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1 Introduction

The calculation of tree-graph amplitudes for massless particles is radically simplified by
the exploitation of spinor methods [1-6]. However it is less widely appreciated that even in
the presence of masses, spinor techniques can lead to compact expressions for tree-graph
amplitudes.

This has recently been demonstrated for amplitudes containing a tt-pair and (n — 2)
gluons [7] where beautiful results have been obtained for all n > 4 for two particular helicity
combinations. The two cases comprise the amplitude with all gluons with identical helicity,
and the amplitude with one opposite-helicity gluon color-adjacent to one of the quarks.
In a second paper results have been provided for amplitudes involving two massive quark-
antiquark pairs and an arbitrary number of identical helicity gluons [8]. These relations are
proved using Britto-Cachazo-Feng-Witten (BCFW) recursion [9, 10]. The other required
amplitudes for ttggg and some additional amplitudes for ttgggg can be obtained using
Bern-Carrasco-Johansson (BCJ) relations [11, 12].

Automatic procedures to calculate tree (and one-loop) graphs are available [13-16].
Nevertheless it seemed opportune to apply the theoretical results described above for the
concrete case of tt+jets, supplementing the results given in ref. [7] with explicit expressions



for ttqq and the five- and six-parton amplitudes, ttqqg, ttqggg and ttqgq'q . This is partic-
ularly useful because amplitude expressions allow the inclusion of the tree-level decay of
the top quark [17].

The BCFW technique allows the iterative construction of higher point amplitudes
starting from three-point amplitudes evaluated at complex momenta for both massless and
massive [7, 8, 18-21] amplitudes. Since the amplitudes are constructed using on-shell re-
sults, they are free of the redundant gauge degrees of freedom which are present in a normal
quantum field theory calculation. Our results are presented using the formalism of Arkani-
Hamed, Huang and Huang (AHH) [22], who have extended the spinor-helicity formalism
for massless particles. In their formalism the covariance properties of the amplitudes under
little group rotations are made manifest by the addition of a SU(2) little group index. The
resulting Spin-spinors carry an SU(2) index (/) in addition to the Lorentz group SL(2,C)
indices, (a, &). From the point of view of the amplitude program, which asserts that am-
plitudes calculated recursively using on-shell ingredients are more fundamental than their
quantum field theory analogues, the extension to massive particles is an important and
necessary step.

Our aim in this paper is more prosaic; we want to investigate the benefits for top quark
physics of analytic tree-level amplitudes calculated using BCFW techniques. The work of
BCFW and BCJ has shown that full amplitudes can be calculated from a limited number
of ingredients. At low perturbative order analytic results can be computationally more ef-
ficient (see for example ref. [8]) than results based on off-shell Berends-Giele recursion [23],
which is often the automatic procedure of choice for the calculation of tree graphs. These
amplitudes will be incorporated in MCFM [24], exploiting the possibility of including the
tree-level decay of the top quark with decay correlations at essentially zero cost [17]. Fi-
nally, we note that compact low order tree-graph results can be useful ingredients for loop
calculations via unitarity, see for example refs. [25, 26].

1.1 Plan of the paper

Section 2 gives an introduction to the massless and massive spinor formalism, following the
method of AHH for the massive case. Section 3 addresses the definition of color-ordered
primitives and the BCJ relations between them. The basic 3-parton building blocks for
the BCFW recursion are also presented here. Section 4 illustrates the use of BCFW
recursion for the calculation of A4(1,3/,47,25) and A4(1,3],4,,25), and presents a full
set of results for the 4-parton amplitudes. Section 5 uses the results of the previous two
sections to calculate the 5-parton amplitude As(1, 26,34 43, 5:;) to further illustrate the
application of BCFW techniques. Sections 6 and 7 present the results for all the 5-parton
and 6-parton amplitudes. Both sections contain a description of the color decomposition
of the amplitude, the form of the squared amplitude after summing over colors, a complete
set of results for the subamplitudes in terms of massless and massive spinors for all helicity
combinations of the massless particles and a description of the BCJ relations between
the sub-amplitudes, if applicable. In section 8 we give an explicit representation of the
Spin-spinors that is closely connected to the Kleiss-Stirling method [27] and review the

implementation of tree-level top-quark decay. In section 9 we draw some conclusions.



Appendix A derives the results needed for the calculation in the Spin-spinor formalism and
appendix B gives an alternative color decomposition for QQgggg amplitudes.

2 Spin-spinor formalism

In this section we will introduce the essence of the Spin-spinor formalism of Arkani-Hamed,
Huang and Huang (AHH) [22]. A more detailed exposition of this formalism is given in
refs. [7, 8, 28, 29]. Appendix A gives a detailed derivation of the results that we will need
for our calculation.

2.1 Massless partons

We consider a spinor state |p)s which is a solution to the massless Weyl equation p*8 |p) g =
0 where p®? = p“oﬁ‘ﬁ is derived from the four-momentum p* of the particle. The indices
& and f are the SL(2,C) Lorentz group indices that are normally superfluous in the angle
and square bracket formalism, but we sometimes find it convenient to retain them here.
Since the particle is massless, p®? is a rank one matrix and is expressible as

p™ = ) (pl”, (2.1)

which is clearly invariant under the little group rescaling

ol =t = %\p]‘j‘- (2.2)

The spinors are in the fundamental representation of the group SL(2,C) and the particular
components are indicated by indices &, 8. For a massless particle we can go to a frame in
which the momentum is directed along the z direction p = (E,0,0, F). The little group
is thus the group of rotations in the x,y plane, namely SO(2) = U(1).The great utility of
the spinor formalism derives from the fact that amplitudes are directly functions of spinor
helicity variables.

2.2 DMassive partons

The extension of this formalism to massive particles notes that the little group in this case
can be deduced in the rest frame of the particle. In the rest frame the little group is the set
of rotations in 3 dimensions, namely SO(3) = SU(2). Amplitudes can now be expressed in
terms of Spin-spinors which transform as a direct product of the SU(2) spin group tensor
and the SL(2, C) Lorentz group. These Spin-spinors are denoted by |p’)? and |p’]%. In the
angle and square bracket notation combination rules for the dotted and undotted SL(2, C)
indices are mandated by the angle and square brackets, so they can be dropped in spinor
products. Amplitudes involving massive particles, with momenta p; and po are naturally
expressed in terms of spinor products such as <1I 27), {11 2 J] since these spinor products
reflect the little group transformation properties of the amplitudes themselves.



The Spin-spinors so defined satisfy a number of relations that are necessary to perform
the BCFW recursion. These identities are,

p")a [P1]5 =+, Pr)a P15 = —Pag p¥|p’) = —m|p’]®

P = e =t eyl = —mip) 03
p"alpi|” = +m65 Palp!fP =—mdl (@, = +mlp'| '
1% [p1]y = —mé] pr]* [p'|; = +mé} ! ap™ = +m(pl|’

The derivation of these relations is presented in appendix A. The SU(2) indices are raised

and lowered using the two-dimensional totally antisymmetric tensor e/,

We adopt the convention that,!

| —p)=—Ip), | —pl =1p]. (2.4)

In this paper we calculate amplitudes will all momenta outgoing. With this convention we

have that o 18
| =pi]*p' |5 | = pr]* ("

Y +m =
! (I—p1>a[pllg | = p1)alp’l?

which shows that sewing together amplitudes in the BCFW method, where one line must

(2.5)

perforce have a negative momentum, reproduces the numerator of the massive fermion
propagator.

Armed with the basic results for the 3-point vertices involving massive and massless
particles we can construct higher point tree-level amplitudes using BCFW recursion. In
addition we can illustrate the BCJ relations between the analytical results that we calculate.

3 Color and counting of primitives

It is well known that for the case of pure gluon scattering, the color-trace decomposition
into color-ordered primitives is [5],

An(1g,24,...1y) = S Tt @ % m) Ay (1,0(2),...,0(n),  (3.1)
0€Sn—1({2,...,n})

where the sum is over (n — 1)! primitives, since the cyclicity of the trace allows one to fix
the first argument. This decomposition has the disadvantage that the color coefficients are
not all linearly independent. Consequently the color-ordered sub-amplitudes are not the
minimal set. Indeed for the pure gluon case, the color sub-amplitudes defined in eq. (3.1)
are related by the Kleiss-Kuijf (KK) relations [30], which reduce the number of independent
primitives to (n — 2)!. It was subsequently observed by Del Duca, Dixon and Maltoni [31]
that the color decomposition

An(14,24,...0g) = Yoo (1w 1% A(1,2,0(3),...,0(n),  (3.2)
c€Sn—2({3,...,n})

1This has been discussed at length in refs. [7, 8] where explicit spinors obeying these relations can be
found.



n k ng np
# of partons | # of quark pairs | # of gluons | # of primitives

4 1 2 2
5 1 3 6
6 1 4 24
4 2 0 1
) 2 1

6 2 2 12
6 3 0 4

Table 1. Number of independent primitive amplitudes np = (n — 2)!/k!, after imposition of KK-
type constraints. n is the total number of partons, and k is the number of distinguishable quark
pairs.

where T' are SU(3) matrices in the adjoint representation, contains only linearly inde-
pendent color structures and automatically reduces the number of independent color-
subamplitudes to (n — 2)!.

In this paper we will be dealing with amplitudes with one or more quark lines. For
the case of one quark line, the trace representation

An(19,25,34 .. .1y) = > (TC@) ... TCom)
c€Sn—2({3,....,n})

2An(lQ, 25, o(3),...,0(n)),

(3.3)
is free of further relations of the KK type. In addition to pure gluon processes, color de-

1T

compositions for processes involving one quark line have been considered in ref. [31]. In the
case where we consider more than one quark line the equivalent color decompositions have
been given in refs. [32-36]. Table 1 presents the number of primitive color sub-amplitudes
after application of all KK-type relations, for the top pair production amplitudes that we
consider in this paper.

3.1 Relations between the kinematic part of tree amplitudes

Bern, Carrasco and Johansson (BCJ) have discovered additional relations obeyed by am-
plitudes involving external gluons. The quark-gluon BCJ relations, for one or more massive
quark lines, are given by the general formula [11, 12, 33],

n—1 7
- (Zsjn - m§)An(1Q,2Q,...z‘,ng,z‘ +1,...,n—1)=0. (3.4)
=2 j=2

where particle n is strictly a gluon, while the remaining (n—1) particles can be of any type:
quark/antiquark/gluon. Table 2 gives results for the number of primitives after imposition
of BCJ relations.



n k ng np
# of partons | # of quark pairs | # of gluons | # of primitives
4 1 2 1
5 1 3 2
6 1 4 6
4 2 0 1
) 2 1 2
6 2 2 6
6 3 0 4

Table 2. Number of independent primitive amplitudes np after imposition of KK and BCJ con-
straints. n is the total number of partons, and k is the number of distinguishable quark pairs. For
k =1 this is np = (n — 3)!, while for £k > 2 np = (n — 3)! (2k — 2)/k!. Adapted from ref. [33].

