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ABSTRACT: We present virtual contributions up to two loop level in perturbative Quantum
Chromodynamic (QCD) to the decay of pseudo-scalar Higgs boson (A) to three gluons (g)
and also to quark (g), anti-quark (g) and a gluon. With appropriate crossing, they are
well suited for predicting the differential distribution of A in association with a jet in
hadron colliders up to next-to-next-to-leading order (NNLO) in strong coupling constant
and also for the subsequent decay of A to hadrons. We use effective field theory approach
to integrate out the top quarks in the heavy top limit. The resulting theory involves two
pseudo-scalar composite operators describing the interaction of A with gluons as well as
with quark and anti-quark. We perform our computation in dimensional regularisation
and use minimal subtraction (M S) scheme to renormalise strong coupling constant as well
as the composite operators. The ultraviolet (UV) finite amplitudes contain infrared (IR)
divergences that are found to be in agreement with the predictions by Catani. For both
the amplitudes namely A — ggg and A — ¢qg, the leading transcendental terms at one
and two loops are found to be identical to those in a three point form factor (FF) of the
half-BPS operator in N’ = 4 Supersymmetric Yang Mills (SYM) theory when the QCD
color factors are adjusted in a specific way. We present our results in terms of harmonic
polylogs well suited for further numerical study.
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1 Introduction

The discovery of a scalar particle in 2012 at the Large Hadron Collider (LHC) [1, 2] is the
milestone in high energy physics. The detailed study on the nature of this particle and its
couplings to other Standard Model (SM) particles is underway. There are already several
compelling evidences pointing to the fact that the discovered boson is none other than the
Higgs boson of the SM. Although the SM is remarkably successful in explaining most of the
observed phenomena at the subatomic level, it has many shortfalls. For example, it does
not have dark matter candidate to explain relic abundance in the early universe, similarly
the observed baryon asymmetry and the phenomena of neutrino oscillations. There exist
several beyond the SM (BSM) scenarios that address these issues and provide plausible
explanations. Often they have larger symmetry and contain more particles than the SM.
Most of the BSMs contain the scalar sector with additional scalars providing the scope for
rich phenomenology at the LHC. The precise measurements of the coupling of the Higgs
boson with other SM particles as well as the dedicated direct searches of new scalars at
the LHC can constrain the parameters of these scalar sectors in the BSM models. For
example, in the Minimal Supersymmetric Standard Model (MSSM) which addresses some
of the shortfalls of the SM contains in addition to other fields, two isospin doublets of
Higgs field [3-10]. These two doublets preserve the analyticity of the scalar potential and
also maintain the anomaly cancellation. They are responsible for masses of up and down
type fermions. After spontaneous symmetry breaking, scalar sector contains three neutral
(h, H,A) and two charged (H*) Higgs bosons, where h and H are CP-even scalars while
A is CP-odd pseudo-scalar. The upper bound on the mass of the light scalar Higgs h can



be predicted within the theory as the self couplings of the Higgs fields are fixed in terms
of the gauge couplings.

Since the coupling of A with the fermions is appreciable in the small and moderate
tan 8, the ratio of vacuum expectation values v;,7 = 1,2 of the Higgs doublets, it can be
searched at the LHC. Note that large gluon flux at the LHC can also boost the cross
section. While, the searches for A have been underway at the LHC, predictions for ob-
servables involving A, in the theoretical side, are already available. Like the production of
CP scalar Higgs boson, the leading order predictions for A severely suffer from theoretical
uncertainties resulting from renormalisation (ugr) and factorisation (up) scales as well as
large higher order radiative corrections. These scales enter at leading order through the
renormalised strong coupling constant gs(ur) and the parton distribution functions defined
at the factorisation scale ur. This necessitates to go beyond leading order in perturbation
theory. In [11-14] the next-to-leading order (NLO) perturbative QCD corrections to inclu-
sive production of A were computed and it was found that the scale dependence reduced
from 48% to 35% and the corrections were found to be as large as 67%. The effective field
theory approach where the top quark degrees of freedom are integrated out has provided
opportunity to go beyond NLO level to further improve the predictions. The results on
NNLO production cross section for A can be found in [15-17] which further improves the
reliability of the predictions.

There have been continued efforts to go beyond NNLO as the results on the form
factors (FFs) and soft gluon contributions at third order level have become available.
For this purpose, in [18], we computed FFs of the effective composite operators between
quark and gluon states at three loop level in QCD along with the lower order. Using the
formalism developed in [19, 20] and the third order results on the FFs of the pseudo-scalar
Higgs boson [18], the universal soft-collinear distribution [21], operator renormalisation
constant [18, 22, 23] and the mass factorisation kernels [24, 25], the first results on the
threshold N®LO corrections for the inclusive production of A were reported in [26]. In
addition, the third order corrections to both the N-independent part of the resummed
cross section [27, 28] and the matching coefficients in soft-collinear effective theory (SCET)
were also computed in [18]. In [29], we obtained the approximate N3LO contribution
using the full N3LO results available for the scalar Higgs boson. This along with the
threshold effects at next-to-next-to-next-to-leading logarithm (N®LL) accuracy using both
conventional [27, 28] and SCET [30-36] setups provide the accurate prediction [29] for the
inclusive production of A at the LHC.

In order to probe the nature of A and its coupling to other SM particles, one also
needs to study exclusive observables namely the differential cross sections. The distribu-
tions of transverse momentum and rapidity of the produced A are often very useful for
characterising its properties. In addition, observables involving A recoiled against one or
two hard jets can help to efficiently reject the background from other sources. There are
already several studies in the case of scalar Higgs boson in the literature. For example, the
differential cross sections for scalar Higgs boson via gluon fusion are available including its
decay to two photons or two weak gauge bosons, see [37-39]. It was noted in [40, 41] that
observables with jet vetos enhance the significance of the signal considerably allowing one



to study the properties of the Higgs boson and its coupling to other SM particles. Recently,
in [42], a complete NNLO prediction for Higgs-plus-jet final states and for the transverse
momentum distribution of the Higgs boson taking into account the experimental definition
of the fiducial cross sections has been achieved. For Higgs-plus-jet production at NNLO,
see [43-47]. The relevant two loop amplitudes can be found in [48-54]. Pseudo-scalar
Higgs boson being produced dominantly in gluon initiated processes shares a lot with its
counter part, namely the scalar Higgs boson. In particular one finds that the theoretical
uncertainties and the perturbative corrections are significantly large. For the pseudo-scalar
Higgs boson, the results for differential distributions are available only up to NLO level,
for example, see [55, 56]. Hence it is desirable to have predictions upto NNLO level for
observables like A+ 1jet, transverse momentum and rapidity distributions of A, taking into
account various experimental cuts. At NNLO, one encounters three different production
channels that contribute to these observables: pure virtual, virtual-real emissions, pure real
emissions. In this paper, we will present all the relevant contributions resulting from pure
virtual amplitudes. In particular, we will consider the processes A — ggg and A — qqg
in effective theory where top quark has been integrated out up to two loop level. These
amplitudes can be used to predict the production of A in hadron collider up to two loop
level in QCD after performing straightforward crossing of kinematic variables. In the effec-
tive theory for pseudo-scalar, one is left with two effective operators with same quantum
numbers and mass dimensions, hence they mix under renormalisation. We will present the
results in the MS scheme.

Our paper is organised as follows. In section 2.1, the effective Lagrangian for the
coupling of A with partons along with the relevant Wilson coefficients are presented. After
introducing the notation in section 2.2, we elaborate on how to deal with ~5 and Levi-Civita
tensor in dimensional regularisation and subtleties involved in operator mixing and finite
renormalisation in section 2.3. In section 2.4, we describe the method of our computation
of relevant matrix elements up to two loop level in QCD and section 2.5 contains the study
of IR structure of the results obtained in the context of Catani’s predictions. In section 3,
we discuss our results on one and two loops QCD amplitudes in the light of maximum
transcendentality principle in N'=4 SYM. Finally we conclude in section 4.

2 Theoretical framework

2.1 Effective Lagrangian

In the generic BSM scenarios, the pseudo-scalar Higgs boson couples to heavy quarks
through Yukawa interaction. If we restrict ourselves to the dominant contribution coming
from top Yukawa coupling, then the interaction Lagrangian is given by

A
Lag = _lgt;mtt')%t (2.1)

where the model dependent constant g; in MSSM is cos 8 where tan S is ratio of vacuum
expectation values of the two Higgs fields, m; is the top quark mass, v the SM vacuum

expectation value.



In the limit of infinite top quark mass, the interaction between a pseudo-scalar A and
the fields of the remaining SM is encapsulated by an effective Lagrangian [57] which reads as

1 1
L = @) | -5Ce0a(x) = 5C04(x) (2.2)
where the operators are defined as

Og(z) = Gg“’éaw = €upeGH GE7 Oj(x) =0, (1!_)7“75@&) ) (2.3)

The Wilson coefficients C¢ and C; are obtained by integrating out the loops resulting from
top quark. The coefficient C¢ does not receive any QCD corrections beyond one loop in
the perturbation series expanded in strong coupling constant as = ¢2/(167%) = as/(47)
due to the Adler-Bardeen theorem [58] and C starts at second order. Their expressions
are given below

1
Cq = —aSZEG}%cotﬁ,

=~ lascr (3 3m R) 4 a20® C 2.4

Jg=—|asCp 5— DW +CLS J -+ e G - ()
t

In the above expressions, G4” and v represent gluonic field strength tensor and light

quark fields, respectively and G is the Fermi constant. Here, as = ay (,u%%) is the renor-

malised strong coupling constant at the scale ur which is related to the unrenormalised

one, as = §2/(1672) through

2\ /2
155, = (“2) Za.as (2.5)
PR
with S, = exp [(yg — In4m)e/2] and p is the scale introduced to keep the strong coupling
constant dimensionless in d = 4 + € space-time dimensions. The renormalisation constant

Za, [59] up to order O(a?) is given by

Zas =1 + Qg |:260:| + ag |:;425(2) + 1ﬁ1:| (26)

B; are the coefficients of the QCD f-functions [59], given by

11 4
= Oy — -nT,
Bo 3 Ca 3 Ir,
4 2
B = %Cﬁ — dnyCpTr — gonfTFcA, (2.7)
with the SU(N) QCD color factors
N2 -1

Ca=N, COp=

1

ny is the number of active light quark flavours.



2.2 Notation

We consider the decay of pseudo-scalar Higgs boson to both ggg and ggg which can be
expressed as

Alq) = g(p1) + 9(p2) + 9(p3) ,
A(q) = a(p1) + q(p2) + g(ps) - (2.9)
The associated Mandelstam variables are defined as
s = (p1 +p2)* >0, t=(p2+p3)® >0, u=(p1 +p3)* >0, (2.10)
which satisfy the relation
s+t+u=Mi=¢=Q>>0, (2.11)

where M, is the mass of the pseudo-scalar Higgs boson. We also define following di-

mensionless invariants, which we use to describe our results in terms of HPLs [60] and

2d-HPLs [61, 62] as
t

s u
xE@, y:@, 25@, (2.12)

where (z,y, z) lie between 0 and 1 and satisfy the condition
r+y+z=1. (2.13)

2.3 Operator mixing and UV renormalisation

In the following, we will describe the computation of one and two loop matrix elements
that are needed to perform NNLO QCD corrections to production of a pseudo-scalar with
a jet in hadron colliders or its decay to three jets. Since the amplitudes for the production
of pseudo-scalar in association with a jet from gluon gluon or quark anti-quark initiated
channels are related to the decay of the same to three gluons or quark anti-quark gluon by
crossing symmetry, in the rest of the paper we will only describe the latter in detail. The
composite operators present in the effective Lagrangian eq. (2.2), develop UV divergences
that require additional renormalisation. Also these operators mix under renormalisation
due to same quantum numbers.

