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ABSTRACT: We consider a Higgs boson coupled to gluons via the five-dimensional effective
operator HtrG, G* produced by considering the heavy top quark limit of the one-loop
coupling of Higgs and gluons in the standard model. We treat H as the real part of a
complex field ¢ that couples to the selfdual gluon field strengths and compute the one-loop
corrections to amplitudes involving ¢, two colour adjacent negative helicity gluons and an
arbitrary number of positive helicity gluons - the so-called ¢-MHV amplitudes. We use
four-dimensional unitarity to construct the cut-containing contributions and the recently
developed recursion relations to obtain the rational contribution for an arbitrary number
of external gluons. We solve the recursion relations and give explicit results for up to four
external gluons. These amplitudes are relevant for Higgs plus jet production via gluon
fusion in the limit where the top quark mass is large compared to all other scales in the
problem.
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1. Introduction

As the time for physics at CERN’s Large Hadron Collider (LHC) approaches there is a great
need for precision calculations of Standard Model processes. The eagerly anticipated new

physics signals typically result in complex multiparticle final states that are contaminated



by Standard Model contributions. Isolating the signal therefore relies on precise theoretical
calculations of background rates.

At present, the rates for such processes can be estimated relatively easily at lead-
ing order (LO) in parton level perturbation theory. A wide range of tools are available,
for example ALPGEN [fl, B, the COMPHEP package [}, ], HELEC/PHEGAS [g, [,
MADGRAPH [[g, §] and SHERPA/AMEGIC++ [f, [[J] which compute the amplitudes
numerically! and provide a suitable phase space over which they can be integrated. How-
ever, the predicted event rates suffer large uncertainties due to the choice of the unphysical
renormalisation and factorisation scales so that the calculated rate is only an “order of mag-
nitude” estimate. In addition, there is a rather poor mismatch between the “single parton
becomes a jet” approach used in LO perturbation theory and the complicated multi-hadron
jet observed in experiment.

While these problems cannot be entirely solved within perturbation theory, the situ-
ation can be improved by calculating the strong next-to-leading order (NLO) corrections.
The uncertainty on the rate may reduced to the 10%-30% level by including the next-to-
leading order (NLO) corrections, which may themselves be large when new channels are
accessed. In addition, the additional parton radiated into the final state allows a better
modelling of the inter- and intra-jet energy flow as well as identifying regions where large
logarithms must be resummed.

The ingredients necessary for computing the NLO correction to a n particle process
are well known. First, one needs the tree-level contribution for the n + 1 particle process
where an additional parton is radiated. Second, one needs the one-loop n particle matrix
elements. Both terms are infrared (and usually ultraviolet) divergent and must be carefully
combined to yield an infrared and ultraviolet finite NLO prediction.

The real emission contribution is relatively well under control and can easily be auto-
mated [I]-f, @[, [[d]. The infrared singularities that occur when a parton is soft (or when
two partons become collinear) can then be removed using well established (dimensional
regularisation) techniques so that the “subtracted” matrix element is finite and can be
evaluated in 4-dimensions [[[§].

The bottleneck in deriving NLO corrections for multiparticle processes is computing the
one-loop amplitudes. The standard approach is to compute the relevant Feynman diagrams
using a variety (or combination) of numerical and algebraic techniques. Much progress has
been made in this way, numerical evaluations of processes with up to six particles have
been performed [[§-[[§]. However, one always observes large cancellations between the
contributions of different Feynman diagrams and the result is generally far more compact
than would naively be expected. This is a strong hint that more direct and efficient ways
of performing the calculation exist. The simplicity can be realised using on-shell methods,
where the cancellations due to gauge invariance and momentum conservation are already
present, to compute the amplitude.

In a series of pioneering papers, Bern et al [19, developed the use of on-shell methods

!COMPHEP, MADCGRAPH and SHERPA /AMEGIC++ evaluate sums of Feynman diagrams. However,
both ALPGEN and HELAC/PHEGAS are based on off-shell recursion relations 7.



at loop level by sewing together four-dimensional tree-level amplitudes and using unitar-
ity to reconstruct the (poly)logarithmic cut constructible part of the amplitude. A key
feature of the unitarity method is that the tree-level helicity amplitudes are often very sim-
ple. However, the rational terms, that are produced when computing non-supersymmetric
amplitudes in D = 4 — 2¢ dimensions, were difficult to obtain.

Recently, on-shell methods have received renewed attention with Witten’s proposal of
a duality between N = 4 supersymmetric Yang-Mills and a topological string theory [R].
New analytical methods, the MHV rules 2] and on-shell recursion relations [RJ], have been
derived and have been extremely successful in computing tree-level helicity amplitudes.
Both of these techniques can be proved using simple complex analysis and a knowledge of
the factorisation properties of the amplitudes on multi-particle poles [4, Bg]. Although
developed for in the context of multigluon amplitudes, they have had wide ranging appli-
cations including processes with massive coloured scalars [R€, P7, fermions [2§-B1]], Higgs
bosons [B3, BJ| and vector bosons [B4, P]. A more complete set of references can be found
in refs. [BY, B4

Some of these on-shell ideas have been applied to one-loop amplitudes including the
application of maximally-helicity-violating (MHV) vertices [B7], a more generalised unitar-
ity [BY] using complex momenta and the use of the holomorphic anomaly [BY]. Together
with previous results [[L9, (], these new methods have led to the complete analytic expres-
sions for the cut-containing contributions (3] for one-loop QCD six-gluon amplitude.
Very recently an efficient method for direct extraction of the integral coeflicients exploiting
complex momenta has also been proposed [iJ].

However, these techniques are also intrinsically 4-dimensional and, although providing
effective ways of computing the cut-constructible (poly)logarithmic part of the amplitude,
suffer from the same limitations as the older unitarity based methods and miss the rational
part. These “missing” rational terms can be obtained directly from the unitarity approach
by taking the cut loop momentum to be in D = 4 — 2¢ dimensions [[[4] and there have been
recent developments in this direction [I5—[g].

On the other hand, the rational part is essentially tree-level-like in containing only poles
in the complex plane. One can therefore attempt to isolate these terms using an on-shell
recursion relation in an analogous way to tree level amplitudes. This is the “unitarity on-
shell bootstrap” technique which combines unitarity with on-shell recursion [i-[F1]. Other
Feynman diagram based methods have also been developed for calculating the rational
terms directly [F2—F6]. Altogether, it has already been possible to calculate the full set
of complete 6 gluon helicity amplitudes as well as closed forms for n-point amplitudes for
specific helicities [F7—[Fd], and the complete set of six photon amplitudes [50, p1].

As mentioned earlier, the MHV rules have also been successfully applied to tree level
QCD amplitudes involving a massive colourless scalar, the Higgs boson, in the large top
mass limit [B, B3]. This is achieved using a decomposition of the Higgs field into its selfdual
and anti-selfdual components, ¢ and ¢'. The purpose of this paper is to apply the new on-
shell methods to one-loop calculations of the Higgs plus n-gluon amplitudes. Amplitudes
of this kind have been considered in the context of on-shell recursion in relations by Berger,
Del Duca and Dixon [pd] for the finite helicity configurations that vanish at tree level, the



¢-“all plus” and ¢- “almost all plus” amplitudes. The cut-constructible parts of the infrared
divergent amplitudes involving the ¢ and an arbitrary number of negative helicity gluons
were studied in ref. [63). Here we consider the amplitudes with two adjacent negative
helicity gluons and any number of positive helicity gluons, the ¢-MHV amplitudes. These
represent one of the ingredients needed for the complete set of helicity amplitudes for Higgs
to four gluon process which has been computed using numerical methods in reference [p4].