3.2 Three parton amplitudes

In this section we provide the basic building blocks for 3-point amplitudes. These are
necessary in order to start the BCFW recursion. For the ggg process we have,

As(Ly,25,35) = gf <2<31>2<>;> = —ig(Tr{t 1%t} — Tr{t91%1%2Y) <2<31>2<>§ -
(3.5)
For the Qg¢Q process we have,
A3<19E1?3C’7 2:(:2) =g (tc)wwz A3(1Q7 3, 2(2) (3'6)
where,
. 13)(q2) + (1q)|32
_1A3(1Q73+72Q) — _([ ]<q ><q3>< Q>[ ])
(18 e2) - 19 [31212)  (12)(gl1f3
B m(g3) - mi{gd) (37)
. _ 13)|q2] + [1¢](32
ifag.12g) - - (102 32)
(a2 - ) 31212) 121311
B m|[3q] - m[3q (38)

These formula require complex on-shell kinematics and ¢ is an arbitrary light-like mo-
mentum. The first form in egs. (3.7) and (3.8) is valid for both massless and massive
quarks. The application to massless quarks however, requires picking out the term with
the right little group scaling, dependent on the desired helicities of the massless quarks.
The last form in egs. (3.7) and (3.8), obtained using the equation of motion from eq. (2.3),
is the most compact expression for massive fermions [7]. The SU(3) color matrices in the
fundamental representation are normalized such that,

Te{tCtP} = 60, [t4,1P) = ifABCLY | where fABC = \/2f4BC (3.9)



Much of the concision of the expressions which we present in the following is due to
the notation which we have chosen. We employ a notation in which slashed momenta can
denote either o.p or &.p depending on the spinor string in which it appears. Moreover we
can drop the slash inside the spinor sandwiches. Momenta p; are mostly represented by
the symbol j alone. Thus,

(il#51l] = (ilps|l] = (ilo - ps|l] = (i* (Pj)ag\l]B = (il4|l] ,
(il#ll] = (ilpjrll) = (ilo - pjkll] = (@|(5 + k)] where pjr, = p; + pi - (3.10)

More complicated spinor strings are defined in a similar way. In these expressions p;, p;

are light-like momenta, whereas p;,p, are not necessarily light-like. In the angle and
square bracket notation, the SL(2,C) indices «, B are superfluous; they are shown above
for completeness only. The momenta of massive quarks are always denoted in boldface. The
covariance properties of the amplitudes under little group transformations are manifested
by the SU(2) indices I and J of the external massive particles. These external indices are
never summed. In practice, these indices will not be displayed, and their presence in the
formula should be understood. In practice it is useful to consider the SU(2) indices of the
outgoing massive quarks to be in the raised position, (transforming as an SU(2) doublet),
whereas the index of the outgoing antiquark is in the lower position, (transforming as an
SU(2) anti-doublet).

=@ [nf=n

2)=12r) 2] =2/ (3.11)
As such the indices are in the right positions to apply the identities given in eq. (2.3) which
involve sums over SU(2) indices with one index up and the other down. The SU(2) indices

I and J run over the values 1 and 2. We follow the Einstein notation that repeated indices
are summed.

4 Four parton amplitudes

4.1 One quark pair, two gluon amplitudes
4.1.1 Color algebra

The color decomposition for a tree-level amplitude with QQ + (n — 2)-gluons is,

An(Lay ;30500 20y) = "7 Y (%@ %), 0, An(1g,0(3),...,0(n), 2g)
0ESH_2
(4.1)

where S,,_o is the permutation group on n — 2 elements, and A,, are the tree-level partial
amplitudes.

For the case at hand, n = 4, the square of the amplitude summed over colors of quarks
and gluons is,

Z |A4(1$17303?4C472$2)|2 = 94V{N[|A4<1Q73g74g72Q>’2 + ’A4(1Q74973972Q)‘2:|

C3,Cq,21,22

1
_N‘A4(1Q73972Q749)’2}7 (42)



(a) (b)
Figure 1. Diagrams for BCFW recursion for A4(1,3,,4g,24).

where V = N? — 1 and the expression for the subleading color amplitude is given by a sum
of the two leading color amplitudes,

A (1Q73972Qa ) A4(1Q73g74g72Q)+A4(1Q)4g)3g77 ) (43)

4.1.2 Results for one quark pair + two gluon amplitudes

We can now calculate the one quark pair 4+ two gluon amplitudes using the 3-parton
amplitudes given in egs. (3.7), (3.8) by BCFW recursion. As usual for the choice of the
BCFW shift momentum,

=131 =zl lo>= i) + 21), (4.4)

the helicities of the marked particles can take the values, (h;, hj) = (+,—), (+,+), (=, —)
but not (hi,hj) = (—,+), in order that the amplitude as a function of z vanishes as
z — 00 [10]. The four-parton amplitudes are then obtained from,

1 .

i AP 20). (4.5)

A4(1Qa 3ga 4ga 2@) = A3(17397 _P)

The relevant diagram for the calculation of A4(1g,3/,4;,24) is shown in figure 1(a).
Taking ¢ = 3 and j = 4 we have,

3)=13)+214), =4 -=2B], P=pi+ps. (4.6)

The onshell condition on the intermediate quark line P2 — m? = [3]1|3> = 0 determines
that,

BB 31 1 _EETOnE a2

=g ™ = B114)
(4.7)

From eq. (3.7) using eq. (2.4) we have that,
oy (1Pl (P

A3(1,35,—P) = ) —i TRTIRE (4.8)

oy PR pe) gl 2 (P2 3w
APy 20) =1y m(34) BIJ4) By 40



For clarity, when a momentum has a negative sign we introduce an additional vertical line
in the spinor products, e.g. (ij) = (i|j). Therefore the answer by BCFW is,

‘ 34 1 o341
—iA4(1Q,3;,45,25) = ~ 30 G (1P)(P2) _m@<3lll3] (12), (4.10)
where we have used the relation, cf. eq. (2.3),
(1P)(P2) = (17| P1)(P2xc) = —m(172,) . (4.11)

For the calculation of A4(1q, 3;, 4, 2@), shown in figure 1(b), we use the same shift

and require the amplitude,
[P (a2 + [P (12) __ (PH[32] 4 [P32)
i 13

A3(P,Zl£;,2@) = —

Therefore the answer by BCFW is
—iA4(1Q,3;,4,,23) = —Mﬂp)(@@ [32] + [P3] (42))
= M(ﬂ@ [32] + [13] (42)), (4.13)

where we have used eq. (4.11) with a suitable choice of arguments. Additionally we have
]1)I>a[p[|£i = —P,g, (see appendix A) so that,

(1P)[P3] = (17 P;) [P'3] = - (17|P[3] = —m [173] . (4.14)

Summarizing, the two primitive leading-color amplitudes are given by,
[34]  (12)

—iAs(1q, 3], 4, 25) = 30) (o1 — )’ (4.15)
(1,345, 2,) — AL (18142) + (14(32)) (416)

(513 —m?)s34
From egs. (4.15), (4.16) the remaining helicity combinations can be obtained by charge
conjugation and line reversal,

. _ . (34)  [12]
—ZA4(1Q, 39 ,49 ,2@) = ZA4(2Q,4;_,3;_, 1Q)|<><—>[] =m [34] (813 — m2) y

(3[1]4]((13)[42] + [14](32))
(513 — m?)s34

The amplitudes in egs. (4.15), (4.16) and (4.17) clearly satisfy the BCJ relation,

(513 - )A (1Q73gv4972Q) (814 - 2)A4(1Q74973972Q)' (418)

The subleading color amplitudes can be obtained from eq. (4.17) using the relation

—iA4(1q,3;,45,25) = i44(2¢,4],3,,15) =

. (4.17)

eq. (4.3). Applying eq. (4.3) and simplifying we have,

[34]* (12)
(s13 = m?)(s1a —m?)’
(3|1]4]((13)[42] + [14](32))

(513 — m?)(s14 — m?)

—iA4(1q,35,25,45) = m

—iA4(1q,3;,25,45) = — (4.19)



3
+ =
P P
1 2 1 e 3
() (b)
Figure 2. Diagrams for BCFW recursion for A(1q, 24,3, , 4;, 5;‘).

4.2 Two quark pair amplitude
4.2.1 Color algebra
We now write down the amplitude for 4 quarks, where 1 and 2 have mass m, and 3 and 4
are massless,
A4(1x1729&2a 3237422) = 92(750)9617962 (tc)wa,m A4<1Q7 2@7 3237 4](714) : (4‘20)

The result for the amplitude squared summed over colors is,

S JA(Ley, 205,38, 41) 2 = g1V [ A4(10, 2, 300, 4007 (4.21)

X295 Yx3) Tx4
X1,22,T3,T4

4.2.2 Result for two quark pair amplitude

The result for two quark pair amplitude is simply given by,

—iA4(19,25,3,,45) = (13) [42] + [14] (32) : (4.22)
834

The primitive amplitude with opposite helicities of the massless quarks is obtained by
exchanging labels 3 and 4.

5 Example of BCFW recursion

In this section we illustrate the calculation of the 5-parton amplitude using BCFW recursion
exploiting the amplitudes presented in sections 3 and 4. As an example we calculate
one of the amplitudes for one massive quark pair, one massless quark pair and a gluon,

As(1, 2@,3;,4;{, 5;“). For the BCFW shift we take i = 5, = 4 so that,

5) =15) +z[4), |4 = 4] — 23] (5.1)

5.1 Residue at zi5
For the diagram in figure 2(a) we have that,

s 1 N
= _A3(1Qa 53—7 _PQ)7A4(PQ7 2@a 3 4J’r) ) (52)

As(10,25,3,, 45, 5F
5( @) 4Q ) <5|1|5] q’7q

q’7q’~g

215

~10 -



where P = p; + ps and the overall sign is due to the definition of the color decomposition,
see eq. (6.17). For i = 5 and j = 4 the onshell condition for the massive intermediate quark
is (5|1]5] + z15(4]|1|5] = 0. The shifted spinors are,

(5[1]5] ey _ (1514 [+ 5[]

T R T A R T o

For the amplitude on the left hand side of figure 2(a) we use the expression given in
eq. (3.7) with eq. (2.4) and we choose (¢| = (4|. For the amplitude on the right hand side
of figure 2(a) we use eq. (4.22),

e o _ A1 =P)(q[1[5] _ (1P)(4|1]5]
A3(1g,5),—Pg) = —i ) =) (5.4)
AP 2035, 15) = (P3) 42| + [P4] (32)) _ z_([PZL} (32) — <f33> 24]) 55
S3i (43) [34}
_ ,;([P](4+5)[1[5](32) — (P3) [2](4 + 5)[1]5]) (5.6)
(43) [3](4 + 5)[1[5]
Now using the relations for massive spinors in eq. (2.3),
(1P)(Pz) = (17 P)(P'z) = —m(17z),
(1P) [Pa] = (1" P;) |[P'z| = - (17| PJz] (5.7)
we thus have,
(1P) [P|(4+5)[1]5] = — (1|1 +5)|(4 + 5)[1]5]
= —m[1](4 +5)[1]5] — (15) [5|(4 + 5)[1]5]
= m [51](4 + 5)[1] + m [1]5]4) [54] (5.8)
Hence,
<1§>A4(PQ,2Q,3;,21;) = i(([5I11(4+ 5)[1] + [1[5]4) [54] ) (32) + (13) [2/(4 + 5)[1]5] )
1
(5.9)

“ 3 Bl +5)1[5]

So the final result is,

o i () 1
As(19:24:3,, 44,5l = (5[1]5] (45) (43)[3](4 + 5)[1[5]