In higher order computations involving chiral quantities, the inherently four dimen-
sional objects like 75 and e#P? | the Levi-Civita tensor, in d # 4 dimensions pose problems.
In this article, we have followed the most practical and self-consistent definition of ~5 in-
troduced for multi loop calculations in dimensional regularization by 't Hooft and Veltman
through [63]

1

_= /LI
Here, #P9 is contracted according to the rule

75 51/11/21/31/4’7”1'7”2’71/371/4 . (2.14)

H2 Svo §P2 So2
6“1 5#1 6/“ 5#1
U2 Svo SP2 So2
e gh2v2p202 5’/1 51/1 51’1 51’1
H1V1p101 - 5#2 Sve 5P2 o2
P Yp1 VP Vpr

2 2
0oy 053 057 0

(2.15)



where all the Lorentz indices are considered to be d-dimensional [22]. The prescription used
here fails to preserve the anti-commutativity of 5 with ~* in arbitrary d-dimensions. In
addition, the Ward identities, which are valid in a 4-dimensional regularization scheme like
the one of Pauli-Villars where 5 does not pose any problem, are violated as well. Due to
this, it is not possible to restore the correct renormalisation of axial current, which is defined
as [22, 64]. A finite renormalisation of the axial vector current is required to preserve chiral
Ward identities and the Adler-Bardeen theorem. The axial current is defined as

= Yyt = Z*s””m”%%mﬂugw (2.16)

in dimensional regularization. The chiral Ward identities can be fixed by introducing a
finite renormalisation constant Z¢ [58, 65] in addition to the standard overall UV renor-
within the M S-scheme:

.. s
malisation constant Z. s

[5]R

Cpa (2.17)

While the evaluation of the appropriate Feynman diagrams explicitly fixes the constants

S
ZMS’
tion. In other words, ZZ can be determined by demanding the conservation of the one loop

the finite renormalisation constant can not be fixed without using the anomaly equa-

character [66] of the operator relation of the axial anomaly in dimensional regularization:
0,1, = ag L [GG}

ie. OJjlg = as [O(;] (2.18)

The bare operator [O] is renormalised multiplicatively as the axial current JE through

[O4]r = 2323510418 (2.19)

but the other bare operator [Og|z mixes under the renormalisation through

06l = Zcc [Oclg + Zai (045 (2.20)
through renormalisation constants Zgg and Zg;. The above two equations can be
written as

[Os]r = Zsa [Oal 5 (2.21)
with
Y, A={G,J},
0= gj and Z = iig iij (2.22)
where

Zja=0 to all orders in perturbation theory ,



The expressions for the above mentioned renormalisation constants Z Zgg, Zcag up to
O (a?) are given in [22, 23] using operator product expansion. In [18] one of us has calcu-
lated the same quantities in a completely different way and found exact agreement with the
original calculation. In the latter article, authors have used universality of the IR poles of
the FF to determine the UV renormalisation constants and also computed Z up to O(a?)
by demanding the operator relation of the axial anomaly eq. (2.18). These renormalisation
constants up to sufficient order in the perturbation theory appropriate for our calculation

are given below:

Zag =1+ as 3

22 4
gCA — nf] + (13

484 176 16
62{CA - —C’Anf n?}

134 10
0% - —Cany—2C
+ E{ 3 v 3 AN an} ,

+ aj

24
Zay = as [ - ?CF

1
2 2{ — 176CACF + 320an}
€

1 284
+ 6{ — 7CACF +84Cp + Can}

44 10
- fCACF - 7C’an

Zir=1 s |—4
7J +as [-4Cp]| 4+ a ” 5

107 31

5 (2.24)

Using these operator renormalisation constants along with strong coupling constant renor-
malisation through Z,,, we obtain UV finite amplitudes.

2.4 Matrix elements

Our next step is to compute all the relevant matrix elements resulting from virtual am-
plitudes for the decay of pseudo-scalar to three gluons and also to quark antiquark gluon.
They are obtained from the amplitudes |Ay), where f = ggg, ¢@g up to two loop level. They
contain two sub-amplitudes namely \M?) computed using Og (A = G) and Oy (A = J)
operators multiplied by the appropriate Wilson coefficients Cy:

[Ap) = > Calas)|MF) (2.25)
A=G,J

The above UV finite sub-amplitudes \M}\) can be expressed in terms unrenormalised sub-

amplitudes |M}\(")> as follows:

IMD) = (167%a,)7 Y Zas (]M?’(O)>+as|/\/l?’(l)> 21ME<2>+0(Q§)), (2.26)
$=G,J



o
M7 = () W),
Hr
3
NCO I B S PN CY ¢ T11 v =,(0)
M) = (52 ) [+ i A1)
5
) 1\? ,(2) ¢ 31 a3 s (T2 T3 | ~5,00)
M) (MR) ) i ) i (2 - ) WO o
with )
n=2 n=(+2). (2.28)
€ € €

In the above equations, the unrenormalised sub-amplitudes |/\;l}2c> are computed in powers
of bare coupling constant as. Using these UV finite sub-amplitudes \./\/l?), we then obtain
relevant matrix element squares to observables to desired order in as. For A — ggg, we find

Sggg = <~Aggg |Aggg>

— a? (C(”) [SQG%O) + ag S5 4 a2 (SO 4 200 570 ] (2.29)
where
G,(0
Sg () < 999 |M999 >’
SgG»(l) = 2(M !M%§1)>
GJ,(1
S ()_< 999 |M999 >’
SEH@ = (MEW|MEWD) + 2(MEO| M) (2.30)
and similarly for A — ¢gg, we find
Sqtig = <Aqq’g‘“4qq’g>
2
= (c) [sg'»@ +a, (2550 + 20§V 8]60)
2
+a? (SQG’(?) +CPS]EW 4 () 570 4 26’52)5;]’@(0)) ] (2.31)
where
MG
( qq9 ‘qug > ’
J,
<qu(;)‘qug >’
MG
< qq9 ‘qug >’
J,(0
SJG = (M MG
MC (D) (0)) 4 4G5(2)
< qqg ‘qug >+ 2<qug |Mq(jg >’
SJG @ = 2 M MG 2 (MO MGy | (2.32)



and

1 2
Cy) = —2iGicot, OV =—Cr <g’ —3In M@) ~ (2:33)

my
The computation of Sé\’(i) fora=g,¢;A=G,J,GJ, JG,i = 0,1,2 closely follows the steps
used in [67-74]. We briefly describe the main steps involved. The relevant tree, one and
two loop Feynman diagrams are generated using the package QGRAF [75]. While there are
only few diagrams at tree and one loop level, at two loops we encounter large number of dia-
grams. We find that the number of two loop diagrams is 1306 for \M?géz)), 264 for \Mj’j?),
328 for |M52\)) and 229 for [M)
words, the quarks, anti-quarks, gluons are kept massless and the pseudo-scalar has non-zero

). We set all the external particles on-shell, in other

mass M 4. The raw QGRAF output is converted to a format that can be further used to per-
form the substitution of Feynman rules, contraction of Lorentz and color indices and sim-
plification of Dirac and Gell-Mann matrices using a set of in-house routines written in the
symbolic manipulating program FORM [76]. We have included ghost loops in the Feynman
gauge. For the external on-shell gluons, we have kept only transversely polarization states in
d-dimensions. The next step is to organise all the d-dimensional one and two loop integrals
such that they can be reduced to a minimum set of scalar integrals, called master integrals
(MIs). To do this, we first use Reduze2 [77, 78] to shift loop momenta to get suitable inte-
gral classes. Each integral belonging to specific class can be expressed in terms of MIs using
a set of integration-by-parts (IBP) [79, 80] and Lorentz invariance (LI) [81] identities. The
LI identities are not linearly independent from the IBP identities [82], however they help
to increase the speed to solve the large number of linear equations resulting from IBP. The
method of IBP to reduce certain class of integrals to a set of Mls is achieved using Laporta
algorithm, [83]. This has been implemented in various symbolic manipulation packages such
as AIR [84], FIRE [85], Reduze2 [77, 78] and LiteRed [86, 87]. We have used LiteRed [86, 87]
to perform the reductions of all the integrals to MlIs. For one and two loop, we find the
number of MIs are 7 and 89 respectively. The next task is to express all the MIs that we
obtain after using LiteRed to those computed analytically in [61, 62]. Using these MIs
in the appropriate kinematic regions, we obtain analytical results for Sy for f = ggg, qqg.
While these amplitude squares are UV finite, they are sensitive to IR divergences. Thanks
to universality of these divergences, our results can be verified up to finite terms.

2.5 Universal structure of IR divergences

Beyond leading order in perturbation theory, the UV renormalised amplitudes in gauge
theories suffer from IR divergences due to the presence of massless particles. These diver-
gences are classified into two categories, namely soft and collinear. Soft divergences arise
when momentum of a massless particle in the loop goes to zero and the collinear ones re-
sult when a massless particle in the loop becomes parallel to one of the external particles.
Note that the amplitudes are not observables, instead the cross sections or decay rates
made out of these amplitudes are the observables. Thanks to Kinoshita-Lee-Nauenberg
(KLN) theorem [88, 89], the finiteness of the observables can be guaranteed by summing
over the degenerate final states and performing mass factorisation for the initial states.



While these divergences go away in the physical observables, the amplitudes demonstrate
very rich universal structure in the IR region at every order in perturbation theory. The
IR structure of amplitudes in QCD is well understood and in particular, the universal
structure of IR poles was predicted in a seminal paper [90] by Catani for n-point two loop
amplitudes. The iterative structure of singular part of the UV renormalised amplitudes in
QCD was exploited in [90] to predict the subtraction operators that capture the universal
IR divergences. Later on Sterman and Tejeda-Yeomans related the predictions by Catani
to the factorisation and resummation properties of QCD amplitudes [91]. It is easy to
convince oneself that iterative structure is the result of factorisation. The generalization
of Catani’s proposal for arbitrary number of loops and legs for SU(N) gauge theory using
soft-collinear effective theory was given by Becher and Neubert [92]. A similar result was
also presented by Gardi and Magnea [93] by analyzing Wilson lines for hard partons.
We follow here Catani’s proposal and express the UV renormalised amplitudes |M?’(n)>
for the three point function up to two loop order in terms of universal subtraction operators

I (o),

M) = 2D (M) LMD,

IMPE) = 21D ()| MPOy + 21 () My 4 M ETT (2.34)
where

4C4 | 3C t\2 2
(s ()]}
€ 2e 2e 5 5

17(e) = S (1 [Ig})(e)Qfo] +€;?1T;)6> [%@K] 120 +HP () (2.35)

67 10
K= <18 - C2> Cy — jTan’

3 5 11 1 29 1 1 5
@) 2 . 1 29 1.\ 1 9 9
@1l 5 1. 1 29 1 11

Hyge(e) = - {CA ( 51~ 182~ 7% ) T Cang | gyt oG ) Oy { — o - 4G
245 23 13 , (3 5

The IR singular part of Sy ((A¢|Af)) computed up to al agrees perfectly with the pre-
dictions based on Catani’s proposal. Hence, we present only the finite part of Sy for
f = 999,949, namely Sy4q rin and Sygg, rin in the appendix A.

