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1 Introduction

Perturbative scattering amplitudes are a key component for comparing theory to experiment
and with increasing experimental data there is an insatiable demand for more accurate
theoretical predictions [1]. Amplitudes are also of interest both for comparing theory to
experiment and for viewing symmetries that may not be obvious from the perspective of the
Lagrangian. Since the Standard Model of Particle Physics is a gauge theory, amplitudes in
gauge theories are of particular interest. There has been great progress in the methodology
of computing scattering amplitudes but they remain challenging.

In Yang-Mills theory, we can expand the scattering amplitude of n-gluons in terms of
the gauge coupling constant, g,

An=g"2> " d AP (1.1)
>0
where a = g%e~7% /(471)2~¢ (we use dimensional regularisation and work in d = 4 — 2¢
dimensions). The A%’) are the f-loop amplitudes. These depend both upon kinematic
information of the particles but also their gauge content. It has proven useful to separate,
if possible, the kinematic and color information by expanding the amplitude in terms of
color structures,

AL =3 A (12)
A

We will use a color trace expansion where external states are labelled by matrices in the
SU(N,.) or U(N,) algebra. The C* then contain traces over the SU(N,) or U(N.) matrices of
the color symmetry, as well as factors of N, [2-4]. The Afﬁ))\ are known as partial amplitudes.
The A, are fully crossing symmetric but the Afﬁ)/\ only possess symmetries related to C*.
They can be arranged according to the accompanying power of N, with the partial amplitude
accompanying N is often referred to as “leading in color”, with other partial amplitudes

? ete.

being “sub-leading in color”, “sub-sub-leading in color’

The form of an amplitude is also dependent on the helicities of the gluons involved. Some
helicity configurations, such as all same (we take as positive), lead to simpler amplitudes due
to the increased symmetry. The calculation of the two-loop all-plus amplitude is made easier
because the tree-level all-plus amplitudes vanish and then consequentially the one-loop is
purely rational. This helicity amplitude was the first to be computed for all-n at one loop [5].
The one-loop all-plus being related both to the N = 4 supersymmetric MHV amplitude by
dimension shifting [6] and also is equal to that for self-dual Yang-Mills [7, 8].

There has been significant progress on calculating tree and one-loop gluon scattering
amplitudes however for two-loop amplitudes, work is ongoing with results only available for
a small number of external legs and/or helicities. The situation is much better in theories
with enhanced symmetry such as maximal N = 4 supersymmetric Yang-Mills.

First we summarise existing results. The four gluon amplitude was the first scatter-
ing amplitude to be computed with full-color and for all helicity configurations. This was
performed in various dimensional regularisation schemes [9, 10] and to all orders of the
regulator [11]. Beyond four points progress has been incremental and all partial ampli-
tudes of the five gluon amplitude have now been calculated: the all-plus leading in color



partial amplitude was first calculated using a generalised unitarity procedure [12, 13] then
presented more compactly in [14]. It was re-derived using a simpler method of four di-
mensional unitarity and augmented recursion in [15], which is the method we use. Later,
the remaining all-plus color structures were calculated in [16, 17], completing the all-plus
amplitude. The single-minus helicity leading in color partial amplitude was obtained in [18§]
and the remaining leading in color helicity configurations were obtained in [19], both us-
ing finite field numerical methods. Recently, the remaining color structures have been
computed [20, 21].

For six gluons, only the all-plus amplitude has been computed (leading in color [22], then
full-color [23]), using four dimensional unitarity and augmented recursion. The seven gluon
all-plus leading in color partial amplitude has also been calculated using this methodology [24].
An n-point expression for the all-plus single color trace, N partial amplitude was conjectured
in [25] using various consistency conditions. and verified in [26] up to eight points. satisfying
various consistency conditions.

This paper presents a compact analytic form of the two-loop seven gluon all-plus am-
plitude, at full color, A(72)(1+, 2% 3%,4% 5% 617, 7T). This involves re-deriving the leading
color piece and confirming the structure of the single trace N.-independent piece, as well
as deriving the remaining partial amplitudes for the first time. We use the method of four
dimensional unitarity cuts to obtain the polylogarithmic parts of these results in a simple
way. Recursion is used to obtain the rational terms however due to the presence of double
poles in momenta, augmented recursion [27] must be used.

The results we present can be used as a test for possible linear relations among the
partial amplitudes. Any relation independent of helicity must hold for the all-plus although
obviously the reverse is not true. As such we can definitively rule out possible relations
and leave remaining potential relation. We use a decomposition of the partial amplitudes
under the symmetric group which allows us to categorise all possible relations satisfied
by the full seven point amplitude and also the polylogarithmic part of the eight and nine
point amplitudes. The nine-point triple trace partial amplitude satisfies relations beyond
those obtained by decoupling although this is only verified for the all-plus amplitude and
its polylogarithmic part.

We will structure the paper as follows: The next section sets out conventions and
background on full color amplitudes. The following section describes the separation into
pieces to be treated with differing techniques. The method of four dimensional unitarity will
be presented, followed by the polylogarithmic results. Augmented recursion will be presented,
followed by rational results. (with details of the new currents in an appendix). We then
use the full results for n = 7 and the polylogarithmic parts of n = 8,9 as a probe to search
for linear relations amongst the partial amplitudes.



2  Full color amplitudes

2.1 Color decomposition

We first review the color decomposition of the n-gluon amplitude at tree and one-loop level.
At tree-level, the color decomposition is

AO1,2,--- )= S T[T T A (ar, -+, a0) (2.1)
Sn/pn:l

in a color trace basis [2-4, 28]. While we are generally interested in amplitudes with gluons
in a pure SU(N,) theory, it can be useful to calculate those structures that occur in a U(V,)
theory, so we allow for either. The T* are generators in the fundamental representation of
SU(N.) or U(N,). The partial amplitudes Agg)l(al, .-+ ,ay) are gauge invariant and cyclicly
symmetric and hence the S,,/Pp.1 sum is over the (n — 1)! permutations of (1,---,n) up
to this cyclic symmetry.

At one-loop level, the decomposition is [29]

AD1,2,- ) =N, S T T]AN (ag, -+ an) (2.2)
Sn/Pn:1
[n/2]+1
+ Z Z T[T ... T2 T[T ... TP ]AD ay -+ Ja,_q1;by, -+, by)
r=2  Sn/Pnr
where the Ag?« (a1, -+ ,ar-1;bp,- -+ ,by,) partial amplitudes have cyclic symmetry to match

their accompanying traces. Where the two traces have the same length, the partial amplitude
also has an additional Z3 symmetry upon interchanging these sets of legs. The S, /Py sum
is over permutations of external legs up to these symmetries, so that every possible color
trace structure occurs exactly once in the overall sum.

At two-loop level [17],

APL2, - n) = N2 DT T[T T A -+ )

n:

Sn/Pn:l
[n/2]+1
+Ne Z Z T[Tal T Taril]T[Tbr e Tbn]Ar(122 (ab Tty ar—13 bra o 7bn>
r=2 Sn/Pn:r

(/3] [(n=s)/2]
+ Y ) > T[T THJTTPH - TP T[T+ . T
s=1 t=s Sn/Pn:s,t

2)
X An:s’t(alu crr Qg b5+1, e 7b8+t; Cs4t+1y" 7cn)

+ Z T[T™ ---Ta“]ASiB(al, S ay) (2.3)

Sn/Pn:1
with three-trace partial amplitudes and a new single-trace N.-independent amplitude Ag)l B
appearing. The symmetry factors Py.1, Pr.r and P.s; in each case describe the symmetries
of cycling the arguments of the trace structures, or interchanging two or three trace structures
when they are of equal length. The partial amplitudes themselves are invariant under



the relevant P,.1, Ppy or Pp.si. For example, Ag?%72(1,2;3,4;5,6,7) is invariant under
Proo = Z2(1,2) x Z3(3,4) x Z3(5,6,7) x Z2({1,2},{3,4}). The sum is then over permutations
of the legs up to this symmetry, S,,/P,. Additionally, amplitudes are flip-invariant under
reflection, where the order within each trace is reversed together with a (—1)". That is,

(2) . .
An;s,t(ala o sbst1y bty Cogtp 1y 7C'n)
_ n 4(2) . .
_( ) Anst(asv"' 7a1ﬂbs+t7"' ,b5+1,0n,"' 7Cs+t+1)- (24)

n2)2 and An%)u would not appear

In the SU(N,) theory, factors of T[T?] vanish, so terms A
in the above expansions.

For tree and one-loop amplitudes other color decompositions exist. Specifically the
decomposition [30] exists for tree amplitudes which reduces the number of independent
amplitudes to (n — 2)!. This has implications for relations amongst the amplitudes which
we will look at later. Although, this decomposition also extends to one-loop it is less well
developed beyond and so we will work in the color trace formalism and accept the redundancy
as a usefull consistency check.

2.2 Decoupling identities

The partial amplitudes solely associated with a U(N,.) symmetry, AS)Q and Aq(f)lt still play a

role in our calculations. Specifically, there are decoupling identities which allow us to express
the A1(12)22 and Ag%g in terms of the Aff)lt Further decoupling identities then relate these

to the sub-leading partial amplitudes A,(f)m r > 2. The first triple trace amplitude which

is not obtainable via decoupling identities is the nine point Aézg 3

Letting a gluon lie in the U(1) part of U(N.), we would expect the amplitude to vanish.
Choosing, say, T — T ;) = Ne. Y21, we see T[T} bl =N& 2 and T[Tl T2 T") =

c Y 2T[T2 ---T"]. Examining the coefficient of a given trace structure, and equating to

zero we find relations between partial amplitudes known as decoupling identities. These
allow the U(N,) partial amplitudes to be related to SU(N.) partial amplitudes and include
relations among the SU(NN,) partial amplitudes.

