgments

Y.J. Du would like to acknowledge the EU programme Erasmus Mundus Action 2 and
the International Postdoctoral Exchange Fellowship Program of China for supporting his
postdoctoral research in Lund University(with Fudan University as the home university).
Y.J. Du’s research is supported in parts by the NSF of China Grant No.11105118, China
Postdoctoral Science Foundation No.2013M530175 and the Fundamental Research Funds
for the Central Universities of Fudan University No0.20520133169. C.F. would like to ac-
knowledge the support from National Science Council, 50 billions project of Ministry of
Education and National Center for Theoretical Science, Taiwan, Republic of China as well
as the support from S.T. Yau center of National Chiao Tung University. B.F is supported,
in part, by fund from Qiu-Shi and Chinese NSF funding under contract No.11031005,
No.11135006, No.11125523.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] Z. Bern, J.J.M. Carrasco and H. Johansson, New Relations for Gauge-Theory Amplitudes,
Phys. Rev. D 78 (2008) 085011 [arXiv:0805.3993] [INSPIRE].

[2] N.E.J. Bjerrum-Bohr, P.H. Damgaard and P. Vanhove, Minimal Basis for Gauge Theory
Amplitudes, Phys. Rev. Lett. 103 (2009) 161602 [arXiv:0907.1425] INSPIRE].

[3] S. Stieberger, Open €& Closed vs. Pure Open String Disk Amplitudes, arXiv:0907.2211
[INSPIRE].

[4] F. Cachazo, Fundamental BCJ Relation in N =4 SYM From The Connected Formulation,
arXiv:1206.5970 [INSPIRE].

[5] F. Cachazo, S. He and E.Y. Yuan, Scattering Equations and KLT Orthogonality,
arXiv:1306.6575 [INSPIRE].

[6] F. Cachazo, S. He and E.Y. Yuan, Scattering of Massless Particles in Arbitrary Dimension,
arXiv:1307.2199 [INSPIRE].

[7] F. Cachazo, S. He and E.Y. Yuan, Scattering of Massless Particles: Scalars, Gluons and
Gravitons, arXiv:1309.0885 [INSPIRE].

[8] B. Feng, R. Huang and Y. Jia, Gauge Amplitude Identities by On-shell Recursion Relation in
S-matriz Program, Phys. Lett. B 695 (2011) 350 [arXiv:1004.3417] [INnSPIRE].

[9] Y. Jia, R. Huang and C.-Y. Liu, U(1)-decoupling, KK and BCJ relations in N' =4 SYM,
Phys. Rev. D 82 (2010) 065001 [arXiv:1005.1821] INSPIRE].

— 23 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevD.78.085011
http://arxiv.org/abs/0805.3993
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.3993
http://dx.doi.org/10.1103/PhysRevLett.103.161602
http://arxiv.org/abs/0907.1425
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1425
http://arxiv.org/abs/0907.2211
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.2211
http://arxiv.org/abs/1206.5970
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5970
http://arxiv.org/abs/1306.6575
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6575
http://arxiv.org/abs/1307.2199
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.2199
http://arxiv.org/abs/1309.0885
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.0885
http://dx.doi.org/10.1016/j.physletb.2010.11.011
http://arxiv.org/abs/1004.3417
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.3417
http://dx.doi.org/10.1103/PhysRevD.82.065001
http://arxiv.org/abs/1005.1821
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.1821

[10] Y.-X. Chen, Y.-J. Du and B. Feng, A proof of the explicit minimal-basis expansion of tree

[11]

[12]

[13]

amplitudes in gauge field theory, JHEP 02 (2011) 112 [arXiv:1101.0009] [INSPIRE].

T. Sondergaard, New Relations for Gauge-Theory Amplitudes with Matter,
Nucl. Phys. B 821 (2009) 417 [arXiv:0903.5453] INSPIRE].

S.H. Henry Tye and Y. Zhang, Dual Identities inside the Gluon and the Graviton Scattering
Amplitudes, JHEP 06 (2010) 071 [Erratum ibid. 1104 (2011) 114] [arXiv:1003.1732]
[INSPIRE].

N.E.J. Bjerrum-Bohr, P.H. Damgaard, T. Sondergaard and P. Vanhove, Monodromy and
Jacobi-like Relations for Color-Ordered Amplitudes, JHEP 06 (2010) 003 [arXiv:1003.2403]
[INSPIRE].

H. Tye and Y. Zhang, Remarks on the identities of gluon tree amplitudes,
Phys. Rev. D 82 (2010) 087702 [arXiv:1007.0597] [INSPIRE].

C.R. Mafra, O. Schlotterer and S. Stieberger, Explicit BCJ numerators from pure spinors,
JHEP 07 (2011) 092 [arXiv:1104.5224] [INSPIRE].

R. Monteiro and D. O’Connell, The kinematic algebra from the self-dual sector,
JHEP 07 (2011) 007 [arXiv:1105.2565] [INSPIRE].

N.E.J. Bjerrum-Bohr, P.H. Damgaard, R. Monteiro and D. O’Connell, Algebras for
amplitudes, JHEP 06 (2012) 061 [arXiv:1203.0944| INSPIRE].

