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1 Introduction

Planar N' = 4 super Yang-Mills continues to prove itself as the simplest toy model to
develop techniques for computing scattering amplitudes from their singular structure; re-
cent work has pushed analytic ansétze for planar amplitudes up to seven points at four
loops [1, 2]. A remarkable feature which entails this particular facet of its simplicity is its
on-shell constructibility [3, 4]: the use of (four-dimensional) unitarity cuts to construct am-
plitudes [5-8] finds its apotheosis in this theory, and this has led to many fruitful insights,
but there are still outstanding questions about what broader statements about scattering
amplitudes in more general quantum field theories can be induced from these successes.

Although QCD amplitudes remain a few steps behind in comparison, a firm foothold
has been gained at two-loop order for five-gluon scattering [9-11] thanks to finite field
numerical reconstruction of numerators [12] on D-dimensional unitarity cuts; these results
have in turn been processed into more manageable functions [13-15]. A particularly man-
ageable example at two loops is the all-plus helicity amplitude (AP amplitude for short).
Due to its simpler analytic structure, particularly when arranged to separate off the in-
frared (IR) divergence [16], the amplitude can in fact be directly computed with one-loop
methods [17, 18]. Recent work on its subleading-colour structure [19, 20] has led to proofs
of conformal invariance at one loop [21], and an all-multiplicity (all-n) form of a partial
amplitude [22], the first such example.



In 1996, Bern, Dixon, Dunbar and Kosower (BDDK) [23] conjectured a relation be-
tween the simplest one-loop gluon amplitudes in these two theories. When computed in
D = 4 — 2¢ dimensions in dimensional regularisation, they conjectured that for arbitrary
multiplicity n,
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where the change in € on the right-hand-side corresponds to a “dimension shift” 4 — 2¢ —
8 — 2e. While the amplitudes on each side were by then well known up to O(e), there
has been little motivation to develop methods to probe higher orders in ¢, and so it has
been difficult to test the validity of the conjecture. A further motivation to do so comes
from recent interest in properties of amplitudes viewed in terms of their expansions in
multiple polylogarithms. It would be interesting to know whether these most accessible
amplitudes, which are highly constrained by their myriad symmetries, are well behaved
and easily predicted when probed at higher orders in e.

Both the all-plus and the MHV amplitudes have close connections with integrability
and string theory. At one loop, the AP amplitude has been explicitly shown to be equivalent
to the one-loop amplitude in self-dual Yang-Mills theory: the latter was built from the
Lagrangian by Cangemi [24], as well as by Chalmers and Siegel [25] which built on previous
work by Bardeen [26], who computed four and five-point amplitudes directly from all-plus
tree level amplitudes with two off-shell legs, which is very close to the analysis we carry
out in section 2 to all multiplicity.

Moreover Bardeen proposed that the non-vanishing of the AP amplitude at loop level
was rooted in an anomaly associated with the currents in the self-dual sector; recent work
along these lines explores these elemental notions in a manner complementary to the
“amplitudes”-based techniques presented here [27]. Self-dual Yang-Mills has historically
been a theory of interest as it is classically integrable (see [28] and references therein),
and can also be obtained from the compactification of N' = 2 strings in 2 + 2 spacetime
dimensions [29].

The technique used by BDDK in [23] for computing the all-epsilon structure of N’ =4
MHYV amplitude for n = 5, 6 built upon the computation of the four-point string amplitude
by Green, Schwarz and Brink [30], by taking the field-theory limit of the 10-dimensional
open superstring to compute the amplitude in D = 4 — 2¢. Systematic rules which gen-
eralise a string-based computation of field-theory amplitudes were developed by Bern and
Kosower [31], and it was shown that they can also be directly derived from the Schwinger
worldline formalism as derived by Bern and Dunbar [32]. As a computational alternative
to Feynman diagrams worldline approaches maintain significant interest [33, 34] provid-
ing a context to study asymptotic states in scattering problems [35], and for computing
gravitational-radiation contributions to black-hole scattering [36].

Statements concerning the relationship between N' =4 MHV and AP amplitudes can
also be found in the literature. Schabinger [37] has pointed out that dimension-shifted one-
loop N = 4 amplitudes occur in the tree-level O (o’ 2) string computations of Stieberger and



Taylor [38], and that as both amplitudes are dominated by cyclic structure and F* terms,
they are so constrained that they must coincide. This provides a strong argument for the
validity of equation (1.1), and indeed the arguments we make in section 2 confirm this.

