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ABSTRACT: We present the two-loop QCD helicity amplitudes for quark-gluon scattering,
and for quark-antiquark annihilation into two gluons. These amplitudes are relevant for
next-to-next-to-leading order corrections to (polarized) jet production at hadron colliders.
We give the results in the ‘t Hooft-Veltman and four-dimensional helicity (FDH) variants
of dimensional regularization. The transition rules for converting the amplitudes between
the different variants are much more intricate than for the previously discussed case of
gluon-gluon scattering. Summing our two-loop expressions over helicities and colors, and
converting to conventional dimensional regularization, gives results in complete agreement
with those of Anastasiou, Glover, Oleari and Tejeda-Yeomans. We describe the amplitudes
for 2 — 2 scattering in pure N = 1 supersymmetric Yang-Mills theory, obtained from
the QCD amplitudes by modifying the color representation and multiplicities, and verify
supersymmetry Ward identities in the FDH scheme.
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1. Introduction

Recent years have seen rapid progress in our ability to compute two-loop matrix elements
with more than a single kinematic variable [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. The progress
has relied in part on new developments in loop integration [12, 13, 14, 15, 16, 17, 18] and
in understanding the infrared divergences of the theory [19]. The new two-loop amplitudes
will be essential for reducing theoretical uncertainties in a number of physical quantities.
(For a recent summary describing the various expected improvements see e.g. ref. [20].)
In particular, in jet physics an important source of theoretical uncertainty is from missing
higher order corrections to the widely used NLO calculations [21, 22, 23], which have been
crucial for matching theory to experiment. For the case of hadron colliders, one of the es-
sential ingredients to performing next-to-next-to-leading order (NNLO) calculations are the
parton distribution functions. Recently, global fits to the data for the parton distribution
functions have been performed [24] within an approximate NNLO framework [25]. There
are, however sizable uncertainties associated with the experimental input to the parton
distribution functions [26]. Nevertheless, an exact NNLO computation of jet production
rates would be very welcome. Besides reducing the scale uncertainties for jet rates, such a
computation will allow a better understanding of energy flow within jets, as a jet may con-
sist of up to three partons at this order. For very large momentum transfer, improvements
can also be made by resumming threshold logarithms [27].

Besides the two loop matrix elements, an NNLO calculation of two jet production
at hadron colliders requires the tree amplitudes for six external partons [28, 29] and the
one-loop amplitudes for five external partons [30, 31], which have been known for some
time now. Anastasiou, Glover, Oleari, and Tejeda-Yeomans have provided the NNLO
interferences of the two-loop amplitudes with the tree amplitudes, for all QCD four-parton
processes, summed over all external helicities and colors [4, 5, 6]. The helicity amplitudes
for g9 — gg have also been computed, using the spinor helicity formalism [32]. In this
paper, we present the g¢ — gg and qg — qg two-loop helicity amplitudes. The four-quark
helicity amplitudes will be presented elsewhere.

A useful property of helicity amplitudes is that they expose the full dependence on
color and spin. Many formal properties of scattering amplitudes are simpler in a helic-
ity basis and/or after color decomposition. Such properties include supersymmetry Ward
identities [33, 34], collinear limits [29, 35, 36], and high-energy behavior [37, 38]. The
full color dependence is also useful for understanding the structure of the infrared diver-
gences [19, 9, 39].

This additional formal information is not necessary for the main phenomenological ap-
plication, NNLO jet production in collisions of unpolarized hadrons. On the other hand, the
helicity amplitudes can have phenomenological applications for jet production in collisions
of polarized protons, as are being carried out at the relativistic heavy ion collider (RHIC) at
Brookhaven. This may, for example, help to determine the poorly-known polarized gluon
distribution in the proton [40]. Theoretical predictions of the relevant observables require
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scattering amplitudes for polarized partons. Currently, predictions are available through
NLO [41]; the helicity amplitudes presented here are a prerequisite for improving the pre-
dictions to NNLO accuracy. Our results also serve as a check of the results of ref. [5] for
unpolarized ¢q¢ — gg and qg — qg scattering.

While preparing our results for publication, we became aware of a similar computation
being completed simultaneously [42]. Ref. [42] computes the one- and two-loop helicity
amplitudes for ¢q¢ — gg and qg — qg scattering, in the 't Hooft-Veltman (HV) scheme [45]
(see below). A slightly different method from ours is used to extract the helicity ampli-
tudes. We have compared our results for the two-loop amplitudes (and also the one-loop
amplitudes), through the finite terms required for NNLO cross sections, and we are in
complete agreement.

In this paper we also describe the helicity amplitudes for gluino-gluon scattering in
N =1 supersymmetric SU(N) gauge theory. Due to supersymmetry Ward identities [33],
these amplitudes are simply related to the N = 1 gluon-gluon scattering amplitudes already
presented in ref. [9]. The supersymmetric amplitudes are a close cousin of QCD amplitudes,
differing only in fermion multiplicities and non-abelian charge assignments: The N = 1
supersymmetric amplitude are obtained from the QCD amplitudes by replacing the quarks
with a single adjoint color representation fermion, effectively converting them to a gluino
superpartner of the gluon.

Because the scattering amplitudes possess both infrared and ultraviolet divergences,
some care is required to ensure that the regularization procedure preserves supersymmetry.
Several versions of dimensional regularization are commonly used for loop calculations in
QCD. The widely used conventional dimensional regularization (CDR) scheme [43] breaks
supersymmetry — it alters the balance between bosonic and fermionic states at order e,
where e = (4— D) /2 and D is the number of dimensions. The CDR scheme is traditionally
employed in calculations of amplitude interferences, such as in refs. [44, 3, 4, 5, 6]. In
the helicity approach, the two commonly used schemes are the 't Hooft-Veltman (HV)
scheme [45] and the four-dimensional helicity (FDH) scheme [46, 34]. These schemes differ
in the number of polarization states for unobserved gluons. The 't Hooft-Veltman (HV)
scheme [45] contains 2—2¢ virtual gluon states (as does the CDR scheme), whereas the four-
dimensional helicity (FDH) scheme [46, 34] assigns 2 states. The FDH scheme is related to
dimensional reduction (DR) [47], but is more compatible with the helicity method, because
it allows two transverse dimensions in which to define helicity. It is also possible to define a
scheme, labeled by a parameter g, which interpolates between the HV (6z = 1) and FDH
(g = 0) schemes. We shall present the ¢q7 — gg and qg — ¢g amplitudes in this general
Or scheme. A more detailed description of the differences between schemes, as well as a
definition of the FDH scheme beyond one loop, has been given recently [34].

The supersymmetry preserving properties of the FDH scheme have been verified explic-
itly at two loops, for particular helicity configurations of four-gluon amplitudes that vanish
at tree level [34, 9]. In this paper, we explicitly verify that the FDH scheme preserves
supersymmetry for the case of gluino-gluon scattering. Part of this check involves relat-
ing gluino-gluon amplitudes to gluon-gluon amplitudes, for helicity configurations which
are non-vanishing at tree-level. Such a test is somewhat more stringent than previous



ones [9, 48, 34] because of the more intricate infrared divergences. The test additionally
provides a nontrivial check on the calculation of the quark-gluon scattering amplitudes, as
well as on the consistency of the FDH scheme.

In general, scattering amplitudes in massless QCD possess strong infrared (soft and
collinear) divergences. Using dimensional regularization, the amplitudes generically contain
poles in e up to 1/e*. Catani has organized these divergences into a compact form predicting
their structure [19]. We use Catani’s formula and color space notation to organize the
helicity amplitudes into singular terms (which do contain order ¢’ terms in their series
expansion in €), plus finite remainders. The precise form of the 1/e poles was not predicted
a priori in ref. [19] for general processes at two loops. It is now clear, however, that these
terms have a universal structure depending only on the external legs, based on explicit
calculation [3, 4, 5, 6, 7, 8, 9, 10, 11] and on matching to resummed results [39].

For the quark-gluon scattering amplitudes discussed here, ref. [5] previously computed
the interference of the 1/e pole terms with the tree amplitude, summed over all colors
and helicities. Here we extract the full color and helicity dependence of the 1/e pole
terms. For the case of gg — gg amplitudes, a term independent of color and helicity
was found [6], plus a second “surprise” term [9] with nontrivial color-dependence, which
vanishes when the color-summed interference is performed. Here we confirm that a similar
color-dependent term exists for the case of quark-gluon scattering amplitudes. We note
that a term with similar color structure has been identified in contributions of one-loop
factors for soft radiation to NNLO processes [49].

The conversion from one variant of dimensional regularization to another is well under-
stood at one loop [46, 50, 51]. At two loops, the ultraviolet shift in the coupling constant
has been calculated for the commonly used variants of dimensional regularization [34].
However, the infrared aspects have not yet been fully understood for arbitrary processes.
The scheme dependence of gg — gg scattering amplitudes was studied in ref. [9]. There
it was found that beginning at order 1/¢? the functions appearing in Catani’s infrared
decomposition are actually scheme-dependent. Here we present the scheme dependence
(dependence on 0g) for the q¢§ — gg amplitudes. The universal structure of the Catani
formula for infrared divergences suggests that the conversion between schemes for any two-
loop massless QCD amplitude would be controlled by the same set of functions that we
uncover here and in ref. [9]. However, the ¢ — gg scheme-dependence we find here is
significantly more intricate than that found for gg — gg, and we have not yet identified
the general pattern.

The paper is organized as follows. In section 2 we review the infrared and color
structure of one- and two-loop QCD amplitudes used to organize the amplitudes presented
in this paper. In section 3 we describe the one-loop quark-gluon scattering amplitudes.
Section 3.1 presents them in a form that is valid to all orders in €, in terms of integrals
known through O(e?). Their knowledge at this order is required for evaluating Catani’s
formula for the singular parts of the two-loop amplitudes through O(e®). The finite one-
loop remainder functions are given in section 3.2. The “square” of these functions, summed
over colors and helicities, contributes to the NNLO cross section. In section 3.3, we describe
how to carry out this sum, and compare the result to a similar sum performed in the CDR



scheme [5, 52].

In section 4 we return to the two-loop amplitudes. The finite two-loop remainder func-
tions are presented in section 4.1 and appendix A. Some auxiliary functions for describing
the shift in the finite remainder functions are given in appendix B. The interference of
the finite two-loop remainder functions with the tree amplitudes, summed over colors and
helicities, also contributes to the NNLO cross section. In section 4.2 we describe the com-
putation of this sum, and compare the results with those obtained in the CDR scheme in
ref. [5].

In section 5 we discuss the N = 1 super-Yang-Mills amplitudes obtained by modifying
the QCD ones. The supersymmetry Ward identities are briefly reviewed in section 5.1. In
sections 5.3 and 5.4 we discuss the results for the one- and two-loop gluino-gluon scattering
amplitudes for pure N = 1 supersymmetric Yang-Mills theory, after first reviewing the
infrared structure for the theory in section 5.2. We verify that in the FDH scheme the
two-loop amplitudes obey the expected supersymmetry Ward identities, which relate them
to the gluon-gluon scattering amplitudes computed in ref. [9]. In section 6 we present our
conclusions.

2. Review of infrared and color structure

In this section we review the structure of the infrared singularities of dimensionally regu-
larized one- and two-loop QCD amplitudes, using Catani’s color space notation [19], as a
prelude to presenting the finite remainders of the one- and two-loop q¢ — gg and qg — gq
amplitudes.

The two processes considered in this paper are

q(p1, M) + @(p2, A2) — g(p3, A3) + g(pa, M) (2.1)
q(p1, M) + 9(p2, A2) — g(p3,A3) + q(pa, M), (2.2)

using a “standard” (not “all-outgoing”) convention for the external momentum (p;) and
helicity ();) labeling. The Mandelstam variables are s = (p; + p2)?, t = (p1 — p4)?, and
u=(p1 —p3)*

We use dimensional regularization to handle both ultraviolet and infrared singularities.
We consider a continuous set of schemes, labeled by a parameter dr characterizing the
number of virtual gluon degrees of freedom circulating in loops. (Because we are computing
helicity amplitudes, the number of external gluon states is fixed at two.) Specifically, when
the trace of the Minkowski metric is encountered, we set

n',=Ds=4—2e0R, (2.3)

corresponding to 2(1 — edg) gluon states in the loop. Setting dp = 1 corresponds to the
HV scheme, which is the most closely related to the CDR computation in ref. [5]. Setting
dr = 0 corresponds to the FDH scheme, which has improved supersymmetry properties.
The CDR and HV schemes imply the same coupling constant, the standard MS cou-
pling, as(u). The coupling in a general dg scheme is related to this coupling at NNLO
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Henceforth we will suppress the dg index on as(p).
We work with ultraviolet renormalized amplitudes. The relation between the bare
coupling o and renormalized coupling «,(u), through two-loop order, is [19]
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where p is the renormalization scale, S, = exple(lndm+1(1))], and v = —¢(1) = 0.5772. ..
is Euler’s constant. The first two coefficients appearing in the beta function for QCD, or
more generally SU(N) gauge theory with Ny flavors of massless fundamental representation
quarks, are scheme-independent,
_ 11C4 — 4TRN; by — 17C3 — (10C4 + 6Cp)TrNy
6 ’ 6 ’
where Cq = N, Cp = (N?—1)/(2N), and Ty = 1/2. (Note that ref. [19] uses the notation
Bo = bo/(27), b1 = b1/ (2m)*.)

The perturbative expansion of the ¢§ — gg amplitude is

bo (2.6)
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where Mflg)_,gg(,u; {p}) is the L* loop contribution. The same type of expansion holds for

the ¢g — gq amplitude. Equation (2.5) is equivalent to the following MS renormalization
prescriptions at one and two loops,

1) a-1 y4(unren Do , (0)
Mqti—>gg = 5 Mqriﬁgg o ?Mqéﬁgg’ (2.8)
M(2) o 5_2 M(Q)unren 2b0 S_1 M(l)unren b(2) bl M(O) 2.9
qq—gg9 — Me 9q—g99 : € ad—gg T 6_2 B 2_6 q99—99g * ( : )

The infrared divergences of renormalized one- and two-loop m-point amplitudes are
given by [19],

IMD (s {p s = TV (e, i {p}) IMP (1 {p}))rs + IMP (i {p})rs . (2.10)
M (5 {pH)ns = TN (e, s {p}) IMED (3 {p}))s (2.11)

+ 12 (e, 1 {p)) IMD (15 {p})ms + IMP™ (s {p}) s



where the “ket” notation |M£LL) (15 {p}))rs indicates that the L-loop amplitude is treated
as a vector in color space. The actual amplitude is extracted via

M, (1% n®) = a1, .. a0 | My (P12, pn)) (2.12)

where the a; are color indices. The subscript rs indicates that a quantity depends on the

(1)

choice of regularization and renormalization scheme. The divergences of M, ’ are encoded

in the color operator I (1), while those of ./\/1512) also involve the scheme-dependent operator
1.

In QCD, the operator IV is given by

1 e —ep(1) M ,.Y 1 M2e—i)\ij7r €
I (e, T;-T; . ==, 2.13
i) = S o T m o | (5 213)

=1 j#i

where \;; = +1 if 4 and j are both incoming or outgoing partons, and A;; = 0 otherwise.
The color charge T; = {T/} is a vector with respect to the generator label a, and an
SU(N) matrix with respect to the color indices of the outgoing parton i. For external
gluons T3 = if¢®, so T? = C4 = N, and

11C'4 — 4TR N,
Yy = #f . (2.14)
For external fermions, the ratio
Vq 3
< = _ 2.15
T? 2 (2.15)

is independent of the representation. For quarks, T? = Cp = (N2 — 1)/(2N); for gluinos
The operator I % is given by [19]

I3 (e, i {p}) = _%I(l)(e’“?{p}) (I(l)(e’m e+ 2_50> i

et (1 —2€) (b
1) .
F(l _ E) < € KRS> I (2€7lu’ﬂ {p}) +

+ HR (e, 1 {p}), (2.16)

where the coefficient Kyg depends on dp and is given by [19, 9]
67 1 4 10
Kps=|——-———-(=4+=-¢](1- — —TgrNy. 2.1
RS [18 G <6+96>( 53)} Ca— 5 TrNy (2.17)
The function H ffg contains only single poles, and splits into two types of terms,

—ew() g2\ 2
@y ¢ ° (KA (2) @) £r(2)
H® (e) 4€m_6)<_8> ((2Hq +2H) 1+ H ) (2.18)



From the calculations performed here we find that the term proportional to the identity
matrix in color space 1 contains the constants Hg(,z) and Héz), given by

13 23 245 2 3 72 25
H? = — g2 CaC —6C3+ — — = | C? 13~ 51 ) CrTRN
p < G = 35" T 31 )CACF+ Gt5 5 )Crt {13 PTRNy

1
+<——CACF + 50% + ECpT}%Nf) (1 —9gR), (2.19)

5 7r2 58 20
g (S 1 2 _ TeN; TeN, T2N
g < T ) to7 CARf+CFRf+7Rf

+< 36CA + CATRNf> (1—6g). (2.20)

This term survives the sum over colors, and the expressions for Héz) and H(§2) in the
HV scheme (6r = 1) agree, as expected, with previous color-summed results in the CDR
scheme [4, 5, 6, 53]. The Héz) coefficient agrees for all g with that extracted from the
g9 — gg helicity amplitudes [9].

The second term in H® (¢) has exactly the same type of nontrivial color and kinematic
dependence found in the gg — gg helicity amplitudes [9], namely

a?_ 4 ln< >ln<_t> 1n<__“> % [TI.T2,T2.T3] : (2.21)
—t —Uu —38

with In((—s)/(—t)) — Ins — In(—t) — i¢w in the s-channel, etc. (It might seem that the
operator T'1 - T is somewhat ambiguous for the g§ — gg process (2.1), since the ¢ and gg
pairs have different color quantum numbers. However, the difference between the gg and
gg T'1 - T'5 operators is proportional to the identity — it is a difference of Casimirs — so
the commutator is unambiguous.)

In ref. [9] it was observed for the gg — gg amplitudes that the second term in eq. (2.18)
is independent of the helicity configuration, and is a nontrivial commutator matrix in color
space. (The possibility of nontrivial color structure in H® (¢) was pointed out in ref. [19].)

Now we can see that H @ is also independent of whether the external lines are quarks or
gluons, which buttresses the suggestion [9] that it is related to soft, not collinear, virtual
contributions. A similar color structure emerges in a general analysis of the contributions
of one-loop factors for soft radiation to NNLO processes [49]. Because of the commutator

structure, H @ vanishes when sandwiched between tree amplitudes, after performing a sum
over colors; hence it drops out of the color-summed interference of the two-loop amplitudes
with the tree amplitudes [9].