Following [B1], we will split the calculation into two parts, evaluating the “pure” 4-
dimensional cut-constructible C,, and rational R, parts of the leading colour contribution

to the one-loop n-point amplitude separately:
AV =, +R,. (1.1)

For simplicity, we have dropped the leading colour subscript, Ag)l = AS). C,, contains
all of the terms originating in box, triangle bubble loop integrals which are related to
cut-containing logarithms and dilogarithms (or 72) and which are cut-constructible in 4-
dimensions. In this paper we choose to compute the cut-containing contribution using the
1-loop MHYV rules developed by Brandhuber, Spence and Travaglini [B7. In addition, C,,
contains fake singularities that come from tensor loop integrals. To explicitly remove these
spurious singularities, it is convenient to introduce a cut-completing rational term, so that

the “full” cut-constructible term C,, is given by

~

C, = C, + CR,, (1.2)

with the corresponding modification to the rational part,

~

R, =R, — CR,. (1.3)

Because the rational part contains only simple poles, the aim is to construct this recursively
using the multiparticle factorisation properties of amplitudes. This means constructing
a direct recursive term, RY, by summing over products of lower point tree and one-loop
amplitudes. By construction, RY encodes the complete residues on the physical poles. The
cut-completion contribution C'R,, may also give a contribution in the physical channels
which would then lead to double counting. These potential unwanted contributions are
removed by the overlap term, so that

R, =R + Oy, (1.4)
and the full amplitude is given by
AV =C, +CR, + R +0,. (1.5)

Our paper is organised as follows. In section P we introduce the complex scalar field
¢ and review the effective interaction that couples it directly to gluons. The relationship
between ¢ (and ¢') and Higgs amplitudes is spelt out, along with out conventions for colour
ordering amplitudes and a selection explicit results for tree-level ¢-amplitudes. We address
the computation of the cut-constructible C),, and cut-completion C'R,, parts of the one-loop



amplitude in section [ The rational contributions are considered in section [ where we
establish the on-shell recursion relation RY and give expressions for the overlap terms O,,.
We solve the arbitrary multiplicity results given in sections [} and | for the special case
(1)
4

is dedicated to a series of checks of our results. We show that our results have the correct

n = 4 in section ] and give an explicit analytic expression for the A;’ amplitude. Section fj

infrared pole structure, satisfy the correct collinear limits and we study the limit where
the momentum of the Higgs boson becomes soft. Finally, our findings are summarised in
section f{. Two appendices are enclosed that define our spinor notation and list the relevant
one-loop functions that appear in C,.

2. The Higgs model

In the Standard Model the Higgs boson couples to gluons through a fermion loop. The
dominant contribution is from the top quark. For large m;, the top quark can be integrated
out leading to the effective interaction [65, b6,

L£int — %Htr G G . (2.1)

In the Standard Model, the strength of the interaction C' has been calculated up to order
O(a?) in [p7. However, for our purposes we need it only up to order O(a?) [6g],

oo O <1+E%+...>7 (2.2)

67w 4 7

with v = 246 GeV. This approximation works very well under the condition that the
kinematic scales involved are smaller than twice the top quark mass M;. [[f1, 69, 0]

The MHV structure of the Higgs-plus-gluons amplitudes is best elucidated [BJ] by
considering H to be the real part of a complex field ¢ = %(H +iA), so that

oty = %[Htr G G + At Gy "G |

=C |:¢ tr Gsp v G’;Z + ¢T tr Gasp v GZZ‘D:|

(2.3)
where the purely selfdual (SD) and purely anti-selfdual (ASD) gluon field strengths are
given by

1 1
Gliy = 5(GM +7°G™), Gl = 5(G™ =G,
with

{
G = S Gy,

The important observation of [BJ] was that, due to selfduality, the amplitudes for ¢ plus
n gluons, and those for ¢ plus n gluons, each have a simpler structure than the gluonic
amplitudes for either H or A. Amplitudes can be constructed for ¢ plus n gluons and for
o' plus n gluons separately.



The decomposition of the HGG and AGG vertices into the self-dual and the anti-self-
dual terms eq. (R.J) means that the Higgs and pseudoscalar Higgs amplitudes are obtained
from ¢ and ¢! amplitudes.

A (H, g2, gh) = A (g, 00, gom) + A (6T g ), (2.4)
AT (A g ) = A (6,000, ga) — AT (BT gL gam). (2.5)

However, parity further relates ¢ and ¢! amplitudes,

A (oh gt ) = (A6, (2.6)

From now on, we will only consider ¢ amplitudes, knowing that all others can be obtained

using egs. (2.4)-(2.9).

2.1 Colour ordering

The tree level amplitudes for a ¢ and n gluons can be decomposed into colour ordered

amplitudes as [[3, 2],

A%O) (¢7 {kla )‘ia az}) = Z'an—Q Z tr(TaU(l) e Tao(n)) A%O) (¢7 0(1)\17 o 7n)\"))' (27)
O’GSn/Zn

Here S,,/Z, is the group of non-cyclic permutations on n symbols, and 4% labels the
momentum p; and helicity A; of the 4™ gluon, which carries the adjoint representation
index a;. The T'% are fundamental representation SU(N,) color matrices, normalized so
that Tr(T*T?) = §%. The strong coupling constant is o, = g2/(47).

Tree-level amplitudes with a single quark-antiquark pair can be decomposed into
colour-ordered amplitudes as follows,

An(gb, {pia)‘i,ai}?{pj’)‘j’ij}) (28)
=iCg"? Y (T%@ . T%emn); i An(¢,10,0(222, . (n— 1)), n 7).
UESn72

where S,,_5 is the set of permutations of (n — 2) gluons. Quarks are characterised with
fundamental colour label i; and helicity A; for j = 1,n. By current conservation, the quark
and antiquark helicities are related such that \; = —\, = A where \ = i%.

The l-loop gluonic amplitudes which are the main subject of this paper follow the same
colour ordering as the pure QCD amplitudes [[J] and can be decomposed as [632, pJ],

[n/2]4+1
AW (¢, {ki, Mivai}) = iCg™ > Cric(@) AP (6, 0(1™, ... n™)) (2.9)
c=1 O’ESn/Sn;c
where
Gna(1) = Nte(T% .- T%) (2.10)
Gnie(1) = tr(T - - - T 1) tr(T% ---T) , ¢ > 2. (2.11)

The sub-leading terms can be computed by summing over various permutations of the
leading colour amplitudes [[[]].



2.2 Tree level ¢ amplitudes

As noted in [@] the all-plus and almost all-plus ¢ amplitudes vanish,

AV, 959593, ....95) =0, 2.12)
AV (¢,97.93.95,...95) =0 (2.13)

for all n.

The tree ¢-amplitudes, with precisely two negative helicities are the first non-vanishing
¢ amplitudes. These amplitudes are the ¢-MHV amplitudes and general factorisation
properties now imply that they have to be extremely simple [B2]. For the case when legs ¢
and p have negative helicity, they are given by

- (pa)*
Ag)(qs’gi’—,g;_,’gp,,gq,;g:): <12><23><n—1, ’I’L><'I’L1>’

(2.14)

In fact, the expression eq. (R.14) for the ¢-MHV n-gluon amplitude has precisely the same
form as the MHV n-gluon amplitudes in pure QCD [[f4]. The only difference is that the
total momentum carried by gluons, p; + p2 + -+ + p, = —pg is the momentum carried by
the ¢-field and is non-zero.

There are two ¢-MHV amplitudes involving a quark pair,

An(¢7Qf7"'7g;7"'aq:) - < ><23><r1><n<_1> 7”L> <7”L1>’ (2'15)
An((ﬁﬂﬁ_?"'ag;a"'a@;) = < >< ><T 1><§’L _>1 TL> <n1> (2'16)

We note in passing that the tree ¢-amplitude with all negative helicity gluons, the
¢-all-minus amplitude, also has a simple structure [BJ],

4
my

nO)(¢; 17,...,717) = (_1)” [12] [23][71—1, ’I’L] [’I’Ll] '

(2.17)

Amplitudes with fewer (but more than two) negative helicities have been computed
with Feynman diagrams (up to 4 partons) in ref. [[[2] and using MHV rules and on-shell
recursion relations in refs. [B3, BJ.

The main goal of this paper is the construction of the one-loop ¢-MHV amplitude
with two adjacent negative helicities. For definiteness, we focus on the specific helicity
configuration (17,27,3%,... n™).

3. The cut-constructible contributions

In a landmark paper, Brandhuber, Spence and Travaglini [B7] showed that it is possible to
calculate one-loop MHV amplitudes in N/ = 4 using MHV rules. The calculation has many
similarities to the unitarity based approach of refs. [[[9, B{], the main difference being that
the MHV rules reproduce the cut-constructible parts of the amplitude directly, without

having to worry about double counting. This is the method that we wish to employ here.