~10 -



3 Universality of leading transcendental terms

Kotikov and Lipatov [94-96] (see also [97, 98]) conjectured maximum transcendentality
principle which relates transcendental terms in the anomalous dimensions of leading twist
two operators in A/ = 4 SYM with those in the corresponding QCD results [24, 25]. In
the perturbative calculations, one associates transcendentality weight n to the constants
¢(n), €™ and the functions namely HPLs of weight n. In N' = 4 SYM, the FFs of
the half-BPS type operators show uniform transcendentality. On the other hand QCD
results contain terms of all transcendental weights in addition to rational terms (zero
transcendentality). From various higher order results that are available in QCD and N' =4
SYM theories, one finds similar connection. In particular, the leading transcendental terms
of anomalous dimensions of twist two operators, two and three point FFs in QCD when
Ca=Cp =N and Tyny = N /2 coincide with the corresponding ones of the half-BPS
operators in N/ = 4 SYM. The leading transcendental terms of the QCD amplitude for the
Higgs boson decaying to three on-shell gluons [54, 99] are also related to the two loop three
point MHV FFs of the half-BPS operators [100] in N' =4 SYM. Similar relations are found
for two point FF's of quark current, scalar and pseudo-scalar operators constructed out of
gluon field strengths, energy momentum tensor of the QCD up to three loops see [18, 101—
103]. Recently, in [104], we studied several three point FF's of the half-BPS as well as the
Konishi operators in N' = 4 SYM at two loop level in ‘t Hooft coupling. We evaluated
them between on-shell final states go¢ and AN where ¢, A, g are scalar, Majorana and gluon
states. Unlike the half-BPS, the Konishi operator is not protected by supersymmetry and
hence we find non-trivial structure at higher orders. The explicit computation shows that
the FF of the Konishi operator does not show uniform transcendentality [101, 104, 105].
Interestingly, the leading transcendental terms of the Konishi for the states g¢¢ agree with
those of the half-BPS operator [104]. On the other hand, for A\ states, we did not find
any such relation to the corresponding ones for the half-BPS. In the present context, it is
tempting to relate our results for FFs to the Konishi operator, rather than the half-BPS
owing to the fact that both are not protected. We find that the amplitude A — ggg agrees
with the FF of the Konishi operator between g¢¢ states at the leading transcendental
level while A — ¢gg for Og does not have any relation with that of the Konishi operator
computed between ¢pA\ states. Surprisingly, we find that the leading transcendental terms
of the amplitude A — ¢gg multiplied by its born and normalised by its born square
contribution agrees with the half-BPS. In summary both the amplitudes namely A — ggg
and A — ¢qg computed using Og operator multiplied by respective born amplitudes and
normalised by their born squares have leading transcendental terms identical to those of
the half-BPS. Our results with pseudo-scalar operator computed between different on shell
states shed more light on the universal structure of higher order terms in gauge theories.

4 Conclusion

The motivation to compute two loop virtual corrections to decay of a pseudo-scalar to
three gluons or quark, anti-quark, gluon is two fold. Firstly, with larger data set that

- 11 -



are available at the LHC, constraining BSM scalar sector has become feasible and hence
precise theoretical predictions for production of pseudo-scalar and its subsequent decays
to jets need to be achieved. Secondly, such a computation of NNLO level for the differ-
ential rates is technically challenging due to non-trivial tensorial interaction encountered
here. We have successfully computed UV renormalised virtual contributions to A — ggg
and A — ggg upto two level in QCD perturbation series using dimensional regularisation.
The UV renormalisation is performed in MS scheme. We used an effective field theory
approach which in our case involves integrating out top quark degrees of freedom. The
resulting effective operators that contribute to the production of pseudo-scalar contain a
Levi-Civita tensor and 75 matrix. These objects require special treatment in dimensional
regularisation as they can not be defined in arbitrary dimensions other than four. Most of
prescriptions define them in dimensional regularisation, however all of them fail to preserve
the symmetries or Ward identities of the theory. We have used one of them namely the
't Hooft-Veltman prescription and in order to restore the symmetry we performed a non-
trivial finite renormalisation on top of other standard UV renormalisations. This way, we
could successfully compute UV finite two loop contributions. The resulting expressions do
contain soft and collinear divergences due to the presence of massless gluons and quarks.
Since these divergences are universal due to factorisation properties of on-shell QCD am-
plitudes order by order in perturbation theory, we confirm the correctness of our results
up to finite terms using Catani’s infrared factorisation formula which predict all the poles
resulting from soft and collinear configurations up to two loops. Expressing our results
using Catani’s subtraction operators, the remaining infrared finite terms of the amplitudes
are presented in the appendix A. It is well known in the context of scalar Higgs boson that
the leading transcendental terms of finite part of H — ggg amplitude up to two loop level
are related to the corresponding ones for three particle amplitude with an insertion of the
half-BPS operator provided the color factors in QCD are adjusted in a specific way. We
find that this is indeed the case for A — ggg, ¢gg amplitudes presented in this paper. In
summary, the results for A — ggg and A — ¢gg up to two loop level in QCD are presented
in this paper. With appropriate analytical continuation, our results can be readily used
for the study of production of a pseudo-scalar in association with a jet at two loop level at
the hadron colliders.
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A Results

Here, we present finite part of matrix element Sy for f = ggg, qgg, namely Sy44 rin and

Sqqq,fin, by setting —-Q? = ,u?% and taking out Born color factor N(N? — 1), & 2271 for the
final state ggg, qqg respectively. One loop finite result for f = ggg external state is given by

S?’(O) =-128C1 4 (y4+2y3(71+z)+3y2(7l+z)2+2y(71+z)3+(17z+z2)2) N
sg&® :N{%Gcl,g (v +26° (“142) 43y (“142)° +25(-1+2)° + (1= 2+2)%) (Co+ H(039) (H (052) — H(1;2)

— H(23y))+H (05 2) (H(L;2) — H(2iy)) +2H (1 2) H(3;y) +2H(1,05) +2H (3, 2;) )
1408

= Ong (v +20% (C142) 480 (— 1427 +2u(=142)° + (1= 24297 ) (H(0:9) + H(0:2) = H(132) ~ H(2v) )
128

- Cig (24+24y4+48y3(71+z)747z+712274823+24z4+y(71+z)2(747+482)+y2(717143z+7222)) }

+nf{% (y4+2y3(—1+z)+3y2(—1+z)2+2y(—1+z)3+(1—z+z2)2) (H(O;y)+H(0;z)—H(l;z)—H(Z;y))

128C1 4
+7"(*1+y)(*1+Z)(y+Z)},
SQG‘I’(l):nf{764CLg (y4+2y3(71+z)+3y2(71+z)2+2y(71+z)3+(1fz+22)2)}4 (Al)
At two loops, for f = ggg external state, we decompose SE® in terms of the color factors
g

as follows (2), n2

2 2),ns/N 2),ny N ,n
SgG,(2) — SéZ)JV + Sé )/ n Sé )imf 8, (A.2)

where each color term is given below

(2),N% _ 2 2 . . . . . . .
Sy =N (5942/10+2C3H(11Z)+243H(27y)—16C2H(1qZ)H(Zy)+16H(1,Z)H(2,y)H(0,Oyy)

—8H (1;2)H (3;y)H(0,0;y)+8H (0,0;y)H (0,05 2)+16¢2 H(0,1;y) —4H (0,0; 2) H(0, 1;2) +16¢2 H (1, 0; y)
+8H(1;2)H (3;y)H(1,0;y)+8H(2;y)H(3;9)H(1,05y) —8H (0,05 9)H(1,0;y) — 16 H(2;y) H(3; ) H (1,05 2)
+16¢2H (1,1;y)+8H(0,0;y)H(1,1;2)—8H(0,0;2)H(1,1;2) —4H (0,0;y) H(2,0;y) —16¢2 H(2,2;y)

+8H (0,0;y)H(2,2;y)+8H(0,0;2)H(2,2;y) —16H(1,0;2)H(2,2;y)+24H(1;2)H(3;y)H(2,3;y) —8H(1,0;y)H(2,3; y)
+24H (2;y)H (3;y)H (3,2;y) —16H(0,0;y) H(3,2;y) — 16 H(1,0;2) H(3,3;y) +32H (1, 1;2) H (3, 3; y)
+12H(2;y)H(0,0,0;y)+4H(1;2)H(0,0,1;z)+16H(2;y)H(0,0,1;2)+ 16 H(3;y)H(0,0,1;z) —8H (1;2)H(0,0,2;y)
—24H(1;y)H(0,1,0;y)—8H(2;y)H(0,1,0;y)+16H(2;y)H(0,1,1;2)4+16H(3;y)H(0,1,1;2) —48H (1;y)H(1,0,0;y)
—16H(2;y)H(1,0,0;y)+16H(2;y)H(1,0,1;2)+16H(3;y)H(1,0,1;2)+8H (1;2)H(2,0,0;y) —8H (1;2) H(2,1,0;y)
—8H(2;y)H(2,1,0;y)+8H(1;2)H (2,2,3;y) —24H (3;y)H(2,3,2;y) —32H(1;2)H (2,3,3;y)+8H(1;2) H(3,0,0; y)
—2H(0;2)(C3+4H (3;y)H(2,2;y)+2H (2;y)(2¢2 — H(0,05y)+ H(0,1;2)+ H(1,052) +4H (1,1;2) — H(2,3; y)
+H(3,2;9)) —4H (1;2)(C2 + H(2;y) H(3;y) —H(0,0;9)+ H(1,059) — H(2,0;y) + H(2,2;y) — H(3,0;y) +2H(3,3;9))
—3H(0,0,1;2)+2H(0,0,2;y) —2H(0,1,1;2) —4H(0,2,2;y)+ H(1,0,0;2) —2H(1,0,1;2) — H(1,1,1; 2)
+2H(2,0,0;y)+4H(2,1,0;y)+4H(3,0,2;y)+4H (3,2,0;y)) —48H (3;y) H(3,2,2;y) —2H (0; y) (¢3 +4C2 H(2; y)
+4H(2;y)H(0,0;2) —12H (1;y) H(1,0;y) +8H (3;y) H(1,1;2) + H(1;2)(8H (2;y) H (35 ) —2H (0,05 2) +4(¢2 + H (1,05 9)
+H(2,0;y)—H(2,35y))) —2H(2;y)H(3,2;y) —2H (05 2)(2¢2 +2H (1;2) H(3;y) + H(0,1; ) + 2H (1,0;y) —2H (1,15 2)
—H(2,0;y)+2H(3,2;y))+2H(0,0,1;2)+H(0,0,2;y) —2H(1,0,0;y) —2H(1,0,0;2) — H(2,0,0;y) — H(2,2,2;y)
+6H(2,3,2;y) —4H(3,0,2;y) —4H (3,2,0;y)+12H (3,2,2;y))+32H (1;2)H(3,3,2;y) + 16 H(1; 2) H(3,3, 3; y)
—6H(0,0,0,1;2)—6H(0,0,0,2;y)+16H(0,0,1,0;y)+2H(0,0,1,0; 2) —6 H(0,0,2,0; y)+8H (0,0, 3, 2; y)
+12H(0,1,0,0;y)+6H(0,1,0,0;2)+4H(0,1,0,1;2)+16 H(0,1,1,0;y) +12H(0,1,1,0; 2) —2H(0,1,1, 1; )

—6H(0,2,0,0;y)—2H (0,2,2,2;y)+12H(1,0,0,0;y)+6H (1,0,0,0; 2)+4H(1,0,0,1; 2)+24H(1,0,1,0;y)
+12H(1,0,1,0;2z)—2H(1,0,1,1;2)+32H(1,1,0,0;y)+16H(1,1,0,0;2)—2H(1,1,0,1;2)+16 H(1,1,1,0;y)
—2H(1,1,1,0;2) —6H(2,0,0,0;y) —2H (2,0,2,2;y) —2H(2,2,0,2;y)+8H(2,2,1,0;y) —2H(2,2,2,0; )
+8H(2,2,3,2;y)+16H(2,3,3,2;y)+24H(3,2,3,2; y) +32H(3, 3, 2,2;y)+16H(3,3,3,2;y))