To proceed further, we wish to introduce an explicit color basis for the amplitudes,
and also remove certain overall spinor product factors. To do the latter, we take the set of
independent helicity configurations h to be

h=1: q(pi,+) +qp2,—) — g(p3, +) + g(pa, +), (2.22)
h=2: q(pi,+)+d(p2,—) — g(ps,—) + g(pa,+), (2.23)
h=3: qpi,+)+9p2—) — g9ps,+) +alps, +), (2.24)
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Table 1: Relations between a general helicity configuration containing ¢(p1,+) and the five
presented in the text, eqs. (2.22)—(2.26).

h=4: q(p1,+) +9(p2,—) — 9(p3, =) + q(ps, +), (2.25)
h=5: q(p1,+)+9(p2,+) — 9(p3, +) + q(ps, +) . (2.26)

Other configurations are simply related to these by symmetries. For example, the ¢(p1, —)
amplitudes are obtained by parity (P); the gg — ¢gg amplitudes are related to gqg — gq by
charge conjugation (C); q(p1,+)+q(p2, —) — g(p3, —)+g(ps, —) is related to process (2.22)
by CP; and q(p1,+) + g(p2,+) — g(ps, —) + q(p4, +) is related to process (2.24) by time
reversal (T). Maintaining helicity conservation on the quark line removes half of the con-
figurations. Applying parity to the remaining configurations, in order to let the helicity
of q(p1) be positive, there are four configurations each for ¢q¢ — gg and qg — gq. Table 1
relates these eight configurations to the five represented by egs. (2.22)—(2.26).

Helicity-dependent, phase-containing factors arise because we evaluate the amplitudes
in the spinor helicity formalism [32]. For h = 2,4,5, we remove a factor S, related to the
tree amplitude. For h = 1,3, the tree amplitude vanishes, and we remove a factor related
to the one-loop amplitude. We define

(34 . a3ey
= am ey 2T ) 28 34 AL

o a3Bl . (03°ey a2t
=gy YTy e ey a0 iy e e an 22

The spinor inner products [32, 29] are (ij) = (i~|j7) and [ij] = (i*]|j~), where |i*) are
massless Weyl spinors of momentum k;, labeled with the sign of the helicity. They are

anti-symmetric, with norm | (i j) | = | [i j] | = \/5ij, where s;; = 2k; - k;. The squares of the
prefactors S}, enter polarized cross sections,
3
2 U 2 U
1517 =~ |52 =2
3
s U 9 U 9 SU
S =2, sP=-ty ISP=-3 (225)

where we have included a minus sign for all the gqg — gq cases to ensure positive tree-level
cross sections.



The color decomposition of the amplitudes (or their finite parts, according to egs. (2.10)
and (2.11)) reads

MP) = 5, x Z?):Tr[c] x M =1,2,3,45, (2.29)
c=1
where
Tl = (reeranyz 0 Tl = (pasesyz | bl = gesasgz o p=1,2, (2.30)
and
Tl = (pasazyis | Tyl = (paapesyis Tyl = gezas gis = 34,5,(2.31)

Here T* are SU(N) generators in the fundamental representation, normalized according
to the convention typically used in helicity amplitude calculations, tr(T%T%) = §%. (The
T used in this color decomposition should not be confused with the T/* appearing in I (1),
whose representation depends on the external line; nor should they be confused with the
generators for the quark representation, which have the more “standard” normalization,
Tr = 1/2, as mentioned above.) The amplitude components depend on the Mandelstam
variables, M}EL)’[C] = M}EL)’[C}(s,t,u). Often we will suppress the kinematic arguments,
unless a permutation of them is involved.

Note that we use a charge-conjugated fundamental index for quarks and anti-quarks
in the initial state, i.e. 77 for g1, and iy for gs. Also, amplitudes related to h = 1,2,3,4,5
by charge conjugation (C) will naturally have the fundamental indices charge conjugated.

In the basis (2.30) for ¢¢ — gg, the matrix I s

—eyp(1)
Wy =_° " °
I'V(e) = T =0 X (2.32)
(—axa+ 589)8 + NéggT 0 E49(T — V)
X 0 (—3més+ F€)S + NEggU  —£4(T— 1)
§q9(S8 —U) §qg(8 = T) (gi&e + N&)S
where
s = </‘_> - ('L) . u= (/‘_> , (2.33)
—s —t —U
1 3 1 b 1
&126—2—’_%7 €g26_2+F067 fqg:§(§q+§g)v (2.34)
V=N%2_-1 (2.35)

The corresponding operator for gqg — gq in the basis (2.31) is obtained by exchanging S
and T in eq. (2.32).
The tree amplitudes in the color basis (2.30), (2.31) are given by M. ,(LO)’[C], where

Ml(O),[C] _ Méo)y[d — 0, c= 1,273,



MO — g h=1,23,4,5,
MO g 00

MOW _ 00

flug|uwg |+

Méo),[l} — 1, M5(0),[2] _ (2.36)

A typical partonic cross section requires an amplitude interference, summed over all
external colors. Such interferences are evaluated in the color bases (2.30), (2.31) as

L7L/ _ L L/ c
I>(\1>\2>?3)\4 = <Mg\1)>\2>\3>\4‘M>\1>\2>\3>\4 Z MA1A2A3A4CC M)(\l)\)gg\g})q: (2'37)
where the symmetric matrix e =D ojors Trlel*rlel i
v V -1 N
a = N -1V N |. (2.38)
N N N?

One can use table 1 to convert from the A\ A2 A3\4 helicity configuration label to the label
h € {1,2,3,4,5}. The unpolarized partonic cross section is obtained from the helicity sum

F(L,L') — (L,L")
T = 3 s (2.39)
Ai=%£1

after the usual averaging over initial spins and inclusion of flux factors. For example,
the helicity sum for the tree-level cross sections for qq — gg and qg — gq, constructed
from eqgs. (2.36) and (2.28) in either the HV or FDH scheme, i.e., for any g, are

2 2 2 2
70,00 t“ +u t“+u 1
Iqq—>99 =2V tu <N 82 - N ) (240)
2 2 2 2
7(0,0 . ST+ u st u 1
Iégqu =2V su <N TR N) . (2.41)

3. One-loop amplitudes

The one-loop amplitudes for g7 — gg were first evaluated through O(e") as an interference
with the tree amplitude in the CDR scheme [44]. Later they were evaluated as helicity
amplitudes in the HV and FDH (or DR) schemes [50].

Because I'Y) contains terms of order 1/€2, the T™MW|MM) ¢ term in the infrared de-
composition (2.11) of the two-loop ¢§ — gg amplitudes requires the series expansions of the
one-loop amplitudes through O(e?). In section 3.1 we present the all-order results in the
color bases (2.30), (2.31), with the normalizations implicit in eq. (2.7), in terms of integral

functions whose series expansions are known to the requisite order [2, 3].

(1)
9799
not required for the construction of a numerical NNLO program, once such terms have

In ref. [9] we showed that O(e) terms in one-loop amplitudes such as M are
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been subtracted from Méi—ng in the framework of ref. [19]. Thus we need only present
explicit formulae for the finite remainders Mg}l—)ir;g

violet renormalization (2.8) and subtraction of infrared divergences (2.10). We do this in

of the one-loop amplitudes, after ultra-

section 3.2, for a general §r scheme.

1)fin
d—99
to the NNLO cross section. We compare the result of evaluating the formula in the HV
scheme to other computations in both the HV and CDR schemes [52].

Actually, the formulas (4.3) and (4.4) for converting the two-loop finite remainders

In section 3.3 we give a formula for the contribution of the finite remainders /\/l((]

Mgi—)ir;g from one scheme to another are most compactly presented in terms of the dg-
dependent parts of the one-loop amplitudes at order ¢; these quantities are presented in

appendix B.

3.1 All orders in ¢ QCD amplitudes

We now present the renormalized one-loop ¢§ — gg amplitudes in the color bases (2.30),
(2.31), with the normalizations implicit in eq. (2.7), in a form valid to all orders in e.

At one loop the crossing properties of the amplitudes are relatively simple, so we
present the explicit values of the helicity amplitudes for the process ¢¢ — gg. The qg — gq
process may be obtained from these by crossing the antiquark into the final state, and
gluon 4 into the initial state,

MM (s, 1) = M s ), (3.1)
M (s, 1, u) = M s ), (3.2)
Ms(l),[c](s,t’u) _ %M§1)7[C/} (t,u,s), (3.3)

where M}EL)’[C] is defined in eq. (2.29) with the color bases (2.30) and (2.31) using the
helicity configurations h defined in egs. (2.22)—(2.26). The factor of s/u in the third relation
accounts for the permutation of the Sy prefactor in eq. (2.27). The color label ¢ needed
for the h = 5 case (3.3) is given by ¢ = 2,1,3 for ¢ = 1,2, 3, respectively. After crossing,
appropriate analytic continuations are required to bring each function into the physical
region; for the finite parts for convenience we will give the explicit forms in the different
analytic regions.

It is convenient to give the amplitudes in terms of “primitive” amplitudes, which are
color-stripped building blocks for full amplitudes in any color representation. For the case
of one-loop amplitudes with a single external fermion pair, the explicit relations between the
primitive amplitudes and the color decomposed amplitudes were presented in ref. [31]. Here
we quote the results for the decomposition and then present the primitive amplitudes. The
same amplitudes, but in a form valid only through O(€?), as needed in an NLO calculation,
may be found in refs. [50, 31].

The first coefficient in the color basis (2.30) for ¢q7 — gg at one loop is expressed in
terms of (unrenormalized) primitive amplitudes as [31]

1
MMM (s, tu) = N AF(AS 27, 35.47) - = AR(LF 20,30, 40) +

— 11 —



+ Ny AR (1F 27 3 4y, (3.4)

MO (6 1) = N AP, 27,37, 45) — — AR(LE 27,3747 +

q779779>"g N q’79’>~79°"7g
b
+ N ARRE 2,3, 45) — 2, (3.5)

where, as defined in ref. [31], the L and R superscripts refer to whether the external
fermion line turns “left” or “right” upon entering a diagram. The “[1/2]” designation on
the last primitive amplitude represents the subset of contributions with a closed spin 1/2
fermion. We continue to label the helicities using the “standard” convention with legs 1
and 2 incoming and legs 3 and 4 outgoing.

The coefficient of the second color factor for h = 1 in the basis (2.30) is obtained from
the first one by permuting kinematics and helicity labels,

M t0) = =S s, 0,0), (3.

where the —t/u prefactor accounts for the implicit permutations of the removed S}, pref-
actors in eq. (2.27). The coefficient of the second color factor for h = 2 is given by

MO (6 1) = N AP, 27,87, 47) — — AR(LE 27,3547 +

q779779>"g N q’79’>~79°>"7g
b
+ N ARIAE 27 37, 47) — (3.7)

For the third color structure in eq. (2.30), we have

(1),[3] _ AL(1+ o= af g+ R+ o— at 44\ _ L AL(1+ o— 4+ at
MO (st 0) = AR, 27,85, 45) + ARQE, 27,35, 4) -~ AR(F,27,47,30) -
t AR+ 9= 4+ a+ 5 AR(1+ 4+ o— a+
- = AR(LE 27, 45,80) + 20 AR(E 47,27,3), (3.8)

MIB (s u) = AR 27,37 48) + AR(LT 27 3 4+)+§AL(1+ 2-.47.37) +

q>43:°9°%g q>°3>°g>%g q>4q>%g°
t s
+EAR(1;’2‘?_’4;’35)+2£ AR(LF 4t 27,30, (3.9)
where again the ratios of kinematic invariants (including signs) account for the permu-
tations of the extracted the overall prefactors (2.27) from the amplitudes with standard
ordering of legs (14,24,34,4g)-

In order to compress the notation a little, we shall suppress the labels of legs in the
explicit formulas for the primitive amplitudes. We always take them to be ordered (1,2,3,4)
in the following formulas, and apply permutations as required by egs. (3.6)—(3.9). That is,
define

Afupagigs = AN 257,35, 45

At}f)l@k?g&gA4 = AR(121’222732374S4)7

AR = AR 2 3 4y

A pagage = AN 2735, 450). (3.10)
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Then, for example, AL(lj, 25,4;, 3,) = Aéﬂj*g*g* |t
In this notation, the explicit values of the independent primitive helicity amplitudes

— in terms of a set of scalar integral functions — are:

€(1 —edp)t € ((5b— 2€)s + 2t)

Avree == |Too0 20620 " )7
+ T 9020 Tri® () — s Box© (s,8) | , (3.11)
Afrggrgr = ~Agrg-grgr — (1= E(SR)AqLi[;Pg]ﬁq* ’ (3.12)
L,[1/2] . et .
At e = T oA —2E =2 ) (3:13)
§+qu7g+ = u _4ZiR)St - e)gl ~2¢) (((3 —€)s+1) Tri(4)(s) +
+((1—€)s — t) TriW (t)) — (2 —¢)sBox 9 (s,¢)| +
- i [1 _126 <s((1 —2€)s + 1) Tri (s) +
+26((1 = &)s+ (1= 200 T (1)) +
+ (1 —2€)(s? + 2t2) + (1 — 4e)st) BOX(G)(s,t)] : (3.14)
ar =4 _42(;R)St [(1 g (49— (1 =290 T (s) -

— (1= €)s+ (3 — 2e)t) Txi® (t)) -

— (es —2(1 — €)t) Box9 (s, 1) | +
= |- _126 (((1 = 20)s + ) TrD (5) + 2t T (1)) +
+((1 —2€)s — t) BOX(G)(s,t)] : (3.15)
AR =0, (3.16)
%Wﬁg:—dkzﬁpkﬁda_w«u—m+ﬂﬂW@HdH#W0+

+ sBox® (s, t)] -
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T i) — @ () — %(s +2(1 - 20)t)Box®(s,¢),  (3.17)

2(1 — 2¢)
R ~ €(l —edR)s 1 (4
Ajig-gtg- = — ym 100 -20 (((1 —€)s + (1 — 2e)t) Tri (s) —
— et Tri (t)) + (s + 2t) Box®) (s, t)] -
7 i@ (s) — 2 Box®)(s, 1) (3.18)
2(1 — 2¢) 2 e
L =0, (3.19)

1 €
R _
%ww§+—1”“‘ﬂ%4ataat35

(Tri(4>(3) + Tri® (t)> - Box<6>(s,t)] , (3.20)

Al = ie(l - eéR)t[

atg=q gt

T (1) + Box (s t)] ~ S myi(s) -
1—2¢ 2

_ ﬁm@ () — %((1 —9)s + 1) Box® (s, 1) . (3.21)
In assigning helicity labels to the above primitive amplitudes we take the quark legs to be
incoming.
Here Tri(4)(s) is the scalar triangle integral in 4 — 2e dimensions with one external
massive leg, and Box(6)(s,t) is the all-massless scalar box integral in 6 — 2e dimensions.
The explicit value of the triangle integral is

. T 1
Tri® (s) = — (=) 1= (3.22)
where
2(1 —
rr = e_Ew(l) F(l + E)P (1 6)
T'(1—2€)
1 _ 1 2 Z 3 ﬂ 4 5
=150 3G — gl + O(€’), (3.23)
with
0 7.‘.2 7T4
= = = —, = 1.202057.. ., = —. 3.24
¢ E_jln G=%, G G=15; (3.24)

In the s-channel (s > 0), the e-expansion of eq. (3.22) is given by using the analytic
continuation In(—s) — Ins —4m. The D = 6 — 2¢ scalar box integral is completely finite as
€ — 0. Its expansions to O(e?) in the various kinematic channels are given, for example,
in refs. [3, 9].

3.2 Finite remainders

Next we tabulate the finite remainders of the one-loop ¢¢ — gg and qg — gq amplitudes at

O(e?), defined by M%)E,r;g and M%’i‘;q in eq. (2.10) and color decomposed into M, }(ll)’[c]ﬁn
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in eq. (2.29). We write,

cinan . C C
Mﬁﬂﬁzk%mmm%—mmuga—@wﬁm]

c 1 C ¢
+Nd 4+ — b N e=1,2, (3.25)
c|nn (& N -|C
M = Rl ng,ﬂ] , ¢=3. (3.26)

For helicity configuration h = 1, Bose symmetry under exchange of legs 3 and 4 (t < u)
implies (see eq. (3.6)) that

t
a[f](s,t,u) =y a[ll}(s,u,t), (3.27)
b (s,t,u) = —éb[l”(s,u,t), (3.28)
t
d[12](87t7u) = _a d[ll](sauat) . (329)

For the h = 1 amplitude, the independent remainder functions a, b, d, h and j are

1) r 1

v_ _+ =
afl = -2 7. (3.30)
1
bl = —— 31
1 4 ) (3 3 )
dlll = %, (3.32)
W =0, (3.33)
A =o, 3.34)
where
l‘zfa y:gv X:1H<—£>, Y:ln<_2> (335)
S S S
For h = 2 the functions are
_ (@—yl-ay » 622 -3wy+1ly*> 1 3
@ = 4qy3 1292 * 4y 2 +
, (r —y)(1 —zy) 622 — 3xy + 11y2
- X - .
+im 2 12,2 , (3.36)
X2 2-y 1 X 2-y
pltl — 2 X+ — +24in| = — 3.37
R R “”[2@;3 1 } (3:57)
X am
gu_ X 3.38
2 _ T—=Yio O 3z [z—y 5z
== Jy2 "y 22 y - -2 3.39
2 dy 3y 2y+m[ 2y 3y’ (3.39)
Y2 x Y
b = = ot pin— | 3.40
2] _ % T
=Y = 3.41
ds 6y +am 6 (3.41)
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1-2 XY Y? 5 5
o 20 =20) o XY VP Sz Sy T
42 Yy 2 3y 3 2y
2 _ 2
Y Ty +x Ty o ’
2y? Y 3y
v oo
]gg} — _iX___|_E
6y 6 Oy
For h = 3 the functions are
Jqu__1 1
3 6z 4’
1
pll — 2
3 47
1
Jil =
3 6z’
Ja_tr. 1
3 6x 4y’
1
pl2l — =
3 4y7
1
a2 - _ =
3 6z’
(3]
3
it =o0.
For h = 4 the functions are
n_ (1-yd-—zy) X2 6x2+15xy—2y2X z 3
4= 4y + 1242 T2t

+in [_ 1-9)(1 —=zy) X4 622 + 152y — 2y2}
293 ’

’ 2z —y)
pll — 7 2 a(
4 4qy3 * 4q)2
b _ X,
di’ = 6 6’

4y

1292

3

X+£+2+i7r[x—X—i—
2y

3

2] 1—y 9 9 X +10Y 3 11
=—J2((xX-Y e
“ 4y <( )+ > 6y 2y Z7r6y7
5[21:1<X—Y2+7r2>+—,
4y( ) ;
X+Y i
df]— + +z_7r’
6y 3y
1—27) Y2 XY 7 bx 5
P 2 2 4D 42T x 4 Yy
4 4qy2 2 Y 2y+3y Tyt
+iw[<—x(1_2x)—l>X EY—E],
2y Yy (0 3y
3] T 1 T
= X-Y+4—.
/4 60 6" "6y
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(3.42)

(3.43)

(3.52)

(3.53)

(3.54)

(3.55)
(3.56)

(3.57)

(3.58)

(3.59)



For h = 5 the functions are

W_ 1=y X 3 1y 1
5T 5 2—1—277 5 5l (3.60)
= Zx24 04 in— X (3.61)
4y 2y
X ar
gu_ X i 3.62
o (1—y)(1—ay) Xy 2 12?4 192y + 27 oy My
“ = 1y (( )+ ) 12y ( )" G
71 11
————— i — 3.63
B 1 " (3.63)
3
[ 9 9 z(1 —2x) T 1
=" ((x-vY S X Y — — - 64
Rl (O ) e O T (3.64)
X+Y im
d? = l 3.65
> 6y +3y’ (3.65)
2 —3zxy 1 T dx )
- X-Y?+m) 4+ X2+ —v24+ 22 x4+ 2y
[ i (( )+7r>+2 Fo Vg XY
T )
+i7rX+—Y——], 3.66
[ Yy 3y (3.66)
) .
o _E g Ly im (3.67)

6y 6 6y

For the HV scheme (0 = 1), the results (3.25)—(3.67) for the finite remainders of the
one-loop helicity amplitudes are in complete agreement with those of ref. [42].