The two-loop seven-point amplitude possesses five SU(V,.) partial amplitudes: A; %, A%,
A(ﬁi, A(72%2 and A(7:%  together with four purely U(N,) partial amplitudes: A%, A(ﬁil, Agiz
and Aﬂg These are related by the decoupling identities:

A (1,2,3,4,5,6,7) + A (1,3,4,5,6,7,2) + AP (1,4,5,6,7,2,3)

+A9(1,5,6,7,2,3,4) + A% (1,6,7,2,3,4,5) + AP (1,7,2,3,4,5,6)
+A9(1;2,3,4,5,6,7) = 0 (2.5)

A 1(132:3,4,5,6,7) + AP)(2;1,3,4,5,6,7) + AY)(2:1,4,5,6,7,3)

+AP(2:1,5,6,7,3,4) + A%(2:1,6,7,3,4,5) + A%)(2:1,7,3,4,5,6)
+A2(1,2:3,4,5,6,7) =0 (2.6)



A 5(152,3;4,5,6,7) + AV)(2,3:1,4,5,6,7) + AV)(2,3;1,5,6,7,4)

+A2(2,3:1,6,7,4,5) + AD(2,3;1,7,4,5,6) + AP)(1,2,3;4,5,6,7)
+4%)(1,3,2:4,5,6,7) = (2.7)

A 5(1:2,3,4;5,6,7) + AP)(2,3,4;1,5,6,7) + AY)(2,3,4;1,6,7,5)

+A9(2,3,4:1,7,5,6) + A%(5,6,7:1,2,3,4) + A% (5,6,7;1,3,4,2)
+A2(5,6,7:1,4,2,3) = (2.8)

A 1(2:3;1,4,5,6,7) + AY) 1(2:3:1,5,6,7,4) + AF) |(2:3;1,6,7,4,5)
+AR) 1(2:3;1,7,4,5,6) + A 5(2:1,3;4,5,6,7) + AT 5(3;1,2;4,5,6,7) = (2.9)

A 5(2:3,4:1,5,6,7) + AV 5(2:3,4;1,6,7,5) + AP (2:3,4;1,7,5,6)
+AL) 5(2:1,3,4;5,6,7) + ??3(2,1,4 3;5,6,7) + A 5(1,23,4;5,6,7) = (2.10)

A 5(2,3;4,5:1,6,7) + AY) 5(2,3:4,5;1,7,6) + AL) 5(2,3;6,7;1,4,5)
+AD) 5(2,3:6,7;1,5,4) + 722(4 5:6,7;1,2,3) + AL 5(4,5:6,7;1,3,2) = (2.11)

A®) (1,2,3,4,5,6,7) + A 5(1,3,4,5,6,7,2) + AP £(1,4,5,6,7,2,3)
+A%) (1,5,6,7,2,3,4) + AP 5(1,6,7,2,3,4,5) + A ,(1,7,2,3,4,5,6) = (2.12)

Our calculational strategy has been to independently calculate all nine U(N,.) partial
amplitudes, then use the above decoupling identities as a consistency check on the results.
The decoupling identities would allow us to express A(72%2 in terms of the AQQ and Aﬁl

which then can be expressed in terms of the sub-leading Ag% and A(72i This works for any
A’fl)QT but not for A%}S where r > 2.

The decoupling identities do not fully exhaust the relations between structures in this
color decomposition. Further relations have been derived explicitly at four-, five-, and

six-point [31-33]. We will use our results to explore possible identities later.

3 Functional structure of the amplitude

3.1 IR singular pieces

We present our result as an unrenormalised amplitude, calculated in the four-dimensional
helicity scheme [34]. As the singular structures of these partial amplitudes are known in
2

general [35], we subdivide the amplitude into terms that contain divergences as e — 0, U, 73,
and those that are finite, Ff))\,

A = L PR 4 o), (3.1)

where A labels the various color structures. In a general two-loop amplitudes we would
expect to see UV divergences, soft IR divergences and collinear IR divergences appearing
in Uff/)\, with contributions up to 1/¢* [35]. However, due to the all-plus tree amplitude
vanishing, the UV and collinear IR divergences cancel, leaving only soft IR singularities [36],
which have at most 1/e?. The vanishing of the tree amplitude also leads to regularisation
scheme-independence in the two-loop all-plus amplitude [35].



The form of the IR singular structure for the all-plus two-loop amplitude was presented in
a color trace basis in [17], which we reproduce here (with modified notation) for completeness.
First, defining

I ; = —(Sij)_e (3.2)

J 2

and for lists S1 = {a1,a9, -+ ,as} and Sy = {b1,ba, -+ ,bs}

Ir[sﬂ = Ir[{al,aa, te 7as}] = ZIaiyaH—l )

Ij[SlaS2] :Ij[{a17a27“' 7a8}7{b1>b27" bt}] ( ai,as +Ib1,bt _Ial,bl _Ias,bt)
It[S1, S2) = Iy[{ar, a2, - - - yas}t, {b1,b2, - ,be ] = Loy by, + Ibyag — Loy by — Lasp,)  (3.3)

where Io, 4., = la,q,- With these definitions there is the identity
Ir[Sl D SQ] = Ir[Sl] + I,«[SQ] + Ik[Sl, SQ] — Ij[Sl, SQ] R (3.4)

where {ala az, - .- 7a5} ® {bla b2a e abt} - {a17 ag, - ,ds, b17 b2) e 7bt}-
With these definitions, the IR singular pieces of the two-loop all-plus partial amplitudes
are [17]:

(51, 52) (Ir[S1] + 1 [S2])

+ 3 Al(S @ Sy x I[S), )]
S1eC(S1) SLeC(S2)

O (188 = Y S AW(SL; Sy @ S4) x I[Sh, S4]
S5€C(S2) S4EC(S3)

+ > Y ARS8t @ Sh) x L[S, S
S1€C(S1) S4EC(Ss)

+ > Y AR(SS: ST @ Sh) x L[S, S
S1€C(S1) S4eC(S2)

Z ARD(S15.85) x Ix[S1, 5] (3.5)

where C(5) is the set of cyclic permutations of S and U(S) is the set of all distinct pairs
of lists (57, 5%) such that S7 @ S5 = S and the size of S} is greater than one. For example,
at seven-point:

U({1,2,3,4,5,6,7}):{({1,2},{3,4,5,6,7}), {1,2,3},{4,5,6,7}),
({2,3},14,5,6,7,1}), ({2,3,4},{5,6,7,1}), ({3,4},{5,6,7,1,2}), ({3,4,5},{6,7,1,2}),
({4,5},{6,7,1,2,3}), ({4,5,6},{7,1,2,3}), ({5,6},{7,1,2,3,4}), ({5,6,7},{1,2,3,4}),
({6,7}.{1,2,3,4,5}), ({6,7,1},{2,3,4,5}), ({7,1},{2,3,4,5,6}), ({7,1,2},{3,4,5,6}) } .
(3.6)

(
(
(
(



3.2 Polylogarithmic and rational pieces
We further separate the finite pieces into polylogarithmic terms, ng\, and rational terms, sz\

FX = PA+ R (3.7)

The polylogarithmic pieces are determined using four-dimensional unitarity and the rational
pieces using augmented recursion. In many approaches these two parts of the amplitude
are closely tied together although in a Dimensional reduction methodology where Unitarity
is used in multiple integer dimensions and integrands are reconstructed as a polynomial in
(D — 2) there can also be a separation. In [37] is was shown the rational terms in a five
and six point computation of the all-plus arise solely from the leading (D — 2)? term. In [26]
dimensional constructions was used to obtain the rational term for the all-plus amplitude for
the six point and the leading in color for the seven-point together with the sub-sub-leading
for seven and eight points. These different methods have given results in agreement with
those computed using our methodology.

4 Polylogarithmic terms

We use unitarity techniques [38-40] to determine the polylogarithmic terms. In particular,
we use four-dimensional unitarity [41], where the cut legs are taken to be four-dimensional.
Cutting three propagators can yield a product of two tree amplitudes. In four dimensions
all such triple cuts of an all-plus amplitude vanish, as there are insufficient negative helicity
legs to form two MHYV tree amplitudes. Cuts that yield the product of a one-loop amplitude
and tree amplitudes can be obtained by considering diagrams where the one-loop all-plus
amplitudes is inserted as a vertex [24, 42]. Figure 1 illustrates this process with the insertion
of the one-loop amplitude into a box configuration. Such ‘two mass easy’ box configurations
have non-vanishing quadruple cuts and contribute polylogarithms to the amplitude. Both
box and triangle configurations contribute to Uff/)\, while bubble configurations were shown
to have zero coefficient in [41].

To compute the Unitary cuts we need the one-loop partial amplitudes in closed form.
These are [5, 17],

+) = _1 Zi<j<k<l Tr_(ijkl)

ALt 2t 3t .
ma(17,27,87, - om 3 (12)(23)-- (nl)

1) . o Zi<j[1|ij‘1]
A p(1H27 3% 0t = NCETLTRNCY) (4.1)
[12)*

AL 1+ 9.3t .. gty =9
ma(L7 275580, ) = 2 e g

(Pl2...r71)2
((12) 23) - A{r =D D)(r (r+1)) -+ (nr)’

where we are using a spinor helicity formalism as defined in appendix A.

AL At of o 1t 0t = =2

n:

4.1 Full color results at n-point

We express the results for the partial amplitudes in terms of “box functions” containing the
polylogarithms together with rational coefficients. The full box integral function contains



b+

o+
+

&S/

a+

Figure 1. The quadruple cut of the two-loop all-plus amplitude involving an all-plus one-loop vertex
(shown in grey). K5 may be null but K4 must contain at least two external legs. k, and k;, are single
legs and all external legs are positive helicity.

both IR singular terms and finite terms which we separate,

2

(S, T, K3, K) = I{™ T ST KK
R 2 K4

F?™(S,T, K3, K}) (4.2)

where F?™ is a dimensionless function of polylogarithms. Combining the IR singular terms
from the box and triangle configurations yields the required IR singular term, but truncated
to O(e%) [17, 42]. Promoting this to its all-¢ form yields the full singularity structure (3.5).
The IR finite piece of the two mass easy box integral is

K2 K2 K? K?
om 2 2\ _ - A2 : B2 : _ 4 : _ 4
F (S,T,KQ,K4)_L12< S>+L12< T>+L12< S)—i—ng (1 T)

_ K2K? 1 5 (S

and when K3 = 0,

K? K2 1 S 2
2m 2y _ 13 i : _ M4 12
F*™(S,T,0,K3) _L12< 3 ) + Liy (1 7 ) + 2111 (T> + T (4.4)

with S = (Ko + ko)? = (Ky + kp)? and T = (Ka + k)? = (K4 + ko)? as in figure 1.
It is convenient to move to a notation which focusses on the legs attached to each corner
of the box. If the massive corners are described by the sets of external legs A and B and
the null corners by the single legs a and b we define,

F(a,b; A; B) = FP™[K? 4, K3, K3, K3],
and F(av b; {}a B) = F(av b; A, {}) =0, (45)

where K72 j = (ka + ka, + ka, + -+ + ka,)?, etc.