+C1,4 ((64(33+121y47114z+231z2 —1942% 412124 + 293 (—974+1212) +3y2 (77— 2022 +12122) + 2y (—57+ 2432

—303224+1212%))¢3)/3— (64(121y% +218y> (= 1+2)+297y2 (—1+2)2 +178y(—1+2)2 +77(1 — 2+ 22)2) o H(0;y)) /3
—(64(TT+ 7Tyt — 1782429722 — 21823 + 12121 + 293 (—77+892) + 3y (77— 17824 9922)

+2y(—TT+2672—29722 +1092%))¢o H(0;2)) /3 — (64(114+99y* + 74211122 +1142% — 3324 + 43 (—62+542)
+3y2(11—1424+72%) +y(18 — 78247822 —662°))Ca H(1;2)) /3 — (64(55+ 11y* + 742 — 11122 +1142° +112%

— 293 (—57+612) —3y> (37— 82z +4122) +y(74— 2462+ 24622 —1222°)) 2 H(2;y)) /3 — (128(22y* +324° (—1
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+2)+63y2 (—1+2)2 +42y(—142)° +11(3—42+622 — 425 +32%))H(0; 2) H(1; 2) H(2; ) /3+ (128(55y* + 45 (—88
+742)+ 692 (22— 442+ 2122) 4+ y(— 8842642 — 26422 +742%) +11(4—82+1222 — 823 +52%))H(1;2) H(3;9)%) /3
+(128(77+55y% —862+12922 —762° + 6628 + 4% (—64+622) +3y2 (42— 8224+ 4122) + 6y (—14+412— 4122
+122%))H(2;9)H (0,15 2))/3— (128y(22y° +32y% (—142)+33y(—1+2)2 +12(—142)) (H(0; y) H(0; 2) H(1; 2)

— H(0;9)H(0,1;2)))/3— (1282(—12+12y> +332—322% 42222 442 (—36+332) + (36 — 662

+3222))H(0;2) H(1,0;9)) /34 (128(33+33y* —902+13522 —1002° + 442* + 43 (—88+902) + 3y % (44— 902+ 4522)
+29(—4441352—13522 +502°)) (H(1;2) H(1,0;y) + H(2; ) H(1,0;)))/3+(128(22+33y* —902+13522 —1002"
+3320 4293 (=504512)+3y2 (45— 922+ 4622 ) +6y(—15+462— 4622 +1722))H(1;2) H(3,2;y)) /34 (1282(12y°>
+3y2z+2y2? —112%)(H (05 2)H(1; 2) H (3;y)+ H(0; 2) H(3,2;9))) /3 — (128y(11y° — 292 2 — 3y2°
—122%)(H(0;9) H(1; 2) H(3;y) + H(0; ) H(0, 1; 2) + H(0; ) H (3,23 9) —2H (0,0, 15 2))) /3— (128(99y* + % (— 232+ 2342)
+132(1— 24 22)2 +42(363— 72624 36622) +12y(—21 4632 — 6322 +2222)) H(0,1,0;y)) /3— (128(88+88y* — 1642
+2312% —1442% 46622 +4y> (—44+412)+3y% (88— 1642+ 7722 ) + 2y (—88+2462 — 23122 +722°)) H(0,1,0; 2)) /3
+(128(77+77y* —13024+19522 —1202% + 662 + 243 (—66+652) +3y2 (66 — 13024 6522) + 6y (—22+652 — 652>
+202%))H(1,0,1;2)) /34 (256(11+11y* +142 —14y° 2 — 3622 +442°% —222* — 692 2(—7+62) —2y2(21 —362+2222))
(C2H(139)+H(1,1,0;9))) /3~ (256(11y* +10y° (—1+2) =10y (~1+2)° —11(1 —2+27)?) H(1,1,0;2)) /3+(128(110
+99y* —1742+2612% — 16422 +992% + 293 (—82+812) +3y> (87— 1722+ 8622) + 6y (—29+ 862z — 862>
+272%)) (H (15 2) H(2;y) H(3; y) + H(2,3,2;9))) /3—2816(y* +2¢° (=14 2) +3y2 (= 1+2) 2 +2y(— 1+ 2)°
+(1—2+2%)%) (= (H (05 y) H (05 2) H(2;y)) /3+ H (03 y) H (13 2) H (25 y) + (H(03y)* H (03 2) + H(0;y) H (03 2)°
—H(03y)? H(132)+ H(0;9) H(132)° — H(0;2)  H(2;9) + H (05 2) H(2;9)%) /2+ (H(0;y) H (13 2) H (3;9)) /3

+(H(032) H(132) H(3;y)) /3= H(1;:2)  H(3;y)+ H(152) H(3;9)® — H(0; ) H(0, 2 y) + (H (05 2) H(1,059)) /3
+H(0;9)H(2,2;y)+ (H(0; ) H(3,2;9)) /34 (H(0; 2) H(3,2;¥))/3+ H(0,0,1; 2) /34 H(0,0,2;y) — H(0,1,1; 2)
+2H(1,0,0;y)+H(1,0,0;2) — H(2,0,0;y) —2H (3,2, 2; ) — (256 (11y* + > (—444582) + 6y (11— 2224+ 1222)
+29(—224662—6622+292%)+11(2—42+622 —42% +2%)) (H(3;9) H(0,1; z)+H(3,3,2;y)))/3)

+C3.4 (((—128y222(64y6+2y5(—125+622)+y4(506—6912+14922)+2y3(—329+77lz—49822+5923)+2(—1
+2)2(32—-7024992% —612° +322%) + 2 (542 — 179724207622 —9962° +1492%) + 4 (—268+10902 — 179722
+15422% —6912% +1242°))¢2) /9+ (1282 22 (157y% +4° (—628+7602) +y* (1250 — 28512 +161922) + 243 (—776
+25742—28412% 410462 )+ (—1+2)% (157 — 3082446522 —3142° +1572%) + 4% (1238 — 494124801322 — 56822
+16192%) +y(—622+25062 — 494122 + 514822 — 28512 +7602°)) H(0; ) H(0; 2)) /9+ (12832 22 (133y° +4° (=532
+5762) +y* (1060 — 22432 +118522) 429> (— 659420682 — 216022 +7522°) + (—1+2)? (133 — 2662+ 40122 —2682°
+1332%) +42(1052 - 40632+ 631122 — 432223 +11852%) + 5 (—528 + 21262 — 407922 +41522° — 224724
+5762°%))H(0;2)H(1;2))/3+ (12822 (—1+y+2)2(—157y% +4° (314 —1822) +60(—1+2)222 (1 — 2+ 22) —3y* (155
—207245822)+2y° (154— 2582+ 6922 +382°) +15y2(10— 372+ 5822 — 4322 +122%) + 42 (—157— 732+ 56122

— 76622 +1882%)) H(0;2) H(2;9)) /9+ (1282 (—1+y+2)2(60y° +180y° (—142) +y* (240 — 6452+ 18822)
+293(—90+4352— 38322 +382%) 4 y2(150 — 732 — 51622 +6212° —1822%) + 5% (60— 5552+ 56122 +1382° —1742%)
+22(—157+3082— 46522 +3142° —1572)) (H(0;y) H(1; 2) + H(0;y) H(2;9))) /9

—(15488y2 22 (—1+y+2)2 (v +2y° (—142) 43y (—142)2 +2y(—142)° + (1 — 2 +22)2) (H (05 )2 + H (0; )
+H(1;2)? +2H (1 2) H(2;9) + H(2;)°))/9— (12857 (20y° +100y 7 (—1+2) —2(~1+2)%2% (—1+22)
+5y5%(44—99245122) +2¢° (—140+ 5302 — 60122 +2322%) +y* (220 — 12602+ 227122 — 18162° +5952%)
+43(—100+8702 — 218122 +26682> — 18052% +5462°) +y2(50 — 2252+ 45222 — 6252° + 58224 —3222° +8829)
+52(20—3252+108222 —17662° +18252% —11142° +3082%))H(0,1;2)) /3 — (12842 (60y® +300y " (=14 2) + 1145 (60
—135241922) — 2% (420 — 15902468522 +5482%) + y* (660 — 37802+ 234122 +41742° —33892%) —2(—1+2)2 22 (278
— 5472482522 —5562° +2782%) — 43 (300— 26102+ 98322 +96482> — 1329324 +49662°) + 32 (60— 9752 — 117822
+118922° —215612% +153662° —42502%) +y2 (150415372 — 75282

+153152°% — 159062 +86562° —22242%))H(1,0;9))/9— (128(—1+y+2)2 (6035 +180y7 (—1+2)+3°(240— 6452
—2112%)+60(—142)%24 (1 — 2+22) +3° (— 18048702+ 2622 —5902°) + 5> 2(150+ 7192 — 248422 +21992° — 5902*)
+1222(—5564+7192—62422 +262° —2112%) +15y2° (10— 37245822 —432° +122%) —3y* (— 20+ 1852 +20822
773323+358z4))(H(1;z)H(S;y)+H(3,2;y)))/9))
+C2,g((128(—1+y)y(—1+z)2(y+z)2(60y7+15y6(—16+392)+2y5(210—12092+84122)+y4(—420+46392
—703922 +28512%) +4% (240 — 52652 +1258222 —105702° +30682%) + 2(381 — 11212+ 186122 — 18832° + 114324

—3812%) +y2(—1663+5417z — 859022 +69122° —31142% +6572%) + 42 (—60+37412 — 115212 +144482° — 809724
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2),np/N
s/ _

2),n N
s_é) 7=

+19712°))H (05 4)) /94 (128(—1+y)2 (—1+2)2(y+2) 2 (y° (—38146572) +60(—1+2)2 22 (1 — 2+ 22) +9y° (127
—3462421922)+y° (—1+2)2 (1861 —48682+285122)+y* (—1883+69122 — 809722 +306822) +y(—1+2)% (381

— 90124155822 —12482° +5852%) + 42 (—1121+54172 — 1152122 +125822° —70392* +16822°)) H (0; 2)) /9
+(128(=149)2(—142)%(60y° — 1545 (16+32) + 1" (420 — 2432 —83822) +60(—1+2)°2* (1 —z+22) + 4% (—420
+52424+196622 —24172%) 4+ 9% (240 — 3852 — 305922 +71442° —39162%) +y* (—60+142+23182% — 913323
+103502* —39162°) + 3> 2(135— 11582+ 456622 —91332° 4 71442% —24172%) 494222 (390 — 11582+ 231822 — 30592°
+19662% —8382%) + 42 (135+142 — 38522 +5242° —2432% —452%)) (H(1;2) + H(2; y)))/Q)

128Cy 4 4 3 2 3 4, 2 2
—27(3256+3169y +6338y° (—1+2)— 614824931722 —63382° + 31692 +42(9317— 187312 +950722)

+y(—6148+1854lz—1873122+6338z3))}. (A.3)

n q a
~ {102401,9 (v +20° (1424307 (142 +20(-1+2)° + (1-2427)% ) ¢

128C3, 4
3
+202%)) (C2+ H(0;9) H(0;2) + H(0;2) H(L;2)) +2° (—1+y+2)° (Ty* +4° (—5+82) +2¢% (4 —62+32%)
+y(—4+22—423)—22(—1+22—222+z3))H(O;z)H(2;y)—yB(—1+y+z)3(2y4+4y3(—1+z)+y2(4—622)
+2(4—-82+52% = 72%) —2y(14+2 62" +42%)) (H(0;0) H(132) + H(0;9) H (2:9)) +v° (247 +104° (=14 2)

+2y°(11-182+622) —y* (28— 522 +1222 +1923) + 45 (22— 362 — 3222 +1082° —6524) + 2 (—10+ 62+ 7222
4

(y3z3 (64+7y* —2524352% —232° + 72 + 5% (—23+202) + 92 (35— 572 +2422) +y(—25+ 682 — 5722