3.3 Comparison with CDR results

Results in the CDR scheme are usually phrased in terms of amplitude interferences, summed
over all polarizations and colors. In the NNLO cross section, the one-loop amplitude en-
ters interfered with itself. The contribution of the one-loop finite remainders to the NNLO
qq — gg or qg — gq cross section, summed over all helicities and colors, is given by

T n _ 1)fin 1fin
I(l’l)ﬁ = Z <Mg\1)>\2>\3>\4‘Mg\1)>\2>\3)\4>’ (3'68)
Ai==+1

Using the color sum matrix (C;; in eq. (2.38), and table 1 to relate A\;A2A3A4 to h helicity
configurations, the color and helicity sum in I may be evaluated in terms of the above
explicit expressions (3.25)—(3.67) for M, }(Ll)’[c}ﬁn, in a general 0p scheme.

In ref. [5], the one-loop-squared contributions to the ¢¢ — gg and qg — qg cross sections
were given in the CDR scheme, but not in a convenient form for comparing to our results,
because the infrared poles were not organized in the same way. (Also, the terms related to
ultraviolet renormalization in eq. (4.1) of the original version of ref. [5] require correction.)
However, the authors of ref. [5] have kindly supplied us with their versions of the values of
eq. (3.68) in both the HV and CDR schemes. These expressions agree precisely with our

result for eq. (3.68) in the HV scheme (0 = 1).
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4. Two-loop QCD amplitudes and finite remainders

We generated the Feynman graphs for ¢§ — gg using QGRAF [54], from which a MAPLE pro-
gram was constructed to evaluate each graph. As a cross-check, some of the diagrams were
evaluated using FORM [55]. We employed the general integral reduction algorithms devel-
oped for the all-massless four-point topologies [17, 18, 16, 15], in order to reduce the loop
integrals to a minimal basis of master integrals. To put the integrands into a form suitable
for applying the general reduction algorithms, spinor strings were converted to traces over
~ matrices, by multiplying and dividing by appropriate spinor inner products constructed
from the external momenta. Evaluating the traces then gave dot products of momenta;
any terms containing an odd number of Levi-Civita tensors e**?f vanished upon integra-
tion. The gluon polarization vectors of definite helicity can be incorporated using some
minor extensions of the integral reduction techniques [9]. Here we incorporated the gluon
polarization vectors in a slightly differently fashion than described there. When forming
the traces over v matrices we included also the polarization vectors expressed in terms of
spinors [32], following the methods used in, for example, refs. [35, 56]. Because the polar-
ization vectors are four-dimensional objects, they distinguish between 4-dimensional and
(—2¢)-dimensional components of the loop momentum. We evaluated the resulting inte-
grals, containing (—2¢)-dimensional components of the loop momentum, using the methods
of ref. [9]. (See refs. [48, 11, 42] for alternative multi-loop helicity techniques.)

After all the tensor loop integrals in the amplitudes have been reduced to a linear
combination of master integrals, the next step is to expand the master integrals in a
Laurent series in ¢, beginning at order 1/¢*, using results from refs. [13, 14, 17, 16, 18]. It
is straightforward [57] to express the results solely in terms of polylogarithms [58],

Lip (z Zzn / —Lln 1 (4.1)
Lis(z) = — /0 Cff In(1 —¢), (4.2)

with n = 2, 3,4. The analytic properties of the non-planar double box integrals appearing
in the amplitudes are somewhat intricate [2, 14]; there is no Euclidean region in any of the
three kinematic channels, s, t or u. So we do not attempt to give a crossing-symmetric
representation, but instead quote all our results in the physical s-channel (s > 0; t, u < 0)
for both the ¢ — gg and gqg — gq kinematics, eqgs. (2.1) and (2.2).

4.1 Finite remainders

The two-loop finite remainders are defined in eq. (2.11) and are color decomposed into

M f(f)’[c]ﬁn in eq. (2.29). Their dependence on the renormalization scale u, color factors N

and Ny, and scheme label 0g may be extracted as

c|an . . 1 1
MM [_bg (n(s/u?) — im)? = by (In(s/p) — im) + <—60A + gcp)op(l —0r)* +

1 C
+ (QRq + 2Ry + boQ\™ (In(s/p?) — im) + §CFQ017T> (1- 5R)} MO 4
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© Bt + P11
+ Qo | M — v (1 - 6g) +

C C 1 C c N e
+ N A+ B+ — O+ NN D+ LB+

N2
+ NPF 4 N—f2 Gl c=1,2, (4.3)
M — 2y (n(s/u?) — im) + Q1% (1 — o) | AV

L O, [M}(ll),[c]éﬁzz cav >[c}]( o)+

C 1 C C N C N2 C
R A Y ey R (4.4)

The p-dependence is a consequence of renormalization group invariance.

The tree and one-loop functions, M }EO),[C] and M }El)’[c]ﬁn

, are given in eq. (2.36) and
egs. (3.25)—(3.67), respectively, while by and by are given in eq. (2.6). The following com-

binations of color constants also appear in egs. (4.3) and (4.4),

5 1
Qo = ECA —Cr+ gTRNf , (4.5)
1 1
QY = ——CA + —C'F, (4.6)
2 617 1\, 1
Ry = CA (192 864)CACF (24 _)CF ~ 16 T RN (47)
(5 e, 2
R, = (—% 48>CA + (27CA - —CF)TRNf, (4.8)

where the combination 4R, appears as well in the g dependence of the gg — gg amplitude,
eq. (5.10) of ref. [9]. The quantities M}(Ll)’[c}e’h are the dp-dependent parts of the O(e!)
coefficients of the one-loop amplitude remainders, after subtracting the poles according to
eq. (2.10). The explicit values of M,(Ll)’[c] “R are tabulated in appendix B. Finally, the
quantities Vh(l)’[c} are only non-vanishing in the case of the simpler helicity configurations,
h =1 and h = 3. They seem to be related to the dr dependence of one-loop splitting
amplitudes [59]. Their explicit values are given by

T x
) _ z, y2 z, yBl _ g, (4.9)
(1,1 1 (1),[2] 1 (1),[3]
V. V. V. . 4.1
3 61’ 3 61 3 0 ( 0)

The coefficient functions A, B,C, D, E, F,G,H,I,J, K, L depend only on the Mandelstam
variables. In appendix A, we give the explicit forms for the independent finite remainder
functions appearing in egs. (4.3) and (4.4).

We have compared our results for the independent two-loop finite remainder functions
M }52)’[C]ﬁn with corresponding results obtained contemporaneously in ref. [42]. The results
agree completely, once a correction is made for a slightly different definition of H (2)(6) in

eq. (2.18). (We always dress the 1/e pole with (u2/(—s))%¢; ref. [42] sometimes dresses it
with (u?/(=1))* or (u?/(—u))*.)
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4.2 Comparison with CDR results

Finally we discuss conversion from the HV scheme results reported in section 4 to the
CDR scheme used in ref. [5]. In the CDR scheme, one usually computes the interference
of amplitudes, summed over all external colors and (2 — 2¢) polarizations. The generic
one-loop/tree interference encountered at NLO is

2Re[(:” =2Re Y [<M£}) yMg0>>] - (4.11)
color,hel.

)

Inserting the infrared decomposition (2.10) for MY into eq. (4.11) gives

B =2Re 3o [(MOIOIMP)] 4+ RO, (4.12)
color;hel. s
where
LO™=2Re 3o [(MPMP)] (4.13)
color,hel.

It is well-established from explicit calculations and general arguments [46, 50, 51] that
the finite remainder (4.13) has the same value in the HV and CDR schemes, in the limit
e — 0. Essentially, the treatment of unobserved partons is the same in both schemes,
so the infrared divergences should take the same form, when expressed in terms of the
lower-order-in-a; amplitudes.

It is natural to expect the same pattern to hold at two loops. (Indeed it does for the
g9 — gg amplitude [6, 9].) The two-loop/tree interference is

2Re A" = 2Re 3 [<M’(12)‘M£LO)>]RS (4.14)
color,hel.
=2Re Y [MOEOMD) + (MOIONMD)|  + IEO™, (4.15)
color,hel.
where
O™ =2Re Y [(MPTMD)] (4.16)

color,hel.

Note that I and I® are the same operators in the HV scheme as in the CDR scheme.
We have interfered the color-decomposed finite remainders of the two-loop qg — gg
and qg — gq helicity amplitudes in the HV scheme, as given in section 4.1, with the tree
amplitudes given in eq. (2.36), summing over all external helicities and colors with the help
of eq. (2.38). This sum gives precisely the same result as the corresponding quantity (4.16)
in the CDR scheme, as evaluated in ref. [5], after accounting for the slightly different
definition of H? that we used in eq. (2.18). This result provides additional evidence
that eq. (4.16) should be the same in the HV or CDR schemes for general two-loop QCD
scattering amplitudes. A similar conclusion has been reached independently [42].
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5. Amplitudes in pure N = 1 super-Yang-Mills theory

QCD amplitudes may be converted easily to amplitudes in N = 1 pure super-Yang-Mills
theory by modifying the fermions to be in the adjoint representation and by altering their
multiplicity to be a single Majorana fermion. This theory is then supersymmetric with the
fermion the gluino superpartner of the gluon. Besides the inherent interest in supersym-
metric theories, a practical consequence is that supersymmetry imposes a set of powerful
identities that provide non-trivial checks on the amplitudes, including their finite parts.
The supersymmetry identities have been applied previously to the same one-loop ampli-
tudes discussed here [50], but only through O(e°), as needed in an NLO calculation. Here
we extend the one-loop discussion to include all orders in the dimensional regularization
parameter €, which are relevant at two loops via Catani’s formula (2.11). Then we verify
the identities at two loops.

5.1 Supersymmetry Ward Identities

One set of identities implies that “maximal helicity violating” amplitudes vanish for any
supersymmetric theory and any number of loops,

MBUSY (g g7 gf .. gt) =0, (5.1)
MPUSY(GE Gy 95, gt) =0, (5.2)

where g and g denote a gluon and gluino, and the superscripts denote helicities. In this
paper we use the convention that legs 1 and 2 are incoming and the remaining ones are
outgoing. Other identities relate the non-vanishing supersymmetric helicity amplitudes for
external gluons alone, to amplitudes where some of the gluons are replaced by gluinos. In
particular, the two-gluino two-gluon amplitude can be expressed in terms of the four-gluon
amplitude:
MUY (G 7 g5 ) = 22 MOV (g g5 g5 g1 ). (5-3)
(13)

This identity is somewhat more stringent than the ones in egs. (5.1) and (5.2) because it
relates distinct amplitudes containing the most intricate infrared divergences, up to order
1/¢* poles at two loops. These relations are crossing symmetric, when a crossing symmetric
definition [60] of the spinor products is used.

For the four-point case, the pure-gluon identities (5.1) have already been checked at
one loop to all orders in €, and at two loops through O(e”) in the FDH regularization
scheme [34, 9].

5.2 Color and infrared structure

Since the gluinos are in the adjoint representation we use the same color basis as used for
the four-gluon helicity amplitudes [9]

9
M;LL) = Sh X Z TI'[C] X M}(LL)JC} s (54)

c=1
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where

Tl = tr(Tor o2 |
Trld = tr(Tar o279 Tes)
Bl = tr(rapasezpas)
Tl = tp(ror T T2 )
Tebl = tr(rapasTraaz)
Telf = tr(Tar ooz

Tel™ = tr(T792) tr (T 7))

Tels) = tr(T07%) tr (T2 7))

Tl = tr(T 7% tr (T2 7). (5.5)

A reflection identity implies that the ¢ = 4,5,6 coefficients are equal to the ¢ = 3,2,1
coefficients (respectively), so there are really only six different coefficients for each h, namely
P e =1,2,3,7,8,9.

Using C, P, and T, for the case of two external gluons and two external gluinos, there
are five independent processes to consider, including processes related by crossing:

h=1: gp1,+)+3g(p2—) — 9(ps, +) + g(ps, +) , (5.6)
h=2: g(p1,+)+ 32, —) — 9(p3, =) + 9(pa, +)., (5.7)
h=3: g(p1,+) +9p2,—) — 9(ps, +) + §(pa, +), (5.8)
h=4: gp,+)+9(p2—) — g9(ps,—) + 3(ps, +) (5.9)
h=5: g(pi,+)+gp2,+) — gps3,+) + g(ps, +) (5.10)

The latter three processes are obtained from the first two by crossing. However, just as for
the quark case we keep them distinct, because the crossing properties at two loops are in
principle nontrivial.

The infrared divergence structure is similar to that of gluon-gluon scattering ampli-

tudes [9]. For the case of N = 1 pure super-Yang-Mills theory, in the basis (5.5) the matrix
IW is [6, 9]

» ey
V) = _m_e)(l + vaoe) < (5.11)
NES+T) 0 0 0 0 0 (T-u) 0 (S—v)
0  N(ES+U) 0 0 0 0 (U-T)(S-T) 0
0 0  N(T+U) 0 0 0 0 (T—S) (U—s)
0 0 0 N(T+U) 0 0 0 (T—S)(U-59)
< 0 0 0 0 NE4U 0 (U=T) (S-T) 0
0 0 0 0 0 NES+T)(T-U) 0 (S-U)
(S—U) (S—T) 0 0 (S—T) (S—U) 2NS 0 0
0 U-T) (U-8) @U-8) (@U-T 0 0  2NU 0
(T - V) 0 (T—S) (T—S5) 0 (T-U) 0 ONT
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where S, T and U are defined in eq. (2.33). For N = 1 super-Yang-Mills theory the first two
coefficients of the S-function are

~ 3 - 3

bp = =Cla, by = 503. (5.12)

The I operator for super-Yang-Mills theory is

Eute s ) = 51" (e ) (f“)<e=u; wh+ 2—60) !

+eo(P(1 —2¢) (b
erv e><_o+

~(1
K%}%) 7V e, s {p}) +

I'(1—e)
(2) .
+ Hypu(e, u; {p}) (5.13)
where
SYM T 4
Kypn = |3 — — — g€ ) Ca, (5.14)
6 9
—ew(l) g2\ 2
7(2) . _ € - (2)\sym r(2)
Aiputens 0) = 15— (%) (@i + &%) 69
and
(2)\sym (2)\sym G 7 2 2
(Hg™)kpu = (Hg Jepn = | 5 + 165 — 5 )Ca- (5.16)

The equality of (Hé(,z))%‘g\f{ and (H 52))%‘8\% is a consequence of supersymmetry. Equa-
tions (5.14)—(5.16) are obtained from the QCD formulas, egs. (2.17)—(2.20), by the re-
placements ég — 0, Cp — C4 and TrNp — Cy4/2 for converting to a single adjoint
fermion in the FDH scheme. The operator H @ defined in eq. (2.21) does not explicitly

depend on the fermion representation.

The tree amplitudes in this color basis are given by M }(LO)’[C], where
Ml(o),[c] _ J\Z/?EO)’[C} -0, c=1,2,...,9,
M}(LO),[C] =0, c=1,8,9 h=1,23,4,5,
M}(Lo)v[c] — 1’ C = 176, h:2,4,5,
MO — t c=24, h=245,
U
MO _ 2 7 c=3,4, h=24,5. (5.17)

5.3 One-loop amplitudes in pure N = 1 super-Yang-Mills theory

We now present the results for one-loop two-gluino two-gluon scattering in a format valid
to all orders in €. By comparing these results to the corresponding N = 1 pure Yang-Mills
four-gluon amplitudes [9], we then verify that the identities (5.2) and (5.3) do indeed hold
at one loop to all orders in € when the FDH scheme is used.

To check the supersymmetry Ward identities at one loop, we use a crossing symmetric
representation of the amplitudes directly in terms of one-loop scalar integral functions.
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Thus it is sufficient to explicitly present only the A = 1,2 helicity cases. Using formulae

from ref. [31] for obtaining the N = 1 supersymmetric amplitudes from the primitive

amplitudes, the coefficients of the first color structure Trl!l in eq. (5.5) for h = 1,2 are

given by

~(1),[1 = g
NEO (5 1 ) = N(AL(1;,25,3;,4;) + AR 20 3k 4) +

L[1/2](1+ 9= a+ 4+
+A [/}(1q,26,3g,4g)),

~(1),[1 - 3" G>9g
VO (54 ) = N<AL(1;,2[7,39,4;)+AR(1;,25,3Q,43)+

+ ALv[l/z}(1;,2g,3;,4;)) - %Mgo“ﬂ .