X(([5|1|(4+5)|1]+[15] (54) [54] ) (32) + (13) [2I(4+5)I1I5])
i (4)1]5] 1
(5[1[5] (45) (34)[3[(4+ 5)[1[5]

x (214 -+ 5)|1]5] + [15] (45) [54] ) 32) + (13) [5[1](4 + 5)[2] )
(5.10)
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5.2 Residue at z34

For the second diagram, figure 2(b),

- —1 _ A
= _A4(1Q7 53_5 P;_v 2@)7A3(3q 7_P 44[) ’ (511)

As(10,25,37 .45, 55
5( Qr4Q» )234 $34 g *q

q’7q9°~g

where P = p3 + p4 and overall sign is because of the definition of the color amplitude. For
i = 5 and j = 4 the onshell condition for the intermediate gluon line is ([34] —z34 [35])(43) =
0. The shifted spinors in this case are,

T e R ]
(5.12)
Inserting the amplitudes from eqgs. (4.15) and (3.8) gives,
. o P8 (12) (352 (12)[35)]
Ate:3 B 2) = M e Ty T s B+ S (5.13)
o Bl-Pdd] Ry (34) s
A3(3,,—F, ,4;) = (—1) —Pq =1 5 —ZW. (5.14)
_ oy _ BIB+4)(4+5)3] _  s345 e\ _ [Bl(4+5)[1]5]
[P5]=1[35],  (P5)= 35 = —hs 98 =g
(5.15)
Inserting the results from egs. (5.13) and (5.14) gives,
e _ . [35]*  (12)[35] i (34 [45)*
A5(1Q’2Q?3q ’43_’5;)‘%4 - (_1) x (_Zm) S345 [3‘(4+ 5)‘1‘5] <34> [34] X (_7’) [35]2
_ ;m35) [45]2 (12) (5.16)

s3a5  [34][3[(4 + 5)[1[5]

The diagram in figure 2(b) with the opposite helicity of gluon exchanged vanishes,
because the amplitude on the right hand side is proportional to,
- (3¢)[4]—P]
A3(3;,—-Pf 4ty =i ———= (5.17)
oo (=Plqg)
and from eq. (5.12) both [4| and | — P] are proportional to |3]. Thus the sum of the two

contributions given in egs. (5.10) and (5.16) gives the total result for A5(1q, 24,3, 43, 55,

. o B 1 m(12) [35] [45]>
~As(10:20:304.5)) = G HAR] | s B (5.18)

1 (4]1]5]
(5[1[5] (45)(34)

(13) 1118 +5)12)+ (1104 + 515} (32) + [15] (32)s15) |.

We note that, at this stage, the amplitude appears to contain an unphysical pole
represented by the overall factor [3|(4 4 5)|1|5]. This is also the case for the result given

- 12 —



in ref. [8], which is presented in a slightly different form but with which this agrees (after
taking the limit in which one quark pair is massless). By using the equations of motion and
applying Schouten identities one can demonstrate explicitly that this pole is not present.
The result for this amplitude presented below in section 6 has been simplified in this way.

6 Five parton amplitudes

6.1 One quark pair + 3 gluon amplitudes
6.1.1 Color algebra

The general color decomposition is given by eq. (4.1). For n =5 we have,

C, C C
As(Le,, 3¢5, 40455055 22,) = 93 Z (tre@ttomt o<5))$1w2A5(1Q’0(3)9’0(4)9’0(5)972@)7

oES3
(6.1)
Squaring the amplitude and summing over colors we obtain the following expression [37],
2 6 (N?—1) 2 23

Z ‘A(11‘173C'374C575C5721'2)’ =g TZN Z Hj<3747 5) (62)

colors 7=0 o€ES3

Introducing the compact notation,

(3747 5) = A5(1Q73974975972Q) (63)

we get
Hy(3,4,5) = [(3,4,5)[,
Hy(3,4,5) = —(3,4,5)" [2(3,4,5) + (3,5,4) + (4,3,5) — (5,4,3)],
Hy(3,4,5) = (3,4,5) > (i,5,k).

oES3

Note that ref. [37] contains a typographical error in the sign of the final term in the
expression for H;(3,4,5) which we have corrected in eq. (6.5).
6.2 Results for one quark pair + 3 gluon amplitudes

The amplitude with gluons of all positive helicity is taken directly from ref. [7],
[45] (4[1[3] + (3[1[3][35] (1)
(34)(45) (3[1[3] (5]2[5]

The amplitude for gluon 3 of negative helicity is also given in ref. [7]. However it contains an

—iA5(1,3),45,55,2) = —

(6.7)

unphysical pole that can, with suitable application of Schouten identities and momentum
conservation, be removed. The final simplified result is,

1
(34)(45) (3|13] (5]2[5]

—iAs5(1,3,,45,5},2) =

y { [m<34> 145 (BILI4] 535 — (BILI3] [45] (53) _ (3[1](4 + 5)13) (3[205] (3ILI3]]
s345 [34] mssas
L (31203] <3|1r31n R CONCIV (32>} ' (6.8)
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The position of the negative helicity gluon can be moved to the other end of the string
through the line-reversal relation,

As(14,35,45,5,,25) = As5(24,5,,45,3,,15) - (6.9)

The final amplitude we need, with the negative helicity gluon in the middle of the
string, is fixed by the previous two equations through the BCJ relation,

9°’79779>

(sa3 —m?) As(1q, 47 ,57,3,,25) — (s13 —m?) A5(1g, 3,,45,5,,25).  (6.10)

(813 + 834 — mz) A5(1Q74+ 3-.5F 2@) =

Forming the appropriate combination and manipulating to remove the spurious pole we

find,

| ) (1042) (413) (4f2l5
50304050 20) = ) ) 1L 12

(12) [35] (4]113] (4]2[4] (4]1]2]4)
— {4 4|2|4] — 4|2 —
+ 357 BT B2 oon (m ] [(43) [35] (4]214) — s34 (4/2]5] | o (05) )
(12) m(35) [35]°  (4]1]2[4)*
( ). (6.11)
(35) (5[2[5] s345 \  [43][45]  m(43)(45)
The remaining amplitudes are obtained through a simple operation,
As(1,3,78, 4, 515 2) = — A5(1,308 404 505 2) |, (6.12)

in an obvious notation where () > [] denotes the interchange of angle and square brackets.

6.3 Two quark pairs and one gluon
6.3.1 Color algebra for two quark pairs and one gluon

In the case of two quark pairs and one gluon the possible color structures are the following,

As(Lay, 25,30, 425, 505) = 03 = (1) aa00gs A = (K9 g0 010, AP

1 1
_N( C5)CE1€E25363904A(3) - N( 05)3630645901962‘4(4)) . (6'13)
Squaring and summing over colors we find (V = N? — 1)

\%4
> MLy, 2ey, Baas das 565) P = 1 [(V? = 1) (JADP + 147 P)
colors

AW A@x _ A@) AW gB) g A(4) 4B)*

HAD + A2 4 4B 4 ADP). (6.14)

Note that the term on the final line will not contribute since this combination of subam-
plitudes is identically zero. Imposing this condition we obtain,

Z ‘AS(lxla 2902’3903749657505”2 =VN [‘A(1)|2 + |A(2)|2

colors

1
+ m(1,4L<3>\2 +[ADR = 2|(AD + A@)*)] . (6.15)
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Using the Melia basis, as described in ref. [33], this should be written in terms of three
independent primitives as,

As(141, 245, 304, 4as, 505) = G° (A12345 C12345 + A12354 C12354 + A12534 C12534), (6.16)

where the color coefficients are given by,

Chrozas = — (P o100 (1) oy
Craszs = —(tPt%) 0105 (t7) g
Cla3sa = _(tc5tD)x1a:2 (tD)ocsm - (tD)a:wz (tDtcs):cgm . (6‘17)

Performing the color algebra and comparing we can thus identify,
AW = Apgzis, A® = Aigsza, A®) = —Ajggus — Arasss — Arosza, AW = A1354(6.18)
These clearly satisfy the constraint alluded to above,
AW £ AP 4 4G L AW =0, (6.19)

6.3.2 BCJ relations

We can further reduce the set of primitives by using the kinematic-algebra basis that also
accounts for BCJ relations between the amplitudes. In that case we fix quark 3 to be in
position 3 and find the result in terms of two amplitudes,

P2 - 5 A12534 — 1 - D5 A12345 — P14 - ps Arassa =0, (6.20)
A5(1I1 1 220, 3563a 4x47 56'5) = 93 [A12345 (012345 + C12534 h p5)
+A12354 (012354 + Chamyy 45 )} . (6.21)
P2 Ps

6.4 Results for two quark pairs 4+ 1 gluon amplitudes

Manipulating the result derived in the previous section in eq. (5.18) to remove the unphys-
ical pole, we find the amplitude for a positive helicity gluon,

| e 1 [ 3@
~iAlla 2.5 45.57) = L) l‘ (50 GILH)
(12) (31214 (48] | (1213 + 5 (45
SR ST ot )1' (6.22)

The corresponding result for a negative helicity gluon after removal of the unphysical
pole is,

—iA(1q,24,3;,47,5;) =

1 [_ [14] [42] (5|1]4]

47T m[45) (5[1[5] [34]
[12] /(35) [4](3+5)(2[4]  (3[2[4] (5[1]4]
+ ( o - 5 )] (6.23)
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6.4.1 Relationship to other amplitudes

The other leading color amplitude is related to the one given above through charge conju-
gation,

A1, 24,5, ,3;,43) = A(2Q, 15,44, 35,54

grvq ™q qvq> g)<><_>ﬂ (624)

The subleading color amplitude A(1g, 25,3499, 45) can be obtained by forming a combi-
nation with amplitudes in which the heavy quark and antiquark are interchanged,

A(1Q72Q73;7 59743_) = A(2Q7 1@73;74;759) + A(1Q72Q75973;74;) : (625)

Simplifying this combination we find,

. . B 1 (3]1]4]  [45] (5|(3 +4)|1|3)
_1A5(1Q,2Q,3q,53,4g)_m<35><45>l<12)( EYTR 34 591m )—(13><32>1.
(6.26)

. P 1 (311]4]  (35) [5](3 +4)[1]4]
_ZA5(1Q,2Q,3q,5g,4g)_—nWl[lz]( i Bdon )+ 014 [42]1.
(6.27)

Together with the identities in eq. (6.18), all amplitudes needed to construct the full squared
matrix element for this process are at hand.

7 Six parton amplitudes

7.1 One quark pair 4+ 4 gluon amplitudes
7.1.1 Color structure

Here we describe the color structure for one massive quark pair + 4 gluon amplitudes. The
form of the expansion into color-ordered primitives is taken from eq. (4.1).

