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1 Introduction

Scattering amplitudes of massless particles in quantum field theory have infrared diver-
gences, which are known to cancel in inclusive cross-sections [1-3]. Exhibiting such cancel-
lations in perturbation theory relies on universal factorisation properties of amplitudes in
the limit as the momentum of a massless particle is taken soft, p — dp, which makes the
study of these limits particularly significant.

The leading soft behaviour was first studied at tree level in QED [4] and then in grav-
ity [5]. Yang-Mills theories were also shown to exhibit similar factorisation [6]. There is
however an important difference — in gravity the leading soft behaviour is not renormalised
by loop effects [7], unlike in QED and Yang-Mills. Parallel work considered the subleading
soft corrections at tree level in QED and found universal behaviour described by a dif-
ferential operator [8, 9]. The analogous subleading correction in gravity was studied only
recently using eikonal methods [10]. Subsequently, in [11] a simple universal form for the
subleading and sub-subleading contributions for soft gravitons at tree level was discovered,
which easily generalises to Yang-Mills theories [12]. These results are now known to hold
in arbitrary dimensions [13-15] courtesy of the CHY formalism [16].

At one loop, the leading soft behaviour is fully understood. Results in QED were found
in [17] while the one-loop leading soft correction in QCD was computed in [18, 19] as part
of a phenomenological study of NNLO jet production at colliders, and in more generality
by different methods in [20]. Less is known about the subleading soft theorems at one-loop
level. This question was first approached in QED in [21]. In QCD and gravity the infrared-
divergent corrections were computed in [22] and found to be universal. A recent general-
isation of [21] hints at universality in the subleading logd terms of gauge theories [23].

Only partial information is available for the infrared-finite terms, both in gauge theory
and in gravity. The subleading soft behaviour of certain rational amplitudes was computed
in [24]. Soft-collinear effective theory identifies a general structure, which has been verified
with examples from QCD [25]. It is possible to evaluate the factorising contributions [26]
for soft graviton emission using locality and symmetry principles [27]. Very recently the
subleading soft behaviour of non-factorising terms was determined for single-minus graviton
amplitudes through eight points [28]. In this paper we evaluate the first complete n-point
one-loop correction to subleading soft behaviour in a non-abelian gauge theory, namely
planar N' = 4 super Yang-Mills (SYM). The expressions we find, equations (5.1)—(5.4),
contain simple sums of bulk terms together with boundary contributions involving legs
near the soft particle. The latter give rise to a particularly simple and universal form of
the log d terms in the soft expansion.

Our modern understanding of soft theorems is entwined with symmetry. Indeed, the
soft behaviour was proved in [29, 30] to be a Ward identity for BMS symmetry [31], and
it was further conjectured that the tree-level subleading soft graviton theorem emerges
from a hidden Virasoro symmetry at null infinity. An interesting approach was pursued
in [32], where it was shown that conformal symmetry is sufficient to determine the tree-
level Yang-Mills subleading soft theorem. In fact, merely gauge and Poincaré invariance is
enough [33, 34]. One of the goals of this paper is to work out the constraints imposed by



dual conformal symmetry on soft theorems in N’ = 4 SYM at tree level and one loop. This
symmetry provides differential constraints on soft corrections, and we have found these
to be a powerful tool to determine them. Invoking some straightforward and reasonable
conjectures on the general form of the soft corrections, the dual conformal symmetry re-
quirements are solvable and the resulting expressions pass nontrivial tests. The known
simple form of the one-loop anomaly for dual superconformal symmetry is a key element
in this process — this is a feature unavailable for conventional conformal symmetry.

Several fascinating related papers lie slightly outside the main line of our development.
Various holographic theories now exist which manifest the tree-level soft theorems as Ward
identities [35-40]. Subleading double-soft and multi-soft corrections have been studied
in [41-46]. Subleading soft behaviour has also been scrutinised in string theories [47-51],
and recently, subleading soft theorems have been extended to off-shell quantities as well [52].

The rest of the paper is organised as follows. In section 2 we review the dual super-
conformal symmetry of N' =4 SYM. In section 3 we summarise the supersymmetric soft
gluon theorems at tree level and conjecture a form for a one-loop extension. In section 4
we derive constraints on supersoft theorems at tree level and one loop using the anomalous
dual conformal Ward identity for amplitudes. In section 5 we compute the subleading soft
behaviour of general MHV amplitudes and the six- and seven-point NMHV amplitudes at
one loop, employing unitarity and momentum twistors. In particular we present some evi-
dence for universality of the subleading log d terms. We present our conclusions in section
6 as well as suggestions for future work. Several appendices are included which illustrate
some of the technical points, and in particular appendix C documents a new Mathematica
package used in section 5.

2 Dual superconformal symmetry

In this section we recall some properties of the dual superconformal symmetry of ampli-
tudes that we will need for later calculations. It is well known that planar colour-ordered
gluon amplitudes in N’ = 4 SYM theory may equivalently be calculated as the expectation
values of certain lightlike Wilson loops with appropriate operator insertions [53-57]. Su-
perconformal symmetry acting on the vertices of Wilson loops then yields a hidden dual
superconformal symmetry of amplitudes [58].

We use on-shell superamplitudes [59] to make the symmetry manifest and arrange the
external states into A/ = 4 supermultiplets, defining for particle 4,

1
i(pi, i) = G (i) + 0 Na(pi) + 500’ Sap (pi) o)
2.1
1 —D 1 _
+ gnf‘mB nCeapcpX (pi) + 57754771-3 1EnPeacpG™(pi)

where ! are auxiliary Grassmann variables and A = 1,...,4 is an SU(4) index. A super-
amplitude in on-shell coordinates (|i], |7),7;) is then

An(|2]v|z>7m) :.A(Cbl,.,,,(l)n). (2'2)



To exhibit the dual superconformal symmetry, we introduce dual coordinates (z;, 6;) [58]

defined by
(T — mi41)*" = |)*[i]”, (0; — 0;01)*" = |i)*n*. (2.3)

Momentum conservation and supersymmetry imply that (z,41,0,+1) = (21,0;1) for an n-
particle scattering process. Assuming that the amplitude is written exclusively in terms of
the coordinates (|7}, |i],7n;), the generator of dual conformal boosts takes the form,

n

19, 0 0
Koo =Y | i lilamrg + Tipiaglilam + 0ialilam— ) - 2.4
g <$2a<l| 8’2)6 +x7,+1a5|2] 6’1]5 +0H—1a|z] 87724> ( )

Tree amplitudes transform covariantly as
n
Koo AZ®® = — < Z ﬂﬁiaa) Ajee. (2.5)
i=1

Note that the amplitude contains the universal factor 6 (p)6® (¢) which is dual conformal
invariant.

At loop level the symmetry is anomalous, owing to divergences in the Wilson loop [60].
In particular the infrared divergences of loop amplitudes correspond to the ultraviolet cusp
divergences of Wilson loops [61]. This provides us with a useful means to visualise the
entanglement between subleading soft behaviour and infrared divergences at loop level, as
we will discuss in section 3.2.

The anomalous Ward identities calculated in [62, 63] suffice to explain the BDS ansatz
for all-loop MHV amplitudes [64], which is correct up to a function of dual conformal
invariant cross-ratios. We will require the explicit form of the one-loop anomaly proved
in [65], namely

9 n . L ) n
Kad.A}l_bOp == ECF.A;?GG Z.rmd[ — (2 —1 Z)] - .A,}l loop Z Ticvde s (2.6)
=1 =1

valid through O(e®), where (i j) := 2p; - pj, € is an infrared regulator, and

T(1+eI%(1—e)
(47)2=<T(1 — 2¢)

cr =

(2.7)

3 Summary of soft gluon theorems

In preparation for the new results presented in sections 4 and 5, here we recall some known
results on soft limits of superamplitudes.

3.1 Tree level

Consider the holomorphic soft limit of a positive-helicity gluon n* in an n-particle ampli-
tude,
[n) = dln), n] —n], pn — Opn, (3.1)



where! p2% = |i)*[i|*. Let A, denote an n-particle colour-ordered superamplitude in planar
N =4 SYM. Then expanding in § one has, at tree level [12],

ree 1 1 ree
Az-ﬁ<y5@+55m>A%h (3.2)

where $© and S are given by

gm:mTiéan’ (33)
In) 9 ] 8

1 — . .
S (n—1n) On—1] (nl)y 9]

(3.4)

Note that these operators are antisymmetric about particle n. This is a consequence of our
freedom to relabel particles in the opposite direction without changing the physics.?

To perform practical calculations it is convenient to work with stripped amplitudes
A, where

Ap = A, 8D (P,), (3.5)

with P, := > | p;. Note that a stripped amplitude is ambiguous without a momentum
conservation prescription. One means of resolving this is by eliminating two antiholomor-
phic spinors |a] and |b] [11]. We may define such an elimination for any function f of
external kinematics as

flan — /d|a]drb1 (a BY| 5O (P,) £ (3.6)

so that an unambiguous stripped amplitude may be written as A,(lab)’n. Clearly it is useful to

have an explicit prescription for performing the integral in (3.6). We impose the equalities,

n n

1 Ny 1 Ny
o] = 7oy OB = S fa i (37)

i#a 1#b

These relations are especially important when considering the soft behaviour at one loop,
which turns out to depend on the choice of |a] and |b].3

Taking the integrals through the derivatives in (3.2) proves the result for stripped
amplitudes,

1 1 ree(ab),n—
A:lree(ab),n N (525(0) + 55(1)> A;—l( b), 17 (3.8)

as found in [11] in the case of gravity.
In [22] Bern, Nohle and Davies argued for a statement equivalent to (3.2), namely

1 1
A:Lree - 5(4)(Pn) (525(0) 4 55“)) A;erel, (3.9)

1See appendix A for our spinor helicity conventions.