1.1 Overview

In supersymmetric Yang-Mills theories, the all-plus (and indeed the single-minus) gluon
amplitudes can be shown to vanish to all orders in perturbation theory!' thanks to super-
symmetric (SUSY) Ward identities [39],

ASUSY(1£ 2% . nt) =0, (1.2)

At one-loop order we can decompose the gluonic ([1]), fermionic ([1/2]) contributions
to the loop content into terms which can be expressed entirely in terms of amplitudes
in supersymmetric theories, and an independent (N = 0) part which corresponds to the
contribution from a complex scalar [40]

Al = s (1.3)
Al = —25 4+ F | (1.4)
Al =25+ ¢. (1.5)

Here A% denotes the contribution from a real scalar: as the scalar and anti-scalar con-
tributions are equal, the complex case is retrieved by simply doubling this term. The
expressions (1.5) can be seen emerge from inverting the decompostion of the supersymmet-
ric multiplets?

AN=1 = Al 4 gal2) 4 6 A (1.6)
=G +4F (L.7)
AN=1 = Al 4 gl3)
=G+ F. (1.8)
From the vanishing property (1.2) we conclude that
A4 4+ ) =240 = 25, (1.9)

A major simplification is thus made manifest: the AP amplitude is equivalent to having
just two real scalars circulating around the loop. This makes its computation using mas-
sive cuts particularly tractable [42]. It is thus puzzling that in this context the N' = 4
MHYV amplitude seems to have a structure almost entirely converse to the all-plus in that
equations (1.9) and (1.7) have mutually disjoint content.

! As the tree level amplitudes coincide in SUSY and in QCD, this is also a statement about massless
QCD at leading order.

2They also emerge naturally from implementing the Bern-Kosower rules in the string-based formal-
ism [31, 32, 41].



The conjecture (1.1) was verified by BDDK up to six points, with the explicit expres-
sions for the QCD amplitudes computed to be

AP = A9 (1%,2% 3+, 4+) = 20

St Sl A 572 1.10
<12 T 41> 51252314 5 ( )

—€(1—e€ - —2¢,(j —2¢
ApF = —dl-g) > Sj+1428542,5+3l) W (D~ 4) tr5(1234) 15072 ] , o (111)

2(12---51) =
ap —€(1—¢) i - . . 8—2¢,(j1,J2)
Agt = m — Z tr ((j1 + 1)Qj1+1,j2+1(]2 + 1)Qj2+1,j1+1) Iy
L 1<ji<je<n

+(4— 2) (Z trs(j+ 1,5+ 2,5+ 3,5 + 410720 4 tr(123456)1610—2€)] ,

j=1
(1.12)
and the N'=4 MHV amplitudes can be obtained from (1.1). Here we use the variables ¢,
to denote sums of consecutive momenta ¢,s = f;} p;- The descendant integral notation

(j1,J2) denotes the shrinking of the propagators leading into the jith and joth leg of
the maximal n-gon. We use the usual notation for two-particle Mandelstam invariants
sij = (pi +p;)?, and

tr(ab---) =tr(p p, ) =tro(ab---) +tr_(ab---), (1.13)
trs(ab---) = tr(ysp P, - -) = tre(ab---) —tr_(ab---), (1.14)

where try involve the usual chiral projectors, and can be expressed in terms of spinor-
helicity if one of the momenta is null. For example, if p? = 0 then

try(ab---) = %tr((l + )PP, ) = lalb---|a),

br_(ab---) = %tr((l )P, ) = alb--Ja]. (1.15)

Although the study of scattering amplitudes has advanced significantly since this con-
jecture was first proposed, an explicit proof has not been presented until now. The all-
multiplicity expressions for both the MHV in N' = 4 and the AP amplitude were already
known to leading order in € at the time of the conjecture [23]. We review these results in
a more contemporary framework.

If one is content with truncating terms ~ O(e), a one-loop amplitude that is dimen-
sionally regulated in 4 — 2¢ dimensions can be expressed in terms of a basis of box, triangle
and bubble integrals with algebraic functions as coefficients, and additional purely rational
terms,

Ay =dy - IP=47% 4y TP 1 4y TPV L dr + O(e), (1.16)

where d,, - I, are dot products weighting the m-point scalar integrals, 7[%1,...,%}[1] with
algebraic functions of kinematic variables. The integral functions are defined as
abe 1

2m)P (= ¢irin)? -+ (€ — ii)?