Aﬁ(lxl ; 3037 4047 505 ) 6067 2I2)
= g* 3 (tCr 1o tCe1Co ), 1 Ag(1g, 0(3), 0(4), 0(5),0(6),25), (71

oESy

where Sy is the permutation group on 4 elements, and Ag are the tree-level partial ampli-
tudes.
Squaring the amplitude and summing over colors we obtain the following expres-

sion [37],
N2—1) S
> 1As(1q, 3¢y, 404, 565,605, 20)° = ¢° (N?’) > ON¥ Y Hj(3,4,5,6).  (72)
colors 7=0 oc€Sy,

Introducing the compact notation for the color-ordered primitives A,

(3,4,5,6) = Ag(1q, 3¢, 44, 5g, 64, 23) (7.3)
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we get,

Hs3(3,4,5,6) = [(3,4,5,6)|%,

Hy(3,4,5,6) = (3,4,5,6)* [-3(3,4,5,6) — (3,4,6,5) — (3,5,4,6)
—(4,3,5,6) + (3,6,5,4) + (5,4,3,6) + (5,6, 3,4)
+(5,6,4,3) + (6,4,5,3) + (6,5, 3,4)],

H(3,4,5,6) = (3,4,5,6)* [M(3,4,5,6) — M(6,5,4,3)]

M(3,4,5,6) = 3(3,4,5,6) 4 2(3,4,6,5) + 2(3,5,4,6) 4+ 2(4,3,5,6) + (3,5,6,4)
+(3,6,4,5) + (4,3,6,5) + (4,5,3,6) + (5,3,4,6),

Ho(3,4,5,6) = —(3,4,5,6)* > (i, 4, k,1). (7.4)
o€Sy

+ o+

)+ (
)+ (

7.1.2  Results for Ag(1q, 3,4, 5y, 64,20)
The all-plus helicity result is taken from Ochirov [7],

3| (F1304 + s13 — m?) (Pr3ats + s134 — m?))]6]
((3]113] (s134 — m?) (6]26] (34) (45)(56))
m?2(45) [34] [56] + (s134 — m?) [6](3 + 4 + 5)|13]
((3[1[3] (s134 — m?) (6]2[6] (34)(45)(56)) )
7.5

—iA(1Q,3], 44,5, ,6/,25) = m(12)

= —m(12)

The result with one negative helicity adjacent to the massive quark is also taken from
ref 7],

(3]1|(4+5+6)|3)
mMS3456 <3|1|(3+4+5)|6>
(3[416] (6/216]+(3[4]5] (5/2]6]
s34(s13a—m?) (6/2(6] (3/1[3[4) (3[1|(3+4)[5)
m (56) (3[1[(4+5)[3) (3[(4+5)|6]
$345 (6]2(6] (3|1|(3+4)[5) (3|1[(3+4+5)6)

—iAg(1,37,4F,5F,61,2) = (<12> <3|1|(4+5+6)|3>—(13><32>33456>

+m(45) (3]14]3)

((12) (3[1[4[3) — (13)(32) 534)

1
(34)(45) (56)
(7.6)

((12) (3[1](4+5)[3) - <13><32>8345)]

The unphysical poles present in this result can be removed, at the expense of generating
a slightly longer expression,

. _ 1
—ZA6(1,39 ,4;—,5;,6;—,2) == —M [
(3]1|(4 +5)[3) m (35) [56] [45] (5]26] [46]
<<12> - <13><32>> (5131 — %) <<34> CPERRENEIGEE <3|1|31>
(13)(32) (3[2/6] (12) <<36> (3[(4+5)6]*m  (3[1]23) <3r2|6]>
<34> <6|2|6} m 53456 <34> <6|2|6] 5345 m

(12)(34)(45) [45] (3|1[4] m ( [45] (5/|2[6]
+<3|1\3]3345345(5134—m2)( (612/6] +[46]>]'

17 -



A complete set of amplitudes can be generated after specifying the results for four
other helicity combinations. The first corresponds to a single gluon of negative helicity but
in a different position in the string,

m(12) [56] (4]1]3)° (4/(1+3)|5]”
(34) (3[13] (6]2[6] [5](3+4)[1[3] (6]2](5+6)|4) (5134 —m?)

—iAg(1,3F,4,,57.6F,2)=—

g g9 g g7

. (12)[56] (411]3] (4]1[2}4) (4]21(4-+5) o) (12) (46) [56] (4]1]2]4)°

(36) (45) (311131 (6121(5-+0) [4) mssosaaso (341 (36)(45) (6[2](5+6)[4) msssasss

m(12) [56] (4](5- 6)[3) (34) (4](5+6)13] (4]2/(4-+5)]6)
"~ (36)(45) (BIL[3] (6121 (5-+6)[4) sa0sam0 ( ) <4'2(5+6)'4>>
m(12)(34) [35]* [3|1](3-+4+5)6] m(12)(46) [56] (4] (5+6)|3]*
{451 (61216 (61(4-+5) 31 513+ DI T3] saa5015  (45) (61(4+5)[3] (6121(5-+6) 4) ssosa5055150
(14)(42)[56] (4|1|3] m?2(45) [65]
(31 (15) (31113 (6126l moss <<4'2 ot (sm—m?)) | (78)

The other three amplitudes contain two negative-helicity gluons and are given by,

—iAs(14,3,,4,,57,67,24) =
m?2(34) [56] (4|(1+3)|5] (<2|(2+5+6)|1] (41(1+3)|5]
(3113] (6]2/6] [3 1] (3+4)[5] (6]2| (5+6)[4) (5134 —m2)
(311/(546)[4) ([12] (4](5+6)|2/1| (5+6)[4)
(45)(56) (31113] (6] (4+5)[3] msas6
m(34)(46)
YEYENE G BTG (112)(4121(5+6)|4) ~ (4](5+6)|1] (4] (5+6)|2] )
- [5/(3+4)|2/6] (<1z> 5l+4)1121(3+4)l5]
[34] [43] (6/216] (6] (4+5)[3] msza

+[15] <42>)

+ ~(41(5+6)|1] (4](5+6)[2] )

53456

1

(1/(3+4)15] (21(3+4)I5] )
53456

m [35] [56] (<
34][45] (6/2(6] (6[(4+5)|3] [5](3+4)(1]3]
C mB0)2(4|(+6)3][12]  m(12)(6](3+4)[5][56]° (7.9)
(45)(56) (3[1[3] (6](4+5) 3] s3456  [34] [45] (6/26] (6](4+5)]3] 53456 '
—iAg(14,35,4,,5},6,,24) =
(4[13] (4(1+3)[5)° (6]2[5]
(34) [56] (3[13] (6]2]6] [5](3+4)[1|3] (6]2](5+6)[4) (5134 —m?)
x (7[13] (62)(46) [56]+ (14) [52] (6](4+5)|3]+ (14) [32] (6|2]5] +[13] (42) <6|2|5])
(14) [52] (46) (4[13] (4/(1+3)15] (6/2]5]
(34) [56] (3[1]3] (6/2]6] (6/2|(5+6)4) (5134 —m?)
m(46)* (<4I1I3] [12]
(45)(56) (3|113] (6]2[(5+6)[4) 5456 (34)
m[35]" (12) (6/2[5]
34][45] (6/2(6] [5](34+4)[1|3] 5345 ( [56] _<16><62>)
3 [35]" (6]1]3] ((12><6\2|1|6>
[34][45] (6[(4+5)[3] [5](3+4)[1[3] msz45 53456
(46)* (6]2[3] ([12][3\1I2I3}
(45)(56) (6](4+5)(3] (6]2[(5+6)|4) msase 53456
m(12) (6|(3+4)|5] [35]* m(46)4[12] (4](5+6)|3]

 [34][45] [56] [5](3+4)[1]3] 534553456 (34)(45)(56) (6|2](5+6)|4) 545653456 (7.10)

i 12) [5[(3+4)[1]5] = (1](3+4)[] <2\(3+4)|5])

+ ~[13][32] )

1

~(16)(62))

+

+[13)[32])
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—i Ag(14,3,,45,5,,6,,24) =
~ m?(45) (4]13] (4](1 + 3)|6] [13] (4](1 + 3)|(4 + 5)[2)
(34) (3[1[3] (6/2(6] [5/(3 + 4)[1[3] (6|2|(5 + 6)[4) (5134 — m?)
3 (4]1)3] (( (4](1 + 3)|(4 + 5)|2) (45) [36] + (45)2 (4](1 + 3)|5] [13] [62])
(34) (3[1[3] (6/2(6] [5/(3 + 4)[1[3] (6|2|(5 + 6)[4) (5134 — m?)
B m*(14) [62] (45)* [35] (4]1/3]
(34) (3[1[3] (6/2(6] [5/(3 + 4)[1[3] (6|2|(5 + 6)[4) (5134 — m?)
m (4/13] (4](1 + 3)[6] (<14> (4/(1 4 3)[(4+ 5)|2) [36] + (45) (4|(1 + 3)|5] [13] [62] )
(34) [56] (3|13] [5/(3 + 4)[1[3] (6|2|(5 + 6)[4) (5134 — m?)
B m?(14) [62] (45) (4]1[3] (< (4](1 +3)[6] [35])
(34) (3[1[3] [5](3 + 4)[1[3] (6|2((5 + 6)[4) (5134 — m?) [56]
(4]1[3] (4](1 + 3)]6] (<14> [62] (4]1[3] (6/2]6] + (4|(1 + 3)|6] [13] (4|(1 + 3)|(4 +5)[2) )
(34) [56] (3|1[3] [5](3 + 4)[1[3] (6]2(5 + 6)[4) (5134 — m?)
N m(45)3 (<4\1|3] [12] m(12) [36]>
(56) (3[1[3] (6]2[(5 + 6)[4) sas6 *  (34) [34] [45] [56] (6]2(6] s3456
(12) [3|(4 + 5)[2[1](4 + 5)[3]

4113] -

- [13][32)) -

(347 45] (61216] (61(3 + 4)|5] (6](4 + 5)[3] ms34553156
(12) [3[1](4 + 5)3] [5]2(4 + 5)[3] [3[(4 + 5)[2[1[(4 + 5)[3]
~ [34][45] (6]216] (6](3 + 4)15] (6] (4 + 5)I3] [5](3 + 4)[1]3] ms3456
[

35] 36] ( [35] [6/21(4 + 5)[3)] 51456 — 5345 [36] [5]2/(4 + 5)|3] )

m(12)
* 3] [45] [56] (61216] (613 + (5] 513 + DIL[3] 3130
|+ (15) [35))((24) [34] + (25) [35) [3[1](4 + 5)[3][6[2](4 + 5)[3]

(341 [45] {6]216] (6](4 + 5)[3] [5](3 + 4)[1[3] mssas

m2{45) (4]1]3

62161 BIG + A)[113] (6121(5 + 6)14) (5131 — m2%)
N (45)% (6]2]3] (2123

(569 (6](4 1 5)[3] (6121(5 1 6)[4) mszmo

(41]3] (4](1 + 3)[6]

+ D OB T D] (612105 1 6] (g — ) L 161 (42) (411131 + [13] (42)(43) [36])
~ m(45)°[12] (4](5 1 6)[3]

(34)(56) (6]2](5 + 6)|4) sa5653456

We note that both Ag(1q,3,,4;,,5),6/,25) and As(1q,3;,4,,57, 6g 25) are sym-

metric under the relation, 1 < 2,3 <> 6,4 < 5, () < [|. Similarly, Ag(1q,3],4,,5,,6/,25)

[
((14) [34

16] (42) <4|1|3])

([13] (42) [36] - [ 0

v [13] [32])

(7.11)

9°%g7%>
is anti-symmetric under the relation, 1 <> 2, 3 <+ 6, 4 +> 5. These relations can be under—

stood from the charge conjugation properties of these color-ordered amplitudes.

7.1.3 Rules for obtaining remaining amplitudes

Amplitudes with opposite gluon helicities are related by complex conjugation,

Ag(1T 80 4 e 500 6 e 27Ty = —Ag(1! 808, 4le 5hs 6le 27)] g (7.12)
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In addition we have line reversal,

Ag(171, 300 als 5l 6l 277) = — Ag(27,603, 54,45 3he 17) (7.13)

Starting from gluon helicities (—,+,+,+) and (+,—,+,+) this allows us to compute
(+,+,+,—) and (+,+, —, +).