For the second color structure in eq. (5.5), we have

My (s, ) = —Né(AL(ﬁ 27.47.,35) + AR(1T 27,47.37) +

q’79’7°9’~g q77977°9°>~g

q’79’7°9’~g

+ AL/ F oz 4t 3+)),

- t
MR (s tu) = N E(AL(L;F, 2-,4%,37) + AR(IF 27 48 3.) +

+ AL (1 9 gt 3—)) bo 082

R EACEY
The third color configuration Trl3) has coefficients given by,

Ml(l)’[?)](s,t,u) =0,
bo

M B (s tu) = 2N 2 AR(1F 37 27 4 — 208
u €

q’>7977q4°"g

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

In the above, by is the first S-function coefficient for N = 1 super-Yang-Mills theory, The

remaining color coefficients are given in terms of these [61, 35],

MO (st u) = MO s 8 )

M}El)’m(s,t,U) _ ~}(Ll)7[2}(s,t7u) 7

M}(Ll)7[6](87t,u) — N}(Ll)v[l}(s’t’u)’

- 2/~ ~ Y

W st w) = < (0P st 0) + 0P s ) + D s ) )
M}El),[S](S’t’u) _ M,(Ll)’[g}(s,t,u) - M}(ﬁ),[ﬂ(&t,u),

for all helicity configurations h.

(5.24)

Inserting the explicit values of the primitive amplitudes and taking the FDH scheme
(g = 0), yields for the three independent color factors of the h = 1 helicity configuration

in eq. (5.6),

Ml(l)’[l](s,t,u) =0,
Ml(l)’[z](s,t,u) =0,
Ml(l)’[?)](s,t,u) =0.

— 24 —

(5.25)
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For the h = 2 helicity configuration (5.7),

~ (1,[1] o] s 2utelds+t) t 2ute(dt+s) .
My (s, t,u) = N[ 5 1—9c Tri'™ (s) — R v Tri'™ () +
2i [23 +ts + 2t — e(4s® + Bts + 4t2)} Box(©) (s, t)} -
_ b?o MO, (5.28)
(1).[2] 2= € Stp@ i) @
M. (s,t,u) N[ 1—2e2uT1 (s) — ¢t Tri'™ (u) +
B2+ e(dut ) o (g bo 17(0).12]
5 Box'™ (s, u) ; M, , (5.29)
(1).03] _ 27 st @) emi®
M. (s, t,u) [ o om Tri'™ (¢) — sTri'V (u) +
s(2s + e(du +t)) Box®) (¢ u)} _ b_oM(o) 3] (5.30)
2u ’ '

For helicity h = 1, the amplitudes clearly satisfy the supersymmetry Ward iden-
tity (5.2) exactly. To check identity (5.3), we compared the amplitudes in egs. (5.28),
(5.29) and (5.30) to the corresponding four-gluon amplitudes. The latter amplitudes may
be obtained from section 3.1 of ref. [9], by letting Ny — N and by — bo in eq. (3.1) of that
paper. (Note that the “N = 17 there refers to a chiral multiplet consisting a scalar and
a fermion, while here we are considering a pure super-Yang-Mills multiplet consisting of a
gluon and a gluino.) The result of this comparison is that the supersymmetry identity (5.3)
holds to all orders in € when the FDH scheme is used.

We note that the symmetry relation evident between egs. (5.29) and (5.30),

NP P s, 1) = NP s, ), (5.31)

which involves a swap of a gluon and gluino leg, is a consequence of the Bose symmetry

of the corresponding four-gluon amplitude, because the gluon legs being exchanged in the

latter amplitude have the same helicity (when both are considered as outgoing states).
After performing the subtraction of infrared divergences using egs. (2.10) and (5.11),

we obtain
c{nan 7 . 1 C C
M g (n(s /) — im) + S N] M 4 N (5.32)
c=1,2,3,
M}(ll),SYM,[c]ﬁn _ g}SLYM,[C] ’ c= 7’ 8, 97 (5‘33)

where the one-loop supersymmetric remainder functions are given in terms of the QCD
ones,

afLYM’M — af] b[c] +d[c] c=1,2,3, (5.34)
g}leM’M _ 2< in J1] n in (2] + iYM [3]) ’ c=1,8,9. (5.35)

The NM f(LO)’[C]/ 2 term in eq. (5.32) is a consequence of the finite shift between the FDH
scheme used in super-Yang-Mills theory and the HV scheme used in QCD.
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5.4 Two-loop amplitudes in pure N = 1 super-Yang-Mills theory

An immediate consequence of the one-loop supersymmetry identities holding to all orders
in € is that all infrared divergent terms at two loops also satisfy the same identities. Since
neither IV in eq. (5.11) nor I? in eq. (5.13) depend on whether the external lines are
gluons or gluinos, the Catani formula (2.11) dictates that divergent terms at two loops
must satisfy the same supersymmetry Ward identities as the tree and one-loop amplitudes
do.

This then leaves the question of whether the two-loop finite terms satisfy supersym-
metry Ward identities. For the case of four-gluon scattering, the finite remainder terms,
after subtracting the Catani terms (including their finite parts), have been presented pre-
viously [9]. We have carried out the analogous subtraction using egs. (2.11), (5.11) and
(5.13). The result of this is,

M}(L2)7SYM7[c}ﬁn = — [(50)2 (ln(s//ﬂ) — Z‘W)2 + 51 (ln(s/uz) _ m)] M}(LO),[C} B
— 2b (ln(s//ﬂ) — im) M}(Ll)7SYM7[C}ﬁn 4+ N? AiYM,[C} 1 B}SLYM,[C]’
c=1,2,3, (5.36)

= —2b (In(s/p?) — i) M}(ll%SYM,[c]ﬁn n NG?(M,[C}’
c=1,8,9. (5.37)

M}(L2),SYM,[C}ﬁn

where we have verified that the finite remainder functions match those of the pure gluon

case, i.€.
XfYM,[c} _ ngYMv[C} =0, (5.38)
xSl _ xsvld _ _ Z_g XSl (5.39)
X;YM,[C} _ _EXEXE\i[i], (5.40)

where X € {A, B,G}. The functions X iﬁ“_[f_] and X?_l\ﬁ_[f for gg — gg scattering in pure
N = 1 super-Yang-Mills theory are given in ref. [9]. (Note that in that reference an all
outgoing definition of helicity is used.) The relations (5.38)—(5.40) are precisely equivalent
to the content of the supersymmetry Ward identities [33], after removing overall factors
and the divergent terms, and extracting the N and p dependence. Thus they provide a
direct, nontrivial check on the finite remainders.

Because the adjoint color indices of the gluino fields are identical to those of gluons,
and only structure constants f%¢ appear in the two-loop Feynman diagrams, the color coef-
ficients for two-gluino two-gluon scattering obey the same group theory relations identified
for gg — gg in ref. [9],

GiYM,[ﬂ _ 2<A2YM,[1} + AiYM,p] + AiYM,B]) _ B}SLYM,B]’ (5.41)
GzYM,[?B} _ 2(A2YM,[1} 1 AiYM,[Z] 1 AiYM,[?)]) _ B}SLYM,[l]7 (5.42)
Gi\n\m[g} _ 2(AZYM,[1} 1 AZYM,[Z] 1 AZYM,[?)]) _ B}SLYM,[Z]7 (5.43)
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and

B SYM,[3]

. SYM,[1] SYM,[2]
SOMEL— il g (5.44)

6. Conclusions

In this paper we have presented the two-loop amplitudes for quark-gluon scattering in
QCD and gluino-gluon scattering in N = 1 super-Yang-Mills theory, including the full
dependence on external colors and helicities. We confirmed that, as in the case of gluon-

@ in eq. (2.21) having nontrivial

gluon scattering, there is an additional 1/e pole term, H
color dependence. This additional term vanishes after interfering it with the tree amplitude
and summing over colors. We investigated the dependence of the amplitudes on the variety
of dimensional regularization employed. The FDH scheme respects the supersymmetry
Ward identities, in what represents the most detailed test to date of these identities, and
of the FDH scheme. The scheme dependence of the quark-gluon amplitudes is much more
intricate than was the case for the four-gluon helicity amplitudes [9].

The two-loop QCD results, when interfered with the tree amplitude, summed over all
external colors and helicities, and converted to the CDR scheme, are in complete agreement
with the previous results of Anastasiou, Glover, Oleari, and Tejeda-Yeomans [5]. We also
expressed the one-loop-squared contribution to the NNLO ¢g — gg and qg — gq cross
sections in terms of one-loop finite remainders. These also agree with suitably subtracted
expressions in the CDR scheme [52].

So far the new two-loop amplitudes have been implemented in only a handful of phe-
nomenological studies [8, 62]. We may anticipate that once general algorithms for dealing
with infrared divergent phase space integrations at next-to-next-leading-order are devel-
oped (see e.g. ref. [63]), many more phenomenological applications will follow. These
applications would include the implementation of the two-loop amplitudes of this paper,
or those of ref. [5], as ingredients in a numerical program for computing dijet production
cross sections at hadron colliders at NNLO in QCD. When this task is accomplished, the
intrinsic precision on the QCD predictions should reach the few percent level, providing a
stringent test of the Standard Model at short distances.
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A. Finite remainder functions for QCD

In this appendix, we present the explicit forms for the independent finite remainder func-
tions for the processes ¢§ — gg and qg — gq in QCD, which appear in eqs. (4.3) and (4.4).
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For the helicity h = 1 configuration in eq. (2.22) and color factor Trl in eq. (2.30),
the finite remainder functions are:

1

1
Al = _@(30953 + 512’y + 22zy* — 3y*) X2 —
1 25 475
— (18022 + 2 DX+ gy sy
1441/(8096 + 239zy + 99y~) +864x+288y
1
— i | = (30a° + 5127y + 22xy” — 3y*) X +
24y
1
(18022 + 2 2 Al
+144y(80a: + 2392y + 99y )], (A.1)
Bl 2= o Sy S (- 6y) (X - ¥)2 42 -
1 1642 16z 16
1 3 115 139
— (4a? DX Sz —y)Y + o+
Sy(az + bxy + Ty°) 8(3: Y) +72x+ 72y+
(wd-y) Ty 1
2 Yy Yy — — A2
—|—z7r< 852 + Rz 2 ) (A.2)
2 2
M) _ Y 207 9 T Yy $(1—69)<X_Y2 2)
1 1632 LT T ( Frm)
1 3 17
—(42” + 132y — 3y*)X — S(z —y)Y — —
+ 16y( x + 13zy — 3y~) 8(m Y) 5 +
2 2
[yt —2x T —y 3—=x
X Y A3
—|—z7r< 8y2 * 8x + 16y >’ (A-3)
0 @ oy 1 oo 143 37
i 24y2(5 xy + °) +72y(9+5xy—|— x) +108$ 72y+
. x 2 1 2
+zw<@(5 —xy+az°)X + @(9+5xy+27x )) , (A4)
n_x@r—-1) o, 1-2y o z(x—y) V2 2
B = BTN S Y ((X Y) +7r>+
1, 9 3 7 19
il _ X -2V 4+ L 22
+ 8y(y + Txy — 627) 4(95 y)Y + 6% 72y+
. z(1 —2z) 1—2y 6x — Ty
— X Y A.
4o 1y + i + 8y ) (A.5)
1] T ) i
- 2 x 2 = A6
1Tt Tt T3 (8.9)
Gl =o. (A7)

Bose symmetry under exchanges of legs 3 and 4 (¢t < u) implies that for h = 1 the finite
remainders of the second color configuration in eq. (2.30) can be expressed in terms of the
first ones, i.e.

ZF}(S, t,u) = —2 Z}l](s, u,t), (A.8)

where Z € {A,B,C,D,E, F,G}.
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For h =1 in eq. (2.23) and color factor TrP®l in eq. (2.30):

q = @(—6 — 957 + Ta? — 42%) X2
1
a 48zy
z—y
8y

x
18y

18
(1—zy) ((X ~Y)2 + 7T2> +

1
+ i [@(—6 — 25z 4+ Tz? — 423X —

(=6 — 25y + Ty* — 4°)Y + ——

B 24xy

1— 1— -
I = =g Y g, X - Ty L 2 (XY e

16y 16y

1 €T
—(14+122)Y — —(1 4+ 129)X
+12( + 12z2) 12y( + 129) X +

1- 1— -
vin(—Ix "%y TV
8y 8y 12y
718 _ x(2x2—|—x+5)X2_ 22 +y+5
L 2442 24x

(39y — 552)Y — ix(az - y)<(X YY)+ 712) +

1
72

(114 322)X —

1
(=6 — 25y + Ty* — 4°)Y? + — (11 + 32y)Y —

vz — X —
+72y(39x 55y)

13z —y)

292 5
y +y+5,

. € 2
(2 X —
—|—z7r< (22° 4z + 5) 92 21y

122
K{g} _ x(l—Z:E)Xz_ 1—2yY2_ 1
8y2 8z 8
1 T
— (172 — 19y)Y — — (17y — 192) X
+ 24( 7 — 19y) 24y( Ty —192)X +

. (z(l—2x) 1—-2y 19(z — )
X - Y —
* m< 42 4z 24y ’

1
L = (X —Y).

For h =2 in eq. (2.23) and color factor Trl! in eq. (2.30):

1

/| — [(x?’Lis(—fE) — (2% +29°)) X — %(3$3 +3°)Lia(~z) —

1 . 1
— Z(az —y)(1— xy)Xleg(—a:) — E(?x?’ — 3y3)X4 +
LT (223 — y3) X2 + 7T—4(24:1:3 + 95| —

3 ey 1440 4

e [(—243;2y — 7Ty + 212y? + 862°) X3 +
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+ (576y + 401y> + 684y + 172)7T2X] +

1
+ &z (35y% + 622 — 3xy) (2Liy(—2) X + X2Y — 2Liz(—x)) +
y

1
+ (12zy + 241y° — 24:52)(3} — @(453;2 — 49y + 862%) 1% —

1
~ 3887 (992y — 505y + 2792y” + 4752%) X? —
A75x 36077
285022 + 6092y — 2273y*) X — —— — ———
S6ay2 (28000 + 609y ) 288y 3456
[ a3 T3
+am 2 3(L13( ) Cg) — —X +
+—1 (y — z)(1 — zy) X (3Li (—:E)—7T2)+1X3+
12y3 Yy Y 2 3
1. 72
+ VX =G - —48 - (5% + 202 + 11) +

1
+ 48—3( 2422y — T7y% + 21ay? + 8623) X2 +

1 2 2 .
- — 32y)(Lig(—2) + XY) —
+ 51y? (35y° + 62° — 3xy)(Lig(—x) + )

1
~ T (47523 + 9922y + 279xy* — 5055°) X +

1 2
32 5155 2273 A.14
+ 864y2( x° + T+ ) ( )

1 (z—y

o3| (4= 57— 52%)Lis(—x) + (52° + 2 — 4o + 1) X Lig(—x) —

1
B£]=2y

2
— (1lzy + 2% 4+ 209 GX + %(17:1:1/2 + 1822y — ® 4 203\ Lig(—x) +

8(9y+11y + 2% 4+ 6) X1 + (39; + 11zy® 4 49°) X2 —
4

- @(112:17 + 112822y + 9162y + 45y )]

1 ) T 1 9 o -
+ 7 [5(1 + 13x)Liy <—§> + 5(123: + 152y + Ty*)Lis(—y) —

@) +

(3lzy + 9y? + 2422) X?Y? —

(- 5a) (XL13<—y> v

+ §(3x2 + 2% + 3zy) X 2Liy(—x) —

x) —
1
3
— 2y°Y Lig(—y) — (2 — 2) XY Lig(—x) —

1
48( 3y? +122° + 1lay)Y* +

1
+ zyLis(—2)Y? + E(6x2 + 1zy + 102 Y X3 —

1 1
- 6(2 —y)(Bz — y) XY — 6(2:52 — 2z — 1)7?Y? +
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| =

1
+ =(152% + 13zy + 3% QYX} + 2—7r2X2 -
Yy

1
+ e (4xy + 32° + 99?) <Li3(—x) — XLig(—:p)) +

1
+ —(7203:y2 — 1133 + 39622y + 10823)(3 —

- 1—8(12Oy + 60y> + 43 + T8y) X3 —

2
— E(91x2 + 1402y + 160y% — 132)X] +

+?< 12(1—3;) Y+ (203: — 23z — 13)X Y>+

5
ys _
6

1
+ §<3Li3(—y) +3Lia(~0)Y — 5

1
— (102 + 3)XY2> —

1

— T (41623 + 272* + 74222 + 190 4 902x) X2 +
Y

2

1
+— (191 +272)Y? — 255,7

_ 3

o 463 + 366z — 3522 — 542°) +

3(y—1)
8

(5423 + 1722y + 100> + 362y°) XY — Y —

139z 14135
291 X—— 4+ —
(29 y? + 30522 + 383zy) 2y + 5502

1
722

72 722
[1 PN a? .
+am 7 —y(Txy + 3y° + 62°)Liz(—y) — —(6y + z)Lizg(—x) —

E(2y + 8zy + %)X —

1
—ﬂ(5xy + 43 + 423 + 3z y)X3>

1
=51 =3y = 3y")Gs —

_ yi< (34 5y)(x — y) XLis(—2) +
+ (3zy + 32 4 2y*)Lig(—2)Y +

1
+ 5(6:52 +5y% 4 8xy) XY? — — (4a? + Tz + 9)Y>

2
12(
1 2 2 1 3 2
+@ By —4)Y X +2XY —g(:n—y)Y +27°X | +
1
+4 3< Lig(—x)(32% — 3y* + 4xy) —
1
—6(34+42y+33y2+40y3)X2+
1
24(83x+47:17 + 23 + 49)7 >

1 1 1
2 192y) XY + — (112 — 9y) Y2+ — 7% —
+ 12,2 —— 9y? + 3022 + 19zy) + 12y (11z — 9y) 967T
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1