Figure 1: A generic one loop MHV diagram or unitarity cut.

The four-dimensional cut-constructible part of one-loop amplitudes can be constructed
by joining two on-shell vertices by two scalar propagators, both of which need to be con-
tinued off-shell. A generic diagram is shown in figure [l| and the full amplitude will be a
sum over all possible permutations and helicity configurations. In the BST approach the
propagators are continued off-shell as for the tree level MHV rules and can be written [B7],

L;=1;+ zin. (3.1)

Loop integration over the L; are related to phase space integration over [; and trivial
integrals over z;. Note that this approach actually performs all integrals and therefore there
is a one-to-one identification of cut diagrams and cut-constructible functions. However, it
relies on being able to perform the phase space integral. For the cases considered in this
paper, the phase space integrals are known and are directly related to loop functions.
A generic diagram can be written:
1 d*Ly d* Lo
(2m)* / L} L3

where Ap(p) are the amplitudes for the left(right) vertices and P is the sum of momenta

D= S (L1 — Ly — P)AL(l1, —P, —12)Ag(la, P,—11)  (3.2)

incoming to the right hand amplitude. The important step is the evaluation of this ex-
pression is to re-write the integration measure as an integral over the on-shell degrees of

freedom and a separate integral over the complex variable z [B7:

d*Ly d*Lo o dzy dz
72 12 (42)2Z—1Z—2d4l1d4l26(+)(l%)5(+)(lg)
1 2
2dzdz’
= (44)? zdz d*yd o6 (12)6H (13), (3.3)

(z—=2")(z+2")
where 2 = 21 — 29 and 2/ = 21 + 23. The integrand can only depend on z, 2’ through the

momentum conserving delta function,
SNLy—Ly—P)=6W(U —lo— P+2n) =6W (1 — I, — P), (3.4)

where P = P — zn. This means that the integral over 2’ can be performed so that,
4i)%2mi [ dz 5
D= ((Q)T)zl/;/d4l1d4l25(+)(l%)6(+)(Z%)5(4)(l1 —lo — P)AL(li,—P,~2) Ar(l2, P,1)

= (4i)22ﬂi/%/dLIPS(4)(—11,l2713)AL(11,—P, —l2)Ag(l2, P, =), (3.5)



Figure 2: The MHYV loop diagrams contributing to the ¢ — g1 g5 ggr -+ gt amplitude.

where,
1

dLIPS®W (—1y,15, P) = @
T

d* 1 d o6 (126 (13)6W (1, — 1 — P) (3.6)

The phase space integral is regulated using dimensional regularisation. Tensor integrals
arising from the product of tree amplitudes can be reduced to scalar integrals either by using
spinor algebra or standard Passarino-Veltman reduction. The remaining scalar integrals
have been evaluated previously by van Neerven [[4].

3.1 Pure cut contributions

The pure cut contribution is constructed by connecting two tree-level vertices and the seven
independent topologies are shown in figure . Note that the last four topologies helicity
configurations allow both fermionic and gluonic contributions. Note also that all fermion
loops always appear in association with a factor of Ng, the number of fermion species, and
a factor of —1.

Let us consider diagram [J(a) to begin with. We can take the momenta to be labelled
from 1 to n around the right hand amplitude so that we consider a cut in the sy, channel,
i.e. when the momentum flowing across the cut is p; + p2 + - -+ + p, corresponding to an
invariant mass s1 , = (p1+p2+-- -4p,)2.2 Other diagrams with this topology are accessible
by permuting the arguments of the sy, channel. The product of the two vertices can be

2Note that when j < i, sij =M@+ +pn+p1+-- 'Pj)g-



written:

__my (12)*
ALAR = (l112)? (nly ) (Ihlo) (o 1) T2} (e 4 1)
A0 (i 1- o gy talz)(nl)
ATGL2T +)<z21><nz1>' (3.7)

Applying a Schouten identity to the numerator and using momentum conservation in the
form ly = la + Py, we find,

N(ﬁl,naplapn) ﬁl,n *Pn ﬁl,n - D1 ) (3 8)

ApAp = A0 [ — -
Lok < (1 = pn)?(la+p1)?2  (h—pn)?  (la+p1)?

where N(P,p1,p2) = P?(p1 - p2) — 2(P - p1)(P - p2). This is now written in terms of scalar
integrals so we can directly use the results of van Neerven [@] to perform the phase space
integration:

N(P7 P1, p2) cr

D o 2¢| p2|—€
/d LIPS(—l,13, P) T p020a 1 p)? :(4ﬂ)2622281n(7re)u | P~

x of' <1,—e;1 —e;%) (3.9)
/ dPLIPS(~11, s, P) (ifi : ;11))2 = 4;)262 2 sin(me) 2| P2~ (3.10)
/dDLIPS(—ll,lg,P) - Mw)%c(ﬁ% sin(me)p2 P2~ (3.11)

where the factor cr is given by,
o = (amye2 LA OA =) (3.12)

(1 — 2¢)

The final integration is over the z variable. However, the only dependence on z appears
through the quantity P> so it is convenient to make a change of variables,

P)2
% = L)A (3‘13)
z P2 _ p2

to produce a dispersion integral that will re-construct the parts of the cut-constructible

amplitude proportional to (s1,)”°,
d(P)? .
/(7121' sin(me)|P?|~¢ = 2mi(—P?)". (3.14)
P2 _ p2
The final result for this diagram then reads:

2 €
cr ol P1 - PnS1n
pln — _A(O) ( > < F <1’ —l—¢—"+—"—""— > + 1) . 3.15
€2 —S1in 201 N(Pl,n,plapn) ( )

3Through a suitable choice of 1, one can always ensure that N(P,pi,pz2) is independent of z [@]

,10,



The other “gluon-only” channels (figures JJ(b) and (c)) reduce to scalar integrals in the
same way and we merely quote the results,

2 €
_ cr 1% P1 - PnSin-1
prn—l =2 A0 < ) oF (1, —e1—¢ ’ >
€2 —S1n—-1 N(Pin—1,P1,Pn)

Pn - Pn—151,n—1 )
N(Pl,n—lapmpn—l)

1—el—e P1 - Pn—151,n-1 )> i 1) (3.16)

1,—€1 —¢;

N(Pin—1,P1,Pn-1

2 €
i Cr 1% P1 - Pi+151,i
pli — 2L A0) < > F <1, —61—¢ ’ )
€2 —S1,i 2 N(Py;,p1,pit1)

1 —e]—e Pn " PiS1,i )
’ ’ ’ N(Pl,hpnapi)

N(P1;,p1,pi)

— o <1, -1 —¢ Pn " Pit1%14 )) (3.17)

1,—€;1 —¢

N(P1i,Pn,Pit1)

The arguments of these expressions can be straightforwardly permuted to produce results
for channels fi(a),(b) and (c) for all gluon configurations.

When considering the channels with alternating helicity configurations around the
loop we find that even after the Schouten identities have been applied, we are still left with
tensor integrals which must be further reduced to scalar integrals by expanding in terms of
all possible tensor structures. This feature has also been seen in the context of finding the
cut-constructible part of pure QCD amplitudes and was also addressed applying Passarino-
Veltman reduction [ig]. For diagram J(d), the s, channel, the presence of tensor integrals
and fermion loops results in new structures of order 1/e. The result for this diagram is,

2 €
cr o P2 " PnS2.n
D*n = S A0 <—> 14 9F) (1, —61—¢ —)
€2 —Son N(Pz,n, p2,pn)
D1 DPnS2n
+ oF; <1, —€1—¢ —’>
N(PQ,n’pl’pn)
P1-P282n
—oF1|1,—61—¢ —’)
< N(PQ,n’pl’pQ)

Np 2tr_(2P3 n_1n1)3 tr_(Pg n_1n1)2 €
1% ENGY: 3 3 o 2
3575(2P - n) 515(2P - n) 1—2e

"y (1 _ %) <tr81(21(3;;.1:)1)> : _6251 , (3.18)

where we have introduced the shorthand notation,

tr_(abed) = (ab) [bc] (cd) [da]. (3.19)

— 11 —



N 2tr_(2Pn1)3 tr_(2Pn1)? Np\ tr—(2Pnl) N
+ (1 - TF) (35?2(2P.pn)3 B 5%2(2P.pn)2> + 4( B ﬁ) $12(2P.pn)

Figure 3: Decomposition of the MHV diagram of figure 2(d) contributing to the P; , channel

¢ 2

1~ [ ¢ 1— 1— [ [ 1—
1
1

38%2(2P‘pi+1)3 8%2(2P‘pi+1)2 AN 812(2P pz+1
(1 . &> 2tr_ (2Pi1)  tr_(2Pi1)? + 4( _ NF tr_(2Pil)
N 35%2 (2P-pi)3 5%2 (2P-pi)2 4N s12(2P.p;)

Figure 4: Decomposition of the MHV diagram of figure 2(e) contributing to the P»; channel

_ l(l _ &) <2tr,(2p(i+1)1)3 _ tr,(zp(i+1)1)2> 14 (1 _F) tr_ (2P(i+1)1)

This is better illustrated in figure f] which shows the cuts of each integral function that
appear. Figure [l shows the decomposition of the so; channels (figure PJ(e)) which follows
exactly the same steps as the previous case. Diagrams fi(f) and P(g) are analogous to
diagrams P(d) and fJ(e) and can be found be permuting the arguments: 1,2,...,n —
2,1,n,...,3.