290ft theorems can also be formulated without restricting leg n to be a gluon. Doing this one finds that for
scalar particles there is no soft theorem, while for gluinos there is only a leading-order (1/6) statement [66].

3In other words, it depends on how one implements momentum conservation, in a way similar to stripped
amplitudes.



where the momentum conservation delta function sits in front of the soft operator. The dis-
tinguishing property of this expression is that it features n-point momentum conservation
on both sides. Many explicit examples have been calculated in the literature demonstrat-
ing the equivalence of (3.2) and (3.9) and the issue was discussed formally in [34]. One
may verify this equivalence by Taylor expanding 6*)(P,) and applying the chain rule to
SMsH (P, ).

We may easily write down the stripped amplitude version of (3.9); that is

Atree(abn [(1 SO 4 15<1>> tree (3.10)

(ab),n
52 5 n— 1:|

This formulation has an advantage over (3.8) because it allows one to adopt the following
two step strategy to verify soft theorems:

1. Choose arbitrary forms for 4,, and A,_1 and determine

1

1
A, — 5—23(0)An_1 — SS(l)An_l : (3.11)

2. Apply n-point momentum conservation and expand in J, then one finds zero up to

0(59).

We emphasise that this approach leads to so-called feed-down terms from Taylor-expanding
the term

[—1S<°)Atfee : (3.12)

(ab),n
52 n—l:|

in (3.11) evaluated using n-point momentum conservation (which contains d-dependence).
In this paper we shall consider soft theorems only in the language of (3.9) and (3.10), which
is better suited to a loop-level generalisation.

3.2 One loop
At one-loop level, the leading soft behaviour is well-known [18, 19, 67]. Subleading soft

theorems for the infrared-divergent part of generic one-loop amplitudes were found in [22].
Based on this, one may conjecture the one-loop extension to the subleading soft theorem,
1 1
AklOOP N 672 (S(O)A:L-lolop + S(O)I_IOOPAELrEel) + S (S(l)A:L-lolop + S(I)I_IOOPAqt;Eel> ’ (313)
where the leading soft factor is [18, 19]

Olloop _ O p©)  po) _ (07 (1 (=11 \° 1
S ST, <e2 s ) 21wy, 0 CW

and the infrared-divergent part of the subleading soft operator is [22]

_a 1 (=1 ] e
div. | €2 [1+€1°g< 32 (n—1n)(n 1))] S

cr[[ n—1n] 2 n) 1 n] n—2n] ]

€

n—11(1n) [21](1n) [In—-1](n—1n) [Rn—2n—1](n—1n)

S(l)l—loop

(3.15)
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Figure 1. The four diagrams contributing to the infrared-divergent terms in the soft theorem at
one loop.

More generally we conjecture that the subleading soft operator takes the form,
sWteop - pM) o) 4 ep 7 (3.16)

Here F'M) and Z are functions of external kinematics. We shall refer to Z as the subleading
soft anomaly. Note that Z is only defined up to a momentum conservation prescription —
it is frame dependent. Nevertheless it remains a useful and practical quantity. Indeed we
may immediately transform Z between frames using of the elimination (3.7). In section 4
we will fix F(!) and derive a differential constraint on Z. Section 5 then provides explicit
computations of Z for amplitudes in the MHV and NMHYV sectors. All of our results will
be valid through finite order in e.

From a Wilson loop perspective, one-loop amplitudes decompose into a sum of dia-
grams with one internal gluon. Evaluating each diagram requires a ultraviolet regulator e
which corresponds exactly to the infrared regulator of the loop amplitude. Only diagrams
in which a gluon attaches to a d-dependent external momentum will contribute to the
one-loop soft anomaly.

It is useful to distinguish the diagrams in which the internal gluon connects adja-
cent edges of the polygon. These have a ultraviolet cusp divergence, and in fact capture
all infrared-divergent terms in the amplitude [61]. This restriction limits the number of
diagrams required to analyse the infrared-divergent soft anomaly. In fact, choosing a sym-
metric momentum conservation prescription eliminating (|n — 1], |1]) we see that the four
diagrams in figure 1 suffice.
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Figure 2. Two of the 3n—10 diagrams contributing to the finite terms in the soft theorem at one
loop.

The remaining diagrams generate the finite parts of box functions [55-57]. Examples
are displayed in figure 2. It is important to note a conceptual subtlety: although the
terms from these diagrams are independent of e they still contribute to the subleading
soft anomaly. The large number of contributing diagrams makes finite order analysis
significantly harder; nevertheless in section 5 we shall see surprising cancellations leading
to compact formulae.

4 Dual superconformal constraints on soft theorems

4.1 Summary of results

In this section we derive dual superconformal constraint equations for leading and sublead-
ing soft operators at tree level and one loop. We collect the results here for simplicity; the
notation used is defined subsequently where it is new.

At tree level and leading order in the soft parameter §, we find that

n—1
(as)ogan s = (X bl )5, (4.1)
=3

while at subleading order in ¢,
[n}(1]
(n 1)

i—1 n—1
+AReg s | S 7Y G = 2Anl(nlSOATS + | D15 | sUeeArs .
i#3,n j=3 J=3

A+ SO (Kaa)ogan AR + [(Kas)ogo) - U] A%
(4.2)

At one loop and leading order in 9,

(Kot oo SO0 = 2or (nzl |j]<j|) [(—5@1 —1m)) 4 (=0 1) - (-1 1))_6] ,
j=3

(4.3)



while at subleading order in §,

SO AT (Kaa) oty FO + AR (Kaa) o0y Z = (anomaly) o1 S AF o

— g(1tree [(anomaly),, ;] A}q + [(covariance)o( 50y — (covariance),,_; | Z Alree

We verify that known expressions satisfy our formulae and conversely argue that the con-
straints determine ansétze for the operators. Finally, we propose the form of the logd part
of the unknown infrared-finite soft anomaly,

(D) (n—2n) (n=21)n=1n)
ZO|log5* ((n_11)+(n_2n—1) B (n—2n—1)(n—11)

> SO log(—(n—1n))+(i < n—i).
(4.5)

4.2 Soft theorems from conformal symmetry

In [32], conformal symmetry was used in order to determine the tree-level soft theorem (3.9).
As a warm-up to our dual conformal calculations we shall briefly review this method. From
now on we employ arbitrary forms of the stripped amplitudes, with the proviso that an
n-point momentum conservation prescription should be applied afterwards.

First recall that the conformal generator takes the form,?

= ; 1000 (4.6)

and upon expanding in the soft parameter 9,

g2 1 &2

boi = 2 ol t 5 ool

(4.7)

Now note that k£ annihilates arbitrary forms of tree-level stripped superamplitudes, in
particular order by order in §. Applying k to (3.9) yields the constraint equations,

62
d|n)aln]

= a ( ) Atree s (1) gtree
;aw[iy( DA) + Ao |(S A1) =0, (4.9)

These equations allow us to determine the forms of the soft factors. In fact we shall require

(S< >Atree) —0, (4.8)

extra input from considerations of little group scaling, mass dimension and colour ordering.
Firstly, the soft operators must have mass dimension —1. Furthermore, since we are taking
a positive helicity particle soft, the soft operators must transform with weight —2 under
the little group scaling,

In) — t|n), In] = t7|n], (4.10)

and remain invariant under little group scaling for all other particles. Finally, since the
amplitudes are colour ordered, the soft operators may only depend on particles n — 1 and

“Here, and elsewhere in this section, we leave some spinor indices implicit.



Figure 3. Solving for x;(p) clockwise around the polygon from z;.

1 adjacent to n, since only these share a colour line with n. At one loop we will find that
this simplifying assumption no longer holds since internal gluons carry colour dependence
between arbitrary particles. Putting all this information together with the conformal Ward
identities (4.8) and (4.9) suffices to determine S© and S™) as written in (3.3) and (3.4).
It is difficult to generalise the method of [32] to loop level, because the conformal
anomaly takes a complicated form. The current state of the art is restricted to MHV am-
plitudes and is rather intricate [68]. By contrast, the dual conformal anomaly (2.6) is very
simple, which will allow us to make progress as we will see in the remainder of this section.

4.3 Tree-level preliminaries

Our goal is to constrain soft factors using dual superconformal symmetry. We first work
at tree level, and then extend the technique to one-loop amplitudes.

To this end, we begin by expanding the dual conformal boost generator (2.4) in powers
of the soft parameter §. This involves solving for dual momenta x; in terms of momenta
pj. This procedure is ambiguous because of momentum conservation. In general we may
freely fix any x; allowing us to perform the change of variables x — p. More precisely, we
determine x; as a sum of the p, between z; and z; as indicated in figure 3. The clockwise
orientation is an arbitrary choice corresponding to taking j > i cyclically.

In section 3 we saw that momentum conservation is a subtle issue for subleading soft
theorems. Therefore we must be careful regarding the ambiguity in base point z; and orien-
tation around the polygon when solving for z(p). In the following we use a prescription that
eliminates a pair of antiholomorphic spinors (|a], |b]) according to the substitution (3.7).

The simplest choice® is to fix 23 = 0 and solve clockwise around the polygon, whence

k-1
Thos = — Z 17161 (4.11)

for k # 3. The solution (4.11) is compatible with eliminating |1] and [2]. The only 6-
dependent region momenta are then x1 and x5 as shown in figure 4.

5In order to preserve momentum conservation and on-shell external momenta, a minimum of three
momenta must acquire 6 dependence, and hence a minimum of two dual momenta must be d-dependent.
Our choice (4.11) achieves this.

,10,



Figure 4. Setting x5 = 0 is compatible with eliminating |1] and |2].