The coefficients of the integral functions are obtained using quadruple cuts [40] and are
the products of on-shell amplitudes evaluated on the cut. The different, partial amplitudes
give rise to a small set of coefficient functions given in the following. For a box with the
one-loop corner having ny external legs and the opposite corner whose tree amplitude has
ng external legs, firstly a term when the one-loop amplitude is the leading in color AST) 1215

Ci(a,b, S1, 52,11, T»)

= AgLOS?JrQ(kia 517 lia SQ)AéO) (a+7 k+7 ]7)A§0) (l+7 b+7 Z‘i)A7(11;12+2:1(7;+7 Tla j+7 TQ)
1
=3 (ab)® Cpr(a, Si,b,82)Cpr(b, T1,a, Ts)
2
y <b|T1T2‘b> <CL2|T1T2|(L> n Z tr_[uvwx} n Z K7 <b]uv|a> + <CL‘T2UUK4“)>
(ab) (ba)
u<v<w<reKy u<veTy
Z <b]K4;;wT2]a) n Z <b]uvw£(4|a> N Z (b]K4u;)w\a)
u<v€eTy < a> u<v<weKy <a > u<v<weTy <a >
Kylb
+ ¥ W) X Fa,b; Ky = 8, & So; Ky = Ty & Ty), (4.6)
u<v<weTr ( CL>

where |S] @ S| = ng and |11 @ T»| = np and the “Parke-Taylor” factor Cpp is

1
Cpr(ai,ag,---ay) = o e ey e (4.7)

For Ag?« with r > 2 there are two cases,
Cs(a, b, S1, 82,11, T5,T3)

= AL (k. 81,17, 82) A (0t B+, )AL (1 bt i) ALY L T G T T)

2
= 2(ab)* Cpr(b,T1,a,Ts) Cpr(T5)Cpr(a, S1,b, S2) X (K%g)

X F(a, b; 516 ST @ T @ T3) (48)

where |T3] = r — 1 and
C?)(a’u b7 Sl7 52) Tlv T2)
= A5103+2(k_7 Sla l_7 52)A:(),0)(a+7 k+a j_)A{())O)(l+v b+7 i_)Aq(’ng—&-Q:r(i—i_v Tl; j+a TZ)
= 2(a| K1, K1, |b)*Cpr(a, S1,b, S2)Cpr(b, Ty)Cpr (T, a).
x F(a,b; 81 @ So; T @ Th) (4.9)

(1)

where |T5] = r — 2. For the case where we have a A, 5 corner there is

Cy(a,b, S1, S2,T1,Th,t3)
= Aizos?JrZ(k;_a Slv l_7 52)A§0) (a+7 k—‘r:.j_)Ag‘)O) (l+7 b+7 Z._)A£1172+2;2(t3 ; é+7 T17j+7 T2)
= (ab)? Cpr(a, S1,b, S2)Cpr(b, T1,a, Tb)

" ([f3|K4|a>[t3|(KT1 — Kz,)|b)
(ab)

+2(ts| ToThlts] + Y [t3|vw|t3]>

v<weKy

X F(a, b; 516 59,11 @ T ® tg) (410)
where t3 is a single leg within K4 so K4y = K7, + K, + k3 = —i — j.
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The coeflicient of a box function will be sums of these kinematic terms which we now
obtain by color dressing the two-mass boxes
4.2 Leading in color term

Defining the sets
Up={a+1,a+2,--- b—1}and Vpp ={b+1,--- ;a—1}. (4.11)

That is split the list {1,2,--- ,n} into {a, Uy , b, Vo } where a is cycled to the front we have

PTE:Q1)<1+’2+7... ’nJF) — Z (Cl(a,b, Uab,O,Vab,O) —l—Cl(a, b,0, V.0, Uab)) . (4.12)
1<a<b<n

This is alternate form of the previous result [24].

4.3 SU(N.) double trace terms

Considering terms Tr[X]|Tr[Y] =Tr[x1, 22, - ,xr—1|Tr[y1,y2, - , Ynt+1—r], if @ and b are
within the same trace we define Uy, and V,;, as before with respect to the elements of this
trace, and define new lists X;,Y; = X — {i} and Y — {j} respectively. The ordering of these
sets matters and X; is defined to start with the (i 4+ 1)th element,

X={12- 7y {ii+l,,i—1}>X;={i+1,i+2,--,i—1} (4.13)

We also need to define Spls as the set of splits of a list into two lists maintaining list order.
So if U = {ui,ug, - ,u,}

Spla(U) = {U'} = ({ug,uz, -+ wib, {uign, - ). (4.14)

This includes splits involving the empty set ({},U) and (U, {}) and counts them separately. For
later convenience we will define the sum over Spla(U,) as the sum over the sets {(A}, A%)} €
Spla(U,) and similarly for leg b, {(B%, B%)} € Spla(Uy), where legs a and b are the legs on
the massless corners of the two-mass box.

Finally it will also be useful to define the following double sum

Yoo= > > (4.15)

CSpla(U)  VeZ(U) Spla(V)

which is a sum over the splits of all cycles of the set U. We can now write the amplitude as

PR 25 (r =)t nh) = PENXGY)

T

-y ¥ Ci(a,b, B}, Ay, B, AY) + Cy(a, b, A}, B, 3,33)}
a€X beY Spla(X4) Spla(Ys)

+ Z Z <{02 a, b 0 Vab70 Uab> )+02((I, b, Uabaoavab)o)y)}
Z2(X,Y) a<beX

+ > |Cu(a,b, Uap, A}, Vi, A) + Ca(a,b, Aj, Vi, é,Uabﬂ), (4.16)
(A%,AL)eCSpla(Y)

— 11 —



where we have suppressed notation such as the sum over Z; meaning swapping X and Y
within that sum and a < b € X being in terms of the ordering of X. This expression works for
r = 2 with the suitable U(1) modification. When |Y| = 1 we replace Cs(a, b, 0, Vyp, 0, Ugp, Y)
with C4(a,b,0, Vap, 0,Uup, Y) and many of the above sums become trivial.

4.4 SU(N.) triple trace terms

We now consider terms Tr[X]|Tr[Y]Tr[Z] using obvious generalisations of previously de-
fined sets.

PO (1%, st s+ D) (s ) s (st + 1) Tt = P (XY Z)

= > ( > 2 > (Ca(a,b,Uap, A1, Vi, A3, Z)
Z3(X,Y,Z) \Z2(X,Y) a<beX (A%, AL)eCSpla(Y)
+ CQ((I7 b) A?Lv Vab7 AZ27 Uaba Z)i|
DY (Ca(a,b, BY, A, B, A3, )+C2(a,b,Ag,B{,Ag,Bg,Z)D. (4.17)
a€X beY Spla(Xa) Spla(Ys)
Again if s =1 or s =t = 1 we simply replace Cy with Cy in the sum where appropriate.

4.5 Ncindependent single trace term

Finally, completing the Ag)l p all-plus amplitude, we have

P7§:21)B(1+72+73+7" : ,7’L+)

=Z<— > S [Calab UL V3 VL UD +Ci(a,b,UL VU3 V)|
a<b (U}:U35)€Spl2(Uap) (V{':V)ESpl2(Vap)

+ Z 03(a>b7Uab7‘/2i7V1iavz’,i>+ Z 03(a7b>U§7VabaU§>Uf)>'
(Vli’VQi:V;)ESPZS(Vab) (Uii7U§7U§)€Spl3(Uab)
(4.18)

4.6 Checks

Although not manifest, these expressions have the correct cyclic and flip symmetries. Addi-
tionally, the following decoupling identities have been tested up to 10-points:

P¥(1;2,3,- -, ZP( ) (4.19)
P(1,2:3.4,..., )+P(1)1(1 2:3,4,...,n)— 3 P2 (o) =0, (4.20)
c€OP{2,1}{3,..n}
Pr(f1),s(132v3»---754‘1?54‘2’- Z n8+2 (02;542,... Z ns+1 S$+1;03)=0
(4.21)
where the sums over o 2 3 are the sums over the different ways of inserting 1 into {2,3,...,n},

{2,3,...,s+ 1} and {s + 2,...,n} respectively.
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5 Rational terms

(2)

The remaining rational pieces of the partial amplitudes, -y, are calculated using augmented
recursion [24, 27, 43].

Tree amplitudes are fully rational and Britto, Cachazo, Feng and Witten showed how
these can be obtained recursively from lower-point amplitudes by treating the amplitude as a
function of complex momenta and investigating its pole structure [44]. For BCFW recursion,
a complex shift is applied to two of the gluon momenta, p; and ps, shifting the spinors as

5\1 — 5\1(2) = 5\1 — 25\2, Ay — )\Q(Z) = Ao+ 2\ (5.1)

where z is a new complex variable. The momenta p;(z) and pa(z) remain on-shell and
overall momentum conservation is preserved. The rational amplitude can now be considered
a complex function, R(z).

Applying Cauchy’s theorem to R(z)/z over a contour at infinity, and assuming that
R(z) vanishes at large |z|, gives

gl

z
2ij#0

(5.2)

Z’L]

where z;; are the positions of poles in R(z). R(0) is the original function that we wish to
find. For tree amplitudes a Feynman diagram decomposition shows that only simple poles
arise and that these appear as a result of propagators going on shell:

1 1
1 1 (—1)
- - (5.3)
py; = 22lpill] 2 — 2 (2lpyl1
where

2

Pi;
SCARNCTFIT, 5.4
T (2lpy] (5.4)

When a particular propagator goes on-shell, the structures on either side can be written

as lower-point amplitudes,

Z A (tree): 1 Agree):—h(zij) (55>

lim A(tree)(z) =
h==1 Z T Fij

22 <2|sz |1

where A(Ltree) and Agree) are tree amplitudes and the superscript +h is shorthand for the
helicity on the p;; leg entering the propagator. This specifies the residues in these amplitudes
and eq. (5.2) becomes

tree Z Z Atree p A(tree) (Zij); (56)

21,70 h=+1 ij

which determines the tree amplitude on the left entirely in terms of lower point amplitudes.
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There are alternatives to the BCFW shift (5.1) that also introduce a complex parameter
whilst maintaining momentum conservation. Different shifts can generate different behaviours
as |z| becomes large. A particularly useful example is the “Risager” shift [45]:

A — )\i(z) =AM+ 2[23])‘777
Ay — )\Q(Z) =X+ 2[31])\,],
A3 — /\3(2) = A3+ 2[12]/\77 (5.7)

where ), is some spinor chosen such that (in) # 0 for i € {1,2,--- ,n}. That the final result
should be independent of ), is a powerful consistency check.

For loop amplitudes, the situation is more complicated. Eq. (5.2) can still be applied to
the rational part of the amplitude, but there is now the possibility of double poles occurring.
The complex analysis remains straightforward: given a Laurent expansion of the rational piece,

(i) (i)
( =2 1 O(( - z@-j>°>> , (5.8)

(z—2i5)% (2 — 2zj)

RO =Y

the residues in eq. (5.2) are

a_9 a_—1
== 5 + . (5.9)

Res {R(z)}

z

However, only the residue of the leading pole can be found by straightforward factorisation.
The sub-leading pole receives non-factorising contributions, meaning we must find these
through other means. The method we follow is that of “augmented recursion” [15].

For the all-plus amplitude the BCFW shift does not lead to R(z) vanishing as |z| becomes
large [15], therefore we make use of the Risager shift. Applying the Risager shift to R(72/)\
excites three types of pole structure:

¢ Tree to two-loop factorisations
e One-loop to one-loop factorisations with at least three external momenta on either side
¢ One-loop to one-loop factorisations with two external legs on one side

The first two cases as shown in figure 2. These contain only simple poles and so can
be treated with simple recursion.

The third case introduces double poles. Naively, we may wish to consider the one-loop
to one-loop factorisation with the propagator 1/s,;, as shown in figure 3. However, if the
momenta are complex, the one-loop three-point all-plus vertex itself contains a factor of
1/ {ab), giving a double pole overall. Only the leading term can be obtained from the
factorisation and, as discussed above, both the leading and sub-leading poles are needed
to evaluate the residue in eq. (5.2).