—1902% +1952% —752%) +y(2+82 — 6022 +1482> — 20524 +1502° —4920) 4+ 2(—44202 — 4722 +752% — 792
+492°—142%)H(0,1;2) +33 (20" +10y8 (—142)+25° (11— 1824 622) —y* (28 =522+ 1222 +525) + 45 (22— 362
—3222 46225 -252%) + 5% (= 10+ 62+ 7222 — 12025 + 8121 —2720) 4 2(—4+202— 3522 + 2523 — 924 4+ 32%) +y (2
+82—6022 49822 —692+362° —928))H(1,0;9)+ (—14+y+2)3 2y +4y8 (=14 2)+9° (4—622)— 24223 (4 —62
+322) 442 2(4—82+1022 —152%) 4224 (—1+4 22— 222 +2%) 42928 (2— 2+ 22%) — (2422 — 1222
+155)(H(1;2)H(3i9) + H(3,239)) )

+Cay ((7128y2(71+z)(2y7+y6(78+92)+y5(14725272z2)+y4(714+28z+372275923)+y3(8715277822
+2042% —1202%) + 52 (—2+ 246622 —2422% +2002% —1242%) 4 yz(2— 272411722 —2202% +1942% —722°)
+222(2-102+2522 — 3522 4272% —92%)) H(0;9)) /3+ (128(—14y) 2> (18y" +18y° (—3+4z) +10y* (=14 2)? (-5
+122)—2(—1+2)222 (1 —2+22)+29° (35— 9724+622%) —y(—1+2)2 2(24+ 52— 722 +92%) +4° (20— 1172

+24222 —2042% +592%) 4y (—4+272 - 6622 +782° —372% +22°)) H(0;2)) /3— (128(—1+y) (—1+2)(—1+y

+2)2 2y +4° (—4+52) —20* (=24 2+722) +y22(3—82+1422 —142%) 4225 (— 1422 - 222 4 2%)
yz2(3-2224523) 253 (1722 +82%)) (H(1; z)+H(2;y)))/3)

64C1 4 4 3 2 3 4, 2 2
77((1424»144@/ +288y3 (—142) — 2892443322 —2882% +1442% + 2 (433 — 8672 +43222) +y(— 289+ 8682

,867z2+288z3)))}. (A.4)

an{Cl,g ((128(21+13y4736z+512273223+13z4+y3(732+262)+y2(51784z+3922)+y(736+90278422

+262%))¢3)/3+(128(11y" +19y° (—142) +27y° (—142)° +17y(—142)° +7(1 = 2+2%)*) 2 H(0;1)) /3
+(128(7T4+7y* — 17242722 —192° +112% + 43 (—14+172) + 392 (T—1724922) 4 y(— 144512 — 545>

+192°))Co H(0;2))/3+(128(1—4y> +9y* +102— 1522 41225 —32* 142 (3+62—322) —6y=z(2—22

+22))CaH(1;2))/3+(128(5+y* +102—1522 +122% 4 2% — 493 (=34 42) —3y2 (5—142+722) —2y(—5+ 212
—21224+82%)) ¢ H(2;9)) /3+ (128(6+4y* +5y° (—1+42) +9y% (=14 2) 2 +6y(—1+2)° —82+1222 —825
+62)H (05 2) H(1;2) H(2;y))/3+ (128(2y* + 5 (—8+132) +6y2 (2— 424322 4 y(—8+242 — 2422 +132%) +-2(2

— 424622 —42% + 2N H(1;2)H(3;9)2) /3+(128y(2y° —2y% 2 —3y22 —32°)H(0; ) H(0,1; 2)) /3 — (128(14+10y*
— 14242122 —132% 41224 4293 (—5+42) +3y2 (6 — 102 +522) + 3y (—4+102 — 1022 +323)) H(2; ) H(0,1;2)) /3
+(128y(4y° +5y° (—1+2) +6y(—142)% +3(—1+2)°) (H(0;3) H (0; 2) H(1; 2) — H(0;y) H(0,1; 2))) /3+ (128(4+ 4y "
— 11241822 —1322 +82% 493 (—8+112)+3y2(4—112+622) +y(—8+332—3622 +132%)) H(0; 2) H(1,0;9)) /3
—(128(64+6y* —182+2722 —192% 4824 + 243 (—8+92)+3y% (8—182+922) +y(—16+542 — 5427

+1923)) (H(1;2)H(1,0; )+ H(2;9)H(1,0;4))) /3 — (128(4+6y* —182+272% —192° +62% +43 (—19+212) + 352 (9
—202+1022)+3y(—6+202—2022 +72%)) H(1; 2) H(3,2; 1)) /34 (128(6y* +y° (—8+62)+4(1—z+22)% +3y2 (4
—82432%) +y(—8+242—242%+52%)) (H(0;y) H(1; 2) H(3;9)+ H(0;y) H(3,2;9))) /3+ (128(4+4y* —82+122>
—82% +62% +y° (—8452)+3y% (4—82+322) +y(—8+242— 2422 +62°)) (H(0; 2) H(1; 2) H(3; y)
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+H(0;2)H(3,2;9))) /34 (256(y° (—4+62)+2(1— 2+ 22)2 +3y2 (2—42+322) +y(—4+122

—1222472%))H(0,0,1;2))/3+ (128(18y* + 4% (—43+452) +24(1— 2+ 2%)2
+3y2(22—442+2322)+3y(—15+452— 4522 +162°))H(0,1,0;)) /3+(128(16+16y* — 292

+4222 - 2728 41224 493 (—32+4292) + 42 (48 —8724+4222) 4 y(— 32487z — 8427

+272%))H(0,1,0;2))/3— (128(14+14y* —222+3322 —212% +122% + 9% (=244 222) + 42 (36 — 662 +3322) +3y(—8
+222-2222472%))H(1,0,1;2)) /3 — (256(2+2y* + 52 —5y° 2+ 3y% (5—32)2 — 922 +82° —42* 4 y2(—15+182
—82%)) (G2 H(1;9)+ H(1,1,0:9))) /3+(256(2y™* +4° (—1+2) —y(—1+2)® —2(1—2+2%)*) H(1,1,052)) /3
—(128(20+18y? —302+4522 — 2922 +182% 4¢3 (=294 272) + 42 (45— 842+ 4222) + 3y (— 10+ 282 — 2822

+92%) (H(152) H(2;9) H (3:9) + H(2,3,2;1))) /3+512(y" +20° (— 14 2) +3y° (- 14 2) 2 +2y(-142)° + (1— 2
+2%)2) ((H(0:9)? H(0; 2)) /24 (H(03y) H (05 2)%) /2 — (H (05 y)* H (13 2)) /2+ (H(0;y) H(132)%) /2

— (H(0;y) H (05 2) H(25)) /3 (H(0;2)> H(2:y)) /2+ H (03 y) H (15 2) H (25 y) + (H (03 2) H(2;9)*) /2= H(1;2)* H(3; y)
—H(0;9)H(0,2;9)+H(0;y)H(2,2;y)+H(0,0,2;y) —H(0,1,1;2)+2H(1,0,0;y) + H(1,0,0;2) — H(2,0,0; )
—2H(3,2,2;9))+(256(2y* + 9> (—8+132) + 6y (2— 42+ 322) + y(—8+ 242 — 2422 +132°)

+2(2-42+62" 42 +21) (H(3;9) H(0,152) + H(3,3,2;1))) /3)

+C3,4 ((64y222(101y6 +1°(—392+2902) +2y* (398 — 6792 +23622) +2¢> (— 523+ 14042 — 108622 +2172°) +(—1
+2)2(101—2262+31522 —1902° +1012%) + 52 (868 — 30962 +399322 —21722° +4722%) + 2y(— 21448922 — 154822
+14042% —6792% +1452°))¢2) /9+ (12842 22 (8% +4° (=32 +132) +y* (66 —832+822) — (86 — 1832+ 8122
+162%)+2(—142)2(4—92+1322 — 825 +42%) 4942 (70— 2152+ 22022 —812° +82%) + y(—344+ 1362 — 21522

+1832% — 8324 +132°)) H(0;9) H(0;2)) /3 — (12842 22 (64y° +9° (=256 +3132) +5y* (100 — 2332+ 13622) + > (—604
+20912—241522 +9282°) +2(—1+2)2 (32— 642 +9922 — 672> +322%) + 42 (476 — 19832+ 333022 — 24212 +6802%)
+y(—244410002— 203122 +21392% — 117724 +3132°)) H(0; 2) H(1;2)) /9 — (12822 (—1+y+2)2 (84 +4° (=16 +352)
+22(—142)222(1—2422)+3* (26— 9824 6322) +3y> (—6+412— 6122 +2625) +2y2(14— 682411922 — 982>
+332%) 442 (8882423822 —2502° +942%)) H(0; 2) H(2;9))/3— (128y% (—1+y+2)2 (229 +66y° (—1+2)

+29% (44— 9824+4722) 443 (—66+2382—25022 +782°) +22% (4— 9241322 — 822 4 42%) 4 y2(28 — 882+ 12322
—982% +352%) 442 (221362423822 —1832% +632%)) (H(0;y) H(1; 2) + H(0;4) H(2;9))) /3+ (5632y% 22 (—1+y
+22 (20 (1424307 (—142) 42y (—142)° + (1= 242%)°) (H(039) >+ H (03 2) + H (13 2)°
F2H(1;2)H(29)+ H(2;9)2))/9+ (1282 (22y° +110y7 (—142) —2(—1+2)3 23 (—1+22) + 3% (242 - 5042+ 24022)
+9°(—308+10042 — 99822 +3192%) +y* (242 - 111624172622 —11502° +3052%)

443 (—11047142— 154222 +16142° — 93524 4 2552%) 4 y2(28 — 1242+ 24322 — 32523

+2872% —1472° +382%) 442 (22— 2362469822 —10242° + 94524 —5322° +1332%))H(0,1;2))/3

+(128y2(66y% +330y" (—1+2)+2y5 (363 —7562+34022) +y° (—924+ 30122 — 282222 +6832°)
—2(—=1+2)222(20—312+512% — 4023 +202%) +y* (726 — 33482+ 483422 — 249222 1 2592) — 3 (330— 21422
+422622 —32042° + 56721 +2112%) + 5% (66 — 7082+ 179822 — 167425 + 7524 +6422° —25720) + y2(84— 2242
+13722 442325 — 77724 +5172° —1602%)) H(1,0; %)) /9+ (128(— 14y +2)2 (665° +198y" (—1+2)+66(—142)% 2% (1
— 2422 +y%(264—5882+21822) +4° (—198+ 7142 — 62822 +1632%) +6y2° (14— 682 +11922 —982° + 332%)
+3y%(22—-1362+17822 — 10922 +382%) +2y2 22 (=20 — 712426722 —3142° +1092*) + 4% 2(84 — 1422421022
7327zs+163z4))(H(1;z)H(3;y)+H(3,2;y)))/9)

+C2.4 ((—123(—1+y)y(—1+2)2(y+z)2(198y7+y6(—792+10252)+y5(1386—39922+218722)+y4(—1386+6964z
—847122 +30162%) +4% (792 — 69652 +1415922 —111102° +32382%) +22(175 — 4862+ 79722 —8362° + 52524

—1752%) +y2(—16134+51472 — 826622 +68162° —31262% +6922°) + 42 (—198+42312 — 1205022 +147662° — 83822
+20762°))H(0;9)) /27— (128(—14)2 (=14 2)z(y+2) (y® (—350+6922) +198(—1+2)3 22 (1 — 24 22) +6y° (175
—5212434622)+2y% (—142) (797 — 25392 +150822) +2y* (—836 +34082 — 419122 +161922) +y(—1+2)2(350