When summing over all the possible diagrams we find that the bubble integrals always
appear in the combination,

Bub(s) — Bub(t) = O("). (3.20)

Hence all of the 1/€ poles coming from bubble functions vanish leaving the expected combi-
nation of boxes and triangles proprotional to the tree amplitude [, [f]. The combination
of bubble integrals can be written in terms of a basis of pure logarithms,

log(s/t)

Lk(s,t) = W

(3.21)

These logarithmic contributions are not proportional to the tree amplitude, but are multi-
plied by new spinor structures written in terms of traces. The full, unrenormalised result
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for this specific MHV helicity configuration for n > 3 is thus:

n
CN((b? 1_72_73+ T 7n+) = CFA%O) (¢7 1_72_73+7' . '7n+) Z(Fém(sﬁnﬁ-i—Q)_Fém(si,nﬁ-i—l))
i=1
n n+i—1
-5 Z Z F Sz g Si4+1,5—15 Si j+1, 31-{—1,] ZF4 sz 425 Siyi+1, Sid1, z+2)
i=1 j=143 i=1
Nptr_ (1P, 1)2)3 Nptr_(2P5;_1il1)?
+Z< P ( an( 1)2) L3(si—1,1,5i1) —PWIJB(SQ,Z',SQ,ZEI)
512 3 512
Nptr_(1P; (i — 1)2)? Np tr_ (2P ;_1i1)?
_Npir-(1 Z’nQ( 2) La(si—1,1,8i1) — —P(+1)L2(32,i732,i—1)
2 579 2 579
Nptr_(1P; (1 —1)2 Nptr_(2P3;_1il
Np tr-(LFin ) )L1(Sz 117811)4-—PMM(S’Q,@‘,SQJ—Q
6 S12 6 512
tr_ (1P, (i — 1)2 tr_(2P3 ;141
+ % ( anli ) )L1(Sz 1,1,8i,1) + % %M(Su,szi—l))] ,

(3.22)

where the one-mass triangle Fém and box functions Fy are defined in appendix [B. For
convenience, we have introduced

11N — 2Np Nr

fo = ——5—, Np =2 (1 - W) . (3.23)

Note also that summations of the form ZZ are understood to vanish when b < a. If we add
this term together with its complex conjugate with the appropriate momentum re-labeling
then we find agreement with the known Higgs MHV amplitude in the case of n = 3 [[7].

Eq. (B:29) can be rewritten in a form which is more convenient when computing the
completion and overlap terms, namely

n
- 9= 0 - o— 1 1
Cn((b?l 72 73+"' ,n+):CFA£L)((b,1 72 73+7"'7n+)[Z(F3m(Si,n+i—2)_F3m(8i,n+i—1))
i=1
n nti—1
——Z Z F4 (Sijs Sit1,j—13 Sij+1, Sit1,5) ZF Sz,i+2§3i,i+173i+1,z‘+2)]
=1 j=1+3

cr " [Np . ) ) .
B TS (P~ DD - DR (1D P2~ (1P (-1)2)

X L3(si—1,1,5i,1) + % (12)2 (1P, (i — 1)2) Ly (8i-1.1,5i1)

Np . . . .
+ ?P<1’LP37Z',12><1P1 i7122> <<1P1,i7122> — <1ZP3,Z‘,12>>

X L3(82 iy S2 Ji— 1) + % <1 2>2 <1Z'P37i_12>L1(827i, 8271'_1):| . (324)

3.2 Cut-completion terms

The functions Ly(s,t) that appear in egs. (B.29) and (B.24) are bubble contributions pro-
duced by the reduction of tensor box and triangle integrals. They contain unphysical
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singularities as s — t so it is useful to redefine the cut-containing contribution in terms of
a new basis which has good behaviour in the various limits. This is achieved at the cost of

adding some rational terms,

Li(s,t) = Ly(s,t) (3.25)
Lo(s,t) = La(s,t) + 2(51_ 5 (% + %) (3.26)
Ls(s,t) = Eg(s,t) + ﬁ <% + %) . (3.27)

The new Ek functions are now free from spurious singularities. Replacing the Ly functions
in (B.24)) with the corresponding Lj, functions we are left with the “completed cut term”:

n

N
1273t ... .nt) = P 1P (i — 1)2(1(i — 1) P, 52
) < -

x <<1(i —1)Pg2) — (1P, (i — 1)2>>

o 1 ( 1 n 1)
(si—1,1 —83,1)% \si—11 Sin

+ <1’L'P37Z',12><1P17Z',12’2> <<1P1,i71i2> — <1Z'P3,i,12>>

X ! (1 + ! ﬂ (3.28)
(825 —82i-1)% \'s2,i  S2,-1/] '

4. The rational contributions

By definition, the rational terms only contain poles in the invariants and therefore are
amenable to the same type of analysis as used for tree-amplitudes. We will therefore
calculate the remaining rational terms in A%l)(gb, 17,27,...,n") using on-shell recursion
relations that have been successful in both QCD [T, f7-F9) and for the finite ampli-
tudes involving the ¢ field [53].

This approach relies on both the factorisation properties of one-loop amplitudes on
physical poles and the introduction of a complex shift parameter z to study the behaviour
of the amplitude in the complex plane.

We recall the multi-particle factorisation properties of one-loop amplitudes [@],

A(O)A(l) A(I)A(O) A(O)A(O)
A — b+ e+ P as P? -0, (4.1)

7 3 7

where the subscripts L and R denote the amplitudes with fewer external particles on the
left and right of the factorising physical channel as shown in figure [l Note that F only
contributes in multi-particle channels if the tree amplitude contains a pole in that channel.
MHYV amplitudes do not have multi-particle poles and hence this term is absent.
Following the discussion in the earlier sections, we divide the amplitude into its cut-

constructible and rational terms

AV =C, +R,. (4.2)
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(a) (b) (c)

Figure 5: Factorisation of one-loop amplitudes in the limit P? — 0. Contribution (c) does not

appear for MHV amplitudes.

Applying eq. (1)) in the rational sector we find (for MHV amplitudes),

AVRy Ry AY
Pz T

7

R, — as P? —0. (4.3)

(2

However, as it stands, R,, contains unphysical poles which cancel with unphysical poles
in C,,. Therefore, we add the rational function C'R,, (the cut completion term of section B.2)
to C), and subtract it from R,,. C'R,, is chosen such that it cancels the unphysical poles in
C), (and thus, simultaneously in R,,). This means that we should try to set up a recursion
on the physical poles with the expression ﬁn = R, — CR,,

To develop the recursion, a convenient analytic continuation is to shift the spinors of
the negative helicity gluons 1 and 2 such that

1) = 1) +212), ) = |2 - 2. (4.4)

The corresponding momenta are also shifted,

z z
P =i (2) = o+ 52, Py = p5(2) = ph — 5(2"[1]. (4.5)
We now consider the integral,
1 dz = 1 dz
— ¢ —R =— ¢ — (R - CR . 4.6
5w . S Re(2) = g T (Rale) = CR(2) (16)

Assuming that there is no surface term at infinity, the integral vanishes. The remaining
residues are fixed by the multiparticle factorisation (@) so that the rational contribution
is given by
(Rn(2) — CR,(2))

z

]?En(O) = — Z Res,—,
phys. poles z;
AV (DRp(2) + Ri(2)AQ(2) CRo(2)
-y 243 e

p S (4.7)

(2
The last term is called the overlap term. It is quite simple to calculate if the poles at
physical z; are all first order, as this makes them similar to recursive terms.