~ 73 ——(—504y — 199y> — 144y — 359)X +

5
——(—91y 4 542)Y — —— (48y% + 40y + 61)] ,

722 7242

clll = é [(2:52 — 8z +2) <Li4(—y) — Liy <—§>> n

+ (222 — 8z — 5)Liy(—x) — —(23: — 8z — 3)m2 X2 +
72
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1 1
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6 3 12
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+180( z® +122% + 1172 + 24)7 }
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+32—3( 1623 — 62 + 5 — 182 — 2222) X2 —
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16y 3242
3 187 17z
2 y—1)Y =2
WY g 3,
1 1
+m[8y <8L13( )—2XLi2(—x)—X3—8§3)+8—2( ~2)XY —
— L@ b de + 9)XP 4 (0?4 a4 5)Lia(—a) — a4
1693 Sy3 2 8y3
1 1
(42?24 B)X — ——(5y —6)Y — — (1
+ 16y3( x x +5) 57 (5y — 6) 32y2( T+ 63) |,
= X - 2w — )1 — ) XP 4+ ALig(—a) +
=73 2 7243 Yy Yy 3 3
2
11 2 X—— _lxey
72 =55 ( + 33z 4 3322 + 252%) (3 5 +
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1
72 —— (18wy” + 272y + 372° — 43y°) X +
T2 1 37z 1307
2022 4 2 11 1 2822) X + == 4 ——
216y2( 0z° + 25z + 11) + 367 w510+ + 8z?) +72y+ %64
1

+

(y —z)(z? +z+1)X2% - 1Lig(—:zt) -

+ 7
24y 2443 3

1 1
+ 36—3(71x + 13822 + 147z + 43)X + @(2&@ +x+ 10)] (A.17)

Bl = "’(x—;l) [2 <Li4(—y) ~ Lig <—§> — Lig(—2) + (Lig(—z) — (3)Y> -

Y
1 1 1 1 7
— ZLio(— 2 _Y3X _ —Y4 - 2y2 4
3 io(—x)m +3 15 7 +—1807T +

™ ;3 [; J(Lig(—z) - G3) — éLiz(—l’)x?’X -

1 2
- E(6x3 + 322 —7—32)X3 — 73T—6(4 — 6z — 32 + 10x3)X] +

1

T 212 [_8(12”52 +12y2 — y?)(Lis(~y) — G + YLiz(~2)) +

+ (Bzy + 4y — 322)Y X% — 2(26xy — i + 24:1:2)XY2} -

_ %(1 + 4y 7Y + 1_12)/3 —Cg n 721 —(—332%y + 2% — day? — 8P X2 +
+ @(6952 — 8xy + 552 )Y X + 14411 5 (84 + 6y — 43y2)m? +

+ %(—wxy — 27y* + 362°)Y? — 367 (14zy — 33y + 1123 X —
—$(5$+9y)Y+%_ %Jr

1
+am —3—3Li2(—az)(12azy2 —y® 4+ 2+ 122%y) +
Y

%ﬂ(m(— )= o)+ gL+ 200) X% +

— — (3 — 2y) XY —
+ 18y37T z’ + 12@/2( x — 2y)

1 1
— —(z—y)Y? - 622 + 22y — 27y°)Y —
1 1

~ 36,8 ——— (2 + 14y — 102y + 12y) X + @(12:1:2 + 2z —21) |, (A.18)
g _ Lty 5 ™ (1o 5 (A.19)

2 7 94 547 27 M\127 T 54) ‘

— 1 s

Gl = - 2 x24 2 Ixy —y2y Tx ), A.20
2 T Ty Ty XY TR g, ) (4.20)
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For h =2 in eq. (2.23) and color factor Tr? in eq. (2.30):

AP = ig [éﬂ(‘lﬂ? -1 <L13(—x)Y — Liy(—z) — Liy <_f>> _

Y Y

1 1
-5 4o — 5% 4 142 + 3)XY3 + %(109;3 + 112% + 282 + 7)Y* +
™ s : Lo 3 2 :
+€(x —2x+2):17L12(—x)—|—1(2x + 23z + 4z + 3)Liy(—y) —
2 1, 4 9
me + 7522 + 48z + 15)Y? — 5@ + 92 — 3z —1)3Y —
4
T T—Y 0. 1 )
— —— (92 — 182 11 24)| — =——2Y?Liy(—z) + =Y Lig(—
2880(% 827% + 113z + )] » o x)+2 is(—y) +

11 1
+ g | (11e* + 502 +9) <L13(—y) + Lig(—2)Y + 5XY2> -

- 4—8(20533 + 517z + 72)@,} -

13(x

Wys, 7

1
44 208)Y + ——(1160z% — 713z — 360)Y2
144y( 5z + 208) +288:1: (116022 x —360)Y~ +

L 204135, 2(30377x + 30503)
3z + 2 Y
(32 +2)° sy T 345672

5%
_2
[ <4x—1 xLig(—x) — 1(:173—1—9:E2 —3117—1)<3> -

2

2

T—y . T 10z + 7
Y (| Lis(— —

4y (12( $)+6>

1 2, 1 13(z — y)
XY e — (112 + 50z + 9)Lis(~x) — R

29z , 1 133 1
- 11 1 Y+ =2 —
*Tay™ " Ty (—116022 + 713z 4 360) + 5ay 27]

1
Y3 4+ —Lig(—
21y +2 is(—y) +

Y2 4+

1 . :
By = 23 [<4x3 +122% = 3)Liy(—x) + (52° + 42® — & + T)Lia(—y) +

—~

+ (142% 4 22 + 1)Li4<—§> 522 + 10z — 2)Y Liz(—x) —

—2(22% + x — D) XLig(—x) + — (2 — 2+ 1)X* +

no
ol &

+ %(%3 — 622 — 122 + 1)Lis(—2) +
1 1
- ﬂ(:53 +202% + 31z + 5)Y? — 6(109;3 + 3922 + 422 + 6) X Y3 —

2 2
- 7{—2(55” 1022 + 11z +13)Y2 — %(4:1:3 +42% — 3z + 1) X2 —

— (52% + 10z — 1)3X + (52% 4+ 10z — 2)3Y —
4

- @(2251@ — 13022 — 7192 + 112) | +
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1

1
—2(z — 2) XY Liy(—z) — 6(4;1:2 + 7z 4+ 9)X3Y +

2
+ (2 = Tz +4) XY — %(6952 — 5z + 4)XY} -

N —

1
o (-(533 + )Y Lig(—y) — g;EY?LQ(—;L«) + (Y2 X2)> +

+ 4—;3 {(21@«2 + 262 + 12)(XLiz(—2) — Liz(—2)) +

2

+ 5%(79;2 + 102 + 4)X — %(10:52 + 52+ 1)X3 +
1
6(20x + 1522 —4)X?Y —
1

%(443x + 7062% + 299z — 216)(3]

+ % [(103: + 3)(Lis(—y) + YLis(—2x)) —

2

1 2
- 5102 42+ 12)XY? - %(19:1: + 10)Y] -

152 +28 4 2
- ="y 2723 — 9222 — 1842 — 164) X% —
18y 1443(7x 9222 — 184z — 164)

1
R [4(279;3 —1192% — 1382 — 100) XY — m?z(54a? + 217z + 343)
3x(y — 1)
— 2723 — 29022 — 1 )} L G
144xy( Tx 90x 99z + 72) 87
Tlx — 24 T
— - 191 1881
o4y 2592y2( 9139z + 18815) +

1
+ |:—2—y3 ((43}3 + 722 + 2z — Z)ng(—ﬂj‘) + Cg) +
1
+ 372 [(5x2 — 22 + 5)Liz(—y) + (52% 4 3z + 4)YLig(—2) —

1
(2z —1)(z — 1)X3 + —(79;2 + 7 +12)XY? +
2

=] @I»—\

2
8z +5)X — F(5x + Tx + 8)Y}

> |

i(a: +3)Y3 — %(y — 2)X2Y> +

1

1 1
s [(wQ + 6)Lis(—z) — g(209;3 + 3922 + 48z + 20) X2 +

CO|)—‘

+ = (4023 + 9722 + 922 + 38) XY —
2

3

(2% + 862% 4 153z + 96)}

i |
i~
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1 . . €T
C2[2] =37 [(2x2 +4z +1) <L14(—x) + Liy (—;)

— (72 4 142 4 5)Lig(—y) + z(y — 1)YLiz(—z) +
2

Di —

:]l\?l)—t

5(4x +7) v T

1
——m? — —— (732 + T4z + 100) X —

12y " 96y 7243

S8xy?

12

v
— —(11 1 —1
360( 23 +192% + 5z 0)}

2y

1
(1623 + 392 + 3z — 8)Y + T

)

x(3y+1) (. , 1, 2
5x + 4
~ 8 (322 + 4z + 3)(3 + 96—2(18:1: + 252 — 5)m>
2y — .
+ 0 (2L13( y) + 2Lig(—2)Y + XY?) —
3z(y — 1)
3 2 2
3x(y — 1)
- 623 + 1202 — 150 — 8)Y? — 22 XY
32:17y( x® + 12z x — 8) e +
n 3z —4 ,  x(255z + 247)
8y 1282

+ i [213 <(y — 1)aLizg(—z) — (323 4 722 + 5z + 2)@,) -

+ % <4L13(—y) + Lig(—a)

1 7'('
+ el <—(3y +1)a XY — Faz(?ﬂ: +2) +

2

2

Y—%Y+XY2—

z(3y +1) 15z + 8 1
- X Y+ —(Tx +4
Sy3 + 16zy * 8y2( v )] ’
1 2
we—1) [L14( 2) — Lis(—y) + Lig <—f> + T Lig(—x) +
y3 Y 6
1 1 7t
—y*-2xvy3 Y2 Y (Lig(— -
to Y T2 (Lis (=) = G3) = 3¢5
1
1 2 7(517 - y) 3
+ 4(17:c +65)Cs — (z+7)XY ] + = Y

,36,

(8022 + 65z — 24)] ,

1 1
ﬂ(9:c + 182 +T)Y? — Y — — (2% + 22 — )<XY3 — ZY‘*) —

+ L <X(Li3(—y) _ Gy) + YLig(—y) + iYaLig(—x) + ix%f?) 4

1
§Y3 + 633{3) +

|+

(A.22)

(72 + 12z + 6)L12(—x)> -
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EY

_LFX2_2x+1

72 1 9
— — (292 + 14)Y — —(71:1: —Tlx —36)Y° —

2y o
- ”2:6(3552; 17) 79:9; 9Y . ZZZ
+in [—(1 ;3x)$(Li3(_x) ) - —x("g ) () + —7(24_yy)y2 _
- 2% 36:@(713; — 71z — 36)Y — % - g] ,
% [—2L14( z) + 2Lis(~y) — 2Li4<—§> 42V (Lig(—a) — &) —
_ %ZLig(—x) - 1—121/4 + %XY?’ 7; Y2 4 Igo] 4

2

1
+ g[xS(Lig(—x) — XLig(—z)) — E(10:c +32% 4 62 4+ 3)X +

1
+ —

o (2® + 36222 + 361z + 24)@,} +

+ é [(aﬂ + 14z + 1)(Lig(—y) + Liz(—=2)Y) — %x(2x — DX+

1
(222 — 5z — 4) XY + F@ T+ 1)XY2] -

OOI}—t

1 /1 3 9 T
+ %<§(6$ +13)Y° + 3z + 2)w Y> — m(m + 20x + 28)X

x(4x +9)
62

1
— —— (2 + 122 +5)XY —

X _
182

1442(29x+85)

2r+3 _ 4085x
2y 2592y

1
- T@x + 147z + 54)Y? +

+i7r[2%(m3( z) — C3) + ! (8:13 + 11z +6)XY —
—%((2:5 + 1522 + 152 + 1)Lig(—x) —

2
- %(4x3 + 327 + 32 4+ 2) X2 — %x?’) +

1
+=Y>+

2
5 36277 (1252* + 191z + 54)Y —

1 2 1 2
- @(733 + 11z —5)X — @(23: + 6z + 9)] ,
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For h =2 in eq. (2.23) and color factor Tr®l in eq. (2.30):

1 . 1 .
aY = 5 (52% + 562 + 31z + 13)Lis(—y) — 5(109;3 — 16 — 47z 4 232%)Liy(—2) +

+ (1623 4 72? + 322 + 8)Liy <—f> —
y
1223 + 222 4 282 + 7)Y Liz(—x) +

(
—
(1223 + 212% + 182 + 5) <XLi3(—y) - %X2Y2> +
(1323 + 102* — 2 + 22) X Liz(—z) —

— —(1023 + 322 — 9z — 8) X 2Liy(—x) +

+2(x — y)(22° 4 3z + 2) XY Lio(—z) —
2
- %(449;3 + 10927 + 687 + 22)Lis(—x) —

1 1
~(322% + 6322 + 962 + 32)XY3 + = (2% + 1022 + 11z + 4) X3Y +
6

(=}

1
+ —(192% + 162° + 41z + 11)Y* + 4 (10x + 1122 + 13z + 8) X2 —

[\
[CRTS

7T

3 —(172% 4 302% 4 242 + 6) XY — —(9x + 4022 — 13z — 11)Y? —
— (142 + 132% 4 1123 4 5)3X + (112 — 2% 4 252 4 6)(3Y +

4 20 — 1
+ (27643 + 14722 — 378z — 202) +%x4 _
Yy

360
- iy<(13x + 15)Y Lig(—y) + %(59; +9)Y?Liy(—2) + (22 + )7 (X? - Y2)> +

1
- o [(62x3 + 6722 + 62z + 26)(Lis(—x) — XLis(—z)) +
+ (24222 + 2382 + 27)C + §(22x2 + 14z — 1) X5 —

— (212® + 4827 + 392 + 16) X?Y —
2
— %(321x3 — 18222 — 139z — 18)X} +

1
+ 27 [(62952 + 263z + 27)(Lig(—y) + YLis(—x)) +

2
+ (412% + 1322 +4)XY? — 7T—(445x2 + 418z — 75)4 +
11

-2

—y3 172 404 X% 4 —11)XY
+ 57 Ty 3( 722% + 404z + 97) 12y2 (6x ) +

1 2

— (2 — 161z — 108)Y? ——1 -1 —4
+72 (208x2 — 1612 — 108) N 2(8:17 08x — 49) +

1
X+ — 211)Y

+542(38x—|—83) +108 (76x +211)Y +
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g

23

1 . .
+ i [2 - <(x3 + 82% — 261 — 9)Liz(—x) — (2 + 202% 4 25z + 10)Liz(—y) +

+ (323 — 32% — 9z — 5)YLiy(—z) +

1
5(6:1:3 + 2922 + 372 + 16) X Lig(—2) +
1
5(5:1:3 — 6% — 152 — 8)XY?2 —
1
E(le?’ — 322 — 3z +4)X3 — (142 — 11z — 1)G3 —
i 3 2 ™ 2
— €(3x — 152° — 33z — 17)Y + ?(590 + 10z + 6)X> +

1

1oy ((5x +3)Y3 — 15y X%Y — 6(22 + 1) (XY2 + 73X - Y)>> +
1

- T2 <—(124x3 + 39222 + 3522 + 53)Lig(—x) +

1
+ 5(64m3 — 2% - 38z — 6) X% -

— (622% 4+ 11722 + 60z + 13) XY +
2
+ %(124#’ 42922 — 110z — 77)) -

64 + 25 1

) G—] 4 X —
21 367 5 ( 9023 + 35322 + 94 + 66)
121z + 211
T (19023 + 1162 — 3352 — 108)Y — 715(”)822 } , (A.28)

(2 + 42? + 52 + 5)Lig(—y) — (32% + 9z — 1)(3X —

%(2903 + 322 + 92 — 8)Liy(—x) — 3(y — 1)xLiy (-5) -
— (222 + 42 + 1)Y (Lis(—z) — C3) — (z + 3)y°YLiz(—y) +
(322 + 62 — 1) X Liz(—y) + %y3Y2Li2(—x) +
(

23 + 422 + 82 — 2) X Lig(—x) — 2x(y — 1)Liz(—2) XY +

- - -

@IH »bl&a

| 3

1
(43:3 — 2% — 14z + 2)Liy(—2) — ﬂ(az?’ —3z+1)Y* -

1
(222 + 72 + 11) X ?Lig(—2z) + Z(5:52 + 10z — 3)X?Y? —

2

23+ 322 + 37 — )X3Y—%(y—1)(:n2—3:p+1)XY—

|=L3

2
(223 + 2% 4 20 4 15)X? + 4(m3—x — 5z —4)Y? —

chl}—w—t
—~ N

Yy
48 (

(202 — 8527 — 248z +20) | +

223 + 822 4+ 10z + )XY — “2 (22 — 1) X* —

|
[GV)]
%\“»
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1 1
+ W [—(:1:2 + 42 — 6)(Lis(—z) — XLia(—2)) + ngX?’ +

2

1
+ §(9x+5)X2Y+9(a:—y)C3 G (14x+47)X] +

11 1 2

1

=2 (223 + 62 + 9)X2 + — (62° + 1827 + 252 + 6) XY +

8y? 122
1 3 2 2 i 3 2
+ %(2x +122° 4+ 9z — 2)Y*° — @(6x + 18z° + 142 — 9) —

1
(46x + 47)Y +

x
(232 + 26)X — —
6y2( 3z + 26) 15y

1 2
+im [2_y3 <—(:173 + 222 4+ z 4 4)Liz(—y) — %(x +3)(z—y)X +

+ (23 + 222 + 4z — 3)Liz(—z) — (2 + 5z — 2)(3 +

1 1
+ E(2:1:3 + 22—z +6)X3+ §(y —1)(z—1)°XY?% -
- §(2x2 432+ 3)XLia(—7) —

— (23 + 2% — 24+ 1)YLiy(—x) +

2
i x—2 1
— Y34+ - XY

+ 5 12 +7 +

(2% — 222 — T2 — 2)Y> -
1 2 : Lo o 2
+ — | —3(22° + 4o + 5)Lis(—x) + 6(395 + 6z + 28)X~“ +

1 2
+ (2% + 202 + 1)XY — (- 1)) +

1
— Y% — (2423 + 252 + 4+ 6)X —
+24y 12y3( x° + 252° 4 4z + 6)

1
(2422 4 382 4+ 152 — 6)Y 4+ — (41z + 47)} ,

1
- 12xy2 1242

B (xg_gl)ﬂ? [Li4(—$) 4 L14<_§> — Lig(—y) — YLig(—2) +

2
1
Loy - &

1
XY+ —
5 +

2 77‘(‘4
vi+lyrigy - D
6 o T e ] *

360

1 2
+ 553 [(6:1:3 + 1522 + 152 + 5) X %Y + %(x?’ + 827 + 192 + 18)X} -
Y

+ # [—(wQ + 62 — 1)(Lig(—y) + YLiz(—2)) + %(2x —1)zX? —

- %(:17 +9)(2z — DXY? + (5z — 1)(3} +

2

+ %((y —1)(Lig(—2) — XLis(~2)) — 727—4(5:5 - 21)Y> -
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“lysy (623 + 4122 + 48z + 19) X2 +