— 91324205522 —19422° +10252%) + 42 (—9724+ 51472 — 1205022 + 141592 —84712% +21872°))H(0; 2)) /27
—(128(—149)2(—142)2(198y° + 43 (=792 +7572) +198(—1+2)3 24 (1 — 24+ 22) + 7 (1386 — 31532+ 111522)
+y8(—1386451652—454622 +2252%) + 9% (792 — 44662+ 649322 — 144522 —13832%) +y* (—198+19142 — 515622
+30142% +14802% —13832%) 443 2(— 217417822 — 415222 +30142° — 144524 +2252%) 423 (— 217419142 — 446627
+51652° —31532% +7572°) + 4222 (—38+17822 — 515622 +64932° —454624+1115z5))(H(1;z)+H(2;y)))/27)

+ (6420%(2492+2306y4+4612y3(—1+z) — 419124649722 — 461222 4230624 + 42 (6497 — 132052 +691822)

+y(—4191+12784z—1320522+461223)))}. (A.5)
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(2),n2 128 C
5y f=n} {% (@ +2° (142 +30% (—142) +2y(—14+2)° + (1= 242%)?) (=32 —4H (039) —4H (03 2)°

*4H(1;Z>2*4H(0;y)(H(0;Z)*H(1:Z)*H(2;y))*SH(l;Z)H(2;y)*4H(2:y)2+4H(0;Z)(H(I;Z)+H(2;y))))

256 C' . . .
+% ((10y4+y‘5(720+23z)+3y2(97202+llz2)+y(717+512757z2+202‘5)+2(577z+1222 —102°

+524)H(0;9)+ (104105 +20y° (= 1+2) =172 +2722 —202% +102* +9y(=1+2)? (—14+232) +3y% (8 — 192
+1122))H(0;2) — (10+10y* =172 +2722 —202% +102% + 4% (=204 172) +3y% (9= 172 +822) +y(—17+54z
=51274172%)) (H(1;2) + H(259)))

128C
_ Tlg (3y4+6y3(—1+z)+y2(—7+z+922)+z(10—7z—622+3z3)+y(10—17z+22+623))}A (A.G)

where the constants C; , are

A o o (A7)

Ciygy=——"7——,C2 4= ,C3.4= .
BT (g te) T g2 ()2 (— L 2) 2yt o) (— Lyt 2)2 T B3 (1 yt2)?

One loop finite result for f = ggg external state is given by

SEO — _gac (A.8)
§2O g, (A.9)
576 _g, (A.10)
57 MW = _gan; 01, (A.11)

5¢ M = N{ —128Cy g {H (05y)H(1; )+ H(0; 2) H(2;y) —2H (1; 2) H (3;y) — H(0,1;2) + H (0, 2;y) — H (1,05 y) + H (2,03 )

64C

64C1 4 6,9 2
72H(3,2;y)}+T{10H(O;y)+1OH(O; 2)—13H(1;2)—13H(2;9)} — T{143y +y(9—182)+2(9+1432)}

—64C1 4 1280C1 4
ey —— {H(0;y)+H(0;2) —4H(1;2) —4H (2;y) }+ ————

1
3 5 }+§{*12801,4{C2+H(0;y)H(0;2)

+H(1,o;y)+H(1,o;z)}—64cs,q(y+7y2+z—2yz+7z2)}. (A.12)

(2)

At two loops, for f = ¢dg external state, we decompose Sf " in terms of the color

factors as follows

2),ns/N 2),n¢N (2),n%
SC® = gLV | g N0 L g N | g@hma/N y g2ms N g2y (A.13)

where each color term is given below

2 64C
s = Nz{% (27¢3 —80¢3 H (23y) +40C2 H(052) H (23y) — 10H (05 y)” (H (0; 2) +4H (13 2)) H (23 y) + 1062 (H (0, 03 y)

+H(0,0;2))+10H(0,05y) H(0,0;2) —20¢2 H(0,1;y) —80H (2;y) H (3;y) H(0,1;2) —10H (0,0; y) H(0, 1; ) —10¢2 H (1, 05 y)
—20¢2H(1,1;y)+70¢2H(1,1;2)—40H(0,0;y)H(1,1;2) —10H (0,1;2z) H(1,2;y)+10¢2 H(2,0;y)+10H (0,05 2) H(2,0; y)
—10H(0,1;2)H(2,0;y)+10¢2H(2,1;y)+80¢2H(2,2;y) —40H (0,0; ) H(2,2;y) —80H (0, 1; 2) H(2,2;y)+20{2 H(3,2;y)
—20H(0,1;2)H(3,2;y)—10H(1,0;y)H(3,2;y) —80H (0,1; 2) H(3,3;y) —160H (1,1; 2) H(3,3;y) —10H (1;y)H (0,0, 1; )
—40H(2;y)H(0,0,1;2)—80H (3;y)H(0,0,1;2)+20H (0;2)H (0,0, 2;y) —10H (0; ) H(0,1,0;y) —20H (1; y) H(0,1,0; y)
+30H(2;y)H(0,1,0;2)—80H (3;y)H(0,1,1;2) —20H (0; 2) H(0,2,2;y) —30H (0; 2) H(0,3,2;y)+10H (2; y) H(1,0,0; z)
—10H(1;y)H(1,0,1;2)—20H(2;y)H(1,0,1;2)—60H (3;y)H(1,0,1;z)+70H (2; y)H(1,1,0; 2) +40H (3; y) H(1,1,0; 2)
+10H (0;y)(3¢2 H(2;y)+ H(2;¥)H(0,1;2)+8H (3;y) H(1,1;2) +4H (1;2) (C2+ H(2,0;y) +2H (3,25 y))
+H(0;2)(—(H(1;2)(2H (2;9) + H(3;9))) + H(2,0;9) +2(¢2 — H(2,2;9) + H (3,2;9))) + H(0,0,1;2) +4H(0,1,1; 2)
+3H(0,3,2;y)+H(1,0,0;2)+2H(1,0,1;2)+2H(1,1,0;2))+10H(0; z) H(2,0,0; y) +20H (0; 2) H(2,1,0; y)
+20H(2;y)H(2,1,0;y)+20H (0;2)H(2,2,0;y)+40H (0; 2) H(2,3,2;y) —120H (3;y) H(2,3,2;y)

+80H (0;2)H (3,2,2;y) — 10H (1;2)(8¢3 —2¢2 H(3;y) + H(25y) (—9C2 +12H (3;9)%) + H(3;9) H (1,05 9)
—12H(3;y)H(3,2;y) — H(0;2)(3C2+4H (2;y) H(3;y) + H(0,0;y) — H(1,0;y) +4H (2,05 y) +4H (2,2;y)
+3H(3,0;y)+2H(3,2;y))—4H(0,0,2;y)—H(0,1,0;y)—3H(0,2,3;y)—3H(0,3,0;y) —4H(1,0,0;y)+ H(1,2,3;y)
+H(1,3,0;y)+4H(2,0,0;y)—4H(2,0,3;y)—2H(2,1,0;y)+4H(2,2,3;y) —4H(2,3,0;y) — 16 H(2,3,3;y)+ H(3,1,0;y)
+16H(3,3,2;y)+8H(3,3,3;y))—50H(0,0,0,1;2)+30H(0,0,1,0;2) —40H (0,0,1,1;2) —40H (0,0, 2,2;y)
—60H(0,0,3,2;y)+20H(0,1,0,1;y)—60H(0,1,0,1;2)+10H(0,1,0,2;y)+20H(0,1,1,0;y)+20H(0,1,1,0; 2)
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(2), N0 _
Sq =

+10H(0,1,2,0;y) —40H (0,2,0,2;y) +30H (0,2,1,0;y) —40H (0, 2,2,0; y) +30H (0,2, 3, 2;5)+80H (0,3, 2, 2; )
—30H(1,0,0,1;2)+40H(1,0,0,2;y)+30H(1,0,1,0; ) +40H(1,0,2,0;y) —40H(1,1,0,0;y)+10H (1,1,0,0; z)
—30H(1,1,0,1;2)—20H (1,1,1,0;y)+40H(1,1,1,0; 2)+40H (1,2,0,0;y) — 10H (1,2,1,0;y) — 10H (1,2,3,2; y)
—10H(1,3,0,2;y) —10H (1,3,2,0;y) —40H (2,0,0,2; y)+30H(2,0,1,0; y) —40H(2,0, 2, 0; y) +40H (2,0, 3, 2; )
+50H(2,1,0,0;y)+10H (2,1,1,0;y) —40H (2,2,0,0;y) —40H (2,2,3,2;y) +40H(2,3,0, 2;y) +40H (2, 3, 2, 0; y)
+120H(2,3,2,3;y)+160H(2,3,3,2;y)+80H (3,0,2,2;y) — 10H (3,1,0,2;y) — 10H (3,1,2,0; y)+80H(3,2,0,2; y)
—10H(3,2,1,0;y)+80H(3,2,2,0;y) — 160H (3,3, 2, 2;y)—80H(3,3,3,2;y))

+Caq (796yst(0;y)zH(O;z)7(64yz(3+17y2+6zf42276y(1+z))(2H(1;z))/3+(32yz(3+73y2+62+61z2
—6y(1+2))H(0;2) H(152)) /3 —64yz(2+7y” —4yz+72")Ca H(2;9) + (32y2(3+53y> —6y(—1+2)
—62+6522)H(0;2)2H(2;y))/3+ (128y2(3+67y2 —6yz+6722)H(1;2) H(2;y) H(3;v))/3 — (64yz(3+61y> +62+3722
—6y(1+22))H(0;y)H(0,1;2))/3+ (64yz(6+95y> —12yz+9522) H(2;y) H(0, 1;2)) /3+ (64yz(—3+5y> +6y(—1+2)
+62—T722)H(0;2)H(0,2;y))/3— (64y2(55y% —6y(2+2)+2(12+192)) H(1;2) H(0,3;y))/3+ (64yz(—3+y> —62+132>
+6y(1+2)) (H(1;2) H(1,0:y)+ H (2 y) H(1,0:9)))/3+ (128y2(—3+Ty> +6y=+T72) H (15 2) H (3, 2;9)) /3 — (64y=(43y”
—6yz+3127) (H (152) H (3,05 y)+ H (03 y) H (3, 2;1))) /3— (64y=(31y” —6y2+432>) (H (0; 2) H(1; 2) H (3;y)
+H(0;2)H(3,2;)))/3+ (64yz(3+35y% +62— 22 —6y(1+32)) H(0,0,1;2)) /3 —64yz(1—2y+14y> + 22
+1722)H(0,1,0;y) — (64(29y> 2+20y2>)H(0,1,0; 2)) /3+ (64yz(—3+y> —62+1322 +6y(1+2)) H(0,1,1;2)) /3
—256yz(—y+yZ+2—22)H(0,3,2;y) — (64y=z(3+65y> +62+6222 —6y(1+2))H(1,0,0;y))/3

—96y° 2(H (05 y) H (05 2)® +2H(1,0,0: 2)) + (64yz(3+25y> +62+42° —6y(1+2)) (C2 H (1;9) + H(1,1,03y)))/3

— (64y2(34+91y% +62+702% —6y(1+2))H(1,1,0;2))/3+ (64yz(3+65y> + 6245322 —6y(1+2)) ((H(0;y)2 H(1;2))/2
+H(0;9)H(0,2;y) — H(0,0,2;9)+ H(2,0,0;9)))/34 (64y2(3+38y> +62+262> —6y(1+2))H(2,1,0;y))/3
+(128y=(3+67y2 —6yz+6722)H(2,3,2;9))/3—32yz(y> +22)((—638C3) /9+Ca H(0;y) +Co H(0; )