[Dilinemsiml[1] = j(— 1)+ (47r)2<eTE¢ / (1.17)



In general we denote the propagator just before the kth leg ¢;, so in equation (1.17)
¢ = ¢;,. The normalisation is set such that after the loop integration (but before the Feyn-
man parameter integration) shift and reduction identities [43, 44] are simplified, consistent
with [45]. We suppress the term +i0 in each propagator. From here on the absence of a
D superscript on I, implies D = 4 — 2¢. The argument in the square brackets, indicates
possible numerator terms introduced: these could be loop momenta or Feynman parame-
ters and thus apply at different stages of the loop integration depending on context; if no
brackets are present the numerator is understood to be 1 and we speak of scalar integrals,
as in the formula above.

The term dp in the basis (1.16) is a rational function of spinor-brackets and momentum
variables only. One manifestation of the simplicity of amplitudes in N' = 4 SYM at one-loop
is the fact that

dV=*=0, foric{R,23}; (1.18)
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while for the all-plus amplitude, the lack of four-dimensional cuts implies that
dAf =0, forie{2,3,4}. (1.19)
We adopt the Grassmann delta-function §(® (|i)n;4) notation [46], which bundles to-
gether the states in the supermultiplet as related by supersymmetric (SUSY) Ward identi-
ties. Negative helicity gluon states are extracted by applying the usual functional deriva-
tives 52—:; in practice this amounts simply to partial derivatives and then setting all n to
0. This allows us to deal with the cyclically invariant MHV superamplitude, and project
out gluon amplitude on the r.h.s. of equation (1.1) with

AV gt = 5;;% AN (1.20)

In this broader framework, two-particle unitarity cuts depicted on the left of figure 1, can

be expressed as a product of two MHV superamplitudes. Considering, for example, the
¢?.-channel cut,

(8) (®)
A = / d*e, d*ng, 0 X o (F) :
air cut (1)(12) - ((r = D) {rln) — () - -~ (nla)(alr)
LE‘Z>TIZA7 Ze{_€17177r_1767’}7 (121)

R=\|i)nia, i € {—l1,1,....,7 = 1,4, }.
The left-hand delta function can be made independent of the integral variables on the
support of the right-hand one, by carrying out the Grassman integration
AMHV _ 3® (L + R) « (6ar)?
" g cut (1)(A2) - ((r = 1)by) () -+ - (nly)

B 6® (liymia) [tr(lgap—1)(r — 1)gr1)  tr(ngir(7)qr41)n)
T 2(12...nl) 3e, z2e., ’

ie€{1,2,...,n}. (1.22)

We are then left only with box contributions from four-dimensional cuts.



Figure 1. Old-fashioned and generalised unitarity: the two-particle cut on the left are a consistency

condition on the final amplitude, which can be used to constrain its form; the generalised four-

particle cut on the right allows the direct computation of the box coefficient dEf”’Z’i”‘*].

We can more conveniently use generalised unitarity [7] to compute d4. Each box
coefficient can be computed by imposing the four dimensional on-shell conditions

g?k =l —q;,)* =0, i€1,2,3,4 (1.23)

resulting in the product of amplitudes on the generalised cut depicted on the right of
figure 1. The coefficient should be averaged over the two solutions of the constraints in
equation (1.23).
o 1
dzl’m’ls’ld = 5 ZAtree (—Eil,il, o ,ig — 1,&2) X Atree (—EZ‘Q, iQ, .. ,i3 — 1,&3)

It
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The only cut configuration with non-vanishing amplitudes composing it involves op-
posite facing 3-point amplitudes, which upon evaluation gives

gl s s ] _ S® (|iynia)
4

2. br(i1Gis 41,1535 +1,i1) - (1.25)
Thus the amplitude is
15(8)2 A n ‘ . o
At = 4<12(|>:’;1>) S tr(i1Gn 130 I T 4 0, (1.26)
o i1,83=1

where I is in 4 — 2¢ dimensions. The terms O(e) are (implicitly) determined in sections 2
and 3.

The AP amplitude manifests a structure which is somewhat converse; its four-dimen-
sional unitarity cuts vanish: any on-shell QCD amplitude inserted into the cut diagrams
of figure 1 with all-plus helicity external legs vanishes. It is, however, highly constrained
and as such the all-n form was determined ad hoc by symmetry principles and limiting
behaviour [47, 48].