9 2493
1 (b —4)x
— 1 —-29)XY + ——X
+ N 2(36x + 10822 + 37z — 29) + 18,2 +
3 2 o, (20 —19)
— 1 12)Y —Y —
+ 217y (6x® — bz + 13z + 12)Y* + N

2

1
(2:17 + 92 + 1)Lis(—2z) +

+im [—(”“’;—3”””@13(—@ -1

1
+ — (2(4x2 + 62 + 3)2XY — (623 4 52 + z + 3)X2) +

2443

1 3 2
+ (10207 + 14327 + 1062 +20)X +

3 2
+ 20 (102z° — 11z* — 179z — 72)Y +
2
T—Y 9 T 172 — 19
Y- ——4x—7) — ———
Ty oy T T |

- y% [2 <L14(—x) + Lig <—§> - Li4(—y)> (z — D)z +

+2(—Lig(—z) + (3)(z — 1)zY + 7%2(:1: — DzLig(—z) —

2 4

g (z —1)XY3 +

12 180

1 1
- 37 [—x?’Lig(—x) + 23 X Lig(—x) — gX2Y —

2
— (152% 4 152 + 1)3 + 75(102” + 3)X}

1
— @(:ﬂ + 142 + 1)(Liz(—y) + YLig(—x)) —
1 9 9 2
— —— 82"+ 63z +7)XY" + 1—(4y +1)Y —

2442
1
-z —1)XY — —(18 43z —9) ) —
8y<(x—|—x ) 9(3)—!—$ )>
L9 2 2 5 8x+29
- @ = 2)sX" - —(2" -6z - 3)Y" - -
4y3 (z i 1y (z x —3) o 5
r—1)x
+im [2%(—%(—%) +(3) +
1 3 2 . 1, 3 9
+$ (2z° + 15z +15ZE+1)L12(—$)_§(4$ +1)X? +
1 2 Ay +1
+—(4 11 1 NXY — 3 - F T2
4(33—1— 2 +10z 4 2) : ) o

— 41 —

L w1yt 6(x—1)xy2—7i( |+
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Y2+
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9z + 29
— (212% + 352 + 12)Y +
8y2x( x4 35z +12)Y + 17 |
1 5% 2 5

= xy- 2 x?-_y24 x4 2y
2 Ty 36y 360 54y 24y trt T

+ ;2y <(5 +42)Y + (1 —42)X — ?) (A.32)

1
—(5x? + 8z — 1)X —

5 (A.31)

For h = 3 in eq. (2.24) and color factor Trl!l in eq. (2.31):

m_ 1 3 2 2
Al = 48xy2(—3:17 —3lz" — 2z —4)X° +

(55zy — 163> + 6022) X + —= — — +

* 48y 108z 864

1 1
+ iﬂ<w(—3x3 —312% — 20 —4)X + K(55:cy — 16y* 4 60z )> (A.33)

1
B:[,)H = ~Toy 2(4:17 + 93 + 72y + 3z X? —

1
— (622 + 6y% + 11ay)Y2 — S1—yyX -

1622
3(1 —y) w2 24 139
=~ Ty _(1—y)—-— -
A TS -

1 1
4T <_5$j X - 73”; Y+ 3—(18y + 3lay + 122 )) (A.34)
Yy T

— 5, (6=5y)X —

3r—1
)24 Ly x -
622 + 6y% + 11ay)Y? + 3 16y
3 2 17
(622y + dzy? — 3 + 203 X2 + (y —1)<—Y—7T—>——+

~T6a 2( X+

1
16 1652 8z 16 32
6 —|— Tx 1

: L 2 2
+i-| -y + + + Y — —(—12y° + 42° — A.
28 ( y? (y dxy 21 )X 5 y( Y T 53:y)> ) (A.35)

bl +x4+2 5 2423410 397y 143
24372 24xy 216z 108
(5t 442 22 + 23z + 10

- m< 12xy? 24yx > ’

(A.36)

2
Bl = —%(14—3@/) +

18z + 35y 2,

2y (322 + 2zy + 2°) X2 +

1 3(1—y) 19z + 33
+ 743V X - DY

(=2 1—y 1 2 2
— X — Y — 36 18 53 A.37

1] 1 5 LT
Pl = — x24T A.38
3T T har 12 (A.38)

cll =o. (A.39)
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For h = 3 in eq. (2.24) and color factor Tr? in eq. (2.31):

A —

Bl

Fy

G

i [—%(30:1:3 + 3922 + 10z + 4) ((X Y2y 772) -
— %(GOx2 + 552 — 16)X + 131—4(18%2 + 1212 +40)Y +
- ;%(x — 56)} — ”711:(;2%;2) ,
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)
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o
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)

1
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1
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x

1
1Br+35 ¢y @(12 + 19z + 62°)Y +

3y

33+ 14|
9zxy
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112z 4+ 18
3xy ’

s

9z’

For h = 3 in eq. (2.24) and color factor Tr®l in eq. (2.31):

iy

y—1
8x2y
1

B 48xy

(1 - zy)Y?

432y

-1
+i7r<y (1 —-2zy)Y —

y_
8x2y

1
(2% — 22— 2)Y? —

 48y2x

(3023 + 5122 + 19z + 4) ((X V)2 w2> n

2492

rz—1
16y

(623

+ 2522 — Tz + 4)X?

6y
(623 + 2522 — Tz +4)X +

<(X —Y)?+ 7r2> +

,43,

21z + 32
18x
T(y —

1
X2 4 (222 4+ 4z + 1)<(X —YP4?) +
v

Y —

1
))(<+

11z + 32

18zy

).

(A.40)

(A.41)

(A.42)

(A.43)

(A.44)

(A.45)

(A.46)

(A.47)



LY

X

-y

1

x+ 12

36x

y_
X2 - X Y
16y 12y + 122 +
(T —y y—1, 4 11z + 12
X —2r—2)Y — ——
+z7r< e + 127y (x r—2) oy )
—1 39z + 94
= 2)X? + y? Y —
24y TR 4x2 T
13( -1 1 2 2, 2
- X - 2)((x -y )
21y 24x(ﬁaz + 3z +2)( ( ) +T) +
. (y—1 9 957 + 94
Y ) 2) X — ——
+z7r< 22 T 12:13y2( e+ 2zy )’
_2X2+y_1Y2—1(3x+2)((X—Y)2+7r2)+
8?2 82 8
192 +36_  19(y — 1)
Y — X
+ 24z 24y +
C(y—1 r—2 17z + 36
Yy _
+m< 4x2 + 4yy? 24xy )’
1
= ———(Y +1in).

For h =4 in eq. (2.25) and color factor Trl!l in eq. (2.31):

Al —

1

2
21 : 1 2
+ (1 —2y) X7 £ (2 +2)Liz(~2) + g(y -DX7 )+
5(15a;+5a; + 1522 +7)C3X+ STX
”—4(3 F1)(19 + 247 + 922)| +
T
2 2 1
—Li —YX - —YX3+
+ 5 ig(—x) + G B
! 4(50 + 108z + 12622 + 452°) X3 —
+ 2384 + T + x x
— (579 + 7952 4 29723 + 265)772)(} -
+ 857 [(44 + 73z + 352%)(2X Lig(—z) + Y X? — 2Liz(—x)) +
+ (24122 + 470z + 205)@,} —
— 153022 3 182) X2
288y3( 5302~ 4 505z° + 368 + 918x) X~ +
1
T 55 (1822 — 4312 + 501) X +
72 475 36077
—— (18 — 73z — 452%) — — — ——
ol T AT — e T 3156

2.3 B(x + 32 4 3z — )(w2X2_Li4(—x)> — XLig(—=x) +

— 44 —

(A.48)

(A.49)

(A.50)

(A.51)
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il .
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1
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1
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1
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2
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4
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1
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1
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1 1
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1 2

24 6

w2 9
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1
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1
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2

n 2% (477 1 8912 + 99922 + 733903))(] n
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2442
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ot =

- 5 <3$(L13(—y) + YLig(—2)) + 1 —(27x + 20)XY2>

12

5
—Zy3 - 24622 — 21523 + 2467 + 144) X% —
G 1441/3( x x” 4 246x + 144)

~ 38 (42(145 + 912) XY — (3112® — 340z — 455)7°) +

1
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+ g (1912 +27) 21642
Bz —y), 139 14135

8y T2y | 2592

71 /1 :
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(26922 + 1966z + 782)X +

+

12
1 1 5
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2
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1
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1/ 1 1 1 2
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+y< 5% 5T —1—4(:17+) 5T
2
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3 2
- T2 (100z° + 2642” + 27 + 2452)Y —
1
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216y2( 3lx” + 09:E—|-863)] ,

1

5 [x(:ﬁ —dz+1) <Li4(—y) ~ Liy (—5) + (Lig(—2) — G)Y —
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2
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1
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1
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X
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L 2 2
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1 3(z—y) 17 187
(6622 + 23 +3)X + 2L Py 2L 00
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1
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1
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8y 16y°
S 5(82° + 52+ 3)Y + — 52,7 (3z + 1)(14z — 9)} , (A.54)
-5 [2(93;3 973+ 274 + 14)XP — (47 + 81z + 272° + 8122)72 X} N
+ %(Li?,(—x) — Lip(—2)X) - ;—ng, — %YX2 +
+ %3(439@ + 90z + 13522 + 35) X7 + 2162 S (7722 + 139z + 32) +
+ 21(13 ———(53 + 400z + 1252 )X+7377+%047+

1 1 1
+im [—§L12(—;p) ~ 3~ (92% + 27z + 2722 + 14) X% +

1
+ 1—67r + 36—3(43x + 90z + 13527 + 35) X +

216 21652

% [—2 <Li4(—x) + Lis(—y) — Lig <—§>> n

2
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1 1 1 72 72 7
_ —XY3 —Y4 _X4 _Y2 _X2 .4
3 TRt Tt Tt Tyt e |t
+ 17 [48(1595 + 1522 + 23 + 2)(Lig(—x) — Lig(—2)X) +

+ 2x(1322 — 24 — 242) X — 2(2® 4 322 + 25 + 32)(3 —
—3r%(1323 + 9 + Tlx + 71x2)X] -

1 1
+ 62 [—2(:172 + 142 + 1)(Lis(—y) + YLis(—x)) + Z(6x2 + 17z + 8)Y X2 —
Y

2
— (222 + 17z + 3)XY? — %(2:52 — 53z — 7)4 +

1 3 2
ST (123 + 3122 + 2442® + 540%) X +

2

1
+ i1 (10827 + 28722 + 128z + 33) — 55, (M + 2722 — 19)Y2 —

18 (43 + 6z + 272?) (35322 + 4782 + 191) X +
9z +4_ 19 3401

6y + T2y 2592

1
216y2

1
+z7r[3 3<48(21x + 5122 + 392 + 17) — Lig(—x) +

+ %(13:1: 1122 1 11)X2> +

2(2z +5) (z-1) 5
DT Xy - Y 42)X —
+ 5 o o (3827 + 37 + Tdx)
1 8r—3 29
- 18z + 522 + 19)Y — = A.56
18y2( z + 522 + 19) 367 +216}, (A.56)
2
_ Lty ™ 5o (Lo 5 A
o= g% 5 54X+”r<12 54)° (A.57)
1
G = — (@YX + Y% +7%) +io (X + (y — 1)Y). (A.58)

T2y T2y
For h =4 in eq. (2.25) and color factor Tr? in eq. (2.31):

1

2 _
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—4(z — 4)z(Lis(—z) + Lis(~y)) -

2
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,48,
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2
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1
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1
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Gl = il (A.65)

For h =4 in eq. (2.25) and color factor TrP%l in eq. (2.31):
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—2(y — 1)(22% 4 3z + 2)Y Lig(—2) —

— (8% 4+ 2822 + 32z + 13)Y +

(923 + 3622 + 452 + 22)XY? —

Cnl»awl»aw :]w

(62° + 922 + 9z + 8) X3 — (43:2—1—895—1—1)(3)—
2
2 1/1 T B

——(2 NX — == 1)X%Y +-v?) —
4y2(:1: + 3z + 2) y<4(7:17+ ) t5

1

-5 3<(26x + 6227 + 67z + 62)Liz(—x) —

1
- 5(1519;3 + 25222 + 228 + 86) X2 +

+ (5723 4 1042 + 73z + 18) XY —

72 21z + 8
— (4423 + 172> — 80z +9) | — Y2 -
12( r° + 17z x + )> »

1
— —(286:17 + 3142? + 1332 — 30)X —

36y3
83z + 38]

2
(2862° + 371x 4 238)Y — 51y2

b
3612

. 1 3 2 .
2% —3(x — y)xLiy(—y) — —(83: —92* — 3z — 2)Liy(—z) —
— (523 + 522 + 4z + 1) L14< ;) (423 + 2% + 22 + 1) XLis(~y) —

— (23 + 522 + 4z + 2) XLig(—x) + (223 + 622 + 32 4+ 1)X +

(@ = )1~ o)V (Lig(—) = Go) + 7 (22 + 2% + 52+ 4)X*Lig (-

— (2% — 2% 4+ 24+ 1) XY Liy(—x) +
2
1
+ %(az?’ — 2% — 22 — 1)Liy(—x) + ﬂ(i’)x — )z —y)zX* -

,54,

(A.66)

x) —



1 1
— — (62 + 8% + Tz +2)Y*! - g(9;3 +32% - 1)X3Y —

24
1 1

— Z(4:1:3 — 5%+ 22+ 3)X2Y? + 6(7;1:3 + 1222 + 122 +4)XY3 —
m° 2 2 m° 2

— 5(990 + 8z + 1)z X" + ?(490 — 2z — 1)z XY —

7.(.2

12
3r+1
+

7.‘_4

(42 + 522 + Tz + 3)Y?2 + 260

(6222 + 140z + 79)z | +

1
YLiz(—y) — ZY?Li2(—a:) +

+ 4% [3(59;2 + 4z + 2)(Lig(—) — XLis(—z)) —

2

Wil

1
(822 + Tz +2) X3 + §(6$2 + 11z 4+ 1)X?Y —
2

3

|

(2222 + 28z + 11)X + (22 — 7)@,} -

X

1
+ g(13:1: +10)XY? - 2(z — y)7T2Y] -

1
L (623 — 327 — 497 — 37) X2 — — (625 — 1522 — 38z — 24) XY +

2443 1292
™ 90% — 0r - 8) - 1 (227 — 92 — 192 — 2)Y?
T 47z + 46
——(4 41)X — —Y
12y2( Tr +41) 12 +
1
+im [Q—y?’ <(3 + 62 — 2%)zLiz(—y) + (2% — 222 — 2z — 1)Liz(—2) +

1
2(x — y)xY Lig(—z) + 5(3x2 + 3z 4 2)XLiy(—z) +

%(az — 1)(3z +2)X3 + %(:ﬂ +10z + 5)XY2 -
m° 2 2
— (327 + 102+ 5)zY +3sa? ) -

1
- — <a:Y3 + (z — XY + 7T2xX> +
1
+ = (—(6:1:2 — 4z — 1)Lig(—x) — 6(3‘%2 + 26z + 4) X2 +

1 2
+ g(llaz2 +20x +1)XY + %(2:52 — 8z — 1)> -

1
- ﬁ 2 _ @(69;3 +4a® + 252 + 24)X —
26z + 23
T (62° 4 2527 + 18z + 6)Y + %] : (A.67)

,55,



g = w [L14( ) + Lis(—y) —Li4<—§> — (Lis(—z) — 3)X

. 7T2 . 1 4 1 3
+ (Liz(—2z) — 3)Y + ELQ(_"T) — ﬂX + EXY _

1Y4 7T2X2 7T_2Y2 777}

24 6 12 120
1

+ o <x(34 + 11z — 202%) X> + 3(3x + 2)(2* — = — 3)X2Y> +
1

3, [(azZ + 9z 4 2)(Lig(—z) — XLig(—x)) —

— 62 — 1)(Liz(—y) + YLiz(—z)) —

OO|)—‘/—\

2
(x —2)(9z +1)XY?2 + 51 — (412% — 222 — 15)4 +

2

+ —— (202 + 33)X + —gg - —Y3

365 62> 4 442% + 662 4 25) X2 +

12y 3(

1
3 [(72x + 30322 + 259z + 22) XY — (362> + 12622 + 139z + 73)7r2] -

1 192 — 20
——(122° + 132% — Y2 (192 —17)X — —= ="y
+24 (1223 + 1322 — 5z + 6) 2 5 (192 —17)X N +
1
+ i [24 X < (823 + 1122 — 22 —4) XY — (2123 + 3022 + 21z + 14)X2> -

2

+ %(%(13:1: +10)Y2 + (2 — y)Lis(—z) — %(a: - 25))

+ 72—3(1539; +2302% + 192 — 22)X +

4o — 5
(1532 + 21122 + 162 — 36)Y + — }

+ 72172 182

K = ”5(527;,,1) [12 <Li4(—x) + Lig(—y) — Lig <—§>> +
F12(Y — X)(Lig(—2) — C) + 20T (—a) — %X4 +

+oxy® - Iyt m(2X% +Y?) — 7—”4} -
2 10

+ % [—(333 + 152 + 152 + 2)(Lis(—2) — XLis(—2)) —

1
~ L (222 30z — 27)X3 + §(5x3 + 2022 4+ 222 + 8) X2Y —

24
7T2
—ﬂx(az —903:—87)X+C3}
T e 0y (Tines) - T ) 4
— 1 f— —_— —
3 z x o —z 3

1
+ g(m? + 63z + 8) XY? 4 (2 + 14a + 1)Liz(—y)| +

,56,

(A.63)



+ (627 + 2327 4 322 + 13) X2 +

z (1 9 2 9
+ 7 <§(12x + 35z +21)XY — %(27x + 81z + 28)> +

x(29z +9) 29x + 8

1 2 2
— —1)Y? — X — Y
+4y(3x + 62 —1) 217 21y +
1 1
+ i 37 <Li2(—:13) - %(ﬁ 4102 4+ 11) X2 + Z(2x3 41022 + 11z + 4) XY —
2
T (048 2 _ 3ty
5 (97 + 30z +33x+16)> 2y Y
T, 9 1 5 Tx+2
m 1 /1 5 9 5 2 5 D
Ly = —(-—=¢ XY - 2ax?4 2ax - T ) - Ly Y
47 By (12( +32) " Tt T ) Tt et T
20

For h =5 in eq. (2.26) and color factor Trl!l in eq. (2.31):
1
Al = — [—(20:53 + 172 — 2+ 362%)Liy(—z) +