Similarly, for the fermionic variables we set 3 = 0 and write

k—1
= il (4.12)
j=3

for k # 3. We should view (4.11) and (4.12) as a frame choice well-adapted to the com-
putations which follow. Of course, any result we derive in this frame may trivially be
transformed to another using the substitution (3.7).

The soft expansion of the dual conformal boost generator is (with soft leg n)

ZZ!J < > ZZI JI(!J 8,) ZZI J|77T
)

1#3 j=3 1#2 j=3 1#2 j=3
0 0 0
= dlnl2l ()55 )~ (55 )~ lnlol (- 57 ) =il (- )
I By )~y ) ool el )~ g
where j/ indicates a sum over j # n. Similarly the statement of dual conformal covari-

0
A
ance (2.5) yields

P
(nls — ,
] onit

i—1
Ko™ = (23 il + 28lal ] ) 4. (4.13)

i#3 j=3
4.4 Leading soft theorems at tree level

By keeping the leading 1/6 divergence in (4.3) we find the following constraint equation
for the leading soft factor, in analogy with (4.8),

(KadAzee)@((gfz) - (Kozév)O(JO) (S(O Atree) = <ZZ ’] ]‘) Atreel : (4'14)

i#3 j=3

The covariance statement for (n—1)-point amplitudes gives

(Kea)ogn AYS = ( S yr)A“ee (4.15)

1#3,n j=3

— 11 —



Hence (4.14) simplifies to
n—1
(as)own 5 = (L 1ilul)s. (4.16)
=3

This leading order behaviour can be checked explicitly using the known form of S(© and
the formulae in appendix B. Conversely we may use (4.16) to determine the form of S(©,

at least up to a constant factor. Since our amplitudes are colour ordered, we may assume

SO = f((a b),[a b)), (4.17)
where a,b can take values in {n — 1,n,1}. To obtain the dual conformal transforma-
tion (4.16) f must be proportional to

1 1
1) or i (4.18)

The constant of proportionality must have mass dimension 0. Moreover f must transform
under little group scaling with weight +2 for particle n and 0 for all other particles. These
constraints rule out the second option in (4.18), and lead us immediately to

(n—11)

f= km (4.19)

Assuming universality, we may fix & = 1 by examining the simplest example, namely a
four-point MHV amplitude.

4.5 Subleading soft theorems at tree level

At subleading order we employ the approach of [22], allowing the freedom to use arbitrary
forms of the stripped amplitudes in our derivations. The dual conformal analogue of (4.9) is

(Kaadi™) o1y = (Kasdogn) (5O 45%5) + (Kas)ogm, (50 45%)

o Ul b (4.20)
=24l inls .+ (30X bl ) s,
i#3 j=3
It is convenient to rewrite the first line of (4.20) to obtain
(K .Atree) _ |TL]<1| Atree S(O) (K ) Atree
i Joe ) T (p 1)t aa/o(8t) “in—1
i—1 (4.21)
+ [(Fasdogn 50 a5 (30 3 o) ais
1#£3,n j=3
Using the covariance statement for (n—1)-point amplitudes we get
)1
BT Age + 5@ (Kaa) oty Ansq + [(Kaa)o(&)) aS(l)} AES + A:zriels(l)( Z Z 1] <J|>
i#3,n j=3

— 12 —



= 2|n)(n|S© Atree 4 (Z 1] g>s<1>A:;Eel . (4.22)

We begin by verifying this using the known form of the subleading soft operator S(!). First

note that
A+ (Z S Gl) = 2Anlal (4.23)

i#3,n j=3

using a Schouten identity, whence (4.22) becomes

n—1
— 204 150 (s A5 + [(Kas)og 5] 4% = (L1l ) s s
=3

(4.24)
Using formulae from appendix B and Schouten identities we evaluate

[(Kaa)@(5o sa )} (Z,j J|> + SO 1)(n| (yn] af1]>+s<o ] (1 <In> 8’3”)

YA .
n 1) (‘” oy M3~ 1>8nf‘)’ (4.25)

and observe that

SO (Kas)ogn = -5l (1] 5 ) = 5Ol (1) 5o5) - (420
Hence (4.24) simplifies to
|n]<1| a 8 TIA 8 tree __ ‘n]<1‘ tree
sy (g 195~ (977{‘)A"_1 =Zan (1.27)

On the the left-hand side of (4.27) we immediately recognise the appearance of the helicity
operator (A.4) for particle 1. Recalling that superamplitudes have unit helicity completes
the verification.

Conversely, we can use (4.22) to derive the form of S up to two constants. From
Taylor series considerations it is natural to expect S (1) to be a derivative operator. We
first split the constraint according to whether derivatives act, yielding

SO (Koo + [(Kat) ooy SV = (Zj Gl)s®. (1.29)

_|< ( 3 Z 710 > — 2n](n| SO (4.29)

1#3,n j=3

Note that we might expect some mixing between the terms in each equation by virtue of the
identity operator. The canonical representation of the identity under these circumstances
is as a helicity operator. Hence we look for a form of S() which satisfies (4.28) up to
additive helicity operators.

,13,



The key observation is found by studying the derivative structure of S(© (Kaa)o( 51
in (4.26). After Schoutening, the second term on the right hand side yields a derivative
structure which appears in (Kaa) g0y, namely

0

In—1)- PR (4.30)

and one which appears in the helicity operator for particle 1, namely

0
1) = 4.31
05 (131)
Now (4.28) and Occam’s razor suggest that the second term on the right hand side of (4.26)
does not represent a contribution to S(). On the contrary, the first term does not admit
such a Schoutening since the derivative part involves antiholomorphic spinors. We thus

propose that
0
1) S
S x |n] o (4.32)

As in the leading case, the requirements of mass dimension, little group scaling and color
ordering constrain the constant of proportionality, leading to

kln] 0
= 23 B (4.33)

Of course, freedom to relabel the polygon in the opposite direction dictates the appearance
of a similar term involving particle (n — 1). We finally arrive at

kln] 0 ln] 0
(n—1n) 9On—-1] (nl) 9[1]°

S = (4.34)
As above, k and [ may be set to 1 by assuming universality and considering two non-trivial
examples.

Similarly to [32] we can fix the leading and subleading soft operators at tree level, with
mild assumptions. More importantly, we may now use the simple form of the one-loop
anomaly of dual conformal symmetry to study soft factorisation at one-loop level, as we
will see below. Note in this context that the conventional conformal anomaly is much more
complicated and its general form is not known.

4.6 One-loop preliminaries

In section 3 we conjectured a form for the one-loop soft theorem

n—1

1 1
A}L—loop N ? (S(O) 1-loop + S(O)l—loopAtT:lrEel) + g (S(l)treeAql‘L—iolop + S(l)l—loopAlzane1> ’ (435)

with previous results for S©11°°P and the infrared-divergent part of S1-1°oP quoted
in (3.14) and (3.15). We now derive dual conformal constraint equations on both S(%)1-loop
and S(W1-oop through O(e%). These equations provide non-trivial checks on the known
expressions. Furthermore, the one-loop subleading soft constraint suggests an ansatz for

the hitherto unknown infrared-finite part of S(1)1-loop,
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Paraphrasing (2.6), the dual conformal operator acts on one-loop amplitudes to give
Koo AL1°P = (anomaly) AT 4 (covariance) A-10°P (4.36)

For later convenience we reproduce the soft expansion of the covariance statement
from (4.13),

(covariance) = (ZZ 17]1(i| 4 268|n] ny) (4.37)

i#3 j=3
In the frame choice (4.11) the soft expansion of the anomaly (2.6) is

(anomaly) ——CF[ Z Z 7] ]|< z—lz)_ +Z\] < n—ln))_e

i#£1,3,n j=3
+ZU Gl (=60 1)) "+ 8lnl(nl (<5(n 1)) +lnl(n] (-1 2))‘6} .

4.7 Leading soft theorems at one loop

(4.38)

The one-loop version of (4.14) is
. Al-loo _ . (0) 77(0) gtree (0) 41-loop
(KaaAl P)O(6_2)_(Kaa)o(50) (SOFO A + 5O aryr)

= (anomaly) o0 G(0) gtree (covariance) g0y S(0) pp(0) gree

+ (covariance) 05 S (O)Aqliolop )

where F(©) is defined in (3.14). This can be simplified significantly by recycling our tree-
level knowledge; in fact, we can remove all terms involving the one-loop amplitude. Recall
from (4.14) that

(Kaa)os0) (S( )Atree> = (covariance) 5 40 S(0) gtree (4.39)
and hence we find that
(Kaa) o(s0) (S(O)Aiﬂ(}fp) = (covariance) o5 SO Al l00p+(anomauly) L S©@Abree - (4.40)
Using these results (4.7) simplifies to
(Kaa)o(s0) FO 4 (anomaly), | = (anomaly) o 50y (4.41)

or more explicitly,

(Kes)ogn F CF(Z\J 1) | (=000 = 1) (=000 1) (<= 10) ]

(4.42)
Firstly we wish to verify that (4.42) holds using the known expression for F©) in (3.14).
It is easy to see that this is true at O(e~!). Using results from appendix B we find that
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whence at O(e?) in (4.42) both sides evaluate to

m(Z ) 1og (5 s ) (4.4

confirming the consistency of (4.42) at O(e°) also.

Conversely we can use (4.42) as a constraint equation to determine FO up to and
including € terms, provided that we assume that FO) only depends on particles n — 1, n
and 1 and is a dimensionless, helicity-blind function. The derivation proceeds analogously
to that in section 4.4.