We note that we could have used the 6-point BCJ relations [11] to reduce the number
of helicity combinations that we have to compute. In our labeling, but suppressing gluon
subscripts, the simplest relation is,

A6(10,3,4,5,6,25) = (A6(1Q,4 3,5,6,25)(s23 + 536 + 835 — m?) (7.14)

+A46(19,4,5,3,6, 2@)(823 + S36 —m ) + A6(1¢,4,5,6,3, 2@)(823 - m2)>/(513 - m2)

In this equation the position of gluon 4 on the right-hand side is fixed, immediately following
the quark 1. This allows the helicities (+, —, +,+) and (—,+, —, —) to be obtained from
(—,+,+,+) and (+, —, —, —) respectively. By using eq. (7.13) the same relation allows the
combinations (+,+, —,+) and (—, —, +, —) to be determined.

In similar fashion, eq. (7.14) could be used to obtain the amplitude (—, +, +, —) from
the results for helicities (4, +, —,—) and (+, —,+, —), and similarly for (+,—,—,+). We
have chosen to instead compute this amplitude directly, cf. eq. (7.11). We also note that
there are further BCJ relations, for example,

As (19,3,4,5,6,25) =
- (A6(1Q, 5,3,4,6,20)s35(524 + 516 — M%) + As(10, 5,3, 6,4, 25)s35(524 — m?)
+46(10,5,6,3,4,25
+46(10,5,4,3,6,25
+46(19,5,4,6,3,25
+46(10,5,6,4,3,25

)/ [(513 —m?)(s134 — m2)} : (7.15)

(s2
(s35 + $36) (524 — M)

(s23 + s36 — m?)(s134 + s45 — m?)
(

(

S23 — )(5134 + S45 — m2)

\_/\_/\_/\_/

S23 — (8134 + S45 + S46 — m2)

In this equation gluon 5 always appears immediately after quark 1 on the right-hand side,
so it could also be used to obtain (4, +, —,+) and (—, —, +, —) directly. We find it simpler
and more efficient to simply present a complete set of helicities without appealing to the
BCJ relations. However we have checked that they are satisfied by the analytic formulae
given above.

7.2 Two quark pair 4+ two gluon amplitudes

7.2.1 Color structure for two quark pairs and two gluons

The case of two quark pairs and two gluons is the most complicated set of amplitudes that
we calculate. The expectation from table 1 is that we there will be 12 primitive amplitudes,
reducing to six after imposition of BCJ relations. The possible color structures are the
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following,

A6<1Q7 2@7 3q7 4(?7 597 69) = g4
X <(tC5tCG)IICC45x3I2A(1) + 5371554 (tC5tCG)x3x2A(2) + (tC5)le4 (tCG)x3x2A(3)

1 1 1
+ A (7 ) a0 A + (D a0 G0y A (P iy (E7 g, A

+ (tC6tC5)551146I3132B(1) + 6$1x4 (tCGtCS)ISxQB(2) + (tCG)x1I4 (tC5)1’3I2‘B(3)

1
NT (tCG )$1332 (tCS )$3$4B(6))

1
*(tCG tcs)z3z45:c1mB(5) + N
(7.16)

1
+ *(tcﬁ tC5)$1w25w3I4B(4) + N

N

We find that, numerically, these are related in analogous fashion to the one gluon case,

> (A9 4+ BO) =o0. (7.17)

i=1
Squaring the amplitude and summing over colors we have,

> o2 ="V [(N2=1)(|AD 2+ | A® 24| AP+ | BD 24| B4 | BJ2)

colors

+|A<‘“|2+|A<5)\2+\A(‘”I2+|B<‘”\2+\B<5>I2+IB<‘”|2
W (A® L AG) 4 AW 4 4O | @) _gW)y= L BO)(BO) 4 BG) | B 4 BR) L A@) _ 4>
(B 6)+B 2)+A(5)+A(4)+A(1))*+B(2) (A(6)+A(1) fA(2)+B(5)+B(4)+B(1))*
) (BO) 4 B 5>+B D4 AO L ADY* L B (A©) 1 AG) 4 AG) L BO) L B>
(A(3)_|_A(2)+A( )) +B(4) (B(3)_|_B(2)_|_B(1))*
G) (AP + A 4 @Y BO)(B@ 4 B1) 4 AB))*
©(B® 1+ B@ 1 AG) L AWY* L BO(AG) 1 AP L BO) 4 gy

+—2|A )+ AP 4 A®) L B L B BB 2
N

1
— 3 (AP + B - A® —B(4)\2+\A(6)—B(6)|2)] . (7.18)

We can also use a decomposition in terms of color-ordered amplitudes [33], similar to the
Melia basis,?

As(1q,24,308,45,575,6)) = ¢* (A125634 Cr2s634 + A125364 C125364 + A125346 C125346

+A123564 C123564 + A123516 Cl23546 + A123456 0123456)
+(5 4 6). (7.19)

2The actual basis proposed by Melia [38] contains the same number of color subamplitudes, but is one
in which the color factor for each subamplitude can be written as a single term that can be easily read off
from a representative Feynman diagram. This alternative decomposition is given in appendix B.
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The color coefficients are given by,

C123456 = <t06t05t3) (tB)
r1r2 T3T4
Cr23546 = <t06t05tB) (tB) — <t06t3> (tBt05)
1Tz T34 z1T2 z3L4
Chass64 = (75067505153) (tB) - (tcb‘tB) (tBtC5)
T1T2 34 12 Z3T4
— (%5 B) (BCG) B (BCs Ce)
(t ), (@5) s, (1P
Cr25346 = <tCGtB tC5> (tB)
122 r3T4

Cr2s364 = <tCGtBtC5) (tB) - (tBtC5> (tBtCS)
12 374 122 z3T4

Cr2s631 = <7th061505>$1$2 (tB)mu (7.20)

T34

and similarly for 5 <> 6. Performing the color algebra allows the two decompositions to be
related as follows,

AD = Ajgaaes, AP = Aogsza, A®) = Ajogsas

AW = — Ayogs31 — A1oessa — Ar26315 — A123es4 — A123645 — A123465
A®) = —Aigzs61, A© = Ayagess + Ar2seas + Ar2sses + A123564
BW = Ajg3456, B@ = Ajase3s, B® = Ajosaag

BYW = — Ajos631 — Aras360 — A125346 — A123564 — A123546 — A123456
B® = —Aj93651, BO) = Ajne354 + A193654 + A123564 + A123546 (7.21)

In this basis the relationship between the subamplitudes in eq. (7.17) is demonstrated ex-
plicitly. The existence of this relationship demonstrates that this basis is overcomplete.
This can be understood by noting that the color coefficients in eq. (7.20) are not indepen-
dent. By explicitly evaluating them we observe that,

C125364 + C126354 — C123546 — C123645 = 0. (7.22)

We could also employ the BCJ basis, in which the quark 3 always appears in position
three [33]. The remaining six color subamplitudes can be expressed in terms of these
through the BCJ relations,

0= —A126354 (6]2[6]+ (516 + 546+ 556 — ) A123654+ (516 + 546 — ) A123564+ (6]16] A123546
0= —A126345 (6]2[6]+ (516 + s46+ 556 —*) A123645+ (S16+ 556 — M) A123465+ (6]1]6] A123456
0= —A126531 (6]2[6] (5256 —m>) — (6]1]6] (5256 + 535 —?) A123546 — 536 (S15+ 545 —m?) A123654
—(s164 546 —m?) (s35+ 5256 —m*) A123564 — (5|1|5] (s36+546) A123465
—(515] 536 A123645 — (6]1|6] (5354 545+ 5256 —m?) A123456 - (7.23)

A further three relations can be obtained from these by interchanging the gluon labels 5
and 6. We have chosen not to make use of the BCJ relations to determine all amplitudes
from this smaller set. However we have checked that they are fulfilled numerically.
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7.2.2 Complete set of amplitudes

We specify the amplitudes with light quark helicity assignments (3(;,43). The opposite
helicity amplitudes, (3q+, 47 ) are obtained by complex conjugation.

Five color-ordered subamplitudes that are used to construct our complete set of ampli-
tudes are given in sections 7.2.3 <A123456), 7.2.4 (A123564), 7.2.5 (A125346), 7.2.6 (A123546),
and 7.2.7 (A126354). The amplitude Ajos634 is computed from Ajas456 by performing the
operation 1 <> 2, 3 <> 4, 5 <> 6, () <> [|. Finally, the operation 5 <+ 6 is used to generate

the full set of 12 amplitudes.
7.2.3 Results for Ag(1q, 24, 34,47, 5, 64, )

—iAs(1,2,3;,45,57,67) = !

477259779 7 [34] [45] [56]
" [ [12] { [46] (3]24] [4](5+6)[1[4]  (3[(5+6)4] [4]1]2]4] }_ [14] [42] <6|1|4]}
(3[(4+5)6] [4](5+6)[1]6] 53456 (6[1]6]
_m{ [12](35) { (35)% [34] 53456 (56) [4(3+5)[2[4]  (56) [34] [46] <3|24]}
s34 [ (5[(3+4)[(1+2)[1[6] | s345 (3/(4+5)]6] [45] (6]16] [45] [4[(5+6)|1[6]
~[12](56) (3|24] (5](1+6)|4]  [14][42](34)(56) ] (7.24)
(6]1[6] [4](5+6)(1(6] (s156 —m?)  [56] (6|1]6] (5156 —m?) ‘

1
m{45)(56) (6]1]6] s34
((4]1/(546)|1(6]+ (4]1]6] 556 )

(s156 —m?)

—iAg(1,2,3,,47,55,61) =

x [((12> (312[4] +(13)(32) [34])

m? <<12><56> (6]1/6] (3](4+5)16]" (4](3+5)|6] [34] )

(5](34-4)](1+42)[1[6] 534553456

+(12)((45) (3|2[(5+6)[1]6]+(43) (3|2[3] (5[1/6]) (7.25)

[4](5+6)[1]6] }
(5](3+4)[(1+2)[1]6] |
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1

m [34] (34)(56)

{( [12] (5/16] + [16] [62] (56)) (35) (5|2[4] (5[1/6]

(6]116] (5](3 + 4)|(1 + 2)|1[6]
([12] (51/6] + [16] [62] (56)) (35) (3|24] (51/6]° [34]
(61116] (5/(3 + 4)|(1 + 2)[16] [4|(5 + 6)[16]

(5/1[6] (5/(1 + 6)[4]

(6[116] [4](5 + 6)[1]6] (s156 — m?)