1
+2(1822 + 1023 — 1 + 82) X Lig(—x) + TX2L1 o(—x) —

—_

— — (1023 4 1822 + 11z + 6) X* +

12
2
%(5:5 F 922 + Tz + 1) X2 + 5z + 7). X +
4
+ 77;—0(1280:173 + 230422 + 11052 + 57)} +

x(4+5x)[Li4( y) — L14< y) XLig(— )—iY‘w

1 1 72
“Y3X — ZX?2y?2 - —y?
MG 4 12 +

[ (1022 + 8z + 2)7?Liy(—z) — (102 4+ 8z + 1)Y X (X2 — 2772)] -

)_n;_\

1 1
— [6(3033 + 28z — 11) <—Li3(—x) + XLig(—z) + §X2Y> -

Qﬁ

1
- %(219; + 3022 — 25) X3 + 4—8(2409;2 + 107z — 205)(3 +
2
— (24 1592 — 265)X
+288( 022 + 1592 — 265) }
2
72122 + 1449z + 368) X% — (102 — 3) —
+288y2( x* + x + 368) 12( x — 3)
1 1 30377
— — (167 +4072)X 4+ —z — =
5 (167 +4072) X + v — e +

,57,



Bl =

1 1—
+im [2— <(10x3 + 1822 + 8z — 1)Liz(—x) + ?yXLQ(—:n) —
Y

(10:1:3 + 1822 + 11z 4 6) X3 —
2

:1cnl

(523 — 1 +4x + 92°)X — (x —y)g},)—

e |

1
— x(4 + 5x)Liz(—y) — Z(109;2 + 8z + 1)X?Y +

1 ((30:1;2 + 282 — 11)(Lio(—2z) + XY) —

6y
—1(30x2+21x—25)X ——2(120x + 83z — 73) —gg +
2 24 43
11 5 407
721 14492 + 368)X + — 72 + — + — A71
F gy (72107 + 14400 + 369)X o g +2y+96]’ (A.71)

1
— [—(7:1:3 — 622 — 11z — 5)Lig(—z) — 2(72% — 62 — 14)Liy(—y) —

2y
— (523 +122% — 4)Liy < > 2(32% — 3z — 2)yY Liz(—y) +
+ (62° + 1222 + z — 4)Y Liz(—
+ (2% — 1222 — 72 — 1) XLig(—2z) + (x3 + 5z 4 4) X Liz(—y) +
- %(Gx + 32 4 1) X 2Lig(—x) —

$

(322 4 3z + 2)Y?Lig(—2) +

2
€(5x +122% — 182 — 14)Lis(—2) — dyLis(—2)XY —
1 4 2 4
24(11:v + 8z + 242% — 2)YV* + 21 z(2 —2%)X
4 1
-— T~ 20— 2)X2V2 4 5@+ 62 + 50+ DY XS 4
2
1
+ %(1190 —10)YX + (4+50)Y G — 5(9 + 1o)X s +
2
+ %(az?’ —9¢% — U +12)X% 4+ (2 — 3% 4 120+ 14)Y?
71.2
— E(2553 — 922 + 152+ 12)Y X +
4
+ g (488a° — 11520 — 087 — 343) | +

1
+ — |2(72% 4 162 + 21)(Lis(—y) 4+ YLio(—2)) +

+ 2(72* 4 22 + 1)(Lig(—x) — XLig(—x)) —
- f—8(3x2 + 182 +29) X3 — %(6952 + 152 + 10)Y3 +

2 1
§(4 +90)Y X + £(3a® — 1207 4 21z — 40) XY
2

1
— 55 (36027 4 133w — 443)Gs %(333 + 22 + 262 — 10)Y —

,58,



ol =

2

— (9623 + 722

41l — 477) X
= —b4lx — 4T X | +

(992 + 632° — 9822 + 154z + 144) X? +

jL_144 2

+-?§—(99x %—73%—72xﬁ¥¥’+—111—(99x + 8122 + 173z + 27)Y?% —

2
— (1982 + 10822 — 145z — 455) +

288y
1 3 1 19139
—(81 4 2)X —=(1—-2)Y e
+216y(8x + 647z + 782) 8( x) +8x+ 5502 +

|1 . )
+am [@ <(7:173 — 5 — 6z)Lig(—x) — 22(3xz + 1)YLig(—z) —

— 2(5 — To?)Liz(—y) + (62 4 7z + 5) X Liy(—2) —

- %(6952 46+ 1)V — %(13 — 6z — 8)X3 +

1
+ (32 —x + DXY? + 5(:c?’ + 204+ 1Y X? -

71.2
- E(69;3 — 62% — 152 — 8)Y —
2 1
- %(x?’ — 1222 — 5z — 6)X + §y<3> n
1
+ % <L12( x)z(7x + 10) + 5 L3z —1)(3z +5)X% +

(92% 4 3322 + 54z + 10)Y? —

+
C,Oll—‘Cth

— ~(92% + 1227 + 132 +20) XY +
2

3

(72x + 11207 + 111z + 79)>

3 |

- @(27:8 + 1223 — 16 — 92) X —

(18122 + 1082 + 200z + 27)Y + — — ~——

1 647
— A.72
T2yx Y 216] (A.72)

% [2—14(:52 ) (—24Li4(—y) + 24Liy (—5> — 472Liy(~z) +

y
+Y*—4y3X + 27T2Y2> +

+ 57— 202 Lis(—2) + (Lia(—2) — &)Y -

1
—y(x — 1) XLizg(—y) + (2 — 3)XLiz(—2) + ZLig(—gc)X2 —
1 2
-1 2 X4 o 2X2
24( +27) X" + T +
2
+ ;—4(1 — 2)X2Y (3Y + 2X) + Eaz(m )Y X -

,59,



a4

1
X —(32x° — 48 11
2y(:13—|— ) C3—|—720 (3223 x+11) +

3
13”2 (z + 3) <—3L13(—y) — 3YLig(—x) — 5XY2 - 7T2Y> -

+ % [m(? + 2® + 22)(Liz(—z) — XLiy(—x)) —

%(m + 6z — X3 +x(z —2)Y X2 +
1 2 3 9
5(495 +7x+15)C3—E(2a: +62° +Tx —3)X | —
—m(zr + 1022 + 21 + 212) X2 + 8(m+3)XY—
1 2
—W(a: + 322 4+ 3z — 3)Y2 — 96(6:13 + 30z — 29) +
3 1 r 255
“(x—1)Y +—(122° 4+ 252 — 3)X + — + —
+8(:17 ) +32y( x + 25z — 3) +16+128+

+im [% <—x(2 — 2?)Lig(—x) + %Lig(—x)X — (224 3)(3 —
25 2
6

-2 1 2 1
S - R

T 2(7x—|—15)X——Y————},

Dl = 2z —y) [—LL;(—:E) ~ Lig(—y) + Lis <_§> N

+ (Lis(—2) + Lig(— DX — ”_2Li2(_;p) _lysy g

6 6
1
X2Y2 Y2 Ly X2 — x4
+ + 12 TR 2t
+ 1YX3 — —YX+ Ll
6 3 45
Y ig(—a) — Lalig(—a) — (1 - 62)V X2 —
3% 37 6
1 1
— 3(1 — 62) X Lig(—z) + 5(24:1:2 + 15z — 14) X3 —
2 2
144y (4822 + 21z — 47)X + —§3:E + ng + 27(4 +9z) —
863
2 [ — [
72y — (7027 + 141z + 35) X? + 216y(163x 53)X + o0 +

6 6

+im [:E(x — ) ((Lig(—x) + Lig(—y)) + %YXz lxs ”-X) -

1 1
— 51— 62)Liy(—z) + E(Mx + 152 — 14) X% +

,60,

~ T X3y E;1:(2 - :1:2)X> + 2(1 - x)<2Li3(—y) n YX2) n

(A.73)



(6 — 1)XY — 7T—2(16x —3)—

48
1 163
141 X-—--=
—— (1412 + 7022 + 35) ; 216}

B = a(z —y) [2 (Li4<—:c> + Lig(~y) — Lis (—5» -

W =

_|_

(A.74)

— 2X (Lig(—z) + Liz(~y)) + %2Li2(—:1:) + %Y?’X —
- 1—12Y4 - %YX?’ - %X2Y2 + 11—2X4 — %21/2 +
+ gﬁyx — %2X2 — %774} +
3y (2% — 922 — 92 + 2)(Liz(—z) — XLiy(—2)) +
;—4(895 — 2z — 19)X° + i(élx?’ + 1522 + 152 + 6)X Y2 —
- %(8953 — 212 — 23z + 8)Y X2 — ;—2(8963 + 3322 + 21z + 14)Y +

[\

&I*

1
(82° + 12022 + 73z — 27)X + 5 4(288x2 +287x — 25)@,] -

y? 1
- —(Lig(—y) + YLig(—2)) + —(390 +2)Y3 —

1
— W(18x + 2422 — 79z — 139) X% — % — (922 — 18z +1)Y? —
1
iy [8x(9x2 — 3z —7)XY — (362> + 39z — 33 + 68332)%2} _
1 4085
- ——(191 —1 X )Yy — —2
2165 (191 4 335z — 180x2) +6(5$ ) o755+

+ i [%(m —y) (X3 — 3Y X? — 6Lig(—2) — 6Li3(—y) + 7T2X> -

1
t3, ((12;1:2 + 122 — 1)Lis(—2) + %(490 — 39z — 32)X% —
1
- ot Dy - DY - 2(4;1: — 30z — 41)XY +
2
2 € 2
4—8(24x — 4227 — 45z + 17)> — 51207 — 592 — 125)X -
1 3 371
- — 10z —1)Y + — + — A
18y (622 4+ 10z — 1) +2 +216} (A.75)
R =FY, (A.76)
Gyl =Gy (A.77)

For h =5 in eq. (2.26) and color factor Tr?l in eq. (2.31):

A[g] _ 1 1

: 48(1 —y)(1 — zy) <6X2Li2(—x) — 12X Y Liy(—x) +

,61,



Bl =

+ 6Y2Liy(—z) + 3X* 4+ 2Y* + 9X2Y? + 7T2Y2> -

X

1 2
— (323 +92% 4+ 92 + 2) (—Li4 <—§> - 72T—4Lig(—a;)> —

1
— X (2% + 322 + 3z +4)(Y? — m2X) —

——(3x + 922 + 92 + 5) X3y — o0

12

2 v
5
——XY—— X —-GY — —(4x° + 122+ 122 —7)| +
5 (3 (3 320(x x? T )]

(X ) (Lis(—a) + Lis(—) +

+ %(63)‘ + 152 + 44)(L13( ) + Lig(—y) + (Y — X)ng(—ﬂj‘)) —

1 1
- E(239;3 + 6022 + 422 + 50) X3 — E(29;3 — 1822 — 63x — 32)X?Y —

1
— ﬁ(21x3 + 7822 + 105z + 82) XY +

1
- m(SGx + 28222 + 327z + 208)Y3 +

2

+ @(9% + 28827 + 288z + 335) X +

2

3
+ m(86x + 27622 + 312z + 267)Y + — 6 = (42 4+ 10z — 13)(3

1
+ %8y [(475x3 + 79822 + 186 + 368) X2 —

— 2(4752% + 106222 + 846 + 280) XY +
+ (4752% + 132622 + 15062 + 1160)Y % +

72(47523 + 98222 + 6221 — 528)} -

41 [228 (95022 + 1433z + 501) X —
- @(285&@ + 50912 — 32)Y] = % - % +
+Z‘7T|:—@C3_11%(1_1@)((*}(_}/)2 )"‘% L+
n % ((6x2 + 15z — 2)(Y — X) + 22Y) ;2?: 11}

1 — 2 — 50— 5)Lig( -2 ) — (122 rLig(—y) —
Qy[ (y—1)(4 5 5)L4< y> (12z + 13)zLig(—y)

23 — 922 — 5 — 142)Y Liz(—y) + (z — 5)y> X Liz(—y) —

1
2
— (1222 + 9z + 4)Liy(—x) + (2® 4+ 922 + z — 1) XLig(—z) —
—(
1
— (23 + 322 — 5 — 42)YLig(—x) — Z(9952 +x — 2)X?Lig(—z) —

,62,



2
1
- %(4:1:3 +32% — 47w — 26)Lia(~2) + 5(y — 1) (3x + 5)X Y Liz(~2) +

5
+ (32”4 32+ 2)Y Lig(—) + 2‘1(:1: 3z —3)X* -
1
— — (2% + 32% + 27 — —l— 23— 32% — 297 — —
s 3 2r — 1) X3Y 6 3 29 2)X?Y?
1
—5(103; — 212 — 47z — 8)XY3+
2
ﬂ(w + 622 —2x—4)Y4—%($3+x2—73§—4)XY—|—
72 9 1
E(29; + 62% 4 3z — 12)X + 5 (120 + 1) X +
2
”—4(49; — 322 — 372 — 34)Y2 — (62 + 5)GY +
7.(.4
— (682 + 140422 + 744z + 343
+1440( x® + x” + 744z + 343)| +

1
+ y” —2(32% + 22 — 4)(Lig(—x) — XLiy(—x)) —
— x(32% 4 2z + 8)(Liz(—y) + YLig(—x)) —

158(41:5 + 240 +15)X° 4 ¢ 2192 — 62 — 4)X2Y +

1
+ ~(32% 4 362% + 92 + 40) XY — E(43:1:3 + 7822 4+ 1202 + 60)Y> —

|>] CDI)—‘
no

~ 0 (12823 + 7222 + 552z + 477) X —

l\)

1
B T (2523 + 542 — 75z + 60)Y + — o — (1442 + 36z — 443)(3

1 3 2 2
—|= 1 1 144) X% —
+72y 2(359x + 1862~ + 186x + 144)

— (3592° + 37222 + 265z + 144) XY +
2
+ %(71&13 + 78422 + 3822 — 167)

———— (3592 + 55823 + 34422 + 308z — 27)Y? +

144
1
—(91 402x — 782
+216 (91522 + 402z — 782) X
14135 139
- — 22 213)YY + — — —
72 (30522 + 227z + 213) 502y 72 +

+im E <%(6x2 + 5z 4+ 4)Liz(—x) + %(6:1: +5)Lig(—y) +
+ (32 4+ 1)aY Lig(—x) — (32 4 3z + 2) XLis(—z) +

1
+4a:(x —2)X2Y+ Y3+E(a:+5)X

2
7T—(x?’ + 1222 + 5z + 6) X +

1
— (2% —62% — 3z +2)XY? - o

4
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2

1
+—12( 122° — 16z 8)Y’+-4<3> +

1
- o1y <—72xLig(—x) — 2(312? + 36z + 7) X2 +

+2(3123 + 3622 + 292 + 40) XY — (3123 + 3622 + 87z +20)Y? —
2
T

(1240% 412807 + 1162 + 79)> N

186 79)X
2y( x4+ 79X +

571 31
108y ' 24|’

- (1862° 4 792* + 164z — 27)Y (A.79)

T2xy

X X
—Z(5x? + 120 + 2)Lig | == ) —
oy 2T T “”‘( y>

— 2(62% + 62 + 1)(Lig(—z) + Lig(—y)) +
+ X (223Lig(—x) + 223Liz(—y) + 3¢3) +

+ (422 4 62 + 1)2Y (Lig(—x) + Lig(—y)) —
- $—3(X — Y)2Lig(—2) — —
4 2 24
3
_ §—4X2(—8XY —9Y2 4 2X2) +
2

2
+ T 03(2X2 — 12XY 4 3Y2) 4

(922 + 122 +2)Y* —

4
= (1162® + 9022 + 152 — 11)] +

24 360

+ é 32(22% — 22 4 1)(Liz(—2) — XLig(—2)) +
+ (202 + 62 + 5) (3Li2(—x)y + 3Lig(—y) — 7T2Y) +
+ §(6x2 2+ 1)X3 - 2(4;1:2 — 22+ 1)z XY +
+2(32% + 4o + 4)xXY? + é(223: + 13)zY3 —
— %(3:52 + 2z —3)r2X — (1022 + 19z + 15)@,] +

+ % g(n;p? + 222 — 6)X? — 2(112? + 10z + 4) XY +

2
+ %(339;3 — 2622 +29)| +
- i(46x2 — 172 +3)X — i(46x2 — 5z —12)Y +
32y 32y
187 17

112* — 223 — 1022 — 8z — 6)Y? -
+ (11z x x x — 6) +_128y 3

32zy
1/ . .
+im b <§(6x2 + 62 4 1)(Lis(—z) + Lig(—y)) —
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3 2 m
X X%y — —
12 +4 12
L (5r+1)Y(BXY — Y2 —7%) +

2

2—4(9953—23;2—#96—3)—1-

X+ C3> -

12

27 3
6z —5)X + —(6 )Y + —
8y(m ) +8(x+:17—|—) +32y+8}

+ y)xLis(—z) +

S| =
Nlc.o

(322 — 2z + 1)X(X — 2Y)> - %(3:1: FTY2 4

OOI&

(A.80)

1
P _ + [_Lig(_x) — Lis(—y) + XLiy(—x) — YLis(—z) +

1 1
24(5x + 1522 + 152 4+ 14) X3 — 8(y —D(zy — )XY +

_|_l( _
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For h =5 in eq. (2.26) and color factor TrP®l in eq. (2.31):
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B. Auxiliary functions for two-loop scheme shifts

In this appendix we present auxiliary functions appearing in eqs. (4.3) and (4.4) for the
shift in the two-loop amplitudes under scheme changes. These functions correspond to the
dr-dependent parts of the O(e) terms in the one-loop amplitude remainders. They are

given by,
WWedn _ (L, o2y, 1
M, —N<4+6>+4N, (B.1)
W2edn _ 2Rz —1) =
M, - N N (B.2)
M — g o
e 1 ,
MS)’“] OR _ @ [N(xX2 +y(1 —2)X + %2+ 32) + irz(2X — y(3 + ;p))) +
1
+ = <—x2X2 —y(1+32)X — 22+ 1) —
N
—imz(2zX +y(1 — x)))] , (B.4)
W.2edn _ 2 [ N T
M, =1 N(3 +im) + N(l + zw)) , (B.5)
WBledr _ T (2 o
M = g2+ 227TX) : (B.6)
WWedn _ (L, 1Yy, T
Ms =N 4+6:p> TN (B-7)
W2edn _ y2—2) 1
Ms =N 122y 4yN’ (B-8)
gt — o, (B.9)
e 1 ,
Mo — ] [N <$2X2 +y(1 +32)X +y*(3 + 22) + in(22° X + ay(1 — :E))) -
1
- <a;X2 —y(z — DX + 2z + Dy? +in(22X — 2y(z + 3)))] , (B.10)
W.2esr _ 1 SN I
M, -5 (N(X 3) — (X 1)) : (B.11)
WBledr _ T (o2 o
M =12 (X + 2sz) , (B.12)
W.1esn _ 1 R T
M} = (N(X =3)— (X —1), (B.13)
Mo % [aﬂ((x SV a?) 4 X(r - 1)+ 2(23; N Z 5

,71,



1
+ — [m(l +2)X?% = 22(1 4+ 2)XY + n?z(14+2) + X2z +1) +

4N
1—
b1+ ) Y2+ 2 (20 +3)Y + ——|, (B.14)
Y Y
MDBledn _ _%«X Y2y Wz) , (B.15)
References
[1] Z. Bern, J.S. Rozowsky and B. Yan, “Two-loop four-gluon amplitudes in N =4

super-Yang-Mills,” Phys. Lett. B 401, 273 (1997) [arXiv:hep-ph/9702424];

Z. Bern, L.J. Dixon, D.C. Dunbar, M. Perelstein and J.S. Rozowsky, “On the relationship
between Yang-Mills theory and gravity and its implication for ultraviolet divergences,” Nucl.
Phys. B 530, 401 (1998) [arXiv:hep-th/9802162].