Naively, the restriction to particles neighbouring n seems unreasonable from the Wilson
loop perspective. Indeed, we might expect contributions from diagrams where an internal
gluon connects an arbitrary edge to p,. However, the scalar boxes corresponding to the
non-cusp diagrams do not contribute in the leading soft limit. This is perhaps most obvious
from the perspective of MHV diagrams [67].

4.8 Subleading soft behaviour at one loop

The one-loop version of (4.20) is
. pl-loo _ . (0) 17(0) gtree (0) 41-loop
(KMA" p) op-Y) (Kaa)og) (S FoA =+ ST )

+ (Kaa) o(s0) <S(1)A:L'l°1°p + g goree 4 ZAtree)
= (anomaly)o(él) S(O)Atree + (covariance) , o 50 (0 )A;Lrgel
+ (covariance) g1y S S foop . (anomaly) 50 S(1) gree
+ (covariance) g0 S(l)A}Ll"f’p+(c0var1ance)o(5o) F1)g(1) giree

+ (covariance) o 50y Z Atres (4.45)

n—1>

where F(1) and Z are defined in (3.16). Just as in section 4.7 we can remove all terms
involving A1 P by recycling tree-level knowledge. Recall from (4.20) that

(Koo (5O47%5) + (Kaado (510 47%)

= (covariance) o5y 51 AL + (covariance) oo S™WAT

(4.46)

and hence that

(Koo (SPA) + (Kas)owo (57 ARP) (4.47)

= (covariance) 41 SO 4L 100p+(covalrlamce)0(50) 5 glloop 4 g(1) [(anomaly),,_; A;79] .
Applying these results to (4.45) we get

SO Al (K, Kaa)on) FO 4 (pO — p)) (Kaa) o) (S(O)A;rieo
+ S( )Atree ( aa)@((so) ( ) Atree ( aa)@(50) 7
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= (FO — p() (covariance) g g1 S(0) gtree (anomaly) g1y S(0) gtree
+ (anomaly) 50 S gtree 4 (anomaly),, 4 S gtree _ g(1) [(anomaly),, ] A}
+ [(covariance)o(5o) - (covariance)n_l] Z At (4.48)

To proceed, we separate this result into two equations, depending on whether derivatives
act on A% of course there may be some cancellations between these equations via the

appearance of helicity operators. With this separation we have derivative terms,

(FO = PM)SO (Kag) oy Ans + SWATS (Kaa) ooy F (.49)

tree
n—1-

= (anomaly) o0 S Atree _ (anomaly), , SMA
and non-derivative terms,

SOALS (Kaa) oy FO + (FO = FD) AT (Kog) sy S© + AT (Kaa) o0y £

n—1

= (FO — p()y (covariance) o s1 S(0) gtree 4 (anomaly) 51 5(0) gree

Sy ey [(anomaly),, ;] Ay + [(covariance)o(ao) — (covariance), || ZAY . (4.50)

We focus first on equation (4.49). Note that the derivatives in (Kaa)o(s1) and S do not
combine to yield a helicity operator. Therefore we may assume that this equation is truly
decoupled from (4.50). Using (4.41) we see that (4.49) is satisfied if we choose F(1) = F(0),
This is consistent with the known infrared divergent behaviour of F(1) and extends it to
finite order in e.

With this choice, (4.50) simplifies to give

n—1

SOATE (Kaa)ogn F1 + AN (Kaa) (o) Z = (anomaly) o ) SO A7 .
ey [(anomaly),, ;] Avq + [(covariance)o((;o) — (covariance), | ZA . .

Thus we have arrived at the dual conformal constraint equation on the one-loop subleading
soft anomaly promised in section 4.1.

Constraint on the infrared-divergent anomaly. We now expand in € to find con-
straint equations for Z at each order. We write

1 1
Z = §Z_2 + EZ_l + Zo+ O(e) . (4.52)

At leading order in € the anomaly constraint (4.51) becomes

n—1

(Kaa)o(s0) Z—2 = |(covariance) o(s0y — (Covariance)n_l} Z_o9= <Z |7] (j\)Zz. (4.53)
j=3

Clearly this is consistent with the choice Z_5 = 0 implicit in (3.15). For the converse

argument, first note that (4.53) has exactly the same form as (4.16). We therefore employ

logic similar to the leading tree-level case. Indeed, since we are dealing with infrared-

divergent terms,

Z—2 = f({a b),[a b]), (4.54)
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where a, b takes values in {n —2,n—1,n,1,2} by the Wilson loop observations of section 3.
Following section 4.4, we see that if Z_s # 0 then we must have Z_, = S, But reinserting
factors of & shows that S(® can only appear as a leading soft divergence. Hence the
constraint equation fixes

7 _9=0. (4.55)

At subleading order in e the anomaly constraint (4.51) becomes

|: i (9(50 Z’] j|:|Z 1

[n—1n] [nj(n 1] _ [nJ{1
n—11(n 1) (n—1n) (nl)

(4.56)
[n 1]
(n—1n)n—11]"

= —[1)(1] +n—1)(n -1
Note that this is symmetric under relabelling the polygon anticlockwise, as expected.
From (3.15) we have [22]

[n—1 n] [2 n] [1 n] [n — 2 n]

ZAZWn_1uuny+puany_un_um—lnf_m—zn_um_lny(4m)

The reader may verify that this satisfies the constraint equation, using formulae from
appendix B. Conversely we write an ansatz,

Z-1=g((a b),[ad]), (4.58)

where a, b can take values in {n —2,n—1,n,1,2} by the same logic as for Z_5. We assume
for simplicity that each term on the right-hand side of (4.56) emerges from a single term in
Z_1. Then (B.7)-(B.10) immediately suggest the result (4.57), which is clearly consistent
with spinor weight and dimension constraints.

Constraint on the infrared-finite anomaly. Finally we consider the O(e’) terms.
The anomaly constraint (4.51) becomes

[ o — Zm y|]zo

_ 2[lem<j| | PP VR e N |u<1r[2”]]
=3

— (n—1n)n—1n-2] [2 1](1 n)
|n](1] [njn —1] . (n—11)[nn-—1] oo [~ (n—11)
| 2 o s (- )

(n 1) (n—1n) (n—=1n)(n 1)[1n—-1 n—1n)(n1l)
[n)(n —1] (n—11)

We now employ this formula to find plausible coefficients for the log d terms appearing in
Zy. The constraint equation (4.59) immediately suggests that these take the form,5

Alog(—(n—1n))+ Blog(—(n 1)). (4.60)

SRecall that in the soft limit p,, — dpn.
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Relabelling symmetry ensures that it suffices to predict coefficient A. We make the ansatz,
A=SOn((ab),labd]), (4.61)

where a, b take values in {n —2,n — 1,n,1,2}. Unlike the Z_5 and Z_; cases considered
above, there is no rigorous argument for this assumption, since the log d terms do not only
emerge from cusp diagrams. Nevertheless it seems plausible to expect that such divergent
terms only involve particles close to n. In section 5 we shall see that this ansatz holds for
MHYV amplitudes, but not in the NMHYV sector.

A general one-loop amplitude in N = 4 SYM theory involves functions of transcenden-
tality 2. Therefore we expect the soft anomaly Zj to contain functions of transcendentality
1 and 0. We may hence deduce from (4.59) a constraint on h by examining the coefficient
of log(—(n — 1 n)), namely

B (n1) (n—1n)
(Kaa)ooyh = —In —1)(n — 1\m = [n](n| + |1]<1\m-
Equations (B.11) and (B.12) hence suggest that
7| B (n1) n (n—2n)  (n—-21)(n—1n)
Moed =\ (=11 "(n—-2n-1) (m-2n-1)(n—11)

(4.62)

> SO log(—(n—1n))+(i < n—i).

(4.63)
We now proceed to verify this prediction by explicitly computing the subleading soft
anomaly in the MHV and NMHYV sectors. Beware that Zj itself does not suffice to recon-
struct the subleading soft behaviour of an n-point amplitude; we must also remember feed-
down terms (see the discussion near (3.12)). We consider this nicety in detail in section 5.3.

5 Extracting the infrared-finite soft behaviour at one loop

5.1 Summary of results

In this section we determine the subleading soft contribution for n-point one-loop MHV
amplitudes and for six-point and seven-point one-loop NMHV amplitudes. We first present
the subleading soft behaviour of some low-point MHV cases, extracted via the unitarity
method. We then use momentum twistor technology to derive a surprisingly compact
expression for the subleading soft term at n-point modulo A, namely”

<n—11>”2410g v\ (n—2n—1j—-1)(n—2n—1n1)
y%j n—=2n—-11j-1H){n—-2n-11y)

(5.1)

+ boundary terms,

J
m—11)< (43, (m—1n12)(j—-1;12)
Zlog(ﬁj) m—112)(n—1125—1)

The boundary terms have a universal form for all n > 7. In particular, the log § dependence
is simply

(m1)+(n2)  sp-112(n1) ol —(n e
< (12) (n—11)(1 2))1g( () + (i en—i). (5:2)

"See appendix E for a crash review of momentum twistors. Round brackets such as (6) appearing below
represent the dual superconformal R-invariants, and are defined in (5.30) and (5.36).
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where supc 1= (pa + Py + pe)? denotes a three-particle invariant. We finally investigate the
possibility of universality carrying over to NMHV amplitudes by identifying the subleading
log ¢ terms in low-point cases. Again intricate cancellations yield a remarkably simple
result, but of a slightly different form to the MHV sector. Explicitly we find terms at six
and seven points,

1{n—11) (2345)(4561) . .
1(n—11) (2346)(5671) (2456)(5671) ) )
2 In=1n) (5)<3 161)(125 6>—|—(3)<4 561)(1250) log(—(7 1))+ (i<>n—i), (5.4)

respectively. We conjecture that the logd terms display universal behaviour for arbitrary
n within each N¥MHV sector, but not between different sectors.