To sum up, the rational terms consist of the recursive terms which are similar in
calculation to tree-level, completion terms which can be computed simply from the cut-
containing functions, and the overlap terms which can be computed by considering the
completion terms as certain internal momenta go on-shell.
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nt (n—1)*

Figure 6: The direct recursive diagrams contributing to R,(¢,17,27,...,nT) with a |1|(2| shift.

4.1 Recursive terms

The recursive part of the rational contribution is defined by,

(4.8)

For the choice of shift given in eq. (f4) the allowed types of contributing diagrams contri-
butions are shown in figure fj.

Combining the various diagrams, we find that recursive terms obey the following rela-
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tion,

n—1
~ ~ 1 ~ ~
R£(¢;1—,2—,3+,...,n+):ZR(¢;1‘,P§i,(¢+1)+,...,n+)S—A(°)(—PgZ.,2—,...,z’+)
i—4 2,4
n 1 N R
AO)( 1 " R(-Pf.2=.....i"
+Z ¢’ 227(2+ ) EXL )32,i ( 2,17 ) X )
1 ~ o~
Pt ) —AO (g P 2 (=)
+ZR( 11, 9 ,TL )Si,l (QS? 1715 9 7(1 ) )
1 SN
A0 oo —R(:PY 2. .. G-t
+Z 117 7 T )SLl (¢7 i,1 ) 7(Z ) )
~ 1 ~ ~
+ R(p; 17, Py at, ... nT)—AO (=P, 27,3")
523
1 ~ o~
+ AOA- =P nt)—R(¢; P, 27 -, (n—1)*). (4.9)

Snl

Here R represents the full rational part of the one-loop amplitude with fewer external legs.
The contributions with ¢ = n in the first term and ¢ = 3 in the fourth term are absent
because Aa(¢, —,+) (and hence Ra(¢, —, +)) is zero by conservation of angular momentum.

Note that one could have written down other recursive terms that contain three-point
pure gauge amplitudes. The most problematic of these are those where the “one-loop”-
ness is in the gauge three-point, since the factorisation properties for complex momenta are
not fully understood. However, when the two external gluons have opposite helicity it is
guaranteed to vanish, because the corresponding splitting function does not have rational
parts. For our particular choice of shift, the only possible pairings of the external gluons
are (27,3%7) or (n*, 17), and we find this significant simplification in all possible cases.

This leaves the cases where pure gauge three-point is at tree level. Because of the way
we have chosen our shift, the amplitudes

At 17,-F,), A28, By (4.10)
both vanish, so that the only two contributions involving a three gluon vertex are when
= 3 in the first term and the last term of eq. (J£J). This latter contribution is the

“homogenous” term in the recursion; it depends on the ¢-MHV amplitude with one gluon
fewer. The first two ¢-MHV amplitudes are known,

1
Ro(;17,27) = e A0(6,17,27), (4.11)
Ry(917,27,3%) = —540(6,17,27,3%), (112)

Because the tree amplitudes with fewer than two negative helicities vanish, the re-
maining one-loop contributions needed are those with one negative helicity. These are
finite one-loop amplitudes and are entirely rational. The finite ¢ — +---+ amplitudes
were computed for arbitrary numbers of positive helicity gluons in ref. [f3]. As a concrete
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example, the three-gluon amplitude is given by,

_ Np (123123 1

) 4t 1
T 96wz (23)2 sads (0117,27,3%). (4.13)

Rs(¢;17,27,37T)

Similarly, the pure QCD — + - - - 4+ amplitudes are given to all orders in ref. [[g, 9. In the
four gluon case, the result is,

Np (24)[24)°

Ry(17,27,3%,4%) = 4.14
4(17,27,35.47) = 55 [12](23) (34) [41] (4.14)
The value that z takes is obtained by requiring that the shifted momenta
~ z
Bl = P+ 2 (21, (4.15)

is on-shell. In this equation, the sign is positive when the momentum set {p;, p;} includes
p1 and is negative when it includes ps. There are four distinct channels, specified by the
multiple invariants s; 1, s2; and the double invariants s, and s23. In each channel, we find
that the value of z and the hatted variables are given by,

;1 channels: Zi1= —L,
(2| P2 /1]
2 |PinPi22) 5 |PieBinl] 5 |[Bial](2P|
0= ey PR T T 9
i, i, i,
S9; channels: 294 = i,
’ T (2Psll]
~ P ;P32 ~ P3Pl ~ P ;1](2P5
D e L
K K K
1
Sp1 channel: Znl = —%,
2 (12) 5 _ [Pi2n) 5 [n) (2P 1]
1) = ~ 7 2] = J P4 =—"t—— 4.18
‘ > ’n> <n2>7 ’ ] <2TL> ) n,1 <2’I’L> ) ( )
32
S93 channel: 293 = %,
~ P23 & [12] 5 [2,31] (3
1) =k 3) = 3o, Py =22 4.1
=52 B=pig P ey (4.19)
4.2 Overlap terms
The overlap terms are defined by [Hg]
CR
O, = ZReSz=Zi Z(Z) (4.20)
i

They can be obtained by evaluating the residue of the cut completion term CR,, given

in eq. (B.2§) in each of the physical channels. In order to make the residue calculation
straightforward, it is convenient to use identities such as s;; — s; ;-1 = (j|FP;j—1|j] to
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rewrite eq. (B.2§) in a way that exposes each of the physical poles,
_ crNp
12(n T2 (aer + 1)

(114312)(1|Po412) (1| Po4[2) — (14) [43] (32) )
[ 823<4’P273‘4]2

CR,(¢,17,27,37, ... .nT)

(P2 2)(11Ponf2) (CU1Ps,anl2) = (10 Ps,nl2)

$2,n(n|Po,n|n]?
(11P51312)(113P5,112) ((13P3,112) — (11P3,312))
s3.1(3|Ps,1|3]?
(Ln(n = 1)[2) (10 = 1) Po[2) (10 = 1) Pual2) = (Ln(n = 1)[2))
sn1{(n = 1| Ppal(n — 1)
ity (<1|1%,1i|2><1|¢1%,1|2>(<1|z'1%-,1|2> ~ (1Pysil2)

+

(il i )2

_l’_

(P (= D) (116 = )P ) (116 = DPiaf2) = (1P = 1D]2))
((i = )|Pial(i —1)]2

+"_1 1 (<1|iP2,z|2><1|P2,ﬂ|2><<1|P2,z'i|2> - <1|iP2,z‘|2>>

— — 421
52, $2,i (i P,i1]? (21

G+ D P2 Al + D12) (1P + 1)[2) = (110 + 1) Po,]2)) )}

327Z‘<(i + 1)’P27i‘(i + 1)]2

We observe that the cut completion term contains only simple residues so for the P ;
pole, the overlap term is given by,
04 = CRy (2 5)—2 (4.22)
827-]
where z; ; is the value of z that puts ﬁi,j on-shell. The multiplicative factor removes the
5;; pole in C'R,, and replaces it with the correct propagator s; ;. Note that the only terms
that are affected by the momentum shifts are |1), |2] and any invariant including either p;
or pa. The overall factor (nl) must be treated carefully, but not (23).