We adopt the augmented recursion procedure [15, 24, 27, 43] and focus on the loop
integral that yields the three-point one-loop all-plus vertex. The diagram of interest is shown
in figure 4. The loop momentum integration is to be performed, so the propogators ¢, «
and S can be off-shell and 77(1/\) is a current with o and § off-shell. As we are only interested

— 14 —



+
bt a et
— i+ T it
kab kab Rgg;\ €+ b+ ka,b(:; kabc
S(.zb
at £ fr
g at g"

Figure 2. The tree to two-loop and one-loop to one-loop factorisations. These give rise to simple poles
in sqp and tepe respectively [general momentum labels {a,b, ¢, d, e, f, g} are used to avoid confusion
with the shifted set {1,2,3,4,5,6,7}].

bt d*

f+
g+

Figure 3. The one-loop to one-loop factorisation that gives rise to double poles in (a b).

in terms with poles as sq — 0, 77(1 )3 does not need to be exact the arbitrary o? and (2,

instead it only needs to match certain limits [15, 43]. This allows the 77(1)? to be systematically
generated from the known A(;g\

The color dressed current contains multiple configurations of the external legs, includ-
ing new currents that have not been required previously. The leading in color rational
piece Rg{ required only 7'7(:11) (a=, BT, ct,dt et fT,g7) for its derivation [24]. Exploiting
symmetries and decoupling identities allows us to reduce the number of distinct currents
appearing the full color problem, leaving two new currents, 7'7(11) (a=,ct, B, d et fr,g7)
and 7'7(11) (a=,ct,dT, 8% et fT,g7), to consider. Performing the loop integration then yields
the leading and sub-leading poles as (ab) — 0.

The currents we use together with details of their construction are given in appendix B.

5.1 Results and consistency checks

Summing all of the recursive contributions for each color trace structure gives the rational
pieces of the partial amplitudes, R(72/)\ The augmented recursion procedure involves combining

a large number of contributions at the seven-point level, leading to results with many terms,
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¢ia¢
g" s
+

a

Figure 4. Augmented recursion diagram containing the poles in s,;. Thick lines indicate off-shell
propagators, over which the loop momentum integration is performed.

many of which depend on 7. Nonetheless, the results are independent of the choice of Risager
shift spinor A,, which is strong evidence that the procedure was successful and that an
appropriate shift was chosen: if R(z) did not vanish as |z| became large, as eq. (5.2) requires
it to, then a A, dependence would likely remain [15]. The Rgz/)\ also have the correct cyclic
symmetries Pr.) in their arguments as well as satisfying all decoupling identities.
Compact, explicitly n independent expressions for the Rg;\ are obtained by fitting to
the raw recursion result guided by the factorisation structure of the amplitude. For some
of the color structures it is convenient to base the analytic result on a decoupling identity,
i.e. some results are quoted as the combination of other color structures appearing in a
decoupling identity. We emphasis that all the color structures were calculated independently
and all of the decoupling identities are satisfied by our raw forms, with none of the decoupling

identities being assumed to hold.

5.2 Ry

We confirm the result of [24] and reproduce that form here for completeness,

_ E G('17:1 —+ G%:l + G%:l —+ G%:l + G?:l —+ Gg:l -+ ngl
Rraabedeta) =g ) = ea o e h e

(5.10)

where
1 (9a) ((Cd> eg][d]kabele)[alkavcl€) [c|kabe| f) — (de)[cal[d|kegg|c)lglhesg|c)lelkesqy|b)
& tabctefg <€f> <bc>
(ef){cd)[ca][fg]le|kesg|a)[d|kesg|b) —(be)(de)[eg][ab][clkabe|g)[dlabe| f)
i (ab) (79 ) (5:11)
G%zlzﬁscdsde <ga> [g‘kefgkabc‘a]y (5.12)
abclefg
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a3, = * (sce (Sef<0|k'abkfga|d> _ sve(elkfgkgab|d) ) L Le) o) fb]lclKede|g)[eledela)

tede (cd) (de) (ga)
<bc> [C|kcde‘b> [€|kcde‘a> [b|k7fg|e> <€f> [e‘kcde‘ﬁ [C‘kcde’9>[f‘kab‘c>
+ ab) + Fal ) . (5.13)
s _loal, v (1de] Llesl .
Gha= s ge) ae) (5 (o) o)+ 25 a) ) ). (514)
G = (Iee) (e ) elkahpaald +(5c) (8] (el g o)
+(be) (e 1) (2(ga) ce] [f ) [abl+ b f)[elkakisgle]) ) (5.15)
G, = <g1>(<g|fk:bc|a> ofa—{albhes|g)tase) (5.16)
and
G;l = sgf - 283(1 — 384bSdf + 45daSdg — 6SacSeg + T(SebSfe + SeaSge) + SabS fq
+ 38 faSgp + Sce(Scf + Sep — 4(Sap + Sfg + Sga) + 5(Sdg + Sad))
+ 4lelbcfle) — 2[f[gablf) + 3[glbaflg) + 2[g|cealg). (5.17)
5.3 Rry.o

Expressed in terms of the leading in color partial amplitude, via a decoupling identity, we have

Rr7a(a;b,c,d e, f,g) = — Rya(a,b,e,d,e, f,9) — Rra(a,c,d,e, f,g,b)
— R7a(a,d,e, f,9,b,¢) — Rra(a,e, f,g,b,¢,d)
— Rra(a, f,9,b,¢,d,e) — Ry.1(a,g,b,¢c,d, e, f)

=— Y Rpulabecde,fg). (5.18)

Zg(bedefg)

5.4 Rrs
The first new SU(V.) rational piece to be calculated is Ry.3. Using the decoupling identity,
we can express it in terms of the previously defined partial amplitude and the new R7.q 1,
R7:3(a7 b; C, d, €, fa g) = R?:l,l(a; b; c, d, ¢, fa g) - R712(b; a, ¢, dv €, fa g)
- R?:Q(b; a, d7 €, f7 g, C) - R7:2(b; a, e, f7 9,6 d)
- R?:Z(b; a, fa g, ¢, da 6) - R7:2(b; a,g,c, da €, f)

= - R7:l,l(a;b; c, da €, fag) - Z R7:2(b;a,c7 d,@,f,g). (519)
Zs(cdefg)

We make this choice because R7.11 contains only simple poles whereas R7.3 also contains
double poles, so the former can be stated more compactly.

5.5 Rrua

The second new SU(N,) partial amplitude to be calculated is R7.4. The result obtained
from augmented recursion is analytic, however the manifestly symmetric form presented here
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required some additional work to obtain in such a compact form.

R7:4(a7 b7 G d, €, f,g) = Z B7:4(a7 ba ¢, d7 €, f:g)a
7)7:4

where the basis
B734(a7 ba ¢ daevfag) (Z) +B’§ 4) +B’§4) Béti) +B(t4)

can be divided into various denominator structures:

sdf [de)? 20 Sef e d)?

+B$4) +B§4

ts
Ej_f A

9 (fg)%tsealab)(be)(ca) 9 (fg)tey, (ab)(be)(ca)’

Bt _ IR 1
i 9tape (bc) (ca) (de) (e f) (f g) (g d)
X ([alkape|e)[blKabc|d) [d €] + [alkavele)s g [be]
+ [blksgld)ssq [ad] + 554 (f 9) lag] b f]
(e ) (9 la f1 10 f1 e ),
Bl _ 1 [a b] 1
" 9tae (ab) (be) (ca) (de) (dg) (e f) (f )
X ([fKabe|b) (@ g) (e f) [e 9] = [£lkavelb) (a d) (e f) [de]
+ [91kabe|b)ses (@ g) — [dlkavela) [g]kane|) (dg)),

) 1 1 1
B = 5 e )

y (([ elkerq|b)[glkesqgle) [bc] + [elkergla)glkergld) [dal)
(ab) (bc) (cd) (da)

([e|kefg|a>[9\k6fg|c> [ca] + [e|kefg|b>[9|kefg‘d> [db])
(ad) (be) (ca) (db)

_'_

. Uelkesgla)lglhery|b) [ab] + [elkeygle)glhe gld) [dc})>’

{ab) (bd) (ca) {dc)

2 1 1 <[f9][d6] Lo
9 tegg (ab) (be) (ca)\  (fg) (ef){f9)
b _ 4 [ab] 1
i 3 (ab)® (cd) (de) (e f) (fg) (gc)
x (= (blclgla) + (bldle|a) + (bld|fla) + (ble|f]a))

t4
B§:4) =

and
g _ 21 Gl 1 1
T (1 @b ) ea) ) (e ) (g d) (ad)
i 1 G7‘4+G7;4+G$:4 L 1

TT2(fg)? {ab) (be){ca) (de)(e)) gd) (ae)
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The numerators in the latter piece can be written

(a f)bd) (b f)(dg)[bd][bf]+ (af) (bd){cg){df)bfllcd]

1 _
74 —

G

dg) [bd][c fl+ (a f) (cd){c[f){dg)cd][cf]
(dg)[bf]lde]l = (af){be)(df){dg)[bfllde]

~

Q
s =
S~
—~
s <
SN
—~ =
hulCS
S«
+ +

o~ ~—

o~ ~—

(5.29)
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+40(ad

—~
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~

~

~

~

~

~

54(a f) (b [f){ce){eg)[bfllce] —24(ag) (bg){ce)(ef)[bg]lce]

3
74 —

—108(a f) (be) (cg) {eg) [bgl[ce] =104 (a f) (ce) (cg) (ed)[cd] [ce]

+108{ae) (¢ f) {cg) (ed) [cd][ce] + 664 (ad) (ce) (cg) (e f) [cd][ce]

—24(a f)(cd) (ce) (eg) [cd][ce] —14(ae) (ce) (cg) (e f) [ce]?

+706 (a f) (b f){ce)(eg) [bel[cf]+44(a f) {c [)(cg) (ed)[cd][cf]

+8{af){cd)(cg){ef)cd][cf] —52(ad

(cf)(cg)lef)lcd|[cf]

—~

ae)(cf)(cg)(ef)lcellc]]

~

+ 536 (a f) (ce) (cg) (e f) [ce] [c f] — 652

—~

—~

~

~

—~

bf)(dg)(ed)[bd]df]
bf)(df)(eg)[bflldf]
cg)(df)(ed)[cd][df]

~

—108(a f) (ce) (cg) (eg) [ce][cg] — 32 (a f)

~

—32{a f) (b f)(dg){ef)[bflldfl+32{af)
—8(af)(bf)(dg)leg)bglldf]—231(af)

~
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and

4
G7:4 -

+8(a
+32(a

){(cf)(dg)ed)[cd
f
—16{(a f
f
)
)

(ed) [ed]| )
(cd)(df)(eg)lcd][d[f] —24({af)
{cf){dg){ef)lcflldf]+40(a ><C ><d )(eg)[cflld f]
(cg)(dg)(ef)lcglldf] —16(af)

9)[eg] {

d) [bd

d f] + 183 (ad (69) (df > {ef)cdlldf]

+ 16 (a f
—8{af)(cf)(dg)le )
+8{ag)(bf)(dg) e )
+32(ag) (bg)(df)(ef)b H gl —24(af
—24(a f)(cg)(dg) (e [f)lcf]ldg] +32(af
+32(a f)(d f)(dg)(eg)df][dg] — 506 (a f)(bd)

— 180 (ad) (bd) (e f) (e g) [bd] [ed] — 491 (a f) (be) (ed
+ 334 (ad) (be) (e f){eg)[be][ed] +832(a f) (bf)(