Aoy elabish) g (1.27)

I<i)<isciz<isgn (12---71)



Equation (1.27) can be recovered from equations (1.10), (1.11), and (1.12) by noting that

eﬂ—dh=é+0@,

¢fqg:i+0@. (1.28)

The two sides of the conjecture (1.1) were computed in different ways by BDDK: the
all-epsilon structure of MHV amplitude was computed using the string-based formalism
whereas AP amplitude, was computed with a prototypical version of D-dimensional uni-
tarity. This is effectively equivalent to taking unitarity cuts with massive on-shell states,
specifically applying the techniques of Bern and Morgan [49] to compute the expressions
in equations (1.10), (1.11) and (1.12); a technique made especially simple thanks to the
equivalence in equation (1.9).

Moreover, as BDDK highlight, the D-dimensional unitarity technique provides the
full structure of the amplitude and can thus be made use of to prove the conjecture. An
alternative statement to (1.1) in terms of cuts is thus
H2#0

; (1.29)

qrs cut

#2#0
Aﬁp :A./\/'=4(1+’2+7_,_7i77,,.,j7,...,n+)

qrs cut
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for any g2, channel. Here 2 is a mass-like parameter associated with the (—2¢)-dimensional
component of the loop integral. The statement (1.29) is proved in section 2 thanks to
massive spinor-helicity formalisms [50, 51] and insights into supersymmetric Ward identi-
ties [52] for Coulomb-branch amplitudes [53-55] in particular an axial-gauge choice, which
is equivalent to a choice of basis with which to define the intermediate states in the massive
unitarity cut.

In section 3 an ansatz is presented for the all-n all-e form for the AP (and thus through
the dimension shift in equation (1.1) the ' =4 MHV) amplitude through the computation
of generalised D-dimensional cuts, depicted in figure 2. This method is directly analogous
to the one first introduced for four-dimensional cuts in [7]; it produces a compact result
thanks to the simple form of a solution to the on-shell conditions for a given pentagon,

o U5 (Girio Ginia QigiaBiais V")
" 2trs (qi1i2 Qi2i3Qi3i4)

We then conclude with some observations and outlook.

(1.30)

2 Proof of the conjecture

As stated in the original discussion in [23], an equivalent statement to the conjecture (1.1)
is that the D-dimensional cuts match:

B30 H*#0
AAP :AN:4(++---i_'-'j_'-'—|——|—)

qrs cut

(2.1)

2u ]
(ig)*

It is in showing this relationship that we prove this conjecture here.

qrs cut



Figure 2. Top: the D-dimensional cuts capture the full amplitude, it is in this context that the
BDDK conjecture is proved in section 2.

Bottom: generalised D-dimensional cuts can be used to compute the functional form of the
all-plus, and thus the MHV through the relation (1.1).

2.1 Unitarity cuts

It has long been known that unitarity cuts provide tight constraints on the functional
form of amplitudes [56] and can be used as a tool to compute them [6, 57]. A technique
emblematic of contemporary on-shell methods for computing scattering amplitudes, gen-
eralised unitarity [6, 7, 57-61], is able to fully fix box, triangle and bubble coefficients
in supersymmetric theories at leading order in epsilon. However, rational terms, in par-
ticular those that compose the all-plus and single-minus amplitudes, are non-vanishing
in non-supersymmetric theories; supplementary approaches [18, 42, 62-64] are needed to
overcome these limitations.

A more complete unitarity technique known as “D-dimensional” unitarity [42, 65—67]
extends the conventional version, but considers additional singularities of the integrand
which capture the full singular structure of the amplitude; these extra singularities can be
counted when the “on-shell” states of the unitarity cut are considered to be D = 4 — 2¢
dimensional.

After formally splitting the D-dimensional loop momentum ¢ into a four-dimensional
component and an orthogonal (—2¢)-dimensional one,

(= 1"+ (=2 (2.2)
the cut condition becomes

Z=12-p2=0, (2.3)



where we have defined

2
p? = (=) (2.4)
The integral measure can then be transformed according to
_ dp?
4—2¢) 4
4

The p? = 0 pole captures the four-dimensional structure, whereas the singular locus for
the combination of all cut conditions

CZ=2_-12=0 (2.6)

encodes all-epsilon properties with coefficients characterised by the “off-shell structure” of
the tree-level theory. Thus p? can be considered as an extra parameter subject to the cut
constraints, and is ultimately the mass term in the tree-level amplitudes which are used to
fix the integral coefficients.