—iAg(1,2,3;,4%,5,,6)) =

X (([12] (5[116] + [16] [62] (56)) (3[24] + (34)((56) [16] [42] [46] — [14] [42] (5\1\6])”

[46]* (4]116] [46] + (5/1]6] [56]
A |(12) G121+ (18)62) ) g P R
12) (3206 (12) (3]2}3

(3[(4+5)|6] 53456 S34565456
(35)° [6]1]2]6]
34)(45) (3](4 4 5)|6] 534553456 (5](3 + 4)[(1 + 2)|1|6]

+
(
X [((15) [62] + [16] (52)) (4](3 + 5)|6] — ((14) [62] + [16] (42)) (5|(3 + 4)]6] | . (7.26)

—iAs(1,2,3;,47,5,,6,) = (34) [35] ((6]1]4] (6](3 + 4)[5] — (6[1[5] (6](3 + 5)[4])
(((16) [52] + [15] (62)) (6](3 + 5)[4] — ((16) [42] 4 [14] (62)) (6](3 4 4)|5])
<6|(4 + 5)|3] <6|1’(1 + 2)‘(3 + 4)‘5] 834553456534
1 {<36> (46) [12] [34] (3]2|(4 + 5)|6)
mssa (45)(56) 5456 53456
((12) (6[1[5] + (16)(62) [56]) (3|2[5] (6|15] [45]
(6]116] (6[1](1 + 2)|(3 4 4)5] [56]
((12) (6[1[5] + (16)(62) [56]) (6|1[5] [45]
(6]1/6] (6[1](1 + 2)|(3 + 4)[5] [56] (4/(5 + 6)[1]6)
—(((12) (3[2[4] + (13)(32) [34]) (6]1]5] — (16)(32)(36) [34] [56] + (16)(62) (3|2[4] [56])
(6]1]5] (4](1 + 6)|5]
[56] (6]116] (4](5 + 6)1[6) (s156 — m?)
(36)(46) [12] [34] (6]2[(4 + 5)[6)
(45)(56) (6(4 + 5)|3] s3456
[1[(4+5)[6) [2](4 + 5)6) (34) [34] (46) (6]1|(4 +5)|6)
(45)(56) 5456 (6](4 + 5)[3] (6]1](5 + 6)]4)
[12] (46)* [34] (3|2((4 + 5)|6) (6]1](4 + 5)[6)

 (45)(56)s456 (6](4 + 5)[3] (6]1](5 + 6)[4) | (7.27)

(34) (312(3] (6[115]

X
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7.2.4 Results for A6(1Q,2Q,3q,5g,6g,4q)

1 12][4]1|2]4
—iAe(1,2,3,,5,,6, 4*) <[ | 41] ” + [14] [42]). (7.28)
[ 6] [56] 83456
1|2
—iAg(1,2,3,,5;,61,45) = ( ) B |3 )<32>) (7.29)
53456
_ +oah)
iAg(1,2,3,,5,,61,4F) = 4’5+6’3 {

[36] (12) (413 +5)I6] (4113 +5)I6]
[35] [56] s356 ( 3456 +(1/@3 +‘5)’6]<2|(3‘+'5)|6]>

__ (45) (_[12]<5I(4+6)I1l3><5l(4+6)l3]
<46><56>S456

+ I+ 01 614+ 02 )

53456
1 ((12)[36] [6]1|(3+5)6] [12](45) (5]1|(4 +6)]5)
+_$34m3( [35] [56] B (46) (56) )} : (7.30)
: _ _ _ (36)3 [12] [4]1]2]4]
—iAg(1,2,3;,5,,6,,4F) = 7 (35)(56) G166 L 6/ 5356( P + [14] [42]>
[45]° (12) (3[1[2(3)
B T s 1362)). (7:31)

We note that the (57,67) amplitude can be obtained from the (57,6) one by the
operation, 1 <+ 2, 3 <> 4, 5 +> 6, () <> []. On the other hand, the (57,6%) and (5%,67)
amplitudes are symmetric under this operation, although this is not manifest in the forms
given above. This can be understood from the charge conjugation properties of this color-
ordered amplitude.

7.2.5 Results for As(1q, 24,54, 34,45, 64)

[14] [42] (5]2(3] (6[1[4]

461,253,438 ) =~ ey Ts5] ] (51215] (6110

L (12] _ (5[2[3] (6[1]4] (5[(2 + 3)|(3 + 5)2[4]
m [34] [35] [46] (5]2[5] (6[1]6] (4[(3 + 5)[215)
n (5[213] (5/2[(3 + 5)|6)

(5]2[5] (5]2(1 + 2)|(4 + 6)[3] (4] (3 + 5)[2[5)
x ([34] (5](2 + 3)[(3 + 5)[2[4] — [46] ((65) [53] (5[24] + (5]2(3] (6/2[4]))
_m?sss  [34] (35)(45) [46] (5|(1 + 2)[1]6)
s345 (34) (5](3 +4)|6] (6]1[6] (4/(3 + 5)|2/5)
B m [12] (5/(3 + 6)|4]° (5](4 + 6)[3]
s31653456 [34] [46] (5](3 + 4)[6] (5]2[(1 + 2)|(4 + 6)[3]

(7.32)
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—iAg(1,2,5),3,,4F .6} ) =
(12) [46] (3]2(5]* (3](4 + 6)1]4)
(34)(35)(46) (5/2[5] (3[(4 + 6)[(1 + 2)[2[5] [4[(3 + 5)|2[5] m
(13)(32) (32[5] (4[1]6] (12) (4[1]6] (3[2(5]" (3](2 + 5)|4]
(34)(35)(46) (5|2[5] (6|1[6] m  (34)(35)(46) (5|2[5] (6/1|6] [4[(3 + 5)|2|5] m
B m(12) [45]° [5(1 + 2)|1]6]
[34] (6[1[6] (6[(3 + 4)|5] [4|(3 + 5)[2[5] s345
m (3|(4 + 6)[5]* (12) (3|(4 + 6)[5] (4/(3 + 6)[5]
(34)(46) (6[(3 +4)|5] (3](4 + 6)|(1 + 2)|25] 534653456

(7.33)

(4/1]6]
(46) (5]2(5] (6[1/6] (4|(3 + 5)|2[5) m

(235 — m?) (5]2[4] — m?(53) [34]
(((12) (5]213] - (15)(52) [35])( i [34] [35] |

(13)(32) (5[2]3]
- (51203] ((13)(52)(35) — =507
(5235 — m?) [46] (5/2]3] (12) (5]2/3]
S0 (B2 R+ Do gy )
[46] (512(3] ((12) (5]213] — (15)(52) [35] ) ((s235 — m?) (5]2/6] — m?(53) [36] )
[34][35] (5]2/5] (5]2[(1 + 2)[(4 + 6)[3] (4](3 + 5)[2[5) m
((15) [62] + [16] (52) ) [36] [46] (5](3 + 6)|4] (5]1]2[5)
BBl + 4)[6] (5[2](1 + 2)[(4 + 6)[3] saa653450
(85)2(45) (5[2(6] ( [12]6/1]216] + [16] [62] s3156)
C(34) (5](3 + 4)]6] (4](3 + 5)|2(5) m 534553456
| ((15) [42] + [14] (52)) [36] [46] (5]1|2]5)
[34] (5[2[(1 + 2)[(4 + 6)|3] 534653456
(4[116] (((13)(52) + (15)(32)) (5/2[3] + (15)(52) (5/(2 + 3)|5] )
i (46) 35] (6L[6] (4](3 + 5)[2[5) m
m(35)2(45)([12] (411/6] + [16] [62] (46))  m(35)(45) [12] (4](3 + 5)6]
(34)(46) (611]6] (413 + H)[2[5) s3a5  (34)(46) (4](3 + 5)|2[5) ssas5456
(7.34)

—iAg(1,2,5,,3,,45,6)) =

+

2
2
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—iAs(1,2,55,3,,45,6,) =

(3[215] {6]1/4] (<3!(2 +5)[4] 3251 [12]  (3|(2 + 5)[4] [15] [52]
[46] (5]2[5] (6[1[6] [4/(3 + 5)2[5] m (34)(35) (34)
(3[2]5] [14] [42]

— =gy T4 [45] )

(36) (3[2/5] (3/(2 + 5)|4] ( (3]215) [12] — (35) [15] [52] )
(34)(35) [46] (5]2[5] (3](4 + 6)|(1 + 2)[2[5] m
(36) (3(215] ( (3/215] (612/4] — (6]2/5] (35) [45] ) ( (31215] [12] — (35) [15] [52] )
(34)(35) (5[2[5] (3](4 + 6)|(1 + 2)[2(5] (4|3 + 5)[2[5] m
(36)° [5[112(5] ( [15] [5/(3 + 4 + 6)|2) — (1](3 + 4+ 6)[5] [52] )
T BY 6B+ B B+ 6)[(1+ 2)[205] sssssis0

m [45]° ((12) (6]1]4] + (16)(62) [46] ) (16)(62) [45]° (6[2]5]
[34] [46] (6[116] [5]2](3 + 5)[4] 5345 [34] (6](3 + 4)[5] [52(3 + 5)[4] mis345
(12) [45]° (6]2(5] (6[1]2]6) m(12) [45]* (6](3 + 5) 4]

[34] <6|(3 + 4)|5] [5|2|(3 + 5)|4] MS34553456 [34} [46] [5|2|(3 + 5)’4] 834553456 . (7'35)

We note that the (57,67) amplitude can be obtained from the (57,6) one by the

operation, 1 <+ 2, 3 <> 4, 5 +» 6, () <> []. On the other hand, the (57,6%) and (5%,67)

amplitudes are symmetric under this operation, although this is not manifest in the forms

given above. This can be understood from the charge conjugation properties of this color-
ordered amplitude.

7.2.6 Results for Aﬁ(lQ,2Q_,3q,5g,4q, 64, )

—iAg(1,2,3;,5,,47,6,

)= L[l

~ m[35] [45] [46] (6]116]
_[12](6[1[4] [4[2((3 +5)[4]  [12](6](3 4 5)[4] [4|2!1\4]] _

(6]1]6] 5345 $34553456

(7.36)
| o 1 ra2ye 61213+ 5)4] | [B21G3 +5)4]
—ids(1,2,3,,5,,47,67) = m[35][45][ Sa1m0 ( - <6|(4+5)|3]>
+(<1!(3 +5)[4] (2](3 + 5)[4] — (12) [4]2](3 + 5)[4] ) [3](4 + 5)|16]]

(6/1]6] (6](4 + 5)[3] 5345
((5(4+6)[1] (2](1 + 2)[(4 +6)]5) + (5](4 + 6)|2] (1|(1 +2)|(4 +6)|5) )

_ ) 7.37
(61(4+ 5)[3] (46) 531565156 (7.87)

The remaining amplitudes are obtained from those in section 7.2.7 as follows,
A(1g,25,3,,55.47,6]) = A(2Q,1,6;,4(;,5;,33)‘<>(_>H (7.38)
A(1g,25,3;,55.45,6,) = A(zQ,1,6;,4q—,5g—,3g)‘ (7.39)

(el
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7.2.7 Results for A6(1Q,2Q,69,3q,5g,4q)

. e e _ 1 — [14][42] (6/2[3]
~iAel1 28,3055 4) = S B | (of2l0)

[12](6/2[3] [4[1[(3 +5)[4] | [12](6/(3 +5)[4] [4[1|(1 + 2)3]

(6]2]6] 5345 * 534553456 ' (7.40)
1

—i + 3= 57 4F) = —

Ao 26035 40 = = T 5] 613 + 5) 4] s
((12> [46] [4[(3 + 5)[1](1 + 2)|(3 + 5)[4]

53456
+(<12> [4[1](3 +5)[4] + (1[(3 +5)[4] (2[(3 + 5)|4]) [6[2](3 + 5)\4])
(6[2]6]
(35)*(46) [12] [4]1]2]4]
BT (8 £ s P ) (741
The remaining amplitudes are obtained from those in section 7.2.6 as follows,
A(1g,25,65,3,.5;,4%) = A(zQ,1,4;,5;,33,6;)‘0% (7.42)
Al1g,25,6,,3,.5;,4%) = A(zQ,1Q,4g,5g—,3g,63)‘ (7.43)

(el
7.3 Six quark amplitudes
7.3.1 Color structure for three quark pairs

The Feynman diagram evaluation containing six possible color factors is easily reduced to
the Melia basis through commutation relations. One then arrives at the four possible color

structures,

q " q T1T2%x3x4 " T5T6 T1T2%x3x4 " T5T6

A(1g, 20,307, 47",517,65") = g" (47 )aratie, thhag AV + (#5110t 1 0 AP

+ (P oty oy A+ (EP )t 0y, AP

T3T4"xr5xe " T1I2 T5T6%x1T2 " T3T4
(7.44)

The color-summed and squared amplitude then takes the form,

5 14(10,2g: 3 4556 = ¢ VA (JAD + AOP 4 A®) 4 40P

colors

1
+ 72 (|A<1> + ADP2 4 |ADP2 £ A2 —214M 4 A®) 4 4G 4 A<5>y2)> . (7.45)
For identical quarks (¢’ = ¢q) the amplitude can be obtained by forming the combination
(needed when hs = hs),
A(lg, 24,347, 5°,67") = A(1q, 2, 3,47, 57, 6,")

— A(1g,2¢,50%,4.™,3]5,6.) .