Throughout this section we employ the approach of [22], with a symmetric momentum
conservation prescription eliminating [n — 1] and [1]. In particular this implies that the
feed-down terms from Taylor-expanding S (O)A}iOlO P in the soft parameter exactly cancel the
contribution from S(l)Ai'lolop. Therefore the form of the lower-point amplitude becomes
irrelevant to the calculation of the subleading soft anomaly. We also neglect a factor of cr
for brevity — this may be reinserted easily afterwards.

5.2 MHYV amplitudes via unitarity

All planar one-loop MHV amplitudes in N/ =4 SYM theory may be written as [69]

A}L-loop:A%ree Z FZme, (5'5)

channels

where F?™¢ is a (possibly degenerate) two-mass easy box function. Generically,

2
F2e(K L) = _;2 [(=8) "+ (=)= (—-K*)"“ = (—L*)"] +Liy (1 — i)

(5.6)
. K? . L? . L? . K2L2\ 1. ,/s
+ L12 <1t) +L12 <1s> +L12 <1t> *le <1 ot >+2 lOg (g) s
while, for degenerate cases,
1m 1 —€ —€ 1 2
m 1 — - —aTs K*\ K?\ 1 :
F'™(K) = = [(=s)"“+(—1) —(-K?) ] +Lia (I_T) +Lisy (I—T)+§log2 (;)4—%, (5.8)

where K and L denote the momenta of massive corners and (s,t) are defined by
(vertical, horizontal) cuts respectively.

To calculate the subleading soft behaviour, we must in principle Taylor expand all
box functions. Many may be immediately discarded, along the lines outlined in section 3.
Specifically the only nonzero terms emerge from boxes corresponding to Wilson loop dia-
grams in which the internal gluon ends on particle lines n — 1, n or 1.
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Five-point amplitude. The simplest non-trivial subleading soft behaviour appears at
five points. In this case, the two-mass easy boxes degenerate to one-mass boxes. The
subleading soft five-point infrared-finite term divided by A is

(4525 (45) \_(15)35 (15)
“wana ™ (woew) s (@ous) (59)

For compactness we have implicitly recombined terms using four-point momentum conser-

vation where appropriate. We have checked this result numerically using the Mathematica
package documented in appendix C.

The simplifications required to reach (5.9) involve intricate cancellations between
roughly 20 terms from different boxes. This suggests that box functions are poorly adapted
to the calculation of subleading soft behaviour.

Six-point amplitude. At six points we discover new structure associated with the ap-
pearance of non-degenerate two-mass boxes. The subleading soft infrared-finite contribu-
tion modulo A§®® is

(3 9)(16) 1205\, @966 [, (155
12 >us>@*1 (( 6)(3 @)]*( 5)(15 )P*lg<@3x5®>]
6B }« A6+ (35)5 6] (5.6)[2 3)((13)[1 6] + (23)[2 6])

S og(—(1 2)) - R log(~(4 5))
+ 34) (46) + (5 6) (2 3)(5 6)
R {bg( )“]* @5) [bg<‘ 15) )‘{
2066, [ <2@ 4606, ( (1564
+<1w[]1g( B )+<1amm1g< 25 (5.10)

As in the five-point case, very non-trivial simplifications take place — the Taylor expansion
initially produces some 200 terms. Mathematica numerics exactly confirm our concise
formula.

It is instructive to perform a consistency check that the six-point result (5.10) re-
produces the five-point result (5.9) when we make particle 3 soft. Taking the limit and
relabelling appropriately we obtain

(45)[25] (15)[35] (15)+(25) (35)+(45)
(G otrar (s o) o0 0+ 5 Hont- B2 52 1"3(‘((4551)1)'
Naively it looks impossible to equate (5.11) and (5.9), however we only require then.l to

match when a consistent momentum conservation prescription is applied to both. The
relatively simple form of (5.9) is a consequence of the special four-point kinematics, [1 2] =

(34)[23]/(14).

log 0 terms. To complete our analysis we concentrate on terms involving a log §. Recent
evidence [23] shows that these may be universal in QCD processes. Indeed these terms are
truly infrared divergent, so intuitively one might expect enhanced universality to ensure
such quantities cancel in any physical observable. At five points we have from (5.11)

(15212525)1%(—(1 5)) + Wlog(_@ ). 512)
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Figure 5. A generic two-mass easy box with massless corners i and j corresponding to the end
edges of the internal gluon in the Wilson loop picture.
while at six points (5.10) yields

(1 6)-+(2 6)
(12)

(4 6) + (5 6)
(45)

(34)(16)
(12)(15)

log(—(16))+ log(—(5 6)— log(~(16))~ (53 123 oE(~(5.0).

(5.13)
The chances of a simple universal result look slim based on this evidence. In (5.13) new
structures appear, in addition to a generalisation of (5.12). However, we shall see in
section 5.3 that the complexity of log § terms does not grow with particle number in general.
From the perspective of box functions, this is reasonable: a new type of box function enters

at six points, after which no further new functions appear in the MHV sector.

5.3 MHYV amplitudes via momentum twistors

We saw in section 3.2 that two classes of Wilson loop diagrams contribute to the subleading
soft behaviour. Cusp diagrams give rise to the infrared-divergent piece of any one-loop SYM
amplitude,

_ E%Z(_(i i+1))° . (5.14)
i=1

Non-cusp diagrams with an internal gluon ending on at least one J-dependent edge also
feature. In the MHV sector these correspond to the finite parts of the two-mass easy
boxes in figure 5. Note that ¢ and j must be separated by at least one intervening particle
cyclically. For the symmetric momentum conservation prescription eliminating (|n—1], |1]),
we can restrict to diagrams where ¢ or j is in {n — 1,n,1}.

We must sum over boxes to produce the full amplitude. This yields large cancellations,
particularly between non-degenerate boxes in which ¢ and j are separated by at least two
intermediate particles. In appendix D we show that the n-point one-loop MHV amplitude
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may be written at O(e") as

Al—loop 1
n . 2
e DN D (~Lia(1 — uy) + log af; log uiy)
n i §@{i—2—1,i,i+1,i4+2}
2 T 1is 17
1 11—
+ Zlog(wn‘—z) log| ———=] ,
, 2 2
i Tit1i-1\) Tii—2
where u;; denotes the dual conformal invariant cross-ratio,
2 2
Tij+1%5415
Liglit15+1

and the square root arises from the infrared divergent pieces (5.14). The formula (5.15)
phrases the MHV one-loop amplitude in a form which illuminates dual conformal proper-
ties. For example, it is particularly easy to verify that (2.6) holds. Presently, we shall see
that this expression is especially convenient for extracting subleading soft behaviour. We
anticipate that this form of the amplitude may find useful further applications.

We should point out that our description (5.15) is not entirely new; partial results of
a similar flavour exist in the literature, confirming our observations. The double sum,

1 .
5 > > (—Lia(1 — ugg) + log 7, log usj) (5.17)
i gg{i—2,i— 14,041,042}

emerges from considering only non-degenerate two-mass easy-boxes, and accords with the
results of [70]. The remaining sum,

2
Tt
> log(f o) log | —HHE— (5.18)
7

b
2 / 2
Litti—1\/ Vii—2

comprises degenerate box and infrared divergent contributions, which were recognised but
not calculated in [71].

Note that although (5.17) and (5.18) look symmetric under reversing the polygon
labelling, this is not the case. On careful inspection, we see that this asymmetry is a
consequence of our particular choices in arriving at (D.19). Of course, the symmetry is
restored when generic terms and edge cases are summed.

We first compute the subleading soft behaviour of the generic terms (5.17). Without
loss of generality we consider only those terms in which i € {n—1,n,1}. It is convenient to
use momentum twistor variables [72]; see appendix E for a brief review of twistor definitions
and identities. In such variables the soft limit may be expressed as [48]

Zn = aZi+ B2+ 67y, . (5.19)

To be precise, (5.19) corresponds to the antiholomorphic soft limit with the symmetric
elimination (|n — 1],|1]) as proved in [48]. Of course box functions transform with zero
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weight under little group scaling. Hence we may freely switch between holomorphic and
antiholomorphic soft limits without affecting our results. For consistency with the Cachazo-
Strominger subsitution (3.7) we must choose

_ (n—1n) B
a—m(l—é) and [ =

(n 1)

o9 (5.20)

We have calculated the soft expansion of (5.17) by employing formulae in appendix E.
There are significant telescopic cancellations, yielding bulk terms,

1’§*log o\ m—2n—-1j-1(n-2n—1n1)
ai y%j m—2n-11j-1)(n—-2n-11j)

iz‘: Y5\ (n—1n12)(j—1512)
P B ) i—112n—112,-1)°
and boundary contributions,

7(n—112)(n 1) . (n—112)(n1) B (n 1)+ (n 2) oe(—(n B
(1112 Pg(<—41ma>) @*( 12) )Pg((l” 4
(n—112)(n 1) ([n 1(1 3) + [n 2)(2
12)n—11)(n—11(13)+[n—-12
B (n—1mn)[n 1)(3 4)[2 3] o (2 3)
T2(n— T (L 2@ 4+ >fg<< >>

il
(n1)+(n2) (n—1n)n?2] ool (n o
w (R B g (- 1) 0 )

(5.21)

_l’_

(5.22)
We have verified this result using box functions and Mathematica numerics in the case
n = 7. The computations are available as a package, documented in appendix C.
Observe that the logd terms take a universal and simple form in the MHV sector for
all n, namely

(n 1) + (n 2) Sn—1.1 Q(TL 1) ) )
— o log(—(n 1 —n—1). 5.23
where Supe := (pa + Py + pe)? denotes a three-particle invariant. These structures were

already visible at six points in (5.13). Note also that the purely rational terms have a
similar universal behaviour.