—(22H(0; y) H(0; 2) H (1 2)) /3+ (TAH (0;y) H (15 2)%) /3+ (TOH (05 2) H (1; 2) H (25 9)) /3+ (TAH (03 ) H (2;9)7) /3

+ (TAH (0; 2) H(2;y)?) /3 — (148H (1;2)2 H(3;y)) /34 (148 H (1; 2) H(0,2;y)) /3+ (40H (0; ) H(1,0;5)) /3
—(62H(05;2)H(2,0;y))/3+(148H (1;2)H(2,0;y))/3— (296 H(3,2,2;y))/3)

+(512y2(4y” —3yz+42") (H(132)H (3;9)°) /2+ H(3;y) H(0, 1;2) + H(3,3,29))) /3)

+Cs.4 ((732y222(71y2+12y(71+z)+z(712+71z))§2)/37(32y2z2(70y2 —3yz+2(3+672))H(0;y)?)/3+ (32222 (18y
—263y2 4+ (18 —2632)2) H(0;y) H(0; 2)) /9— (32y2 22 (67y? —3y(—1+2)+7022)H(0;2)?) /3+ (329222 (215y% + 18y (1 + 2)
+2(1841972))H(0; 2) H(1; 2))/9+ (6422 (—380y* +45(—1+2)2 2% + 2493 (14 32) + 32 (48 — 2912 — 16422)

+9yz(11—1624522))H(0; 2) H(2;9))/9— (33282 22 (y2 + 22) (H(1;2) +2H (1; 2) H(2; y) + H(2;)2)) /3

— (3242 (30y* +30y° (—2+2) + 22 (324282 —36122) + 42 (30— 962 — 21122) + 2y 2(33—912+2722)) H(0,1;2)) /3

— (3242 (30y* +30y° (—2+2) + 22 (324102 —32522) + 42 (30— 962 — 17522 ) + 2y 2(33—1002+2122)) H(1,0;4))/3

+ (6432 (459 + 4593 (—2+2) +y2 (45— 1442 — 16422) + 422 (12462 —9522) + 3y 2(33— 97z +2422)) (H (0;y) H(1; 2)
+H(0,2;9)+H(2,0;9)))/9— (64(15y° +15y° (—242) +15(—1+2)? 2* 444 (15— 482 — 2682%) +3y2° (11 — 162 +522)

+y3z(33786z+48z2)72y2z2(716+43z+134z2))(H(1;z)H(S;y)+H(3,2;y)))/3)

16 -
+5, Cs.a (Qy(fl +2)(270y° +2(27—18132) 2% +y* (—540+42742) +y 22 (216 — 41752

+390522) +922(432— 47152 +440022) + 3> (270 — 47062 +449922) ) H (0; y) + (— 1+ 1) (22(270(— 1+ 2) % 2% +y* (— 3626
+39052)+2y22 (216 — 23532 4213722) +y° (54— 41752+ 440022 ) + 3% 2(216 — 471524+ 449922 )) H (0; 2)
+3(—1+2)(180y° +180(—1+2)2 2% —y*(360+43572) +y22 (852 — 9662 — 435722 ) + y2 (852 — 3420z — 282122)

+y3(180796627282122))(H(1;z)+H(2;y))))

4
~ 57 C6ua (648+393245y2 +522722 439324522 —432y(—121+2452)) } (A. 14)

{73201,(1 (7€3 — 123 H (139) ~16C3 H(1; 2) +4C2 H (139) H (15 2) — 4Cs H (25 y) +4H (0:)° H(0: 2) H(2:)

—8C2H(1;2)H (3;y)+8H(1;2)H(3;y)H(0,0;y) — 16 H(0,0;y) H(0,0;2) —16¢2 H(0, 1;y) —4¢2 H(0, 1;2) —16{2 H (1, 0; y)
—4H(1;2)H(3;y)H(1,05y) =162 H(1,1;y) —12¢2 H(1,1;2) +4¢2 H(1,2;y) —8H(0,1;2) H(1,2;y) —4¢2 H(2, 05 y)
+4H(0,1;2)H(2,05y) —8C2H(3,2;y)+8H (0,1;2)H(3,2;y) —4H(1,0;y) H(3,2;y) —4H(1;y)H(0,0,1; 2)
—24H(1;y)H(0,1,0;y)+8H (1;2)H(0,1,0;y)+4H (1;y)H(0,1,0;2)+4H(2;y)H(0,1,0;2z) —4H (1;2)H(0,2,3;y)
—4H(1;2)H(0,3,0;y)+8H (1;2)H(1,0,0;y)+8H (2;y)H(1,0,0;2) —4H (1;y)H(1,0,1;2) —8H (3;y) H(1,0, 1; 2)

—4H (0;y)(3¢3 —2¢2H (152) —2¢2 H(2;y) —2H (2;y) H (0,05 2) +2H (2;y) H(0, 1; 2) + H(0; 2) (— (H (1; 2) (H (25 y)
—3H(3;9)))+H(2,0;9)+2(¢2+H(3,2;9)))+5H(0,0,152)+3H(0,1,0;2) — H(0,3,2;y) +4H(1,0,0;2) + H(1,0,1; 2)

— H(1,1,0;2))+4H (1;9)H(1,1,0;2) —16 H(3;y) H(1,1,0;2) —4H (1; 2) H(1,2,3;y) —4H (1; 2) H(1,3,0;y) —4H (0; 2) (33
—CoH(Ly) —C2H(2;y)+H(2;y)H(1,0;y)+H(1;2)(3¢2 —2H(0,0;y)+2H(1,0;y) — H(1,2;y) — H(3,0;y) +2H (3,25 y))

~ 18 —



+2H(0,0,2;y)+2H(0,1,0;y)+ H(0,3,2;y)+6H(1,0,0;y) — H(1,2,0;y) —2H (2,0,0;y) —2H(2,1,0;y))
—8H(1;2)H(3,0,0;y) —4H(1;2)H(3,1,0;y)+12H(0,0,0,1; 2) —8H (0,0, 1,0;y) —4H(0,0,1,0; 2) +24H (0,1,0, 1; )
—4H(0,1,0,1;2)+8H (0,1,0,2;4)+32H(0,1,1,0;4) — 16 H(0,1,1,0; 2) +8H (0,1,2,0;y) +8H (0,2,1,0; y)
—4H(0,2,3,2;y) —4H(1,0,0,1;2)+8H(1,0,0,2;y) —20H(1,0,1,0;2)+8H(1,0,2,0;y) —32H(1,1,0,0;y)
—16H(1,1,0,0;2)—4H(1,1,0,1;2) —16H(1,1,1,0;y) —16H(1,1,1,0; 2)+8H (1,2,0,0;y) —4H(1,2,3,2;y)
—4H(1,3,0,2;y) —4H(1,3,2,0;4)+4H(2,0,1,0;y)+8H (2,1,0,0;y) —4H(3,1,0,2;y) —4H (3,1,2,0; y)
—4H(3,2,1,0;y))

+Ca,q ((32(761(~1+2)% 2% — 2527 (869 — 16302+ 7612%) +y* (76115222 +8152) + 2 (- 761+ 16302 — 11392°
+2162%) +y2 (761 — 17382 +249422 —22782° +8152%))¢3) /94 (64(— 1+ )2 (= 12y(—1+2)22 +11(—142)222
+12(38—762+3522))Ca H(0;)) /34 (64(—1+2)2(11y* +3822 — 7622 — 23 (114+62) +y2 (11+122

+3522))Co H(0;2))/3+(64(—1+1)2 (—1+2)2 (3192 +2222) H(0; ) > H(0; 2)) /3 — (32((—1+2)2 2(—36+103z)
+y%(31-622+372%) +2y2(54—2232+2722% —1032%) + 29 (—314922 — 10922 +422%) + 42 (31 — 1942+ 45822
—3982° +1092%))Co H(1;2))/3+(128(—14y) 2 (—142)2(8y% — 22) H(0;y) H(0; 2) H(1; 2)) /3 — (32(13(—1+2) % 2?
+y?(13-262+102%) —2y22(7—202+1322) +y> (264402 + 1622 —242%) + y? (13— 142 — 2822 +162°
+102%))H(0;2) H(1;2)%)/3— (32((—1+2) 2 2(—364+592) +y* (59— 1182+ 6522) +2¢> (— 7742022 — 19122 +6027)
—2y(18—1082+23322 — 20222 +592%) + 42 (131 — 4662+ 65822 —3822° +652%))Co H(2;9)) /3 —192(—1
+9)2y(—142)2 (= 14y +2) H(0;2)° H(2y) — (64(~1+2)* (31y" +42° +10y° (=8432) —2y(9 - 92 +42%) +y° (67
—482+722))H(0;2)H(1;2)H(2;9))/3— (64(—14+1)2(2(—142)%2(9+2) —6yz(1—4z+322) + 3% (41 —822
+3822))H (0;4)H (0,15 2))/3+ (64(13(—1+2)222 +y* (40— 802+ 4322) + 32 (—98+ 2382 — 20022 +5423) —2y(9

— 27244622 — 4125 +132%) + 92 (76— 2122+ 24222 — 12225 +192%)) H(2;9) H(0,1; 2)) /3+ (64(—1+2)2 (5y* — 2222
+1°(—284302)+y2 (41 —482—1922) +2y(—9+92+2222)) H(0; 2) H(0,2;3)) /3—64(—6(—142)> z+y* (10— 202
+922) 442 (—26+602—3622 +42°%) +y% (22— 502+2022 +122° —52%) 4 2y (—3+22+132% —182°
+62%)H(1;2)H(0,3;9) + (128(—1+1)* (—1+2)% (4° +102>) H(0; 2) H(1,0;)) /3 — (1408(— 1 +1)* (—1+2)* (v°
+2%) (H (1;2)H(1,0;y) + H(2;y) H(1,0;9) +(2H(0; 2) H(2,0; %)) /11)) /3= 64(—1+1)* (= 142)* (y° +4y=

+327)(H (152) H (3,05 9) + H(0; y) H (3,2 9)) — 64(—1+)* (—1+2)* (3y° +4yz+27) (H(0; 2) H (1; 2) H (3; y)
+H(0;2)H(3,2;9)) +64(—3(—242)(—142)224+y* (5102 +42%) +2¢> (=5 + 132822 4+ 23) 4 2y2(—5+152— 1327
+322)+42(5-122—-222 41023 —22%)) H(0,0,1; 2) +64(— 1+ )2 (2(—1+2) % 2(—3+102) + 2y 2(5— 82+ 322)
+y2(15-3802+1422))H(0,1,0;y)+64(—142)% (11y* +142% —28y22 — 23 (11+22)+y2 (11442

+1322))H(0,1,0; 2)+ (64(13(—142) 222 +y* (13— 262+ 1022) — 2922 (7— 202+ 1322) + 4> (— 26+ 402+ 1622
—242%) 492 (13— 142— 2822 +162° +102%)) H(0,1,1;2)) /3 —64(—3(—142)22(—2+32) +y° (—24+ 522 — 2622)
+u4(9-1824822)+y% (21— 4024262° —82%) +2y(—3+2022 —262° +92%)) H (0,3, 2;y) + (128(—1+y) 3 (—1
+2)2(31y% +9yz+2(—9+312)) H(1,0,0;9)) /3 + (64(—1+y) 2 (—1+2)2(22y° +3122) (H (0; y) H(0; 2)?