Z. Bern, L.J. Dixon and D.A. Kosower, “A two-loop four-gluon helicity amplitude in QCD,”
JHEP 0001, 027 (2000) [arXiv:hep-ph/0001001].

Z. Bern, L.J. Dixon and A. Ghinculov, “Two-loop correction to Bhabha scattering,” Phys.
Rev. D 63, 053007 (2001) [arXiv:hep-ph/0010075].

C. Anastasiou, E.W.N. Glover, C. Oleari and M.E. Tejeda-Yeomans, “Two-loop QCD
corrections to ¢7 — ¢'q’,” Nucl. Phys. B 601, 318 (2001) [hep-ph/0010212];
“Two-loop QCD corrections to g7 — ¢¢,” Nucl. Phys. B 601, 341 (2001) [hep-ph/0011094].

C. Anastasiou, E.W.N. Glover, C. Oleari and M.E. Tejeda-Yeomans, “T'wo-loop QCD
corrections to massless quark-gluon scattering,” Nucl. Phys. B 605, 486 (2001)
[hep-ph/0101304].

E.W.N. Glover, C. Oleari and M.E. Tejeda-Yeomans, “T'wo-loop QCD corrections to
gluon-gluon scattering,” Nucl. Phys. B 605, 467 (2001) [arXiv:hep-ph/0102201].

Z. Bern, A. De Freitas and L.J. Dixon, “Two-loop amplitudes for gluon fusion into two
photons,” JHEP 0109, 037 (2001) [arXiv:hep-ph/0109078].

Z. Bern, A. De Freitas, L.J. Dixon, A. Ghinculov and H.L. Wong, “QCD and QED
corrections to light-by-light scattering,” JHEP 0111, 031 (2001) [arXiv:hep-ph/0109079].

Z. Bern, A. De Freitas and L. Dixon, “Two-loop helicity amplitudes for gluon-gluon
scattering in QCD and supersymmetric Yang-Mills theory,” JHEP 0203, 018 (2002)
[arXiv:hep-ph/0201161].

L.W. Garland, T. Gehrmann, E.W.N. Glover, A. Koukoutsakis and E. Remiddi, “The
two-loop QCD matrix element for eTe™ — 3 jets,” Nucl. Phys. B 627, 107 (2002)
[arXiv:hep-ph/0112081].

L.W. Garland, T. Gehrmann, E.W.N. Glover, A. Koukoutsakis and E. Remiddi, “Two-loop
QCD helicity amplitudes for ete™ — 3 jets,” Nucl. Phys. B 642, 227 (2002)
[arXiv:hep-ph/0206067];

S. Moch, P. Uwer and S. Weinzierl, “T'wo-loop amplitudes for ete™ — ¢qgg: The
Nj-contribution,” Acta Phys. Polon. B 33, 2921 (2002) [arXiv:hep-ph/0207167].

F.V. Tkachov, “A theorem on analytical calculability of four-loop renormalization group
functions,” Phys. Lett. B 100, 65 (1981);

K.G. Chetyrkin and F.V. Tkachov, “Integration by parts: the algorithm to calculate beta
functions in 4 loops,” Nucl. Phys. B 192, 159 (1981).

,72,



[13]

[14]

[15]

[16]

[17]

[18]

22]

[23]

[24]

[25]

V.A. Smirnov, “Analytical result for dimensionally regularized massless on-shell double box,”
Phys. Lett. B460, 397 (1999) [arXiv:hep-ph/9905323].

J.B. Tausk, “Non-planar massless two-loop Feynman diagrams with four on-shell legs,” Phys.
Lett. B469, 225 (1999) [arXiv:hep-ph/9909506].

T. Gehrmann and E. Remiddi, “Differential equations for two-loop four-point functions,”
Nucl. Phys. B 580, 485 (2000) [arXiv:hep-ph/9912329].

C. Anastasiou, T. Gehrmann, C. Oleari, E. Remiddi and J.B. Tausk, “The tensor reduction
and master integrals of the two-loop massless crossed box with light-like legs,” Nucl. Phys.
B580, 577 (2000) [arXiv:hep-ph/0003261].

V.A. Smirnov and O.L. Veretin, “Analytical results for dimensionally regularized massless
on-shell double boxes with arbitrary indices and numerators,” Nucl. Phys. B566, 469 (2000)
[arXiv:hep-ph/9907385].

C. Anastasiou, E.W.N. Glover and C. Oleari, “Application of the negative-dimension
approach to massless scalar box integrals,” Nucl. Phys. B565, 445 (2000)
[arXiv:hep-ph/9907523];

C. Anastasiou, E.W.N. Glover and C. Oleari, “The two-loop scalar and tensor pentabox
graph with light-like legs,” Nucl. Phys. B575, 416 (2000), err. ibid. B585, 763 (2000)
[arXiv:hep-ph/9912251].

S. Catani, “The singular behaviour of QCD amplitudes at two-loop order,” Phys. Lett.
B427, 161 (1998) [arXiv:hep-ph/9802439].

E.W.N. Glover, “Progress in NNLO calculations for scattering processes,”
arXiv:hep-ph/0211412.

F. Aversa, P. Chiappetta, M. Greco and J.P. Guillet, “Higher order corrections to QCD jets,”
Phys. Lett. B 210, 225 (1988); “Jet production in hadronic collisions to O(a3),” Z. Phys. C
46, 253 (1990).

S.D. Ellis, Z. Kunszt and D.E. Soper, “The one-jet inclusive cross section at O(a?): quarks
and gluons,” Phys. Rev. Lett. 64, 2121 (1990); “Two jet production in hadron collisions at
O(a?) in QCD,” Phys. Rev. Lett. 69, 1496 (1992).

W.T. Giele, EEW.N. Glover and D.A. Kosower, “Higher order corrections to jet cross sections
in hadron colliders,” Nucl. Phys. B 403, 633 (1993) [arXiv:hep-ph/9302225].

A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, “Estimating the effect of NNLO
contributions on global parton analyses,” Eur. Phys. J. C 18, 117 (2000)
[arXiv:hep-ph/0007099]; “NNLO global parton analysis,” Phys. Lett. B 531, 216 (2002)
[arXiv:hep-ph/0201127].

W.L. van Neerven and A. Vogt, “NNLO evolution of deep-inelastic structure functions: The
non-singlet case,” Nucl. Phys. B 568, 263 (2000) [arXiv:hep-ph/9907472];

“NNLO evolution of deep-inelastic structure functions: The singlet case,” Nucl. Phys. B 588,
345 (2000) [arXiv:hep-ph/0006154];

“Improved approximations for the three-loop splitting functions in QCD,” Phys. Lett. B 490,
111 (2000) [arXiv:hep-ph/0007362];

S. Moch, J.A.M. Vermaseren and A. Vogt, “Non-singlet structure functions at three loops:
Fermionic contributions,” Nucl. Phys. B 646, 181 (2002) [arXiv:hep-ph/0209100].

,73,



[26]

[29]

[30]

[31]

[32]

[33]

[34]

S. Alekhin, “Extraction of parton distributions and « from DIS data within the Bayesian
treatment of systematic errors,” Eur. Phys. J. C 10, 395 (1999) [arXiv:hep-ph/9611213];
W.T. Giele, S.A. Keller and D.A. Kosower, “Parton distributions with errors,” in La Thuile
1999, Results and perspectives in particle physics;

D. Stump et al., “Uncertainties of predictions from parton distribution functions. I: The
Lagrange multiplier method,” Phys. Rev. D 65, 014012 (2002) [arXiv:hep-ph/0101051];
“Uncertainties of predictions from parton distribution functions. II: The Hessian method,”
Phys. Rev. D 65, 014013 (2002) [arXiv:hep-ph/0101032];

W.T. Giele, S.A. Keller and D.A. Kosower, “Parton distribution function uncertainties,”
arXiv:hep-ph/0104052;

A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, “Uncertainties of predictions
from parton distributions. I: Experimental errors,” arXiv:hep-ph/0211080.

N. Kidonakis, “Resummation for heavy quark and jet cross sections,” Int. J. Mod. Phys. A
15, 1245 (2000) [arXiv:hep-ph/9902484];

N. Kidonakis and J.F. Owens, “Effects of higher-order threshold corrections in high-Er jet
production,” Phys. Rev. D 63, 054019 (2001) [arXiv:hep-ph/0007268].

F.A. Berends and W. Giele, “The six gluon process as an example of Weyl-Van Der Waerden
spinor calculus,” Nucl. Phys. B 294, 700 (1987);

M.L. Mangano, S. Parke and Z. Xu, “Duality and multi-gluon scattering,” Nucl. Phys. B
298, 653 (1988).

M.L. Mangano and S.J. Parke, “Multiparton amplitudes in gauge theories,” Phys. Rept. 200,
301 (1991).

Z. Bern, L.J. Dixon and D.A. Kosower, “One-loop corrections to five-gluon amplitudes,”
Phys. Rev. Lett. 70, 2677 (1993) [arXiv:hep-ph/9302280];

Z. Kunszt, A. Signer and Z. Trécsényi, “One-loop radiative corrections to the helicity
amplitudes of QCD processes involving four quarks and one gluon,” Phys. Lett. B 336, 529
(1994) [arXiv:hep-ph/9405386].

Z. Bern, L.J. Dixon and D.A. Kosower, “One-loop corrections to two-quark three-gluon
amplitudes,” Nucl. Phys. B 437, 259 (1995) [arXiv:hep-ph/9409393].

F.A. Berends, R. Kleiss, P. De Causmaecker, R. Gastmans and T.T. Wu, “Single
bremsstrahlung processes in gauge theories,” Phys. Lett. B 103, 124 (1981);

P. De Causmaecker, R. Gastmans, W. Troost and T.T. Wu, “Helicity amplitudes for massless
QED,” Phys. Lett. B 105, 215 (1981);

Z. Xu, D. Zhang and L. Chang, “Helicity amplitudes for multiple bremsstrahlung in massless
nonabelian gauge theories,” Nucl. Phys. B 291, 392 (1987).

M.T. Grisaru, H.N. Pendleton and P. van Nieuwenhuizen, “Supergravity and the S matrix,”
Phys. Rev. D 15, 996 (1977);

M.T. Grisaru and H.N. Pendleton, “Some properties of scattering amplitudes in
supersymmetric theories,” Nucl. Phys. B 124, 81 (1977);

S.J. Parke and T.R. Taylor, “Perturbative QCD utilizing extended supersymmetry,” Phys.
Lett. B 157, 81 (1985), err. ibid. 174B, 465 (1985).

Z. Bern, A. De Freitas, L. Dixon and H.L. Wong, “Supersymmetric regularization, two-loop
QCD amplitudes and coupling shifts,” Phys. Rev. D 66, 085002 (2002)
[arXiv:hep-ph/0202271].

— 74 —



[35]

[36]

[37]

[38]

[44]

[45]

[46]

[47]

[48]

[49]

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. B425, 217 (1994)
[arXiv:hep-ph/9403226].

Z. Bern, L.J. Dixon and D.A. Kosower, “Progress in one-loop QCD computations,” Ann.
Rev. Nucl. Part. Sci. 46, 109 (1996) [arXiv:hep-ph/9602280].

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, “Multi-reggeon processes in the Yang-Mills
theory,” Sov. Phys. JETP 44, 443 (1976) [Zh. Eksp. Teor. Fiz. 71, 840 (1976)].

V. Del Duca and E.W.N. Glover, “The high energy limit of QCD at two loops,” JHEP 0110,
035 (2001) [arXiv:hep-ph/0109028];

A.V. Bogdan, V. Del Duca, V.S. Fadin and E.-W.N. Glover, “The quark Regge trajectory at
two loops,” JHEP 0203, 032 (2002) [arXiv:hep-ph/0201240].

G. Sterman and M.E. Tejeda-Yeomans, “Multi-loop amplitudes and ressumation,” Phys.
Lett. B 552, 48 (2003) [arXiv:hep-ph/0210130].

J. Soffer and J.M. Virey, “Testing various polarized parton distributions at RHIC,” Nucl.
Phys. B 509, 297 (1998) [arXiv:hep-ph/9706229).

D. de Florian, S. Frixione, A. Signer and W. Vogelsang, “Next-to-leading order jet cross
sections in polarized hadronic collisions,” Nucl. Phys. B 539, 455 (1999)
[arXiv:hep-ph/9808262].

E.W.N. Glover and M.E. Tejeda-Yeomans, “Two-loop QCD helicity amplitudes for massless
quark-massless gauge boson scattering,” arXiv:hep-ph/0304169.

J.C. Collins, Renormalization: an introduction to renormalization group, and the
operator-product expansion, Cambridge Monographs on Mathematical Physics (Cambridge
Univ. Press, 1984).

R.K. Ellis and J.C. Sexton, “QCD Radiative corrections to parton-parton scattering,” Nucl.
Phys. B 269, 445 (1986).

G. 't Hooft and M.J.G. Veltman, “Regularization and renormalization of gauge fields,” Nucl.
Phys. B44, 189 (1972).

Z. Bern and D.A. Kosower, “The computation of loop amplitudes in gauge theories,” Nucl.
Phys. B379, 451 (1992).

W. Siegel, “Supersymmetric dimensional regularization via dimensional reduction,” Phys.
Lett. B84, 193 (1979);

D.M. Capper, D.R.T. Jones and P. van Nieuwenhuizen, “Regularization by dimensional
reduction of supersymmetric and nonsupersymmetric gauge theories,” Nucl. Phys. B167, 479
(1980);

I. Jack, D.R.T. Jones and K.L. Roberts, “Equivalence of dimensional reduction and
dimensional regularization,” Z. Phys. C63, 151 (1994) [arXiv:hep-ph/9401349].

T. Binoth, E.W.N. Glover, P. Marquard and J.J. van der Bij, “Two-loop corrections to
light-by-light scattering in supersymmetric QED,” JHEP 0205, 060 (2002)
[arXiv:hep-ph/0202266].

S. Catani and M. Grazzini, “The soft-gluon current at one-loop order,” Nucl. Phys. B 591,
435 (2000) [arXiv:hep-ph/0007142].

,75,



[50]

S

Z. Kunszt, A. Signer and Z. Trécsdnyi, “One-loop helicity amplitudes for all 2 — 2 processes
in QCD and N = 1 supersymmetric Yang-Mills theory,” Nucl. Phys. B411, 397 (1994)
[arXiv:hep-ph/9305239].

S. Catani, M.H. Seymour and Z. Trécsanyi, “Regularization scheme independence and
unitarity in QCD cross sections,” Phys. Rev. D55, 6819 (1997) [arXiv:hep-ph/9610553].

C. Anastasiou, E.W.N. Glover and M.E. Tejeda-Yeomans, private communications.

C. Anastasiou, E.W.N. Glover and M.E. Tejeda-Yeomans, “T'wo-loop QED and QCD
corrections to massless fermion boson scattering,” Nucl. Phys. B 629, 255 (2002)
[arXiv:hep-ph/0201274].

P. Nogueira, “Automatic Feynman graph generation,” J. Comput. Phys. 105, 279 (1993).
J.A.M. Vermaseren, “New features of FORM,” arXiv:math-ph/0010025.

Z. Bern and A. G. Morgan, “Massive Loop Amplitudes from Unitarity,” Nucl. Phys. B 467,
479 (1996) [arXiv:hep-ph/9511336].

K.S. Kélbig, J.A. Mignaco and E. Remiddi, “On Nielsen’s generalized polylogarithms and
their numerical calculation,” B.I.T. 10, 38 (1970).

L. Lewin, Dilogarithms and Associated Functions (Macdonald, 1958).

Z. Bern and G. Chalmers, “Factorization in one-loop gauge theory,” Nucl. Phys. B 447, 465
(1995) [arXiv:hep-ph/9503236];

Z. Bern, V. Del Duca and C.R. Schmidt, “The infrared behavior of one-loop gluon amplitudes
at next-to-next-to-leading order,” Phys. Lett. B 445, 168 (1998) [arXiv:hep-ph/9810409];
D.A. Kosower and P. Uwer, “One-loop splitting amplitudes in gauge theory,” Nucl. Phys. B
563, 477 (1999) [arXiv:hep-ph/9903515];

Z. Bern, V. Del Duca, W.B. Kilgore and C.R. Schmidt, “The infrared behavior of one-loop
QCD amplitudes at next-to-next-to-leading order,” Phys. Rev. D 60, 116001 (1999)
[arXiv:hep-ph/9903516].

J.F. Gunion and Z. Kunszt, “Improved analytic techniques for tree graph calculations and
the ggqgtl subprocess,” Phys. Lett. B 161, 333 (1985).

Z. Bern and D.A. Kosower, “Color decomposition of one-loop amplitudes in gauge theories,”
Nucl. Phys. B 362, 389 (1991).

Z. Bern, L. Dixon and C. Schmidt, “Isolating a light Higgs boson from the di-photon
background at the LHC,” Phys. Rev. D 66, 074018 (2002) [arXiv:hep-ph/0206194];

L. Dixon and M.S. Siu, “Resonance-continuum interference in the di-photon Higgs signal at
the LHC,” arXiv:hep-ph/0302233.

D.A. Kosower, “Multiple singular emission in gauge theories,” arXiv:hep-ph/0212097;
S. Weinzierl, “Subtraction terms at NNLO,” arXiv:hep-ph/0302180.

,76,