I
c [df]+32<a

{
)
)
)
{
( b

ef)le

—~
S
kﬁ\/v

6{af)(bd){ef)(eg)[bflled] +54(af)(bd)(eg)* bg]led]
—203(ae) (cg) (ed) (e f)[cel[ed] = 8T (ad) (ce) (e f) (eg) [ce] e d]

f)
—199(a f) (cg) (ed) (e f) e f][ed] + 167 (ad) (cg) (e f)* [ f] e d]
+40(a f)(c f){ed)(eg)lc flled] —24(a f)(cd) (e f){eg)|c f][ed]
— 668 (ad) (cg) (e f) (e g) [cgl[ed] +24(a f) (cd) (cg)* [cg] [ed]
+48(ad)(df)(ef)(eg)[d flled] +48(a f){dg){ed)(eg)[dg][ed]
—48{ad) (df)(eg)* [dg][ed] + 16 {ag) (ed)’ (e f) [ed]’
—192(a f) (ed)* {eg) [ed]* + 89 (ad) (ed) (¢ f) (e g) [ed]”
—682(a f) (b f) (ed) (e g) [bd][e f] = T64(a f) (bd) (e f) (e g) [bd] [e f]
—70(a f){be) (e f){eg)belle f1+T8(af) (b f)(ef)(eg)[bf]lef]
—658(a f) (bf) (e9)’ [bglle f1+32(ad) (cg) (e f)* [cd] e f]
+32(af)(cf)(ed)(eg)cdllef] —48({af) (cd){ef){eg)lcd][ef]
+195 (ae) {cg) (e f)* [ee][e f] = T40{a f) (cg) (e f) (e g) [cg] e f]
+160{a ) (¢ f) (e g)* e gl [e f] — 24 (a f) (dg) (e f)* [d f] [e f]
—24(a f) (dg) (e f)(eg)ldgllef] - 8T (ad) (e f)* (cg)led][e f]
—740(a ) (bd) (e g)* [bd] [eg] — 70 (a f) (be) (e g)” [be] [eg]
+736{a f) (0.f) (eg)” [bflleg] — 601 (af) (cg) (ed) (eg)[cd][eg]
+1269 (ad) (cg) (e f) {eg) [cd] [eg] — 24 (a f) (cd) (e g)* [cd] [e g]

{cg) (e f)
+ 1175 (ae) (cg) (e f)
—112(af){cf)(eg)”

(eg)lcelleg] +692(a f) (cg) (e f) (eg) [c flleg]
{ [ ’
+32(af)(df){eg) (f

g
cflleg] — 87 (ad) (e ) (eg)* [ed][eg]
9 [dfI[fg)—48(af)(eg)*(fg)leglfg]-

— 20 —
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5.6 Rr.1,1

The first new exclusively U(NN.) partial amplitude to be calculated is R7.; 1. Although it is
a structure not present in the SU(V,) theory, we chose to reference it in the statement of
the R7.3 rational piece because it is the simpler of the two structures. As with the other
partial amplitudes, the result produced by augmented recursion was analytic, and after
simplifying manipulations takes the form:

R?:l,l(a; b; c, d, €, fa g) = Z B721,1(a’a bv ¢, d7 €, f7 g)a (533)
Pr11

with a basis function
B711,1(a7 b,c,dse, f, g) = B’gt?,l(C% b,c,dse, f, g) + Bétf?l (aa b,c,dse, f, g)
+BY) (a.b,c.dse, f,g) (5.34)
containing the structures

. 1
? G7:1,1

tacstocd (a€) (a f) (ag) (be) (cd) (e f)
i lalkes|b)lglkocald) lae] [bd]

Bgi),l(a’u b: ) d7 €, f?g) =

T tacstoea (b0) (bd) {cd) (e 1) (fg) (5:35)
B (a,b,c.d,e, f,q) = — it ! (5.36)
TLIR BT = taey (ae) (a f)(ag) (bec) (bd) (bg) (cd) (cg){ef)(fg)
and
) (0 b ede _ L G§:1,1+G$:1,1+G§:1,1 1 1

Braa(abede f.0) = 3 e e /) Fa) ) Goy o) laey fa ) 05D

The numerators are
G111 = —[blkseala) [dlkocala) [glkecale) [a €] — [elkbcalg)sag (ae) [bg] [dg], (5.38)

G = —lalkaes|a)blkueala) [dIkpealc) (bd) (bg) (f )
[b]kbeala) [d|kacsla) (bd) (bg) {ce) {f g) ae]
[a|Kacy|b)[f|Kaes|d) (a f) (ag) (bg) (c f)[bd]
[blkseala) (a f) (be) (bd) (bg) (f g) [a f][bd]
[a|Kacs|0)[fFacrlg) (a f) (ag) (be) (fg) [by]
[d|kacyla) (ag) (bd) (bg) (cg) (fg)lag]bg]
ae)(ag) (bd)(bg)(cg)(fg)laglbg]lde]
(bd) (bg) {f
{
(

—~

blkacylc) (a f) (ag) (bd) (bg) (f g) lag]ld f]
alkaeg|C)[f[aes|b) (a f) {ag) {dg) {f 9) [dg]
|Facy 1) [f|Kacsle) (a f) {ag) (dg) (f 9)[dg]
blkpeala) (ae) (bd) (bg) (cg) (fg) [ae][dg]

+ o+ o+ o+ o+ o+

a a

[
[
l
-
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3 —
G7:1,1 -

(a f)(ag)(bd)(bg){cd)(f
(a f){ag)(bd)(bg)(cd)(f
[alkacr|d) [ flEaerlc) (a f)
— lalkacrle)[f|Kaer|d) (a f)
+ [flkaegle) (a f) (ag) (bd) (bg) (f g) [ab] [g4d], (5.39)

123 27

7o (@) {ad) (be) (b f) la ]+E(ab>< ¢) (be) (d f) [ad])?
11

— 5 ab) (ad) () e fYlab — 5 {ac)? (be) {d ) lat] ac
~ S ae) {ad) (6) e flatllac] — 3 () (bd) (e f) ab] o
+ 2 (00) (ad) (o) (d 1) [ab] [od] ~ £ (ac) (ad) (bd) {e f) ab] [ad]

+ D ac) ad) (be) (e 1) [ab] [ac] — 3 {ac) (ae) (b £) (d ) o] [a ]

84

2 ab) () (ce) e 1) [0 Bl + 5 (ab) (b6) (e 1) (de) ab] o]

21

+ 4 {ab) (be) {ce) (d f) [ab] [be] — 2*29 (ab) (cd)(ce)(cf)lac][bd]

15

— - {ab)(cd)(ce) (e f)[ae][be] + % (ab) (bd)(ce)(d [f)[ab][bd]

=2 (ab) (b) (de) (d) [ob] B + 5 {ab) {ed) {de) (d) [od] [bd

= @b (ed) (@) (e ) lof1bd] — 5 (ab) (ed) (d f) (eg) [ag] b

— S (ab) (be) (e) (d ) Tabl el + 2 (ab) (b (ee) e f) [ad] oo

2 (ab) (b0) (de) (e £) bl [pe] — 3 {ac) {b) {ee) (e 1) [ac] ]
— S ac) () (de) (e frlad][be] + 5 {ab) {ee) (de) (£ ) [og] ]

5 (ab) be) (e f) (d f) [ab] 5]~ ac) (b (d ) (e £) [ad] b ]

11

+ 2 by (ce) (df) (Fg) lagl b f] - + {ab) (be){cf){dg)lab][bg]

+*<ab><C€)<d9>(fg>[ag][bg]+g<a>< d) {c f) {de) [ab][cd]
—3(GC><bC><d€><df>[ab}[Cd]—%(a@(bd><0f><€f>[ab][0f], (5.40)

+
_|_
+

ce)(df)laclfae]
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5.7 Rr.1,2

The second new exclusively U(N,) rational piece can be expressed in terms of the new SU(N.)
structures via a decoupling identity,

Rra2(a;b,c;de, f,9) = —Ry3(b,c;a,d, e, f,9) — Rr3(b, c;ae, f,g,d)
— Ry7.3(b,c;a, f,g,d,e) — Ry.3(b, c;a,g,d, e, f)
— R7u4(a,b,c;d,e, f,9) — Rra(a,c,b;d,e, f,g)
=— Z Rr.3(b,c;a,d,e, f,g) — Z Rr4(a,b,c;dye, f,g). (5.43)
Za(defg) Z3(be)
5.8 Rrus

From the decoupling identity, the new U(IV.) rational piece R7.1 3 can be expressed solely
in terms of R7.4,

R7.13(a;b,e,dse, f,9) = —Rra(b,c,d;a,e, f,9) — Rra(b, c,d;a, f,g,€)
— Rra(b.c,dya,g,¢e, f) — Rrale, f,9;:a,b,¢,d)
— Rr.ule, f,9;a,¢,d,b) — Rra(e, f,g;a,d,b,c)
=— Z Rr4(byc,d;aye, f,g) — Z Rr4le, f,g;a,b,c,d). (5.44)
Zs(efq) Zs3(bed)

5.9 Rr.22

The final new SU(N,.) rational piece can be expressed in terms of the previous two U(V.)
structures,

Rraa(a,bic,dye, f,g9) = —Rra2(bie,dsaye, f,g9) — Rra2(be, d;a, f,g,¢€)
— Rra(bie,dsa, g,e, f) — Rras(bia,c.dse, f,g)
— Rras(bia,d;cie, f,9)
= — Z R712(bic,dya.e, f,9) — Z R713(bja,c,dse, f,9).

Zs(efg) Z(cd)
(5.45)

5.10 Rr.anm

Lastly is Rr.1p, the SU(N,) partial amplitude that appears with a single color trace and no
factors of N, in the color decomposition. (This differs from Ry7.;, which appears multiplied
by N2 and a single trace.) The augmented recursion result calculated here finds agreement
with the n-point form postulated in [25]. We reconstruct a version matching that form.
The function has cyclic symmetry in the momenta, but unlike other color structures does
not appear with an explicit P7., sum.