Let us first consider the so3 pole. The overlap term is given by,

02 — CR(223)523
" 523
o (14 148) (1P23412) (T P2412) — (14 [43) (32) ) o
JRRP [23] (1) (4] P42 T2 (o + 1) ' '
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Employing the definitions of the shifted variables in the sp3 channel given in eq. ({.19), we
find that

o _ Np 5123(34](42) (4] Pr2|3] (5123 (42) + (4| P12]3](32)) (4.24)
n 19272 s93(n| Pro|3] (4| P3 |12 TI" (e + 1) '
Similarly, we find that
o — _ NP 510202 Psu|n](2]PsnPrnln) + s10(20) (4.25)
" 19272 $2.n(n| Py |12 HZ;%(aa +1) ’
o3t — VP53 (32) (2| P31 [3[(2| P31 Py.n[3) (21 P31 P3n3) + 53.n(23)) (4.26)
"o 19272 s3,1(1| P35 P3,1(2) (3| P31 |12 T3 (e + 1)

The overlap in the s,; channel is complicated by the fact that there is an overall factor of

1/(n1). We find,

n _ _Np (12)° [n(n = DI((n —1)2)
Or' = 19272 (1)1 ZL (v + 1) [n1](12) *
n—1

5 { (n|P(i — 1)[2) (n](i — 1)P,2]2)((n] (i — 1)Pis|2) — (n|Piali — 1)|2))

i—4 (n[(i = D) P2+ Pn(i — 1)[2)?

1 1
X +
((nlﬂl,n31,2|2> (n|Pz',an‘,2|2>>
N (n|iP3;1]2)(n|P1;1i]2)((n|P1;14]2) — (n|iP3; 1]2))
(n|iPs;—1 + Py i—11]2)?

1 1
g <<“\P1,z‘P3,i\2> " <n’P1,i—1P3,i—1’2>> H (4.27)

Finally, when ¢ < n — 1, the overlap terms are given by

il _ Np Si,n
T 19272 55 (n| Py P |2) TN (a4 1)
(2[Pi2(i = 1)[2)(2[Pi 2P| (i — 1) (2P 2Pinl(i — 1)) + sin(2(i — 1))

((i = DI P n1]?

(21P5,2112) (2| By 2 Pon|8) (2| P2 B n|7) + Si,n<2i>)]

_|_

P 1]? (4.28)

0% — Np 51,
" 19272 327i(n]P17iP37i]2>H2;§ (ax + 1)
(20) (2| P34 |i](2| P3Py ) ((2| P3 i Py id) + 51,(20))
(il Pr,i[1]?
N (20 + 1))(2|Psi (i + 1)](2[ P3i Pral (i + 1)) ({21 Ps,i Pril (i + 1)) + s1,6(2(0 + 1))
(@ + 1) Py [1]2

(4.29)
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5. The 4-point amplitude

We will now compute the rational contribution explicitly for A(l)(gb :17,27,3%,4%). The
recursion relation ([L.9) consists of four physical channels corresponding to poles in the
invariants 523, $234, S41 and 5341 -

Using the spinor shifts given in eq. (.19) together with the known amplitudes given
in egs. (f.11)—(.14) it is straightforward to evaluate the direct recursive terms,

Ry(¢;17,27,37,4%) = RP* + RP + R + R (5.1)
For example, in the so34 channel, we find,
1 ~ ~
RP* = A%, 17, Pyyy) x — x R(27,3",47, —P5,)

_ Npcr <T13234>2<313234>[313234]3 (5.2)
6 5934[23](34) (4 Po34) [ Pogs2)]

Employing the definitions of the shifts, (.19), we easily find

Np [43] 5%234 (2 4>3 (3P41]

Ry = - : 5.3
4 9672 <3 4>2 3234<2P341] <4P231]2 ( )
Similarly,
Np s123[34][31](4]P12[3] 1 o
R3 = — — = AO (gt 1= 9~ 3t 4t 54
U ST G 2P & (@h12EnAT), (5.4)
1 —_ —
Rzll :WA(O)@’ 17,27,3%,41), (5.5)
rn — NP [31)(2| P13|4]° (5.6)

962 s341(34)[41]2 (2| Paa|1]

Notice that the expressions for RT> and R}' are not proportional to Np. It is clear that
these two terms will cancel against similar terms appearing in the ¢'-MHV amplitude so
that the Higgs amplitude does indeed have this property.

The overlap terms are defined by,

O4(¢;17,27,37,47) = 0B + 02 + 03 + O (5.7)

The individual contributions can be obtained by setting n = 4 in eqs. (24), (£:26), ({24)
and ([.27) respectively. After some trivial simplifications, we find,

op -yt D)
or - UGl
ot =gy o

4 _ _19]\;];2 %. (5.11)
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With a little further algebra it is possible to write the sum of recursive and overlap
terms in a form which is free of spurious singularities,
§4(¢7 177 277 3+7 4+) :R4(¢7 177 277 3+7 4+) + O4(¢7 177 277 3+7 4+) (512)
1 o Np[43]

=—AOA;17,27, 37 47 4 0
872 (4;17,27,37,47) + 9672 (34)

_(23)(A1Pul3]* | A1) (3|P12f3]  (14)(2[Pi3ld]® | (32)(4|Pr2]4]

(34)[43][32])s234  (34)[12][32]  (34)[43][41]s341  (34)[12][41]
(12> (12) (12)(2|Ps|4] | (12)(1[Paf3]  (12)* (12)°

+ — + N ,
B4[43] 2] 2[4lssn 2325231 | 2523 | 2sa1

where the pseudoscalar amplitude A©) (A;17,27,3%,47) is given by the difference of ¢ and
¢ amplitudes.

To form the full 1-loop ¢-MHV amplitude we need to add this to the cut-constructible
piece given in eq. (8.24) and the completion term of eq. ({.21)).

AV (¢,17,27,3%4%) = Cu(¢,17,27,37,4%) + CRy(¢,17,27,3%,4%)
+ Ry(¢,17,27,3%,47). (5.13)

As discussed earlier, the Higgs amplitude is constructed from the sum of the ¢ and the

¢! amplitudes where the ¢! contribution is obtained using parity symmetry,

AV H 1727 3t 4ty = AV (g, 17,27, 3% 4y + AW (g 17, 27,37, 4T)
Ao (AP )
(5.14)

The one-loop amplitudes in this paper are computed in the four-dimensional helicity
scheme and are not renormalised. To perform an M S renormalisation, one should subtract

)

an M S counterterm from AS ,

AW A0 _ o B0 40 (5.15)

n n 2 €

The Wilson coefficient (P.J) produces an additional finite contribution,

AL A0 4 % A, (5.16)

6. Cross checks and limits

6.1 Infra-red pole structure

The infra-red poles are constrained to have a certain form proportional to the tree level

amplitude [[/3, [7q],

n 2 €
A = a0y ( & ) + O, (6.1)
i=1

—Sii+1
Expanding the hypergeometric functions as a series in € quickly leads to a proof of this
fact, and it can be seen that all logarithms vanish at order 1/e.
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6.2 Collinear limits

In general the collinear behaviour of one-loop amplitudes can be written [@, ]:

ili+1
—

AD (N1 )
STAW (i e P 2z ) Split©@) (— PR M g 1)
h=+

+ A = P diee ) Split®) (— PR i 1) (6.2)
where the collinear limit is defined through p; — 2P and p;11 — (1 — 2)P. The universal

splitting functions for QCD have been calculated in reference [[[d, R0, BI]. The tree-level
splitting functions are given by,

2
Split©@ (—p+ 179ty = — 2 6.3
plit™( )= (63)
Split@ (—p*,1%,27) = ) (6.4)
2(1—2)(12)
Split© (—p~,1F,21) = - 6.5
plit™ ( ) o) (6.5)
Split® (—P~,17,27) = 0. (6.6)

It is convenient to divide the one-loop splitting functions into cut-constructible and rational

components,
Split™M (=P~ 17 232) = Split(D-C(—p~h 17 222) 4 SplitW-B(—p=h 17 2%y (6.7)
where

. — cr
= Spht(o)(—Pi, 1 ,2+)§ X

( )
e

(

|

SplitW:C(—p+ 17, 27) = Split©@ (—p+,17,27) L x

62

2 € —
( H (1—2F1 <1,—e;1—e; i )—gFl <1,—e;1—e;z 1)), (6.9)

—S19 z—1 z
SplitMC(—p~,17,27) =0, 6.10)
SplitM-#(—p* 17 2%) =0, (6.11)

o Np /2(1—2)
SplitW-B(—pt 172 r 6.12
pi ( ) ’ ) 967’(’2 [12] ’ ( )
) o N z(1 — 2)(12)

Split R(—p= 17 27) = L 6.13
pi ( ’ ) ) 967T2 [12]2 ( )
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Figure 7: Factorisation of combinations of two-mass “easy” box functions in limit where #||i 4 1.