(7.46)
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With the shorthand notation B(®) = A®) (3 <+ 5), the color-summed and squared amplitude
for identical quarks is then,

h h
> 1A(Lg, 24,308, 457,505,6,"°) 7 =

colors

> 1A, 24,300,477, 507 6-0) P + Y [A(1g, 26,3)°,45™, 50, 6."°) (AW — BWY)

colors colors

+ Ohahs 9" 2VR<A(1) (B(l) +B®@ 4 3(4)>* +A® (B(l) +B®@ 4 B(5))*

+ AW (BO 4 BE _ BD)" 4 4O (B2 4 B0 _ O’

- % [ (340 +34® 4 24@ 4 24®) (B 4 B(2)>

+ (240 +24® 4+ AW 1 4®) (BW )D (7.47)

7.3.2 Results for six quark amplitudes

We present results only for the case of distinct flavors of massless quarks. The amplitudes
for the case of massless quarks of the same flavor are obtained in an obvious way by
imposing Fermi statistics. Detailed results are given above.

All amplitudes can be constructed from the following five, in which the helicity of
quark 3 has been fixed to be negative (h3 = —). The first two correspond to hy = —

; +
_iAG >(1Q,2Q,3q ,4F 15, 60) =

1 <(<43> [46] ((15) [42] + [14] (52)) + (63) [46] ([16] (52) + (15) [62]))

53453456 8346

7.48
§345 (7.48)

_ ((53) [43] ([16] (32) + (13) [62]) + (53) [45] ([16] (52) + (15) [62]))> _

—iAW (19, 24,3, ,4F,5,.6%) =
1

PP [<35> [64] ((1|(3 +4)|2] + (2|(3 + 4)[1]) + (3[(5 + 6)[4] ([16] (52) + (15) [62])
53455653456

—(5[(3 +4)|6] ([14] (32) + (13) [42])}
(m (35) [14] [62] + m [46] (13)(52) + (5](1 + 3)|4] (13) [62) + (3](1 + 4)|6] [14] (52))
534556(5134 — m2)
+(<53> [43] ([16] (32) + (13) [62]) + (53) [45] ([16] (52) + (15) [62]))

534534553456
~ ((35) [63] ([14] (32) + (13) [42]) + (35) [65] ((15) [42] 4 [14] (52))) (7.49)
8565356 53456 ' '
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The other three have hs = +,

A5 _a— gt =t 6o —
—iA®)(19,24,3;,4F,55,6,) =

1 ((36> [34] ([15] (32) 4+ (13) [52]) + (36) [64] ((16) [52] + [15] (62))
§3453456

_ (34) [54] ((16) [42] + [14] (62)) + (35) [54] ((16) [52] + [15] <62>)> ' (7.50)

5346

5345

(1 e e
_ZA( )(1Q72Q73q ’4(775(]/76@/) —
1

[Sp— [(36> [54] ((1|(3 + 4)|2] + (2|(3 + 4)|1]) + (3| (5 + 6)[4] ((16) [52] + [15] (62))

—(6[(3 +4)5] ((13) [42] + [14] (32>)}
(m (36) [14] [52] + m [45] (13)(62) -+ (3](1 + 4)[5] [14] (62) + (6](1 + 3)4] (13) [52])
534556(5134 — m?)
+(<34> [54] ((16) [42] + [14] (62)) + (35) [54] ((16) [52] + [15] (62)))

534534553456
~ ((36) [53] ({13) [42] + [14] (32)) + (36) [56] ((16) [42] + [14] (62))) (7.51)
8565356 53456 ' '

(2 T
_ZA( )(1Q’2Q73q,4q75q/,6q/)
1

p—— [ (6](3 +4)[5] ((13) [42] + [14] (32)) — (36) [54] ((1[(3 + 4)|2] + (2((3 + 4)[1])
— (3[(5 + 6)|4] ((16) [52] + [15] (62>)}
(m(63) [15] [42] + m [54] (16)(32) + (3|(1 + 6)|5] (16) [42] + (6](1 + 5)|4] [15] (32))
5345565156 — m?)
((34) [54] ((16) [42] + [14] (62)) + (35) [54] ((16) [52] + [15] (62)))
534534553456
| ((36) [53] ((13) [42] + [14] (32)) + (36) [56] ({16) [42] + [14] (62)))
856535653456
The A® amplitude for the other helicity, and the AM®W amplitudes, can be obtained

by interchange of labels and spinor brackets,
2 _a— 4+ == ety — 40 _ k= @t 2= 4+
AP (19,24,3;,48,5,,65) = AV (19,24,5,,61,3,,4%),

4 _a— 4+ r— gty = 406 _r— @t a— 4+
AW (19,24,3,,48,5,,65) = A®)(19,24,5,,61,3,,4%),

AW (1g,24,3;,4F,55,65) = A®(25,18,5,,67,35,4)| g0 - (7.53)

(7.52)

q)qvq/a q/ q:qaqlv q/

Finally, the amplitudes for hs = + are obtained by similar relabelings,

1 _ a9+ 4— =h —hsy __ 2)(9A 1B 9— 4+ r—h h
A( )(1Q72Q73q 74@’5q/5’6t§’ 5) - _A( )(2 71@’3‘1 74675q/ 57665)’0(—)[] I

AP (1,2,5 47,507.07"%) = ~AV (18,5475, 6o
AW(19.24,3].47.5,7,65") = AD(25,15,3,.47.5,", 637 -
AP (19,24,3F,47,5,7,6,"°) = AC)(25,15,3,, 45,5, 607 oy (7.54)
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8 Relation to classic formalism

In order to evaluate amplitudes with massive fermions we need a definite representation
for the massive spinors. This we do by expressing the massive momenta as the sum of
two light-like vectors; this approach meshes nicely with our technique to introduce spin
correlations in top decay, as illustrated below in subsection 8.1. The states for the massive
fermions are computed introducing arbitrary light-like vectors n, and 7, and decomposing
massive vectors p, ¢ into two light-like vectors, (p°,7,), (¢°,14), [27]

2 2
b m _ b m
pep ) ] 1= (@) ] (®.1)
_ _ [1p|(# + m) _m b . (np|(# +m) b m o
-) = ] [nppb][ bla + @ ) = () e+ (npp"><77p| ’
v _(d_m)mﬁ e m v . (Qf—m)‘nq] . qo1a. M b
+(Q) - <qbnq> - |q ] ’7](1>Oé <qb'l’]q>’ —(q) - [qb’r/q] - ‘ Q] [qbnq] + ’q >Oé7

(8.2)

where p and q are the heavy quark momenta and in the labels for the Dirac spinors we have
suppressed the dependence on their common mass, m. Using the expressions for the Dirac
spinors in eq. (A.30) we can read off the spin-spinors as (suppressing SL(2, C) components
from now on),

I:l,z m

P = '), p -~ [7p]
npP’]
(p'=? = o (Nl , "= = [p’|
Ips—2) = rnq><q1”nq> , [ps—2] = |]
pi—1) = 1¢"). lpa=a] = I, —
q 77q]

Note that we have associated v4(g) with the J = 2 component and v_(g) with J = 1.
With these definitions we then have that,

(P p2g=1) (P p2=2)

)
2 = ((p{ZQ |p2a=1) (P17 |p2,5=2) >
_ (<1b2b> —"ZH) (&4

m2m)  m*(mmn2)
(TPm1)  (1Pm)(2Pn2)

and, for example,

(pI=HEY Ulp2,g=1)  (pI=t k) (Up2,s=2)
1£){(12) = _ ’ - ’ 8.5
(k2 {i2) <<p{2|k><Z|pz,J:1> =2 k) llpas2) ®5)
b b ~ m(1°k)(Ins)
_ <1 k‘><l2 > (272) 2 (8 6)
_m(mk)(I2°)  m2(mk)(in2) )
(1°m1) (1°n1)(2"n2)
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8.1 Inclusion of tree-level decays

Kleiss and Stirling [17] have provided a procedure for including tree-level top quark decays.?
Consider the leptonic decays of on-shell top quarks and antitops,

t—b(ps)+e (pa) +7(ps),  t— blps)+v(pr)+et(ps) (8.7)

If we denote the four momenta of the top quarks and their decay products by the symbols
given above, the contribution to the matrix element of the heavy quark line and subsequent
decays will be,

4
M %Wﬁ(pa)v%(ﬂ m) ... (=f/+m)yry v(ps) x (7|7*8] (4]y”|5]

= giv (@lpe)|7) [8|(7+m) ... (—/+m)|4) [5]v(ps)] (8.8)

Thus the full spin correlations for the decay of the top and antitop can be included by using
the decomposition in eq. (8.1) with auxiliary vectors e, € and a single helicity combination,
hs = hy = —{—%. This approach has been followed at next-to-leading order in the parton-
level Monte Carlo program MCFM [39] using one-loop results for the top amplitudes from
ref. [40]. This approach has also been pursued for the case of a top quark pair accompanied
by one [41, 42] or two jets [43]. A necessary first step to extend these analyses to NNLO
is the calculation of the amplitudes for top quark pair production at the two loop level.
Although this program is not yet complete, first steps have been taken in refs. [44, 45].
An alternative approach to including the top quark decays, using the spin density matrix
method, has already been used to obtain results at NNLO [46, 47].