We must now check that (5.23) is consistent with the coefficients of Zy predicted
n (4.63). To see this, we first recall the ansatz (3.13), implicitly eliminating (|n — 1], |1])
as discussed in section 5.1.

1 1
o (Lsoen 1) g, 20
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We focus exclusively on infrared finite 6! log é terms. Then the left hand side is given by
Atree times (5.23). The right-hand side comprises the feed-down term®

1)+ (n—1n)
(n—11)

S og(—(n 1)) + (i <3 n —1), (5.25)

and the soft anomaly

Zologs = <((Z:i %) + ET 3)) — EZL ;)(17121(71% i;) SO og(=(n 1))+ (i <+ n—1i). (5.26)

Summing (5.25) and (5.26) yields

(n1)+(n2)_(n1)_ (n1) _(n—lQ)(nl) 0 1oa(—(n P —i
< 12) (12) (n—11) (1@@—1D>S s )+ (e ®tﬂ

which is identical to (5.23) up to S, as expected.

5.4 NMHYV amplitudes via ratio functions

In the NMHYV sector tree-level superamplitudes can be conveniently expressed in terms of
dual superconformal R-invariants [58, 73, 74] as

ANMHV,tree _ AMHV,tree Z Rl " (5 28)
n - n IR :
J:k
with 1 < j —1and j < k — 1. A general R-invariant is most naturally written in terms of
momentum supertwistors as [75]

5@(0—1jk—1@mﬁ+wﬁg

}%k:@j—ljk—DU—ljk—l@@k—lkﬂ%—lkij—n%ij—lﬁ’
(5.29)
motivating the five-bracket notation,

It is natural to ask whether the R-invariants have simple subleading soft behaviour, a study
partially undertaken in [48]. There it was shown that in the supersoft limit,

Z, = aZ1+ 62,1+ 02,, (5.31)

the R-invariants Ry, vanish at subleading order. Indeed when k # n, clearly Ry is inde-
pendent of §, so there is no subleading contribution. For k = n, the denominator becomes

Flj—1jn-D-1jn-11Gn-1n1){n—1nl1j-10{n-115j-15+0(5), (5.32)
while the argument of the ¢ function is

a(j—1jn—11x1+8(n—-115-1j)xn-1+(1j—1jn—1)(axi+Bxn1)+0O(5). (5.33)

8This is obtained by expanding S(®*1°°P to subleading order in §, with the given momentum conservation

prescription. For a full treatment of such subtleties, see section 3.1 and in particular equation (3.12).
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Notice that the leading term in (5.33) exactly vanishes, hence the leading contribution of
the numerator is O(§%). Therefore Ryj, certainly vanishes at subleading order, as claimed.

Recall that for appropriate v and # the momentum conservation prescription associ-
ated with (5.31) is exactly the symmetric elimination of (|n — 1], |1]) (see appendix E for
details). With this prescription the subleading term for tree amplitudes vanishes. Hence
we conclude that each Ryj; individually obeys the amplitude soft theorem.

At one loop we may write a general planar NMHYV amplitude in terms of dual conformal
ratio functions R as

ASMHV,I-loop _ Ag/IHV,l-loopRtree + ATl\l/IHV,treeRl-loop. (534)

RUe is the sum of R-invariants appearing in (5.28). RM°°P may be expressed in
terms of general R-invariants and dual conformal combinations of box integrals called
V-functions [58, 73, 76].

We now investigate the subleading soft behaviour of the R-invariants and V-functions
appearing at one loop for six- and seven-point amplitudes, leaving general results to future
work. More precisely we will focus on terms of order §logd in R71°°P which, taking into

A71\L/[HV,tree

account the prefactor lead to terms of order (1/0)logd. For illustration we

outline the soft expansion of the various terms in (5.34),

11 1
ARV Hloop 52 + 5 log § + P R~ 1462, (5.35)
1 ]
AV ree RIO® ~ 1+ 6logd + 6,

where we employ a symmetric momentum conservation prescription that eliminates |n — 1]
and |1]. The particular behaviour for R"®® was first observed in [48].

Six-point amplitude. At six points each five-bracket necessarily omits exactly one mo-
mentum twistor. This naturally provides a more concise notation by virtue of the cyclic
symmetry of five-brackets. For example we write

(2)=[13456]. (5.36)

The six-point tree-level ratio function may then be written as®

R =(1)+ (3) + (5) = (2) + (4) + (6), (5.37)
which in the soft limit takes the form,
R = (6) + O(6?), (5.38)

noting that (6) = [12345] has no ¢ dependence. The six-point one-loop ratio function is
explicitly [78],
1

RIoor — ([(1) +(@]Va+ (@) + G)] Vi + [(3) + <6>]V2> ) (5:39)

9The equivalent representations are best understood to arise from Grassmannian contour integration [77].
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where the dual conformal V-functions are naturally expressed in terms of cross-ratios,

Vi = —log(use) log(ugs) + X, (5.40)

Vo = —log(use) log(u14) + X, (5.41)

Vs = —log(ui4) log(ugs) + X, (5.42)
3

X = %Z (log(ung) log(wiy1i+4) + Lia(1 — UM)) — 2, (5.43)
i=1

and indices in X are implicitly modulo six. We know from tree-level reasoning that
(2) =0(8%), (3)=0(), (4)=0(5). (5.44)

Therefore in the soft limit the ratio function (5.39) becomes

RIIOP = % ((6) ZLiz(l — wii+3) + [(6) — (1)]10g(use ) log(uzs) + [(6) — (5)] log(uae) 10g(ﬂ14)> +0(6%).

(5.45)
From appendix E observe that
B 0(1 35 6) B 9
log(usg) = aB235)(1345) (8(2345)—a(l234))+0(5). (5.46)
Hence we need only expand the R-invariants to leading order, viz.
B a(l 234)
B B(2345)
(5) = <6)5<2345>—a<1234)+0(6)' (5.48)
Thus (5.45) reduces to
1loop 1 N 5(1356)(2345 5(1356)(1234 )
R '=500) (;Lu(l_u“”) * a<<1 23 5>><<1 34 5>> 1Og(u25)+5<(1 23 5>><<1 34 5>> 105(“14)> +O@).
(5.49)

It is instructive to extract the dlogd terms, for these have the best hope of universal
behaviour. Explicitly we find the contribution,

1(n—11), (2345)(4561)
§<n—1n>( )<1245><3451>

log(ugs) + (i <> n —1). (5.50)
Seven-point amplitude. At seven points we employ the formulae of [76], namely

RI-loop — % (R™V* + Ri47Viar + Ris7Vast + cyclic) | (5.51)
where the V-functions are defined by

. _ 19, . . .
7Vt0t:—L12(1—u12146)+§ Lig(1—wu14)+Lig(1—uy5) | —log(ugr) log(ugs)+cyclic, (5.52)

Viar = Lig(1 — ugare) + Lia(1 — u2146) + log(ugaze) log(uz146) — 2, (5.53)
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. ) u
Vis7 = Viar + Lig(1 — ug745) — Lia(1 — u1254) — log(u7145) log <UZZi> , (5.54)

and general cross-ratios are written as

L G-lik— 1R -151-11)
R 2t T i1l -0 (-1 k- 1k)

(5.55)

We first examine the soft behaviour of the fourteen R-invariants explicitly entering (5.51).
Eight of these have no O(d) term, namely

Rz, Rist, Rosi, Rara ~ O(6%), (5.56)
R362, R524, R625, R635 independent of §. (5.57)

We obtain terms linear in § from the remaining six, which are
Ros1, Rs14, Razs, Rais, R7se, Rrae - (5.58)

At six points, we had no need to expand such R-invariants, courtesy of convenient behaviour
of the V-functions. We must ask whether this property continues to hold at seven points.
Hence we list the § dependence of the relevant V-functions,

Vas1 ~ O(6), Vise ~ O(6),
V514 ~ nonzero + O(0) , Virs ~ nonzero + O(9) (5.59)
Vzue — V36 ~ nonzero + 0(5) , Vaig — Vg ~ 0(5) .

We also note that
Vage — Vsia ~ O(9). (5.60)

Therefore the only non-trivial R-invariants we must expand to O(§) are the combinations,
Ruyz + Rars and  Rsiq + Rrae - (5.61)

Remarkably, through an intricate series of twistor bracket identities, both of these combi-
nations have zero subleading soft dependence. Thus it only remains to expand the relevant
V-functions explicitly. Henceforth we shall only look for § log é terms, these being the best
candidates for universal behaviour.