6.3 Collinear factorisation of the cut-constructible contributions

Considering only the cut constructible contributions, we expect the following limiting be-

haviour
OO i )

n
ZC 1) i 1>\¢71’Ph’i + 2>\¢+27 ) Spht(O)(_Pfh; i)‘i,i + 1)\Z~+1)

+A,S°,’1(. ci— 1N PR 9 SplitWC (ph it g 1) (6.14)

There are three collinear limits to consider for the p-MHV amplitude; two collinear negative
helicity gluons, two collinear positive helicity gluons and the mixed case with one of each

helicity.
We first note that the box and triangle scalar integrals always appear in the combina-
tion
n n nti—1
Un = Z (F;m(sl-,nJrifQ) F3 (Sz n+i— 1 - = Z Z F4 S”, Si+1,5—15Si,5+1, SZ+1,J)
1=1 =1 j=143
1 n
2 Z FY™ (81,0125 Sii41, Sit1i+2) (6.15)
i=1

and multiply the tree amplitude.
Many of the collinear factorisation properties of the individual box and triangle func-
tions have been studied in ref. [IJ] for example,

2me . 2me .
Fi™(80, 841,15 Sij—1, Siv1,5) + FL™(Siv1,5 Sit2,j—15 Sit1,j-1, Sit2,5)

+1
WY R (spj sigani sivngspyo1), (6.16)

where sp; = (P + pit2 + -+ + pj)? and which is illustrated in figure []. A similar relation
applies when j = ¢ + 3 such that the second and third terms are one-mass boxes.
In much the same way, the particular combination of box and one-mass triangle func-
tions shown in figure [§ factorise onto triangle functions as follows,
F2M(81 1y Si2,i-15 Sit i1, Sitai) + 3™ (s10) — F3™(sip1,-1) — F3™(8i12.4)

o
M (0= )R (510) — FI™ (55425 1). (6.17)
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. 1 (i+1) (i+2)
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ili+ 1
— (n—1) —

Figure 8: Factorisation of a combination of two-mass “easy” box and one-mass triangle functions
in limit where i||¢ + 1. Note that the scale relevant for the triangle functions is indicated on the
right of the triangle. The massless legs on the left of the triangles do not correspond to physical

momenta.

Taken together, it is straightforward to find the collinear limit of U,

Ul ivi+1,..n) S 0, P )

1 2 ‘ z z—1
+ = 1—29F|1,—61—¢ —oF1 |1, -1l —¢ )
€ —8;i+1 z—1 z

(6.18)

which is independent of which (adjacent) pair are taken collinear.
The remaining limits depend on the helicity of the collinear gluons. To explore the
limits in detail, we find it convenient to utilise the expression for C,, given in eq. (B.29).

6.3.1 The mixed helicity collinear limit

Let us now consider the case where we take a negative and a positive helicity collinear,
e.g. the 2||3 limit shown in figure . We immediately see that the third diagram involves
a factorisation onto a finite ¢ amplitude which has no cut-constructible part and therefore
gives no contribution.

The finite logarithms also factorise in the expected way since,

tr_ (1P (i — 1)2) 2j3 tr_ (1P, (i — 1)P)

JRIN 1> 4, (6.19)
512 S1P
tr_ (2P3,i7121) 2_|;°> tr,(PP4,i,1zl) P> 4, (620)
512 S1p
while
tr_ (1P ,32
r_(1P,,,32)) 213 (6.21)
512
tr_ (2341
fr—(2341)) 2113 (6.22)
812
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Figure 9: Collinear factorisation of A (¢;17,27,3%,...,n") taking p, and ps parallel.

ensures that terms with divergent logarithms, i.e. L (s234, S23), will always be proportional
to a trace which vanishes in the limit and hence do not appear in the one-loop splitting
function. Together with eq. (6.1§), we find that, as expected,

Co(d:17,27,3% . nt) 24O (g17 P 4t ) SplitWC (— Pt 2= 37

n—

+ Cho1(d;17, P, 47, ... ,nT)Split® (—PT,27,3%). (6.23)

6.3.2 Two collinear negative helicity gluons

The 1||2 limit is rather trivial since there is only a single, finite term in this case as shown
in figure [[(. The tree amplitude in this case vanishes,

AD - 2 3+, ) W, (6.24)

therefore it is obvious that all the box and triangle terms of eq. (B.24) will vanish. The
remaining finite logs appear to have a singularity in s12, the worst coming from the traces
raised to the 3rd power,

tr_(1XY2)3  (1|XY]2)? tr_(2XY1)*  (2]XY[1)? (6.25)
57 (12)3 7 57 (12)2 .
However the tree amplitude is proportional to (12)% so C,,(¢,17,27,3%,...,n") vanishes

in the limit as expected.

6.3.3 Two collinear positive helicity gluons

The final limit occurs when we take any adjacent pair of positive helicities collinear. The
relevant diagrams are shown in figure [[]. We can drop the third contribution since it
involves the purely rational splitting function.

We must also be able to show that there are no divergent terms coming from the finite
logs and that these terms correctly factorise onto the lower point amplitude. This turns out
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(n—1)*

Figure 10: Collinear factorisation of A(l)(qﬁ; 17,27,3%,...,n") taking p; and ps parallel. The
only contribution is finite so the cut-constructible parts vanish in this limit.

to be slightly more involved than in the 2||3 case. First let us choose to take two adjacent
particles a and b collinear where p, lies to the left of py in the clockwise ordering. Using,

allb

sbi — (1= 2)spi+ 28p41,, (6.26)
b
Si,a B zsip + (1 = 2)Sia—1, (6.27)
it is then possible to show:
tr_(2Ps 4_1al)* tr_(2P5 4b1)F
( ];a ) Lk(52,a, 52@71) + %Lk(slb, 527a)
512 512
btr_(2P3 4, 1P1 k
ot 7 ) Li(s2,p, 52,0-1), (6.28)
512
and,
tr_(1Py,q1 ;b2)F tr_ (1P, ;a2)*
( am ) Li(svi, Sp+1,i) + tr-(15,ja2)" = ) Li(Sais Sb.i)
s s
12 12
b tr_(1Pyy1,,P2)%
= ( SZ L2 Li(spyi, Sb+1,)- (6.29)
12

Note that sy p = (p2+- - -+Pa—1 +P)2 and sp; = (P+pps1+-- -—|—p¢)2. Using these identities

allb 3

and recognising that tr_(1lab2) — 0 and together with eq. (6.1§), it is straightforward to
show that eq. (B.24) has the correct factorisation properties,

Cn(p;17,27,3% ... a™,b",...,nT) alp
Cnfl(gb; 1_’2_73+’ e ’a - 1+’P+’b + 1+7 A 7n+) Split(O)(_P_’a+’b+)
+ Aglozl((?; 1_7 2_7 3+7 e ,a - 1+7P+7 b + 1+7 AR 7n+) Split(1)7c(_P_7 a+7 b+). (6.30)

6.3.4 Collinear factorisation of the rational contributions

In this section, we focus on the collinear limit of the rational part of the 4 gluon amplitude
with two negative and two positive helicities. There are three independent collinear limits,
11|12, 2||3 and 3|[4.
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Figure 11: Collinear factorisation of A1) (¢;1~,27,3%, ... nt) taking any two positive helicities
parallel.