As with four-dimensional unitarity, a set of k massive-cut conditions singles out a
codimension-k singular locus in the domain of integration; the extra integral parameter 2
puts the dimension of this domain, and thus the number of constraints on the maximal cut,
at k = 5 as opposed to k = 4 in the massless (or u? = 0) case. Thus for a k-line cut, k—5 free
parameters are unfixed by the constraints. The coefficients can be determined from these
cut expressions through taking careful limits depending on the residues coming from poles
in the unfixed parameters [42, 59]. How this is done is contingent on a choice of integral
basis: both the AP and MHV amplitudes are free of bubble and triangle contributions, so
just the p? degree of freedom need be considered to capture box coefficients. The discussion
of what basis to use in computation of the amplitudes is carried out in section 3.

Four-dimensional cuts constrain an amplitude by requiring that any two-particle cuts
reproduce a product of tree-level amplitudes

p?=0
A, = Z AT (1l e, s— 1 ) AT (<1 s s =1, 1)
grs cut  hg b,

(2.7)

This can be fit into a broader framework by noting that the eigenstates of the little group for
massless particles, U(1), are represented by the sum over helicities. The helicity “weight”
which induces a helicity weighting (or complex phase) for each particle cancels across the
cut; this is how the cut can be viewed as a U(1) contraction. In theories with rational
terms, cuts of the form (2.7) are incomplete, as a consequence of the intermediate states
living in D = 4 — 2¢ dimensions. Taking a D-dimensional unitarity requires a concrete
scheme for defining these states crossing the cut. This has previously been done using six-
dimensional spinor helicity [68—70], but here we propose simply using off-shell /equal-mass
amplitudes.



Equation (2.5) provides a natural motivation to use massive amplitudes.® An heuristic
justification for this is the fact renormalisation and resolution of infrared singularities
always introduces an external scale, and thus off-shell expressions of the classical theory
will be needed to fully define a loop amplitude. The massive spinor-helicity formalism
of Arkani-Hamed, Huang and Huang [51] (AHH) provides a contemporary framework for
combining these expressions.

In the AHH formalism, a two-particle unitarity cut consists of a sum over several inner
products each carried out over the particles crossing the cut
P20
An = <Atgee(—zgr,r,r T 1., s —1,19%), A (1% s, . — 1,zgr)>,

grs cut particles

(2.8)

where the boldface notation indicates suppressed, symmetrised SU(2) indices, the little
group of massive particles in 341 dimensions. The inner product contracts these indices,
and the contraction has a clear interpretation in terms of the eigenstates of the SU(2) little
group of the particles of spin ¢ which “cross” the cut. The AHH formalism thus represents
this product as rank-(20s + 20,) tensors of SU(2) contracted with two-dimensional Levi-
Civita symbols €arpr and €qs gs,

2
H 7é0 T r s s 207 205 s s r T
. OO SO O 51---52[,5;51---/32(”
A = X4 11 [ozey] 1T [€oz5:) An - (29
grs cut  particles Jj=1 k=1

There is also a constraint on the expressions which feed into the cut expression (2.8):
the quantum states in a given channel must be consistently defined, i.e. defined in the same
frame of reference. In practice this is simply done by fixing an axial gauge vector,* which
we term p,, against which to define helicities, or spin states of massive particles.

To use these tools to prove the formula (2.1) we require the tree-level expressions.

2.2 Tree-level off-shell amplitudes

The all-multiplicity tree-level expressions that need to be fed into equation (2.8) have
been known for a long time and exist in multiple forms throughout the literature [54, 72—
75], mostly in the older massive spinor-helicity formalism of Dittmaier [50]. As with the
tree amplitudes of all-massless particles, compact expressions for massive amplitudes are
neatly related to each other through SUSY Ward identities [52, 76]. These can be bundled
together in a super-amplitude like the massless-MHYV case, with a clear interpretation in
terms of taking N = 4 away from the origin of the moduli space [53, 54], where the origin
corresponds to the massless theory.® The result is a super-amplitude in what is termed

3The fact that Pauli-Villars regularisation [71] functions by introducing masses also supports this.

4This is most often denoted as g in the literature. It is equivalent to fixing a Lorentz frame and thus is
also referred to as a “g-frame” in e.g. [54]. Note also that choosing p, to be complex is also an option.

5The Coulomb branch can also be obtained by compactifying the massless ' = (1,1) maximal theory
in 6 dimensions [68, 69].

~10 -



“MHV band” [53]. The MHV-band superamplitude differs from the massless MHV super-
amplitude in that the delta functions are not homogeneous in the 1 variables which carry
the helicity weight. We discuss how to interpolate between the two formalisms and collect
the necessary expressions here.