For compactness, the Parke-Taylor denominator is defined with

1
(ab) (be) (cd) (de) (e f) (fg){ga)

CPT(aa ba ¢, d,evf’g) = (546)
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Also useful is the epsilon function

e(a, b, c,d) = [alb|c|d|a) — {a|b|c|d|a]
=lab] (bc)[cd] (da) — (ab) [bc]{(cd)[da], (5.47)

with a further compact notation

T S

e({ay,...,ar},b,e,{dy,...,ds}) = Z Z e(as, b, ¢, dj). (5.48)

i=1j=1
With these identifications, the partial amplitude can be written in two pieces,
Rrap(a,b,c,de, f,g9) = Rigla,bc,d,e, f,g) + RE,g(a,b,c,d,e, f, g), (5.49)
where
R#15(ab,c,d e, f,g) = —2iCpr(a,b,c,d.e, f,g)
x (e(fa,b,c},d, f,9) + e({a, b}, e, {f,9}) + e({a. b}, e, f,9)
+e(a,b,d,{e, f,9}) +e(a,b,e, {f,g}) + e(a,b, /. 9))
(5.50)

and

RﬁlB(aaba C7da €, fag) =
+41 (CPT(CL, b, c,e, fa d,g)e({a, b, C}, €, d?g) - CPT(CL, b, c, f7 €, d,g)e({a, b, C}, fa d, g)

c({a,b,c}, f,e.9) + Cpr(a,b,d,e,c, f,g)e({a, b}, d,c, {f,g})
c({a,b},d,c,g) — Cpr(a,b,e,d,c, f,g)e({a, b}, e, ¢, {f, g})
e({a,b},e,c,9) — Cpr(a,b,e, f,d,c,g)e({a,b}, e, c, g)
e({a,b},e,d,{f,g}) + Cpr(a,b,e,c, f,d,g)e({a,b}, e, d, g)
e({a,b},e,d,g) + Cpr(a,b, f,e,d,c,g)e({a, b}, f,c,g)
e({a,b}, f,d,g9) — Cpr(a,b, f,e,c,d,g)e({a,b}, f,d, g)
¢({a,b}, f.e,9) + Cpr(a,c,d,b,e, f,9)e(a, c,b,{e, f, g})
e(a,c,b,{f,9}) + Cpr(a,c,d,e, f,b,g)e(a,c,b,g)
e(a,d,b,{e, f,g}) — Cpr(a,d,c,eb, f,g)e(a,d,b,{f,g})

(

(

(

(

(

(

(

+ Cpr(a,b,c, f,d, e, g
+ Cpr(a,b,d,e, f,c,g
— Cpr(a,b,ed, f,c,g
+ Cpr(a,b,e,c,d, f,g
+ Cpr(a,b,e, f,c,d, g
— Cpr(a,b, f,c,e,d, g
+ Cpr(a,b, f,c,d,e, g
+ Cpr(a,c,d,e,b, f,g
— Cpr(a,d,c,bye, f,g

( e(a,d,b,{f,9}) — Cpr(a,d,c,e, f,b,9)e(a,d,b, g)

( e(a,d,b,g) — Cpr(a,d,e, f,c,b,g)e(a,d, b, g)

( e(a,d,c,{e, f,9}) + Cpr(a,d,b,e,c, f,g9)e(a, d, c,{f,g})

( e(a;d,c,{f,9}) + Cpr(a,dbe, f,c,g)e(a,d, c, g)

( e(a,d,c,g) + Cpr(a,d,e, f,b,c,g)e(a,d, c,g)

( e(a,e,b,{f,9}) + Cpr(a,e,d,c, f,b,g)e(a,e,b,q)

( e(a,e,b,9) + Cpr(a,e, f,d,c,b,g)e(a, e, b, g)

— Cpr(a,d,e,c,b, f, g
— Cpr(a,d,e,c, f,b,g
+ Cpr(a,d,b,c,e, f g
+ Cpr(a,d,e,b,c, f,g
+ Cpr(a,d,e,b, f,c, g
+ Cpr(a,e,d,c,b, f, g
+ Cpr(a,e,d, f,c,b,g

—_— — — — — —  —  —  —  — O e e — e —
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e(a,e,c,{f,9}) — Cpr(a,e,d,b,c, f,9)e(a e, c,{f, g})
e(a,e,c,g) — Cpr(a,eb, f,d,c,g)e(a, e, c,g)
e(a,e,c,g) — Cpr(a,e,d, f,b,c,g)e(a, e, c,g)
e(a,e,c,g) — Cprl(a,e, f,d,b,c,g)e(a, e, c,g)

— Cpr(a,e b, d,c, f,g)e(
(
(
(
e(a,e,d,{f,g9}) + Cpr(a,e,b,c, f,d,g)e(a,e,d, g)
(
(
(
(

(
— Cpr(a,e b, d, f,c,g
— Cpr(a,e,d,b, f,c,g
— Cpr(a,e, f,b,d,c,g
+ Cpr(a,e,b,e,d, f,g
+ Cpr(a,e,b, f,c,d, g
— Cpr(a, f,e,d,c,b, g

(

(

e(a,e,d,g) + Cpr(ase, f,b,c,d,g)e(a,e,d, g)
e(a, f,b,9) + Cpr(a, f,b,e,d, c,g)e(a, f,c,g)
e(a, f,c,g) + Cpr(a, f,e,d,b,c,g)e(a, f,c,g)
e(a, f,d,g) — Cpr e(a, f,d,g)
— Cpr(a, f,e,b,c,d, g)e(a, f,d,g) + Cpr(a, f,b,c,d, e, g)e(a, f,e,g)). (5.51)

The rational terms are available in analytic form in the linked Mathematica file R7terms.m.

+CPT a,f,e,b,d,c,g

_CPT a,f,b,c,e,d,g a,f,b,e,c,d,g

— — — — — — — — — —

( )
( )
( )
( )

6 Relations between the partial amplitudes

In this section we will look at possible linear relations amongst the partial amplitudes. We
will examine these for specific six and seven point all-plus amplitudes. Many of these are
contained within the decoupling identities however, as shown in refs. [31, 32] there are relations
beyond those the decoupling identities. For two loop amplitudes it is these relationships
which are probably the most interesting.

To do so, following [31, 32, 46] we find the content of the six and seven point partial
amplitudes in terms of the irreducible representations of the symmetric groups S¢ and Sy
and look for relations amongst these combinations. This approach has also been used to
look at higher loop relations for four and five point amplitudes [46—49]. The six-point is
a review. These are of course, only guaranteed to be satisfied for the all plus amplitude
but are probes for the possible relationships satisfied by all amplitudes. There can be no
further possible linear relations valid for all helicities beyond these. To be clear, we are
looking for relations of the form

> 2iA)(03(1,2,3,4,5,6,7)) (6.1)

where the ¢, ; are constant coefficients independent of kinematics and helicity. At tree level,
these are well understood. At tree level there are relations beyond linear where the coefficients
are functions of the kinematic variable [50]. These are a consequence of the color-kinematic
duality [51]. Our study will focus however upon linear relations.

The irreducible representations of .S, can be described by Young diagrams containing
exactly n boxes. There are 11 such diagrams for Sg and 15 for S7. The partial amplitudes
of Yang-Mills form a representation of S,, which satisfy cyclic symmetry and are for n = 6
flip symmetric and flip antisymmetric for n = 7. As such they decompose into a limited
set of irreducible representations of S,,. For example, the single trace representation Agi
has irreducible representation content

| ]
3><_||”+EEHH+2>< Hl+_ + 3 x H+3><_ +$+2x?+
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This is the group theory decomposition based solely on the cyclic and flip properties. As

such it is also the decomposition of the tree amplitude Ago) the one-loop Aﬁ and both the

two-loop partial amplitudes Ag{ and Ag{ p- Although these have the same decomposition, the
kinematic structures are very different. The decomposition for the various partial amplitudes

is indicated in tables 1 and 2. In terms of notation we label the representation in terms of
]

the number of elements in each row so 3,2,12 is the representation, H

Before presenting our results, we provide an overview of relations which appear at tree
and one-loop level which provide motivation to look beyond decoupling identities. At tree
level and one-loop, the identities contained in decoupling identities are maximal for low
numbers of external legs but for higher numbers of legs there exist more identities which
can reduce the number of independent amplitudes. Specifically, at tree level there are the
Kleiss-Kuijf relations [52],

AP {ad,n g8 = (1) YT AP {o}n) (6.2)

c€OP(a,pT)

where {a} and {8} are sets of the remaining indices i.e. {a} = {a2,---a,} and {f} =
{ap+1, ++ap—1}. The summation is over the order permutations of « and BT. That is
permutations of the union of the sets where the ordering of & and 87 are preserved. This
identity reduces the (n —1)!/2 independent amplitudes to (n — 2)!. For n < 6, the decoupling
identities may be used to show (6.2) however for n > 7 they require further information.
For n = 7, the rank of the decoupling system is 239 whereas the rank of the Kleiss-Kuijf
relations is just larger at 240: a single extra relation exists.

For the one-loop amplitude, the double trace terms are not independent but can be
expressed in terms of the leading [38]

Al ar, a2, s ar-13an, - ap) = (—1)" Z Anl:)l(a) (6.3)
ceCOP{a}{pT}

where {a} = {a1,---a,—1} and {8} = {a,---a,}. The summation is over the ordered
permutations as before but factoring out equivalent permutations due to cyclic symmetry
(see appendices of ref. [33] for examples of the summations). This relation allows the double
trace terms to be derived from the leading in color terms only. This reduces the number of
functional forms to be computed in a calculation considerably. There are some analogues
between the one-loop relation eq. (6.3) and the tree relation eq. (6.2). This relation can be
obtained from the decoupling equations for n < 5 but beyond n = 5 the decoupling equations
are not sufficient: explicitly, at n = 6, decoupling identities determine the combination

1 1
AG:i(ala a, as; as, as, ag) + Aé;i(ah as,az; a4, as, ag) (6.4)

but in themselves do not determine the individual terms.
Turning to two-loop amplitudes, for n = 5 there are relations which allow the Ag p to be
expressed in terms of the Ag and Ag% thus reducing the number of independent functional

forms from three to two [31]. This relation is outside of decoupling identities: the AT(ZQ)1 p only

mixes with itself in decoupling identities. In fact the A;Z)l p satisfies the identical decoupling

relations as the tree amplitude A and so satisfy (6.2) for n < 6 at least.
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Ril | AQ) | AG) | AR | AR | ARl | AR, | A8, | ARs
\Aé?i\ 60 72 45 | 30 45 60 15 60
Ry 6 1 I I I I I I I =0
Ry 5,1 5 . =0 | =0 | . =0 | [=[=0 . .
Rs 4,2 9 | I,I I IJ | I I | I=I I I=I
Ry 4,12 | 10 . . ) . ) =0
R; 32 5 . =0 . . . =0 . .
Rs |3,2,1| 16 I |=01| I . I I=I . I=I
R; 3,13 | 10 I . ) ) ) . I
Ry 23 5 | II I I I I ) =0 | =0, 1
Ry 221 9 . =0
Ry | 2,14 | 5 I I I =0
Ry 16 1 =0

Table 1. The irreducible Sg representation content of the six point partial amplitudes. The number of
independent partial amplitudes of each type after applying symmetries is shown in second row. Each
I indicates a potential combination of the partial amplitudes after applying cyclic and flip symmetry.
Using the actual kinematic form of the all-plus amplitude some of these vanish which vanish or are
proportional (indicated by equality).

Examining the all-plus amplitudes split into irreducible representations at specific kine-
matic points allows us to search for possible identities. Firstly, a significant number of
the projections vanish: these are indicated as “I = 0” on the table. Secondly, where an
amplitude has multiple versions of a representation, then these may not be independent but
proportional to each other. This proportionality is indicated as equality on the table. The
numerical number of relations of a single vanishing or equality is given by the dimension of the
representation. We will first present the results for the six point amplitudes for comparison
which are essentially the results of ref. [32] together with a single extra identity identified in
ref. [33]. The irreducible representation content of the amplitudes is shown on table 1

First note the relations among the Ag{ B

AR, (D) = 48, (FF) = A2, (H) = A2, @j) o
1
AL D), = AL @), - (6.5)

These constitute 36 identities in total which reduce the 60 Aé?;B(l, 0'(2,3,4,5,6)) to the 24
Aé?B(l,O'(Q, 3,4,5),6). These are the Kleiss-Kuijf/decoupling identities.

Secondly, we have a set of relations involving the Aé?%’z




Since the relations involve all the representations of Aé?%g this indicates that Ai(i?%,Z can be

solved in terms of the other amplitudes. This is known from the decoupling identities. We
have some relations amongst the Aéz% and Aéﬂ

Agy @) =0
2453 [FHFD), + A EFD), +445; @) = 0

1 1
A®) () = éAg??), () = —gAé?i () (6.7)

which form constraints but are not sufficient to solve for either. They are sufficient to indicate

the Aé?%g can be expressed either purely in terms of the Agi or AéQ?))