C.-H. Fu, Y.-J. Du and B. Feng, An algebraic approach to BCJ numerators,
JHEP 03 (2013) 050 [arXiv:1212.6168] [INSPIRE].

R. Monteiro and D. O’Connell, The kinematic algebras from the scattering equations,
JHEP 03 (2014) 110 [arXiv:1311.1151] [InSPIRE].

T. Sondergaard, Perturbative Gravity and Gauge Theory Relations: A Review,
Adv. High Energy Phys. 2012 (2012) 726030 [arXiv:1106.0033] NSPIRE].

N.E.J. Bjerrum-Bohr, P.H. Damgaard, H. Johansson and T. Sondergaard, Monodromy-like
relations for finite loop amplitudes, JHEP 05 (2011) 039 [arXiv:1103.6190] [InSPIRE].

R.H. Boels and R.S. Isermann, New relations for scattering amplitudes in Yang-Mills theory
at loop level, Phys. Rev. D 85 (2012) 021701 [arXiv:1109.5888| INSPIRE].

R.H. Boels and R.S. Isermann, Yang-Mills amplitude relations at loop level from
non-adjacent BCFW shifts, JHEP 03 (2012) 051 [arXiv:1110.4462] INSPIRE].

Y.-J. Du and H. Liio, On General BCJ Relation at One-loop Level in Yang-Mills Theory,
JHEP 01 (2013) 129 [arXiv:1207.4549] [InSPIRE].

R.H. Boels, B.A. Kniehl, O.V. Tarasov and G. Yang, Color-kinematic Duality for Form
Factors, JHEP 02 (2013) 063 [arXiv:1211.7028] INSPIRE].

J.J.M. Carrasco, M. Chiodaroli, M. Giinaydin and R. Roiban, One-loop four-point
amplitudes in pure and matter-coupled N < 4 supergravity, JHEP 03 (2013) 056
[arXiv:1212.1146] [INSPIRE].

J.J. Carrasco and H. Johansson, Five-Point Amplitudes in N = 4 super-Yang-Mills Theory
and N = 8 Supergravity, Phys. Rev. D 85 (2012) 025006 [arXiv:1106.4711] INSPIRE].

N.E.J. Bjerrum-Bohr, T. Dennen, R. Monteiro and D. O’Connell, Integrand Ozidation and
One-Loop Colour-Dual Numerators in N = 4 Gauge Theory, JHEP 07 (2013) 092
[arXiv:1303.2913] [INSPIRE].

— 24 —


http://dx.doi.org/10.1007/JHEP02(2011)112
http://arxiv.org/abs/1101.0009
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0009
http://dx.doi.org/10.1016/j.nuclphysb.2009.07.002
http://arxiv.org/abs/0903.5453
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.5453
http://dx.doi.org/10.1007/JHEP06(2010)071
http://arxiv.org/abs/1003.1732
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.1732
http://dx.doi.org/10.1007/JHEP06(2010)003
http://arxiv.org/abs/1003.2403
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.2403
http://dx.doi.org/10.1103/PhysRevD.82.087702
http://arxiv.org/abs/1007.0597
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0597
http://dx.doi.org/10.1007/JHEP07(2011)092
http://arxiv.org/abs/1104.5224
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.5224
http://dx.doi.org/10.1007/JHEP07(2011)007
http://arxiv.org/abs/1105.2565
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.2565
http://dx.doi.org/10.1007/JHEP06(2012)061
http://arxiv.org/abs/1203.0944
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.0944
http://dx.doi.org/10.1007/JHEP03(2013)050
http://arxiv.org/abs/1212.6168
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.6168
http://dx.doi.org/10.1007/JHEP03(2014)110
http://arxiv.org/abs/1311.1151
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.1151
http://dx.doi.org/10.1155/2012/726030
http://arxiv.org/abs/1106.0033
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0033
http://dx.doi.org/10.1007/JHEP05(2011)039
http://arxiv.org/abs/1103.6190
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.6190
http://dx.doi.org/10.1103/PhysRevD.85.021701
http://arxiv.org/abs/1109.5888
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.5888
http://dx.doi.org/10.1007/JHEP03(2012)051
http://arxiv.org/abs/1110.4462
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.4462
http://dx.doi.org/10.1007/JHEP01(2013)129
http://arxiv.org/abs/1207.4549
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4549
http://dx.doi.org/10.1007/JHEP02(2013)063
http://arxiv.org/abs/1211.7028
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.7028
http://dx.doi.org/10.1007/JHEP03(2013)056
http://arxiv.org/abs/1212.1146
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.1146
http://dx.doi.org/10.1103/PhysRevD.85.025006
http://arxiv.org/abs/1106.4711
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.4711
http://dx.doi.org/10.1007/JHEP07(2013)092
http://arxiv.org/abs/1303.2913
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.2913

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

[43]

[44]

Z. Bern, S. Davies, T. Dennen, Y.-t. Huang and J. Nohle, Color-Kinematics Duality for Pure
Yang-Mills and Gravity at One and Two Loops, arXiv:1303.6605 [INSPIRE].