It is convenient to express the V-functions only in terms of our earlier w;; cross-ratios,

defined by

2 2
1 1
Uij = —gg— (5.62)

2.2
TiiTit15+1

whose soft expansions are collected in appendix E. Observe that
—1
Uit 1jj4+2 = WijWij+1 (5.63)
and we trivially have relations,

—1
Uijhl = Uy = Uklij - (5.64)
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Thus we may write

1
7Vt0t = —Lig(l—u14u15)+§ Lig(l—U14)+Lig(1—U15):| —log(u47) log(u26)+cyclic, (565)

Viar = Lia(1 — usaue3) + Liz(1 — w1au15) + log(usaues) log(uiaurs) — (2, (5.66)
. ) Uga U
Vis7 = Viar + Lig(1 — ugrugy) — Lio(1 — u14) + log(uyg) log (iif’) ) (5.67)

We only obtain logd terms from the invariants uis and usg. By relabelling symmetry it
suffices to determine only the log(ugs) terms. The leading behaviour of the R-invariants
involved is

R473 + R413 — (5), R625 — (3), R635 — (1), (5.68)
(23 46)

Bus = g ie —anas o) (5.69)

Rost — f2456) 4 (5.70)

B(2456)—a(l245)
On expanding the relevant V-functions many terms are produced. Quite unexpectedly,

when multiplying by the respective R-invariants a highly non-trivial simplification takes
place, yielding the expression,

ree 0 ((3546)(76 14>+<3456><1 267>+<2345><1 267) (1267)(2356)
a\(6134)(6145) (3461)(1256) (1245)(2361) (1256)(2361)
(2346)(5671) (2456)(5671)

5 3 . 5.71

O ETena2s6 T P usenaase) (5:71)
All that remains is to extract the log(usg) pieces from V. These come from

— log(uaruar) log(uge) — Lia(1 — ugsuge) — Lia(1 — ugaues) + Lia(1 — use), (5.72)

yielding subleading soft terms,
5((3546><7614> (2345)(1267) (3456)(1267) <1267><2356>>

6134)(6145)  (1245)(2361)  (1256)(3461) (1256236 1)
(5.73)

Miraculously these terms exactly cancel terms in (5.72). Hence we arrive at the final

«

expression for subleading log § contributions,

1(n—11) (2346)(5671) (2456)(5671)
2 [()<3461><1256> ()<4561><1256>

2{n—1n)
Observe that these terms have the same overall structure as we found at six points in equa-

log(uge) + (i <> n—1). (5.74)

tion (5.50). Furthermore, one may immediately perform a consistency check that (5.74)
reduces to (5.50) as we make particles 3 and 4 collinear. These terms seem amenable to
an n-point generalisation, which we leave to future work.

We note finally that the coefficients in (5.74) were not predicted in section 4.8; indeed
they involve particles other than {n — 2,n — 1,n,1,2} which were considered in deriv-
ing (4.63). It would be interesting to investigate whether the constraint equation (4.59),
perhaps supplemented with further physical reasoning, is sufficently powerful to determine
the NMHYV one-loop subleading soft anomaly in general.
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6 Conclusions

The (sub)leading soft behaviour of one-loop amplitudes has received much attention re-
cently. However, obtaining general results for the infrared-finite terms of amplitudes in
non-abelian gauge theories has proved to be difficult [22-24, 33]. In this work we computed
the subleading soft behaviour of infrared-finite parts of all one-loop MHV amplitudes in
planar N' = 4 SYM, exposing surprising hidden simplicity. Moreover, we determined the
subleading soft contributions of NMHV one-loop ratio functions at six and seven points,
finding evidence that universality holds within but not between helicity sectors.

Interestingly, none of the available representations of the one-loop amplitudes makes
the subleading soft behaviour manifest. Indeed, in both MHV and NMHYV sectors highly
non-trivial cancellations occur, which lead to compact formulae for the soft limits. We
speculate that amplitudes may admit a recasting in “soft friendly” form, perhaps along the
lines of [79]. At higher loops this might yield a subleading soft-improved BDS ansatz [64].

We also used the known one-loop dual superconformal anomaly of amplitudes to derive
constraints on one-loop soft limits of generic amplitudes. In this respect we introduced the
soft anomaly Z in (3.15), which we then studied up to and including infrared-finite terms,
thus predicting the general form of the (1/6)logd terms, see (4.63). This constraint turned
out to be sufficiently powerful to predict the complete MHV soft anomaly, and provided a
valuable consistency check in other sectors. It would be fascinating to understand in greater
detail how quantum corrections to soft theorems interact with the asymptotic symmetries
of N'=4 SYM [80].

Soft theorems lie at a crossroads of theory and phenomenology. Consequently several
avenues for further work naturally present themselves. From a mathematical perspective,
we might hope to derive our results from recent ambitwistor formulae [36, 81]. The sub-
leading soft anomaly may also find application in bootstraps for amplitudes [77, 82, 83] and
effective field theories [84]. Extensions to double soft emission and supergravity theories
are obvious goals, particularly in light of the subtle connections with spontaneously broken
symmetry [85].

Moving towards experiment, our results could provide a stepping stone towards im-
proved soft-gluon approximation for QCD amplitudes. Such an objective would require
examining further helicity sectors and theories with less supersymmetry, possibly making
contact with [23]. Finally, it would be profitable to apply our methods to form factors,
developing the results of [52], and to amplitudes and form factors at higher loops. In par-
ticular such computations would be useful in cases where the form factors are related to
Higgs amplitudes appearing in effective field theory approaches (see for example [86-88]).
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A Spinor conventions

Our index convention for spinors is

X =10 Na=lila,  Na=(ila=eapli)?, A =[i|*= e‘wli]g, (A1)
with o matrices chosen such that
(i j) =), (A.2)
where (i j) = 2 (p; - pj). Spinor differentiation is defined to obey
0
N — 5B
a|l>a ’Z> (e}
0
——|i], = 6% A3

Note that the helicity operator for particle i takes the form,
1 0 0 4 0

hi=—— (i) —— — i , A4

5 (15— 10 =) (A4)

and acts as the identity on superamplitudes, since each superparticle has helicity 1 by
construction. This is of importance in section 4.5.

B Action of the dual conformal boost generator

We collect various formulae outlining the action of the dual conformal boost generator on
spinors and multiparticle invariants used in sections 4 and 5. To adapt the formulae to

(Kaa)o(s0y replace all 3 by Z;
Suppose a < b cyclically in {3,4,...2}. Then we have

Z\J (jl(a b) + Z 141(bl(a j) , (B.1)

Jj=a+1
b
ZU (jlla b] + ZI Gllb 47, (B.2)
j=a+1
b—1
((a b)) _QZU J\ab+Z\J J!ab+ZIJ ®l{a )b al=>_ [al(j][b j]{a b) .

Jj=a+1 j=a+1
(B.3)

In particular if a and b are adjacent then

=S lilila b, (B.4)
=3
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b
= > lil{lla o], (B.5)
j=3

a—1
((a b)) =2 15]Gil(a b)+ > [5)l(a b). (B.6)
j=3

Jj=a,b

The following corollaries are of particular use in section 4.8.

nl o 2n n|(1
[(Ka@o@()) -3 mo} <[2 [1] <1]n>) - ‘<n] <1>‘ , (B.7)

[ 60_2"7 Jﬂ(n 2 n—1]{n— 1n>: ‘annu’ (B8
(s Z'J 0 (=) = = e U
(B.9)

[(Kad)o(ao) —glj]ﬁl]( ) = -1l 1‘5&] Iy (B.10)
(Kaa) o (60 < >:—|n—1 n—l\((i?l) (B.11)

(Kes) oG g o 7w 11”1 j) = el e @

C SubSoft.m package documentation

SubSoft.m is a Mathematica package for the automated calculation and verification of sub-
leading soft theorems. A separate Mathematica file contains sample calculations, pertinent
to our results in section 5. The package extends Bourjaily’s bcfw.m [90]. The relevant

Mathematica files are included with the submission of this posting on the arXiv.'®

Setup. First ensure that both SubSoft.m and bcfw.m are saved to the same directory as
the notebook you are writing. To initialize the package, simply call

Inji}= SetDirectory[NotebookDirectory([]];

In2)= << SubSoft.m

SubSoft.m is a package for computing the subleading soft behaviour of amplitudes based on Bourjaily's bcfw.m.

from One-Loop Soft Theorems via Dual Superconformal Symmetry by Brandhuber, Hughes, Travaglini and Spence

Glossary. We collect descriptions of the most important expressions. The definitions of
related expressions may be inferred, or determined by direct inspection of the source code.

From the abstract page, follow the link to download “other formats”, download the source and unzip
it. The files SubSoft.m and bcfw.m are required, and SubSoft Examples.nb is an optional walkthrough.
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Expression Type Description

ab[i,j] object represents the angle bracket (i j).
sbli,j] object represents the square bracket [i j].
MHVTreeAmplitude[{i,j},n] function returns the tree  amplitude
with helicity configuration
| A R A
F[i,n] function returns the i*® box function for n-
point kinematics.
useRandomKinematics [n] function sets up n-point random kinematics
for numerical evalulation.
NEvalute [expr] function numerically evaluates an expres-
sion featuring ab and/or sb.
deltaDependence [n] rule introduces holomorphic § depen-
dence for particle n.
momentumConservation rule performs the substitution (3.7) as-
WithDeltaln,a,b] suming that particle n carries § de-
pendence.
VerifySoftTheorem function verifies the tree-level subleading
TreeLevel[A,, A, 1,1, 2,b] soft theorem for given A,, A, 1
with the elimination of |a] and |b].
VerifySoftTheoremlLoopIRFinite function verifies the one-loop subleading
Term[Alpy, Alpy_1, Atry_1,n, 1, j] soft term at finite order in e for

given A}{IOOP, A:l'iol()p, Atres with
the elimination of |a] and |b].

Z0 [n] function returns the predicted infrared-
finite subleading soft anomaly, by
default defined for MHV ampli-
tudes with n = 5,6, 7.

Strictly speaking, the verification functions compute the difference between subleading
terms on the Lh.s. and r.h.s. of (3.10) or (3.13) at tree level or one loop respectively.
Hence the subleading soft theorems are verified if the resulting quantity is within machine
precision of zero.