9 Conclusions

In this paper we have provided explicit analytic expressions for all four-, five- and six-
parton amplitudes needed for the calculation of pp — tt, pp — tt + j and pp — tt + jj
production at hadron colliders. These amplitudes have been presented using the Spin-spinor
approach, that extends the usual spinor notation for massless particles to the massive case.
It thus retains many of the advantages of the original spinor formalism, in particular its
ability to provide results in a compact form. The results, although not always simple,
are considerably more compact than the results obtained using normal Feynman diagram
calculation. We have elucidated the application of BCFW recursion in this approach and
used lower-point amplitudes as buildings blocks to provide new results for some 6-point
amplitudes. In addition we have summarized the BCJ relations that apply in each case
and shown how to construct the squared matrix element, summed over colors, from the
color-ordered amplitudes. As well as their utility in tree-level calculations, we anticipate
that the simple form of some of the amplitudes presented in this paper will enable new
analytic one-loop calculations. Unitarity methods exploit these amplitudes in calculations
of processes containing a loop of massive fermions. Machine readable forms of our results
are available in a Fortran code which evaluates and squares these amplitudes. The Fortran

3Note that eq. (4) of ref. [17] should read t — b(ps) + v(p7) + T (ps).
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code is available in the Supplementary Material of this paper. They will also be distributed
in a future version of MCFM [24].
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A Review of spinor techniques

A.1 Conventions

We introduce spinor techniques departing from the Dirac equation, since we believe that
the reader may be more familiar with ~-matrix technology than Weyl spinors. We work
in the metric given by diag(1,—1,—1,—1) and use the Weyl representation of the Dirac
gamma matrices given by,

0 on , -1 0
= (W 0) (1=10,3), 35 = i7"y = < 0 +1> : (A1)

where o = (1,0), 6" = (1, —0") where o are the Pauli matrices,

ol = <(1) é) , o2 = (? BZ> . o= <(1) _01> . (A.2)

Contracting the four-momentum with the gamma matrices we find an expression for #,
— ) Al 0 p*’ ap 168 -
r=pt = by 0)° P = pu(0")*, pog = pu(d") g (A.3)
(e
Explicitly we find in terms of the components of p* = (p°, p!, p?, p?),

- L
: P —p1L P pL . _ .
p*’ = <—m ot ) ) Pap = (m p_> , where p* = p"+p*, p; =p' +ip?, pL =p' —ip”.

(A.4)

A.2 Spinor techniques for massless particles

For massless particles the p,p" = det Pap = 0 and the matrices can be expressed as
bi-spinors

P =110, pop = IP)alpls- (A.5)
By convention in the calculation of amplitudes we take all particles to be outgoing. There-

fore the ingredients that we require are the wave functions associated with outgoing fermions
and anti-fermions. The wave functions satisfy the massless Dirac equation for fermions

iy (p)y = 0, where u_(p) = (0, <p|6)’ u4(p) = ([p’57 0) (A.6)
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and anti-fermions

pwi<p>=:o,mdmxezu«p>=:< °a>, 1q«p>=:<“ﬂa> (A7)

p) 0
Since the charge conjugation relation for Dirac spinors is v+ = —iy?u’ so that vy (p) =
Cu¥ with
0100
o2 0 ~10 0 0 s 0

C =iy = 7 - - A8
anel <0 —io? 00 0-1 0 €np (A8)

0010

where the two dimensional antisymmetric tensor is,

Y 01 0-1
P =W = jg? = <_1 0)  €aB = €45 = —io? = (1 0 ) (A.9)

Thus to raise or lower the index of a spinor quantity, adjacent spinor indices are summed
over when multiplied on the left by the appropriate epsilon symbol,

P = €aslpl®,  P]* = €[pl, (A.10)
and analogously, .
(pl* = €Ip)g,  [pla = eaplp)” (A.11)
and,
pQB = EQQEdeaﬂ . (A12)

Using eq. (A.5) we see that the massless spinors satisfy the Weyl equations of motion,

P’ D) = Poplp)l’ = (01*Pos = [plap™ = 0. (A.13)

Part of the simplicity of the spinor calculus derives from the fact that we do not
need explicit expressions for the spinor solutions, until we arrive at the stage of numerical
evaluation. However we can derive solutions to the Weyl equations of motion using the
results in eq. (A.4),

P)a = (Pt pL/ VP, pls = (/pt o/ y/p), (A.14)
wl° = (—pL/\/p /0", P = (o /\pt ). (A5)

We see that the angle (square) brackets automatically encode the north-west — south-
east (south-west — north-east) summation convention for the SL(2,C) undotted (dotted)
indices. Thus in most circumstances these indices can be dropped. The spinor products
satisfy (ij) = —(ji), [ij] = — [ji]. For light-like vectors we can combine the Weyl spinors
to form Dirac spinors as follows,

o(p) = (W) ) = (Il 1) - (A.16)

p)g
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A.3 Spinor techniques for massive particles
A.3.1 Angle notation

We now turn to consider particles with mass, m, so that E2 — P2 = m?. Now in terms of
a four-vector p* = (E, P sinf cos ¢, Psin 0 sin ¢, P cos ) we find using the Weyl represen-
tation for the gamma matrices, eq. (A.1), that,

2p— * D+ *
op _ (P +s57P —2cs*P AT
p ( —2¢sP ss*P~ + 2Pt (A17)
2Pt 4 ss*P~ 2¢s*P
. A.18
Pag ( 2¢csP ss*Pt + 2P~ ( )

where ¢ = cos(g),s = sin(g)exp(iqﬁ),s* = cos(g)exp(—iqﬁ). In this equation we have

introduced the notation P*¥ = E + P, which we write in upper case (to distinguish it
from pT in the massless case eq. (A.4) which was defined differently). We can express
components of the tensor |p)!, and [pr|s where we let the label I run over the two values
1 and 2,

=1 =V () VPG M tmls =V () = VPG o

(e}

)‘é: |Pl>a=\/Pi+<§> Z\/ﬁ@_7 5\54[: [pfd:\/ﬁ(:*) :\/PTFE(-;, for I =2
(A.19)

so that,

_ [ s8* —cs* 2 cs*

= cs ¢
using the expression for p, 4 in eq. (A.17). Note using expressions below we have,

& : _ (P cs* 58" —cs* &
- > %o’ =P < >+P+< 2>:p5. (A.21)
I=+%

cs ss* —cs ¢

We can write eq. (A.19) equivalently as [22]
Ao =1pN)a = VPTG @ +VP )@t
Mo = [prla :\/ECNE(Z?)@’&C_—F\/F@(P)@‘S%CJF (A.22)

where I runs over the values 1 and 2. Here we have chosen a representation of the SU(2)
algebra in which o, is diagonal with eigenstates,

1 (o
¢t= <0>, (= <1> (A.23)

and the expression for the spinors with SL(2,C) Lorentz indices is,

¢t :<§>E+5+C’“, & =<_§*>E—§“,

G = <Si> =4( e, o= (‘j) = —¢*te. (A.24)

— 35 —



In terms of these Weyl spinors we have the following relations,
P0G = +PTEE,
Pog (P = +PECE,
("pag = FPT(,
G p™ = FPECEE. (A.25)
Raising and lowering the SU(2) index is performed by multiplying by the two-dimensio-

nal totally antisymmetric tensor € on the right, |p;)a = [p”)acsr and [pf|s = [Pslae’!. To
be completely explicit we write out a complete set,?

P = +VPT (S (p)@6[ ¢+ VP ((p) @65 ¢T

1% = VP~ ) @6 ¢+ VP Yp) @ 65 ¢T

(P'|* = +VPH T (p) @6+ VP (T (p) @85 (T

p'l, = VP~ ) @61 ¢ + VPTG () @3¢t (A.26)

P = +VP~ (5 (p) @61 (" — VP (F(p) @67¢t

p1]® = +VPT {%p) @61 ¢ + VP~ (T (p) @87 ¢t

(p1* = +VP~ (" (p)®61 ¢ — VPT (T (p) @67 ¢t

[pile = +VPT {5 (p) @01 ¢ + VP~ (S (p) @67 ¢T (A.27)

In our notation I and J taken on the values 1 and 2. The SU(2) little group indices are
lowered and raised by multiplying to the right by €/ and €77, cf. eq. (A.9). From these
expressions for the spinors we can see that,

(<plla)* = lps]® (!pl>a)* = [p1la, (A.28)
but on the other hand,
(pr1*) ==1p%  (Ipr)a) =—Ip"la- (A.29)

In other words, taking the complex conjugate of an angle spinor with a lowered spin index
I, or a square spinor with a raised spin index, introduces an additional minus sign. This
means that if we define the spinors for an outgoing quark and antiquark as,

o) = (1!l (pl|e o(p) = |ps]
0 =(1p'ls @) @) <‘m>a> , (A.30)
then we must also have,
lpr]* _ o
u(p) = (_’flj[)a) o(p) = (~[p"la (0"1") - (A.31)

“Egs. (A.26), (A.27) correct eqs. (C.2) and (C.3) of AHH [22] which contain errors.
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In the massless case the spinor-helicity states |pa], ]p5> satisfy the Weyl equation and
are independent of each other. In the massive case dotted and undotted massive spinor
states are related through the equation of motion for the Weyl fields. In terms of this set
of tensors, using the relations in eq. (A.25), we obtain the following equations of motion,

p* [p')s = —mlp"1%,  paslp'? = —mlp)a,
P'*pap = +mlp' |5 o p™ = +mp"|". (A.32)

Therefore the scattering amplitude involving massive particles can be expressed either in
terms of [p7]* or |pr)s. In addition we have,

Ip")alP1ls = Pos p"1% (p1|” = —p** (A.33)
Ip")a(p1l® = m 6] P [prly = —m 63 (A.34)
pr)alp’|s = —pag lpr]* (p"|° = p** (A.35)
Pralp!l = —m 58 Ipr]* [p] = m 38 (4.30)

The massive fermion propagator is reconstructed as follows,

mdg p*’ P4t ! Ip]é )
m= . = p = I, (|8
e (pa,é’ m5§> <—!p1>a[p1\g —!p1>a(pl\ﬁ> (—\p1>a) ®© ([p P )

(A.37)
Adopting the convention,
|=p)=~lp), [-pl=]p], (A.38)
we have that,
e
b +m = <| B jjﬁ ) @ (P'ly ('1°) = v(—p) @ a(p) (A.39)

Explicit representations for spinors that satisfy the rules in eq. (A.38) are given in refs. [7, 8].

In a similar way,

R () + e (R () = (g — et te)) (A.40)

For a review of the Spin-spinor formalism for massive particles, see also refs. [28, 29].
B Melia basis for two quark pair + two gluon amplitudes

An alternative color-ordered basis for this process can be obtained following Melia [38]. In
this basis we have,

A(1g, 24,3, 30,47 55.61) = g* (A256143 Cos6143 + A215643 C215643 + A214563 C214563

+Aos1643 Cas1643 + A2s1463 Cas1463 + A215463 C215463)
(5 6). (B.1)
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The color factors in this decomposition can be read off from the Feynman rules,

Cosgrag = (£°51%) ¢

.. 23i4 )
1112
A 4B, pACsD pDCeB

Co15643 = ti,4, Ligiy

A (1Cs,C5,A
Co14563 = ti,4, (t °tot ) o
1374

Cas1643 = (tAtC5), th, FOPA,
1119

Cas1463 = (tAtC5), A (tCF’tA)A .
1119 1374

A CsBA (,C¢B
Cors463 = ti,;, 77 (t °t )1324 ’

(B.2)

where FABC = jfABC\/2 and similarly for 5 <+ 6. Note that in this basis each color
structure consists of a single term. The amplitudes are related to the ones in the Feynman

diagram decomposition by,

AW = Ay5643
AQ) —
AB) = Ageisas — Aojesas + Aotsass — Ao1s643
AW = —Agsg1a3

AB) = — Ag14653

A®) = — Ags1463

BW = Asig543

2
B = Ages143 — Aoisaes + Aosrae3 — Aasieas + A214563 + Ao15643

B®) = Agi6453 — Ao16543 + Aosieas — Ao15643
BW = —Ages143
B®) = — Agyy563
BO = —Agg1453

—Ao16453 + Az61453 — A261543 + A214653 + A216543 + A2s6143

(B.3)
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