Finally we have relations involving the Aé‘? B

8

= Actp EFD), = 845 [EFD), — 446 (@), — 2463 @FD), + 45 G,
24615 (F) = —1048 (), + 463 () + 248 () - (6.8)

)

These fourteen relations constrain the 24 Agl p but are insufficient to solve — unlike the
five point situation.

For the seven-point amplitude we have the decomposition of the partial amplitudes as
shown in table 2 where we also indicate the vanishing and proportionality for the all-plus
amplitude of this paper.

For the all-plus seven-point amplitude we have relations amongst the Aﬂ B

| 2 L1] 2 2
u )1 = A(7:%B <: > = A'(Y:%B <$) = A;:%B =0

Af (E), =4
Ay (HH), = A2
A

20 (), -
A8 () =22 () - 9
1 2

In total, the all-plus Aﬂ p satisfies 240 relations which allow a Kleiss-Kuijf (6.2) type relation
amongst themselves. The expected number from decoupling identities is 239. The extra

relation required is the vanishing of the 17 representation.

A%y |E| =0 (6.10)
which in terms of amplitudes is
S (-1l AP L(1, 06(2,3,4,5,6,7) = 0. (6.11)

]
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Ril | AR | AF) AR} | A% | AR)) | AR, AP, | Afs | AR
\A%\ 360 420 | 252 | 210 | 252 315 140 | 105 | 360
Ry 7 1
Ry 6,1 6
R; 5,2 | 14 .
Ry | 5,12 | 15 |11 1| I,I | I |I=I| II I I I | ==
Rs 4,3 | 14| I I . . . . =0
Re | 4,21 |35 | I,I| == |I,I| I | II I=I I =0, I
Ry | 4,12 | 20| I |I=]=0| 11 |I=I| II I=I I=I =0
Ry | 32,1 | 21 |II1| II IJ| I | II I ==
Ry | 3,22 | 21 =0 =0
Ry [3,2,12| 35 |I 11| I=I, T | I |IJI | I, I |I=IJ=0| I I | ==
Ry | 3,1 | 15 =0 =0 =0
Ryp | 25,1 | 14| I I =0 =0
Riz | 2213 | 14 | I, 1 I I =0 =0 | I=I
Ryy | 2,15 | 6
Ris 17 I =0

Table 2. The irreducible S; representation content of the seven point partial amplitudes. Those
combinations which vanish or are equal for the all-plus are indicated.

This is satisfied for the all plus amplitude.
amplitudes as to whether the Kleiss-Kuijf relations persist beyond six point for Agl B

arbitrary helicity.

We have relations involving A7)

Since these determine all the irreducible representations of A7,

can be expressed in terms of the sub-leading partial amplitudes A(72§ and Ay;.

(2)

29

2 [T17 2) (HI11]

647 (: )1 + 647 (: )2 -84
[17 [1]
a3 () +1243 (H
L] 1 L 2

2

2455 (),
2 1 2 1
A (BP) o (3F)
L 1 Ll 2

be seen from decoupling identities.
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(2)

It provides a future test for other helicity

)

and

(6.12)

this indicates that A%Q

This can



There are two further identities relating the remaining A(fi B

18A(7?%B<:|||l)+126A(7?%(:|||I)1_42A’(7?i(:|||1
+21A(7??))(:"'I)2+70A§2(:”” _0
20A%) 5 (HH) + 21048, (HH) + 270425 (HH), - 45043 (HH)

o142 (f), 1242 (), - 3042 (F) =0, 13

Although these form constraints (36 in number) upon the AQ p these is not enough to

)4 () (6.14)

determine since the

AR (), 4% (

are involved in no relations.

[

We also a small number of constraints

A2 5 + 42 (), 48 ), =0
) ) ),
242 (H l) + A% (H l) + A% (_ l) =0
L] 1 L 1 Ll 2
LA (), o (), 2008) (),
—oa® [, - 348 (D), =o. (6.19

These finalise all possible linear relationships between the partial amplitudes. Whether
they all extend to all helicities remains open.

7 Eight and nine point relations

We can use the results for the polylogarithmic terms Pr(f))\ of section 4 as experimental data

to search for linear identities amongst the partial amplitudes. The results of this study are
displayed, in fairly compact form, in tables 3 and 4. As before we emphasis these are purely
for the all plus configuration and are only indicative for other helicities.

As can be seen the complexity of the decomposition increases with number of legs and
in particular there are significant numbers of independent combinations which are in the
same representation of S,,. Consequently, we have chosen to organise this more compactly
by listing the number of relations a particular set of combinations satisfy. For example
the Rz content of the Ag% p representation is given as “3(3)[2]”. The first number is the
number of independent copies of the representation. The second number (3) is the number of
independent relations satisfied by these combinations. The third number [2] is the number of
independent relations amongst themselves.. These may be equating a combination to zero or
proportionality between terms as in the six and seven point amplitudes. If there are enough
relations involving the terms for all representations. i.e. the second number equals the first
for all R;, then that partial amplitude has a solution in terms of the others.
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We can summarise some of the content of these (and the six and seven point amplitudes
always with the caveats

e There are no relations amongst the leading-in-color Agi or Ag(fi Hence these are all

independent.

There are some number of relations amongst the amplitudes of the other partial
amplitudes : the total number of which indicated as [#] at bottom of table. These are
quite numerous for the triple trace terms but much more limited for the double trace.

There are significant relations amongst the Agz g and Aé?% p With the number precisely

that needed with no more to reduce the (n — 1)!/2 to (n — 2)! independent amplitudes.

The A7(12)1 p satisfy significant further identities. These relations are beyond those due to
decoupling identities. However, there are not enough relations to completely specify
this term. For n = 8 there is just not enough with only a single identity for R7 lacking.

For n = 9 there are multiple identities lacking.

The sub-sub-leading triple trace terms can be expressed in terms of the double trace
partial amplitudes. This is in addition to the information present in the table. For
A this can be shown true for all helicities using decoupling identities, that is

n:2,r
{43, } e {x a2} (r.)

however we find this is also true for Ag?§73. Futhermore there are simplifications. For

n=29,

{435} e {40} or {4, 203} (7.2

In ref. [33] it was speculated that Ag?gﬁ could be expressed a sum of Agi)l however this

is not the case.
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Ril || A8 | AS | AR | A | AR | AR | A | #
1A% 2520 | 1680 | 1344 | 630 | 630 | 560 | 2520
Ry 8 1 1mfo] | 1()[o] | 1(1)[0] | 1(1)[0] | 1(1)[0] | 1(1)[0] | L(1)[1] | 4
Ry 7,1 7 0 1(1)[0] | 1(1)[0] 0 1(1)[0] | 1(1)[0] 0
R3 6,2 | 20 || 3(3)[0] | 3(3)[0] | 2(2)[0] | 2(2)[0] | 3(3)[1] | 2(2)[0] | 3(3)[2] | 7
Ry | 6,12 | 21 0 0 0 0 0 0 0
Rs | 5,3 | 28 [[1(0)[0] | 2(1)[0] | 2(2)[1] | 0 1) | L(D)[0] | ,(D)[1] | 3
Rg | 5,2,1 | 64 | 4(2)[0] | 3(2)[0] | 2(2)[0] | 1(1)[0] | 2(2)[1] | L(1)[0] | 4(4)[3] | 7
Ry | 5,12 | 35 || 2(0)[0] | 1(0)[0] 0 0 0 0 2()[1] | 1
Rs 42 14 11 3(2)[0] | 2(2)[0] 0 20| 22)[] | 1(D)[0] [ 3(3)[2] | 5
Ry | 4,3,1 | 70 || 3(1)[0] | 3(2)[0] | 1(1)[0] 0 L(D)[0] | 1(1)[0] | 3(3)[2] | 4
Rip | 4,2% | 56 || 7(4)[0] | 5(4)[0] | 4(4)[0] | 3(3)[0] | 3(3)[1] | 2(2)[0] | 7(7)[5] | 12
Rir | 4,2,12 | 90 || 4(1)[0] | 2(1)[0] | 3(2)[0] 0 0 0 [44)[3]| 5
Riz | 4,1* | 35 || 4(2)[0] | 2(1)[0] | 3(2)[0] | 1(1)[0] 0 1(1)[0] | 4(4)[3] | 6
Riz | 32,2 | 42 || 1(0)[0] | 1(1)[0] | 1(1)[0] 0 0 0 L[y 2
Riy | 32,12 | 56 || 5(2)[0] | 2(1)[0] 0 2(1)[0] | 1(1)[0] 0 5(55)[3] | 5
Ris | 3,2%,1 | 70 || 4(1)[0] | 3(2)[0] | 3(2)[0] | 1(1)[0] | 1(1)[0] | 1(1)[0] | 4(4)[3] | 6
Rig |3,2,13 | 64 | 4(1)[0] | 2(1)[0] | 2(1)[0] | 1(1)[0] 0 1(1)[o] [ 4(4)[3] | 5
Riz | 3,15 | 21 | 1(0)[0] | 1(1)[0] | 3(2)[1] 0 0 L)o] | (O[] | 3
Ris | 20 | 14 |[3([0] | 2()[o] | 0 | 2(1)[0] | 1(D)[0] | 1(1)[0] | 3(3)[2] | 4
Rig | 23,12 | 28 0 0 0 0 0 0 0
Roo | 22,1% | 20 || 2(1)[0] | 1(1)[0] 0 1(1)[0] 0 L()[0] | 2(2)[1] | 3
Ry | 2,16 7 0 0 0 0 0 0 0
Ros 17 1 0 0 0 0 0 0 0
[#] 0 0 49 14 182 0 1800

Table 3. Irreducible representation content of the eight point amplitudes and relations. This table
contains various information. The first number indicates the number of independent copies of the
representation in the partial amplitude using only its cyclic and flip symmetry. The other two numbers
refer to the actual amplitudes of the all-plus configuation. The number in round brackets indicates
the number of independent linear relations those combinations are involved in. The number in square
brackets is the number of linear relations those combinations obey amongst themselves. The bottom
row indicates the total number of identities a specific partial amplitude satisfies amongst themselves.
The final column is the total number of identities amongst the Agi, Ag%,Aé?i,Agg and Agi B
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Ry

Rs

Rg

Ry

Ryo

R

Ri9

Ry

Ris

Rie

Ri7

Rig

Ry

Rao

Ra3

Roy

Ras

R

Ra7

Rag

Rayg

R3o

Table 4. Irreducible representation content of the nine point amplitudes and relations using the same

format as for the eight point amplitude.
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8 Conclusions

Using the techniques of four dimensional unitarity cuts and augmented recursion, we have
obtained the two-loop seven-gluon all-plus helicity Yang-Mills amplitude in a compact,
analytic form. By separating the procedure into these two parts, we have avoided the need for
a more difficult D-dimensional unitarity approach. Our method has only required evaluation
of one-loop integrals, to obtain a two-loop result.