+2H(1,0,0;2)))/3— (128(—149) 2 (—142)?(11y% —9yz+ (9—72)2) (C2 H(1;y)+ H(1,1,0;y))) /3 — (64(35(—1
+2)222 4y*(26—52242922) — 2y22 (41 — 76243522 ) +2y° (— 26+ 642 — 5922 +182° ) + 42 (26 — 762+ 14222
—1302%+412%)) H(1,1,0;2)) /3 - 384(— 1+ 3)* (—1+2)? 2(— 1 +y+2) (H(0;9)* H(1; 2)) /2+ H(0; ) H(0, 25 y)
—H(0,0,2;y)+H(2,0,0;9))+64(—1+1)2(=3(—2+2)(—1+2)22+y2 (6 —122+522) —2y2(3— 82
+522))H(2,1,0;9)+64(3(—1+2)22% — 2922 (5—-82+322) +y* (3—62+422) +2¢° (—34+82—1022 +42°)
+y2(3-10242422 —202% +42Y)) (H(1; 2) H(2;y) H(3;y) — H(1;2) H(3, 2;y) + H(2,3,2; ) +512(— 1+ )% (= 1+2) % (y
+2)2(H(132)H(3;9)*)/2+ H(359)H(0,1;2) + H(3,3,2;9)) )

+C3.4 (764y2z2(43y4(71+2)743(71+z)2z2+yz2(9071332+4322)+y3(867133z+48z2)+y2(743+90z796z2
+482°))¢a — (32(= 1+ 1)y* (—142)2% (307y° +325y2% +307(—1+2)2° +4° (—307+3252)) H (05 ) H(0; 2)) /3

— (322 (—142)22(307y* —307(—1+2) 22 + 3> (—61443252) + y2(—6—6262+30722) + 32 (307 — 3192
+32522))H(0;2)H(1;2))/3—32(—1+2)22 (3338 + (=14 2)3 2% +4°(—64+392) —y(—1+2)22(2—102+22)+y*(26
—412+43622) 4y (8—52—-52224+2223) 442 (—34+924+32% —92%)) H(0; 2) H(2; ) — (3242 (35 (—1+2)+34° (4
—132+4922)+(—1+2)222(—9+62+40622) +y* (—18+1052+28022 —3732%) + 43 (12— 1112 — 62322 +11552°
—4332%) 4% (—3+48242892% —7492° + 8632% —4422°%) —y2(6—362+5722 +8032° — 123624 +4062°))H(0,1;2))/3
— (3292 (3y% (—1+2)+3y°(4—132492%) — (—1+2)222(9— 62+20822) +y* (—18+1052 — 33422 +2412%) + 4> (12
—1112+60522 —7112° +2172%) + y2(— 64362 — 3322 +4252° —6302* +2082°) + 42 (—3+482— 32522 + 47923
—4132% +2082°)) H(1,0;9)) /343202 (40 (—1+2) +9° (4= 1324+922) + (= 1+ 2) 222 (—3+22+3322)
—yt(6-3524922+222%)+ 43 (4—372—-322 + 7425 —362%) —y2(2— 122+ 1322 + 6722 — 10321 +3325)

—y2(1-162+62" +472% — 772" +3925)) (H(0;9) H(1;2) + H(0,2;9) + H(2,0;9)) —32(y® (—1+2)
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(2),1/N2 _
Sq =

—(—142)% 2t 4y (—142)%23(2—102+2%) +y7 (4= 132+ 922) + 48 (=64 352+ 2422 —552%) + 4% (=14 2)22% (6
+8244222+92%) +4%(4—372—-67224+1752° —752%) +y* (1416242022 — 10822 +1502% — 752%)

—ygz(2—20z+30z2+108z3—175z4+55z5))(H(1;z)H(3;y)+H(372;y)))
32 4, 3 2 2 2
+EC71Q((9y(71+z)(3y +y°(—6+1452) — 27 (1141492)+y~ (83— 109z —6927)

+y2(—364802+10922))H(0;y)+ (—1+3)(92(3(—1+2)222 + 43 (—14941092) +y% (= 11+ 802 — 6922 )+ y2(—36
—1092414522)) H(0; 2) + (—142) (27y* +27(—1+2)2 2% — 243 (274 15472) + 992 (3 — 462+ 3822 ) — 2y 2(— 108+ 2072

+15472%)) (H (1;2)+ H (2 1)) )

16
— 5 Coua (324+56327y2+140402+56327z2 7216y(765+1332)) } (A. 15)

Nz P (3745—1543H(1;y)—55C3H(1;Z)+542H(1;y)H(l;Z)—40C3H(2;y)+562H(1;Z)H(2;y)

1 { —128C1,4
+5C2H(0,0;y) —10H (1;2)H(3;y) H(0,0;y)+5C2 H(0,0; 2) +5H (0,05 y) H(0, 05 2) +10¢2 H (0, 1;y) —5¢2 H (0, 1; 2)
—5H(0,0;y)H(0,1;2)+15Co H(1,0;y)+10H (1;2) H(3;y) H(1,0;y)+ 102 H(1, 1;y) +20C2 H(1,1; 2) +5¢ H(1,2;y)
—15H(0,1;2)H(1,2;y)+5H(0,0; 2) H (2,05 ) +5C2 H(2,1; )+ 10H (1,0; y) H (3, 2; ) — 10H (1;5) H (0,0, 1; 2)

+20H (1;y)H(0,1,0;9) —5H (1;2)H(0,1,0;y) +5H (1;y) H(0,1,0; 2) — 10H (1; 2) H(0, 2, 3; y) + 10H (1; 2) H (0, 3, 0; )
—10H(1;2)H(1,0,0;y) —5H(2;9)H(1,0,0;2) —10H (1;y) H(1,0,1; z) — 10H (2; y) H (1,0, 1; 2) + 5H(1;y) H(1,1,0; z)
—5H(2;y)H(1,1,052) —5H (0;y) (4¢3 —2¢2 H(1;2) — (2 H (2;y) +2H (2;y) H(0,0; 2) + H(2;y) H (0, 1; 2) + H(0; 2) (—4¢2
+H(1;2)H(2;9)+2H(2,2;y))— H(0,1,0;2) — H(1,0,0;2)+3H (1,0, 1; 2)+ H(1,1,0;2)) — 10H (1; 2) H(1, 2, 3; )
—10H(1;2)H(1,3,05y) — 10H (1;2)H (2,1,0;y) — 10H (2 y) H (2, 1,0;y) — 5.H (0; 2) (4¢3 — Co H (13 )
—C2H(25y)+H(2;y)H(1,0;y) — H(1;2)(4¢2 — H(0,05y)+ H (1,05 y) + H(1,2;y)) — H(0,1,05y) —2H (0,2, 2;y)
—2H(1,0,0;y)— H(1,2,0;y)+ H(2,0,0;y) — 2H(2,2,0;v))+10H (1; ) H(3,0,0; y) — 10H (1; 2) H(3,1,0; )
—10H(0,0,0,1;2)+10H(0,0,1,0;y)+10H(0,0,1,0; z) — 10H (0,0, 3,2; y) —20H (0,1,0,1;y) — 15H(0,1,0, 1; 2)
—5H(0,1,0,2;y)—30H(0,1,1,0;y)+10H(0,1,1,0; 2) —5H(0,1,2,0; ) +5H (0,2, 1,0;y) — 10H(0,2,3,2; 1)
—10H(1,0,0,2;y)+10H(1,0,1,0;2) —10H(1,0,2,0;y)+20H (1,1,0,0;y)+5H(1,1,0,0; z) —20H (1,1,0,1; z)
+10H(1,1,1,0;9)—10H (1,2,0,0;y) —5H(1,2,1,0;y) —10H(1,2,3,2;y) —10H(1,3,0,2;y) —10H(1,3,2,0;y)
—5H(2,1,0,0;y)+5H(2,1,1,0;y)+20H(2,2,1,0;y) —10H(3,1,0,2;y) —10H(3,1,2,0;y) —10H (3,2, 1,0;y))
+C2,q (192(9(—142)%2% — 252" (11-2024+92%) +y* (9- 182+ 102%) +2y° (—9+ 202 — 1627 +42%) 4y (9- 222
+3622 23222 4+102%))¢3 —64(—1+y)2 (Ay(—1+2) 22 +6(—142)222 + 4% (3—62+422))Co H(0;y)
—96(—149)2(—142)222H(0;9)? H(0;2) —64((—1+2)2(—1+424+92%) +y* (14— 282+ 1522) + 43 (—26+ 522
—3222 +42%) +y(4—202+622 +282° —182%) + 42 (9-102+1222 2022 +1024))Co H(1; 2) +32((—1+2) 2 (—1+42)
+yt(2—424322) —dy(—1+52— 622 +22%) +y3 (—24+ 42— 827 +42%) 442 (—3+142— 927

—223 42N H(0;2) H(1;2)% —64(—2y° (5—82+422) +2(—142)% (= 1+32+422) +y* (8 — 1624927)
—2y(—5+202—1522 —82% +82%) 4 y? (—6+302—2422 — 822 +92%)) o H(2;y) —32(—1+1) 2 By +4y(—1+2)
H(=142)%)(~142)  H(0;2)  H(2y) —64(—142)% 6y +4y° (—3+2) 4327

—6yz2+9y2(6—42+422))(CaH(0;2)+ H(0; 2) H(1;2) H(2;y))+64(—14y)% (y2(4—824522) + (—142)% (1 -4z
+922) 42y (1442 =722 +42)) H(0;y) H(0, 15 2) +64(2(—1+2)? (—1+32+27) +y* (5102 +627)
+293(—2442-522422%) —2y(—5+4202— 2122 +42% +22%) + 92 (—9+322— 2422 — 223 +42M)) H(2,9) H(0,1; 2)
—64(=14)* (—142) (14y” —42+32" +y(—2+42)) H(0;9) H(0, 23 y) + 64(—1+2) (6y* +8y° (—242) +(—1+2)°
—2y(3—4z+22)+y% (15— 142+222))H(0; 2) H(0, 2;9) —192(— 1+ )2 (=14 2)2 (y% +22) (H(0; y) H(0; 2) H(1; 2)
+H(0;2)H(2,0;9)+64(y*(2—4z422) — (=142)° (1 —42+622)+9° (—2+42+42% —42%) + 4% (—3+142— 3322
+262% —524) 4 4y(1-524+1122 =102 +324))H(0,0,1;2) —32(—1+ )2 (—1+2) 2 (1+4> — 42+ 322
Fy(—2+42)) (H(0;9)° H(1;2) —2H(1; 2) H(1,05y) —2H (2; ) H (1,03 ) —2H (0,0, 2; ) —64(—1+3)* (y° (—1+22)
+(=142)(—1+42+32%) +y(2—82+62%)) H(0,1,0;y) —64y” (—1+2)* (6 +6y° +4y(—3+2) — 4z

+22)H(0,1,0;2) —64((—1+2)2(—1+42)+y* (2—42+32%) —4y(—1+52—-622 +22%) 13 (—2+42 - 822 +423)
+y2(=3+142—922 — 223 4 2NV H(0,1,1;2) —64(— ((—1+2)%2(—2452)) +y* (5—102+422) — 243 (6 — 142 +722)
+y2(9-202+142% —42) 4 2y (= 141022 — 1423 +52%)) (H(1;2) H(0, 3;9) + H (0,3, 2; )

+64(=1+49)3 (= 1+2) (= 1+y+42) H(1,0,055) —96(—1+1) v (—1+2)> (H (0;5) H(0; 2)>

+2H(1,0,052)) —64(—1+1)° (—1+2)> (1+y” — 424627 +y(—24+42)) (G2 H (L)

+H(1,1,0;9)) —64((—142)2(—14+42+32%) +y* (11— 222 +1222) + ¢ (— 20+ 442 — 3422

+82%) +y(4—202+1822 +42% —62%) + 4% (6—82+122% — 1425 +52*)) H(1,1,0;2) —64(— 1+ )2 (—1+2)2 (1+1>

— 4243822 4y(—2442))H(2,0,0;y) —64(—1+y) 2 (12 (4—82+522 )+ (—1+2)% (1 —424922) + 2y (— 1+ 42 — 72>
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