D Generic two-mass easy box cancellations via symbology
The finite part of a two-mass easy box may compactly be defined as [91]

Froefin(p 0 s ) = Lig(1 — aP?) + Lis(1 — aQ?) — Lig(1 — as) — Lis(1 —at), (D.1)
where

PP+ Q?—s—t
- P2Q2? — st
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It is convenient to write the momentum invariants in terms of differences of dual momenta,
2 2 22 _ .2 2
P = Lit1j s Q"= g1, S=xy, =X 40 (D.3)

We may derive a more compact form for the sum over generic boxes by introducing the
symbol [92]. This is a map taking transcendental functions to tensor products of their
rational arguments. In particular,

Sym [log(R,)log(Rp)] = Re® Ry + Ry @ Ry, (D.4)
Sym [Li2(1 — R,)] = —R,® (1 —R,). (D.5)

The target space is defined modulo the identifications,

RoRy ® ReRg = Ra ® Re + Ry ® Re + Ra ® Rg + Ry ® Ra, (D.6)
constant ® R, = R, ® constant = 0, (D.7)
Ry®(Ry) ' = (Ra) ' ®Ry=—Ry® Ry (D.8)

We evaluate the symbols,

Sym [Liz(1 — aP?)] = a® (P?Q* — st) + P? @ (P*Q* — st)
—a®(s—P)(P?—t)— P*@ (s — P})(P?—1),
Sym [Lis(1 — aQ?)] = a @ (P?Q? — st) + Q> ® (P?Q* — st)
—a®@(s—Q)Q* 1) —Q*® (s — Q*)(Q* 1),
Sym [Lig(1 — as)] = a ® (P?Q? — st) + s ® (P?Q? — st)
—a® (P?=5)(Q° —s) —s@ (P? = 5)(Q° —s),
Sym [Lis(1 — as)] = a @ (P2Q? — st) + t ® (P?Q* — st)
—a® (P?—1)(Q*—t) —t® (P2 —1)(Q* —t).

(D.9)

The first and third terms in each symbol cancel in the sum defining the symbol of F2mefin,
The second terms combine to yield

P2Q? 9 9 IRy 2 2 2 2
Tt ® (P°Q” — st) = 7x2-x2+1 » ® (T741,%5j41 — T5 T4 1 41) - (D.10)
i7Vi+1g

It is convenient to write the fourth terms in dual variables,

P*® (s—P?)(P*—t) = szJrlj ® (35129' - 3712+1j> + 9512+1j ® (xzz+lj - 3712+1j+1) ) (D.11)
Q@ (s—Q*)(Q°—1t) = 27,1 ® (a3 — 1) + 2541 © (35501 — Thaj01) » (D.12)
s ® (P?—5)(Q*—s) = x?j ® <x22+1j - 37123‘) + %Zj ® ($?j+1 - 55%‘) ) (D.13)
t @ (PP=t)(Q%—1) = a7 1)1 ® (271 =71 01) + 2T © (€74 —2711j41) . (D.14)

To produce the complete finite part of the amplitude we must sum over all distinct boxes.
This corresponds to summing over all 7 and 7 not adjacent and dividing by a factor of 2.
We now apply this procedure to the symbols (D.10)—(D.14) to exhibit hidden cancellations.
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Consider for fixed i the telescoping sum,

Z Aij1 — Aij = Aii1 — Ajiga - (D.15)
jg{i—1yii+1}

We may employ this formula to find the contribution of (D.11)—(D.14) to the full symbol.
The resulting term is

ZSym log? (2% 2)} . (D.16)

We now massage (D.10) into a form we can integrate, writing

2 .2
ij+1%i+1j 2 2 2 2 _ . .. 2,2

55— @ (T2 — T5Ti) = Wiy @ (1 —wij) +wij @ 23527554, - (D7)

LiiTit15+1

We immediately identify the first term as the symbol of —Lis(1 — u;;). The second term
expands to give neatly paired contributions,

2 2 2 2 2 2 2 2
Tijpr © L5 + Tipaj © Tiyyjpn + Tij © Ty + Ty @ 25 (D.18)

2 2 2 2 2 2 2 2
— T QT — Tii01 O Tiprie1 — Ty @ Tty — Tipij41 © T

Performing the sum over non-adjacent ¢ and j we find that

Z Z Sym [IOg(l'ZZj)log(x?j—H)]JrZ Z Sym [log( )log( z+1j)]

i jg{i—2i—14,i+1} i j@{i—1,0,i+1,i+2}
> Y Sym[log(af)log(afi)] =Y, >, Sym [log(af) log(a7))] - (D.19)
v jg{i—1,i,i+1} i oje{i—1,,0+1}

Combining the terms (D.16) and (D.19), integrating the symbol and dividing by 2 yields

Sl X osedostun) tlostrd s (522) | 020

i je{i—2,i—1,i,i+1,i+2} Tit1i-1
We finally split our expression for the finite part of the amplitude into generic terms,
1
3 Z Z (—Lia(1 — ug) + logx log uij) , (D.21)
i g {i—2,i—1,4,i41,i+2}

and edge cases,

Zlog ) log( S 2) (D.22)

z+1z 1

Note that the edge cases comprise the full finite part of the amplitude at five-point, which
we have verified by comparison with [69].
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E Momentum twistors: identities and soft limits

Identities. Momentum supertwistors form the fundamental representation of dual super-
conformal symmetry, and are natural variables in which to express amplitudes in N’ = 4
SYM [72]. We define

Zi=(Z1ixih) = 08, 1 X7, (E.1)

with the incidence relations
3 ) A
i = xiaﬁ)\w , X;-A = 92-5 ig - (E.2)

Here ZZ-I denotes the bosonic part of the supertwistor, with I = («,&). This definition
yields a twistor correspondence [93] relating points and straight lines. More explicitly,

dual momentum space <— momentum twistor space, (E.3)
point x; <— line through Z; 1 and Z;, (E.4)
line through x; and z;11 <+— point Z;. (E.5)

Importantly the on-shell variables \; and 7; can be obtained from Z; using the relations
(see for example [75, 94])
- pima{t i+ 1) +pi(i+1d—1) + piga (i — 1)
t (i —1d)(ii+1) ’
= Xi—1<7;i+1>+?€i<i+‘1‘i'_1>+Xi+1<i_1i) . (F.6)
(t—14)@Gi+1)

The canonical bosonic dual conformal invariant quantity is the four-bracket,

(ijkl)y=exr2{ 2] Z* 7] (E.7)

while the definition of the holomophic spinor bracket requires the use of the infinity twistor
7 such that
(ij) = Eaﬁ)\?)\f = ek Zi Z]T5" (E.8)

These objects obey various identities, which we employ in section 5.3. From the defini-
tion (E.1) one can show for example that

(i j =17k =(—15)/(iwizklk) . (E.9)
The four-brackets obey a five-term Schouten identity,
Za(b ¢ de)+ cyclic=0, (E.10)
which yields formulae for computing intersections of projective lines and planes,
(ij)N(abec)=Zi{jabec)—Zi(iabc), (E.11)
(tjk)N(abe)=2Z;Zjkabec)+Z;jZy(iabc)+ ZpZi(j abc), (E.12)

where we have introduced the notation (a b) = Z, A Z. Finally we have the important

relation,

(xy(jk)n(abe)=(zy)N(abe)ijk). (E.13)
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Soft limits. The supersoft limit of an amplitude may be implemented in momentum
twistor variables by taking [48]

Z, = aZy 4 BZa_1 +0Z,. (E.14)

For generic o and f four spinors gain d-dependence, namely |n — 1], |n], |n) and |1]. In
section 5 we require the antiholomorphic supersoft limit,

n) = n), In] = dn], M — 0w, (E.15)

with the symmetric elimination of [n — 1] and |1]. By comparing (E.6) to (3.7) this stipu-

lation forces ( 1 n) (n 1)
n — n n
e A . 1)

The d-dependence of o and 3 is present to ensure that |n) remains fixed.

(1-9). (E.16)

2
ij*
expressed as a ratio of twistor four-brackets, namely
(it—1ij7+1)GEi+15—13)
(i—1ij—1)Gi+155+1)"

To evaluate the soft behaviour of relevant cross-ratios we will require the § expansion of

Soft expansion of cross-ratios and x The dual conformal cross-ratio u;; may be

(E.17)

U5 =

the four-brackets

(m1j—14)=Bln—11—14)+5n1j—1j), (E.18)
m—1nj—1)=an-11j-1)+6n—1nj—13). (E.19)
Using twistor identities we can then derive simple forms for

§G—1jj+1n—1mn—1n1j)

Up—1j = Un—1j 1-— - ; —
an—11j—-145)n—-1155+1)

wr — o (1 dji—1j74+1){n—1n1j)
VOV B 11 -1 —11j+1)
dj—174+1jn—1){nn—-117j) 0(j—154+4115)(n—-1n1y)
an—11j—-145)n—-115j+1) pBn—-115—15Hn—-1155+1)
for3<j<n-3, (E.22)

> for3<j<n-4, (E.20)

) for4<j<n-3, (E.21)

unj:1—|—

valid through subleading order in §, where the v;; are cross-ratios evaluated in (n—1)-point
kinematics. In addition we have special cases of cross-ratios that vanish in the soft limit
- dnln—2n—-1)12n-3n-2) (1 dnln—3n-—2) > . (B.23)
B(l2n—1n—-2)(n—11n—-3n-2) fn—11n—-3n—2)
d{n—2n—-123)(n—1n12) d(n—1n23)
am—2n—11mm—112$< _am—112$>'

Up—12=— (E.24)

Since these appear as arguments of logarithms we require these quantities through order 62
in order to extract terms subleading in §. The multiparticle invariants x?j may be written
as a ratio of a four-bracket to two holomorphic spinor brackets,

o (i—1ij—1j)

TG -1 (£.25)
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which breaks conformal symmetry due to the presence of the infinity twistor in the definition

of the spinor brackets. The expansions of the only d-dependent invariants are

(n—1nj—1y)

2 2 .

J— Y for2<j<n-—2 E.2
R R] it e v A NP PP (5.26)
R B RURY bl A for 3<j<n—1 (E.27)
T T (G- 17) T ’

through subleading order in §, where the yfj are multiparticle invariants with (n—1)-point
kinematics.
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