The technique of four dimensional unitarity is manifestly gauge invariant throughout,
involving on-shell amplitudes which are themselves gauge invariant as well as box integrals.
Working in four dimensions allows the spinor helicity formalism to be used straightfor-
wardly. Helicity considerations greatly constrain the number of diagrams that contribute
to the unitarity.

The BCFW recursion is also manifestly gauge invariant. The only ingredients are gauge
invariant lower-point amplitudes. Although the process introduces a new reference momentum
to allow the amplitude to be treated as a complex function, the result is independent of
this reference and it is not a gauge choice.

The only gauge dependence of our process takes place in the augmented recursion portion.
To ensure that both leading and sub-leading poles are accounted for, we carry out some explicit
loop integrals involving currents. Internal off-shell legs are treated in the spinor helicity
setup with an axial gauge formalism, which introduces a reference momentum gauge choice.
Despite the individual contributions being gauge dependent, the overall result is independent
of the reference momentum, which is a powerful consistency check. The particular choice of
axial gauge for the gauge dependent step is also convenient because ghosts decouple from
gluons in this gauge, meaning they did not appear in our diagrams. The final result is gauge
invariant, as would be expected for an observable such as an amplitude.

Our calculation presents a new n-point expression for the two-loop all-plus polylogarithmic
piece Pfi{(l*, 2% ... nT). It also finds agreement with a previous n-point conjecture, for the
N, independent single-trace rational piece R£12)1 (11,21 ... nT) [25]. Both were found in
large part by identifying patterns in compact analytic amplitude expressions, demonstrating
the value of calculating such objects.

Although for a specific helicity configuration, this amplitude can be used to explore
the properties of amplitudes and hopefully lead to further insights. We have used the full
seven-point amplitude together with the n-point polylogarithmic amplitude for n = 8,9 to
test for linear relations between the partial amplitudes akin to the Kleiss-Kuijf relations of
tree amplitudes. The results are limited and in line with previous studies but we provide
evidence that the most sub-leading in color can be derived from the other partial amplitudes.

This work was partially supported by the UKRI Science and Technology Facilities Council
(STFC) Consolidated Grant No. ST/T000813/1. For the purpose of open access, the authors
have applied a Creative Commons Attribution (CC BY) licence.

A Spinors helicity conventions

Amplitudes can be represented more compactly if spinors are used to represent the momenta
and polarisations of massless particles [53-56], in what is known as the “spinor-helicity
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formalism”. Each four-momentum p!' is replaced by a pair of two-component spinors A
and A&

&, according to

P = p“&ﬁ‘a = X\, (A.1)

The factor 52‘" = (I,5) contains the Pauli matrices. Expressions are then built out of

Lorentz-invariant spinor products, defined by
(i) = A Aja = €apAfA] = —(ji),
1] = NiaX] = —eap AT = (i, (a.2)

where the Levi-Civita antisymmetric tensor raises and lowers spinor indices.
The common Mandelstam variable s;; is expressed in terms of spinor products as

sij = (pi+pj)* = 2pi-pj = (i) [j ], (A3)
and we also define a three-particle momentum factor,
tijk = (i +Pj +Dk)* = sij + Sjk + i (A.4)

for convenience. A compact notation can be used to join two spinor products of opposite type,
in a way that illustrates the equivalence of full four-momentum factors and their spinors,

[ilj1k) = [i] (G k) = AfPjuota i (A.5)
We also use notation
lilablk] = [i a] (ab) [b k] (A.6)
and
[ilka| k) = [i a] (aj) + [i0] (bj) (A.7)

together with obvious generalisations.

B Currents

The augmented recursion procedure requires the input of currents, which are objects with
two off-shell legs. We accommodate these legs in terms of spinors, which individually only
represent massless particles, by introducing the axial gauge formalism [57-59]. A null
reference momentum ¢ is required, so that any non-null momentum K can be represented
as a sum of a null momentum K and a piece proportional to ¢. Momentum K is said
to be “nullified” according to
K2
K=K—-——q (B.1)
[q| Klq)™

where (K”)2 =0, ¢> = 0 and K? # 0. We note that a superscript (*) will be used to denote
the nullified form of off-shell momenta when they appear in our calculations. However, spinor
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labels will not use these superscripts as there is no ambiguity — spinors are on-shell objects
and any spinor we use could be considered to be nullified.

We do not need to derive the entire current, because only those terms with poles in
relevant momenta contribute to the recursion process. Therefore we can derive a simpler
“good enough” current approximation that contains only necessary structures. Two conditions
on these structures have been identified previously, which allow them to be generated [15, 60].
For a current with legs {«a, f} that are in general off-shell, we have the rules:

C1) The current must reproduce the leading s, singularities as s,3 — 0, for any
B B
choices of momenta {a, 3} with o2, 32 # 0.
(C2) The current must reproduce the appropriate amplitude when a?, 6% = 0 and

sqp takes a general value (which can be sqg # 0).

By following these rules, the terms involving poles in s,g are specified, but various other
contributions can be omitted.

To obtain the new currents required by the seven-point two-loop calculation, we follow
a new, systematic derivation method. This procedure guarantees a “good enough” current
that fulfils the rules C1 and C2:

1. Start by writing the “good enough” current as

Tr(zl)(a’ B, ) = A%1)|a2,52=0(a7 B, ) + O(a2762)7

(1)

where AS)| o2,32=0 represents the amplitude An1 , with nullified o® and ° as arguments.

Any instances of s,3 have been replaced by (« 3) [ . Condition C2 has been satisfied.

2. Add the leading singularities to the current. These are given by all the lower-point
amplitude factorisations where the propagator is s,g. In this case, it is the full off-shell
5qp that should be written. We denote the contribution TSS) This satisfies condition

C1, but introduces extra structures that break C2.

3. Subtract the piece T£15)|a2”32:0, which represents the leading singularity terms with
off-shell momenta replaced by the nullified forms o — o’ and 3 — £°. (In particular,
Sap — (af) [Bal.) This restores condition C2, without affecting C1.

4. Identifying the O(a?, 3?) piece of step 1 with TI(B —ng la2, g2—0, the entire “good enough”

current, satisfying both conditions C1 and C2, can be written as
1 1
(0,8, +) = AVl gemoler B, ) + 714 = T(3laz, 0. (B.2)

After reducing the number of distinct currents required by using symmetry properties and
decoupling identities, the two new currents to be derived are 7'7(1)(04_, et BT d et fTgT)
and 77(1)(&*, ct,dt, BT, et, f,g7). The difference between these structures is the degree of
separation between the two off-shell legs. Referencing this fact, we refer to the currents as the
“singly non-adjacent” and “doubly non-adjacent” currents, respectively. Also required is the
“adjacent” current, 77(11) (a=, BT, ct,dt et fT,g7), which has been calculated previously [24].
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The singly non-adjacent current can be written

ma et B A e f g ) = (e et T b et g )
_ %%Dasm(a .g ,f+,e+,d+,ﬁ+,c+), (B3)

where we define
%;)asiS(a ,C ,,BJr d+ + f+ +)

(_ (alkesld) (Be) (ad)®
(Bd)* (cB) (de)* (e f) (f g) {g) (eve)
N (alkeslg)?

dlkeslg] (B d) (cB) (e f)? (ac) tesq

(alkeskae|a)?

(alkeghael ) (el pokiae| B) (¢ B) (de)? (f g) (g @) (evc)
B (cd) (aB)® [cf]

(Bd)* (cB)*(de) (e f)(fg)(ga)

W | =.

—~

DN | =

[cg)® 1 _ clkgdkerlg]sde [f!kdekeﬂg])

P Bd e (o) el [ael tyar (2 B = R Blhaclg] [ hyald T (Bl
(alkeslg)® <<a\kcﬂ\d]8de [f|kdekef|g]>>

F BThaclg] (€ B) () (e ) (@) taslocs \{alheshacl ) T (dikerle] ) ) Y

The doubly non-adjacent current takes a similar form, and can be written in terms

of the same basis function as

1 _ ~ 3 _
(et dt, BT et fTgt) = i (a, ¢, BY dY et £, gT)

—f'%)aSiS(odf,ng,f+,e+,ﬁ+,d+,c+). (B.5)

«

These currents are then integrated as part of augmented recursion diagrams.

C Group theory conventions

In this appendix we define the conventions which specify the translation between the group
theory representations and specific combinations of amplitudes.

Irreducible representations for the symmetric group.are specified by Young diagrams
These consist of diagrams of exactly n boxes. For the symmetric group, the diagram determines
the dimension of the corresponding irreducible representation. Furthermore the defining
representation contains the same number of copies of an irreducible representation as its

dimension. This can be seen in the relation
nl=> d (C.1)
T

where d, is the dimension of representation 7. The d, representations are given by the
individual proper tableaux for that diagram.
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The partial amplitudes, in general, form a reducible representation of the symmetry
group but due to cyclic and reflection symmetry not the full representation. The content of
the various partial amplitudes is given in the tables. For a given irreducible representation
there can be multiple copies appearing.

What this means for amplitudes is that there are specific linear combinations of the
amplitudes which act as the representations under permutations. These combinations with
be of the form

T7 = chiAna(o(1,2,--n) (C.2)

and these transform under permutations as

g: 1] «— M7 (9)iT] (C.3)

where M7 (g) is the matrix of permutation g in representation 7.
We now describe a process to create these combinations. (following ref. [32] and references

therein) The starting point is a Young diagram and its proper Young tableaux. Each proper
112[3[4]
Young tableaux corresponds to a potential copy of the representation. For example, [5]6

is a proper Young tableaux of the Young diagram . From the tableaux, projection

operators can be formed
T dT
eij = g@lsle]M] (04)

Where P; is the subset of the permutations which permutes elements of the rows within
the row of tableaux j. @; is the subset of the permutations which permutes elements of the
columns within the column of tableaux ¢ but signed by the order of the permutation, S;;
is the permutation which converts tableaux j to ¢ and

i—1
j=1
The ¢]; satisty
elieh =077 8l (C.6)

The ‘diagonal’ e]; form projection operators i.e.
T T _ : . /
eje;; =0 iF jorT#T

T T __
€iiCii = €5

Z Z e; =1. (C.7)
T g
For a given 7 and i the ej; project onto the elements of the representation. So taking

6;-14”;7‘(1,2,-"71) (CS)
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gives us the first combination of the amplitudes in the representation. The other combinations
in the representation are obtained as eZ-TjAn;T(l, 2,---n) or by action of S,,. Although we
can form d, combinations many of these will be zero or not independent due to cyclic and
flip symmetry. The precise combinations we choose for n = 7 are included in the attached
mathematica file Amp7reps.m. This defines our conventions which then in turns specifies
the normalisations of the specific relations in sections 6 and 7.

As a consistency check, the number of independent combinations can be computed from
the subgroup G of S, (v&)zhich leaves a partial amplitude invariant (up to minus sign). For
2

n:1»

the leading in color A this is just the dihedral group D,,. The number of independent

combinations for a given representation R; is given using the characters of S,

1
n; = @ Zejijj(Ri) (CQ)
J
where m; is the number of elements of conjugacy class j within G and ¢; is plus one if the
partial amplitude is invariant and —1 is anti-invariant. The n; evaluated in this way have
been used as a check for n = 7,8,9.

Data Availability Statement. This article has data included as electronic supplementary
material.

Code Availability Statement. This article has code included as electronic supplementary
material.
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