Let us first consider the case where 1~ and 2~ are parallel. From figure we see
that there is only a single contributing term and it is fairly straightforward to show that

eq. (b-139) satisfies,

12 1

Ri(¢:17,27,3%,4%) = 5 Ry(oF; P~ 3%, 4%) Split ) (—P*,17,27), (6:31)
™

The 27|37 limit, shown in figure f, has only two contributing diagrams for the raitonal
piece since the first contribution vanishes since the one-loop mixed helicity splitting function
has no rational part. The rational part of the four gluon amplitude can easily be shown to
satisfy,

Ru(¢;17,27,3% 4%+ CRy(¢:17, 27, 3%, 41) 2 1 Ry(6; 17, P, 4) Split©@ (— P 2, 3+)

+R3(¢;17, P, 47) Split®) (—P*, 27, 37)
(6.32)
The final collinear limit is given by taking 3™ and 4% collinear. Here we again find the
expected behaviour,

Ra(¢;17,27,3%,47) WRy(:17, 27, P+ Split® (— P, 37, 47)

+AO(g;17,27, PY) Split W F(— P, 37, 47)
+ A0 (g;17,27, P7) Split ) F(—PF 3% 4%, (6.33)

6.4 Soft Higgs limit

For the case of a massless Higgs boson, we can consider the kinematic limit py — 0.
Because of the form of the HG,, G*" interaction, the Higgs field behaves like a constant
in this limit, so the Higgs-plus-n-gluon amplitudes should be related to pure gauge theory
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amplitudes. Low energy theorems relate the amplitudes with zero Higgs momentum to

pure gauge theory amplitudes [82]:

H—>O 0

AD(H {gi, ) " Cg 3—Al ({gi, Ai}), (6.34)

where C' is the effective coupling of Higgs field to the gluon fields. The n-gluon tree
amplitude is proportional to g" 2 (see equation (R.9)) therefore,

Ago)(H, {gi, \i}) pa0 (const.) x (n — 2)A%0)({gi, Ai}). (6.35)

In terms of the ¢ and ¢’ components B2,

Ago)((ﬁ, {gi, Mi}) pdjo(const.) X (n- — 1)Ag0)({g,~, Aib), (6.36)
O (61, (g, A1) T (const.) x (g — DA ({gi, Ai}) (6.37)

where ny and n_ are the number of positive and negative helicity particles respectively.
The one-loop amplitudes are proportional to g™ hence similarly one can deduce the
following behaviour in the soft Higgs limit,

AW H, {g;, 1) P15 (const.) x nAD ({g;, A ). (6.38)

It has been conjectured in [ that the ¢ and ¢ components generalise from the tree level

relations to give,

AD (@, {gi, A} "5 (const.) x n_ AD ({gi, \i}), (6.39)
AV (g A1) T (const.) x np AD ({gi, A}, (6.40)

The 4-gluon MHV amplitude at one-loop in QCD has been derived in ref. [83 and is
given, unrenormalised in the four-dimensional helicity scheme by

2 2 € 2 €
Cy(17,27,3%,47) = — %A(O)(l_,2_,3+,4+) [( - ) + < . > +log” <S£> e
€

—S14 —S12 S14

_ Ne(lﬁo_ 2€) (—1514)6]’ (6.41)

—— A0~ 27,3 4%). (6.42)

N
Ry(17,27,3%,47) =220
6.4.1 Soft limit of A" ($,17,2-, 3+ 4+)

Firstly let us consider the soft limit of the cut constructible components, eq. (B.24). The
1-mass and 2-mass easy box functions and triangle functions have smooth soft limits where

we take:
s " py—0
| =00 (6.43)
-m
@
2 €
—0
(“ ) P00, (6.44)
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We must apply the same relations to the finite logs coming from the tensor triangle integrals,
for instance we find:

Bub(5341) — Bub(541) pp—0 (_1)k < ,U2 >e

SN 6.45
(8341 — 541)F sk e(1 — 2e) (6:45)

Ly (s341,841) = -

Applying these relations together with momentum conservation to the cut-constructible
part of the 4 gluon amplitude we find that the boxes and triangle functions collapse onto the
correct 1/€2 poles while the coefficients of the bubble contributions simplify considerably,

e.g., .
tI‘,(1432) py—0 E k
_— — (=1 6.46
( ) (—1)ksh,, (6.46)

so that all of the logarithms proportional to Np cancel among themselves leaving,

(L) s o

Combining this with the 1/€2 poles we find,

—0
Cu(p,17,27,37,41) 252 ¢y(17, 27,37, 41) (6.48)

The soft limit of the rational part, eq. (f.13) and eq. (B-29), gives
0 N
Ry(gi17,27,87,4%) "= - SER A0 27, 37, 47), (6.49)

with all the poles in the triple invariants vanishing. This implies that the rational terms
vanish in the limit for the full Higgs field,

—0
Ry(H;17,27,3%,47) 250, (6.50)

since the ¢! contribution appears with the opposite sign. This confirms that cut-
constructible terms of the amplitude do follow the naive factorisation proposed in [f7]
but the rational parts do not. This seems to be consistent with the results for the HqgQQ
amplitude presented in [64].

7. Conclusions

Recent developments based on unitarity and on-shell recursion relations have lead to impor-
tant breakthroughs in computing non-supersymmetric one-loop gauge theory amplitudes.
In particular, new compact analytic results have been obtained for gluonic amplitudes
involving six or more gluons.

In this paper we have focused on amplitudes involving gluons and a colourless scalar
— the Higgs boson. The model which we use to calculate these amplitudes is the tree-level
pure gauge theory plus an effective interaction HG,, G* produced by considering the heavy
top quark limit of the one-loop coupling of Higgs and gluons in the non-supersymmetric
standard model. Following ref. [BJ], we split the interaction into selfdual and anti-selfdual
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pieces. The self-dual (anti-self-dual) gauge fields interact with the ¢ (¢!) scalars respec-
tively and because of this selfduality, the amplitudes for ¢ plus n gluons, and those for ¢
plus n gluons, each have a simpler structure than the gluonic amplitudes for either H or A.

Previous studies using the unitarity-factorisation booststrap program have focused on
the ¢ amplitudes that are finite at one-loop, i.e. the all positive or nearly all positive
helicity [63] or the divergent amplitudes when the gluons all have negative helicity [5J]. In
this paper we have employed four-dimensional unitarity and recursion relations to compute
the one-loop corrections to amplitudes involving a colourless scalar ¢, two colour adjacent
negative helicity gluons and an arbitrary number of positive helicity gluons - the so-called
¢-MHV amplitudes.

The gluonic production of Higgs bosons via a heavy quark loop is expected to be the
largest source of Higgs bosons at the LHC. Because of the size of the strong coupling, it
will be important to understand Higgs plus jet events in some detail. The two jet channel
has contributions of both QCD [Fd, [d, B4 BJ] and weak boson fusion origin [Pd-P3].
Separating these two “signals” is of crucial importance for measuring the coupling of the
Higgs bosons to standard model particles from LHC data [@] The amplitudes presented
here may be useful in computing the gluon fusion contamination of the weak boson fusion
signal.

The one-loop amplitudes naturally divide into cut-containing C,, and rational parts
R,. We used the double cut unitarity approach of ref. [Bq] to derive all the multiplicity
results for C), given in eq. (B.24)). The rational terms have several sources - first the cut-
completion term CR,, which eliminates the unphysical poles present in C),, second the
direct on-shell recursion contribution R2 and third the overlap term O,,. Explicit formulae
for these contributions are given in eqgs. (B.29), (.9) and (f.24)—(f.29). An explicit solution
for the four gluon case is given in section f]. We have checked our results in the limit where
two of the gluons are collinear, in the limit where the scalar becomes soft and against
previously known results for up to four gluons.
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A. Spinor conventions

In the spinor helicity formalism [p4-P9 an on-shell momentum of a massless particle,
kyk# =0, is represented as

koo = kuo's = Aada, (A1)

,31,



where A\, and g are two commuting spinors of positive and negative chirality. Spinor

inner products are defined by
NN) = apA®NP, AN = —e,A0N7 (A.2)

and a scalar product of two null vectors, k,q = )\aj\d and pag = )\;5\&, becomes

kup! = —%()\, X)X N (A.3)

We use the shorthand (i j) and [i j] for the inner products of the spinors corresponding to

momenta p; and pj,

For gluon polarization vectors we use

o) = o (T TlET)
8 == (A.5)

where k is the gluon momentum and £ is the reference momentum, an arbitrary null vector

which can be represented as the product of two reference spinors, {45 = §a§~d.

B. Scalar integrals

The one-loop functions that appear in the all-orders cut-constructible contribution C,, given

in eq. (B.24) are defined by,

2 [/ u2\° u p?\ ¢ u
0om _ P T ~_ e
F4 (S,t)——62 _<—_S> 2F1 (1, 6,1 €] t>+<—t> 2F1 <1, 6,1 €] S>:|,

(B.1)

2 [ (12\° 2\
F41m(P2;5,t):€_2 <5—5> 9o F1 (1,—6;1—6;—%>—|—<ﬁ—t> oF'y (1,—6;1-6;-%)

(Gl v
R (s) = (f_ B (B.4)
Bub( ):E(li%) <f—25> (B.5)
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