R.H. Boels, R.S. Isermann, R. Monteiro and D. O’Connell, Colour-Kinematics Duality for
One-Loop Rational Amplitudes, JHEP 04 (2013) 107 [arXiv:1301.4165] [INSPIRE].

J. Nohle, Color-Kinematics Duality in One-Loop Four-Gluon Amplitudes with Matter,
arXiv:1309.7416 [INSPIRE].

R. Kleiss and H. Kuijf, Multi-Gluon Cross-sections and Five Jet Production at Hadron
Colliders, Nucl. Phys. B 312 (1989) 616 [1NSPIRE].

V. Del Duca, L.J. Dixon and F. Maltoni, New color decompositions for gauge amplitudes at
tree and loop level, Nucl. Phys. B 571 (2000) 51 [hep-ph/9910563] [INSPIRE].

H. Kawai, D.C. Lewellen and S.H.H. Tye, A Relation Between Tree Amplitudes of Closed and
Open Strings, Nucl. Phys. B 269 (1986) 1 [INSPIRE].

Y.-J. Du, B. Feng and C.-H. Fu, BCJ Relation of Color Scalar Theory and KLT Relation of
Gauge Theory, JHEP 08 (2011) 129 [arXiv:1105.3503] [INSPIRE].

Z. Bern, A. De Freitas and H.L. Wong, On the coupling of gravitons to matter,
Phys. Rev. Lett. 84 (2000) 3531 [hep-th/9912033] [INSPIRE].

Z. Bern, T. Dennen, Y.-t. Huang and M. Kiermaier, Gravity as the Square of Gauge Theory,
Phys. Rev. D 82 (2010) 065003 [arXiv:1004.0693] [INSPIRE].

Z. Bern and T. Dennen, A Color Dual Form for Gauge-Theory Amplitudes,
Phys. Rev. Lett. 107 (2011) 081601 [arXiv:1103.0312] [InSPIRE].

Z. Bern, C. Boucher-Veronneau and H. Johansson, N > 4 Supergravity Amplitudes from
Gauge Theory at One Loop, Phys. Rev. D 84 (2011) 105035 [arXiv:1107.1935] [INSPIRE].

Y.-J. Du, B. Feng and C.-H. Fu, The Construction of Dual-trace Factor in Yang-Mills
Theory, JHEP 07 (2013) 057 [arXiv:1304.2978] NSPIRE].

C.-H. Fu, Y.-J. Du and B. Feng, Note on Construction of Dual-trace Factor in Yang-Mills
Theory, JHEP 10 (2013) 069 [arXiv:1305.2996] [INSPIRE].

Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, One loop n point gauge theory
amplitudes, unitarity and collinear limits, Nucl. Phys. B 425 (1994) 217 [hep-ph/9403226]
[INSPIRE].

S.G. Naculich, Scattering equations and virtuous kinematic numerators and dual-trace
functions, arXiv:1404.7141 [INSPIRE].

C.-H. Fu, Y.-J. Du and B. Feng, Note on symmetric BCJ numerator, journal (2014)
[arXiv:1403.6262] [INSPIRE].

— 25 —


http://arxiv.org/abs/1303.6605
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6605
http://dx.doi.org/10.1007/JHEP04(2013)107
http://arxiv.org/abs/1301.4165
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.4165
http://arxiv.org/abs/1309.7416
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.7416
http://dx.doi.org/10.1016/0550-3213(89)90574-9
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B312,616
http://dx.doi.org/10.1016/S0550-3213(99)00809-3
http://arxiv.org/abs/hep-ph/9910563
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9910563
http://dx.doi.org/10.1016/0550-3213(86)90362-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B269,1
http://dx.doi.org/10.1007/JHEP08(2011)129
http://arxiv.org/abs/1105.3503
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3503
http://dx.doi.org/10.1103/PhysRevLett.84.3531
http://arxiv.org/abs/hep-th/9912033
http://inspirehep.net/search?p=find+EPRINT+hep-th/9912033
http://dx.doi.org/10.1103/PhysRevD.82.065003
http://arxiv.org/abs/1004.0693
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.0693
http://dx.doi.org/10.1103/PhysRevLett.107.081601
http://arxiv.org/abs/1103.0312
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.0312
http://dx.doi.org/10.1103/PhysRevD.84.105035
http://arxiv.org/abs/1107.1935
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.1935
http://dx.doi.org/10.1007/JHEP07(2013)057
http://arxiv.org/abs/1304.2978
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.2978
http://dx.doi.org/10.1007/JHEP10(2013)069
http://arxiv.org/abs/1305.2996
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.2996
http://dx.doi.org/10.1016/0550-3213(94)90179-1
http://arxiv.org/abs/hep-ph/9403226
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9403226
http://arxiv.org/abs/1404.7141
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.7141
http://arxiv.org/abs/1403.6262
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.6262

	Introduction
	Dual DDM-form
	Two-point example
	Three-point example
	Four-point example

	Dual trace-form
	General structure of the defining conditions
	Four-point dual traces
	Five-point case
	Six-point example

	An alternative approach
	Conclusion