The AHH massive spinor-helicity formalism [51] deployed here extends the compactness
of conventional spinor helicity by defining a given amplitude with massive external particles
1 and n, of spin o1 and o,, respectively, as a rank 20; + 20, tensor of SU(2), the little
group for massive particles:

Atree(191 22 (n — 1)hno1 o) (2.10)

In practice, to compute a cut, we will need to choose a basis and express the tree-level
amplitudes on the right hand side of equation (2.9) in the form

A2t ) = 3 Apteghigh (2.11)
hlyh’ﬂ

here, on the Lh.s. o; (h;) is the spin (helicity) of the massive (massless) particle; on the r.h.s.
we use indices hq, hy, to label the spin states of the massive particles in the chosen basis.
The boldface variables ¢ = Hi‘;l ¢ again carry suppressed SU(2) tensor indices . Each
tensor indexes the spin-states of the massive particles in a given frame of reference, or more
specifically relative to a choice of axial gauge vector, which we term p,. These spinning
states are pseudo-orthonormal,

(¢h, ¢y = (£1)* 6y, (2.12)

meaning the product in equation (2.8) can be expressed as a sum over products of complex
valued functions in a given p, basis. As demonstrated by AHH in [51], the high-energy
limits (m? — 0) of the coefficients A?1"n are the tree amplitudes of massless particles.

AP amplitudes must satisfy the constraint in equation (2.9); thanks to all-n expressions
for all-plus helicity gluons with two other massive particles, the AP amplitude can be
reconstructed by the product of scalar amplitudes that was exploited in [23]
n2#0

—9 <Atgee(—l,9,r,r F 18— 1,09, A (10 s s+ 1,... 1 — 1,1,9)>

qrs cut

= 2AF (10 4+ 1,..., 5 — 1,1%) x A%ee(—1°

CRE

AP
Ay

s,s+1,...,r—1,19),
(2.13)

as is consistent with the string-derived equation (1.9). In the scalar case, the amplitudes
are scalar functions thus reducing the inner product to conventional multiplication.

The original computations which resulted in equations (1.10)—(1.12) reconstructed inte-
grand polynomials in the parameter p? and entailed finding a function which was consistent
with it. In section 3 we will adopt a different and more direct approach, which builds on the
work of Badger [42] to directly extract the coefficients of a scalar integral in a simple man-
ner. It is the functions A%®® needed as input for the cut constraints in equation (2.9) which

- 11 -



are the focus of this section. To evaluate the cut AP amplitudes we use the all-multiplicity
expressions for tree-level amplitudes of positive-helicity gluons and two equally massive
scalars, first computed by Forde and Kosower through recursion relations [72]:

Z]ngljil kj(—m?)!
(s12 =m?)(23...(n = 2)(n — 1))($p—1,, — M?)

Atee(10 27 3% . (n—1)T,n?) =

(2.14)
with
o 3 [2‘1QQw1w1Qw1w2w2 Tt wj—lej,le |TL - ]-] 2 15
i = Z 2)( 2 2 (2.15)
i1 H'r 1(q1 y —m )(QIwr—f—l —m?)
{w1}¢:1
where the sets {w;} are defined by the conditions:®
wj=n—1, wy=1, w;=wi_1+2. (2.16)
Other more compact representations of A°¢(10,2% 3% ... (n — 1)*,n%) have also been

computed [54, 73-75]. However, we would like a representation that is arranged as a series
in m? with only at worst linear dependence on the massive momenta in the numerators,
which helps to insert cut solutions into amplitudes. By means of the expression (2.14) for
n =4,5,6, BDDK were able to confirm the representations (1.10), (1.11), and (1.12) of the
AP amplitudes.

The N = 4 super-multiplet is more complicated to treat in this manner. We can begin
by exploring the nature of off-shell amplitudes: how does the cut (2.9) look if quarks or
vector bosons were circulating in the loop? As mentioned above, projection onto a state
basis of the kind expressed in equation (2.11) can be done by choosing a reference four-
vector, py, relative to which we define the spinning particles. We build our basis using this
reference, and interpolate between old [50] and new [51] massive spinor-helicity formalisms.
This is ultimately equivalent to making a choice of axial gauge [77] and thus this choice is
referred to simply as a gauge from here on.

Considering massive vector bosons 1' and n' having opposite helicity, it is straight-
forward to express the equivalent of equation (2.14): SUSY Ward identities [52, 76] can
be used to show that the vector boson just involves the introduction of an overall factor
relative to the scalar case. The spin-one state coefficient of ¢ ¢;" in the expansion of
equation (2.11) is

A1
At 2t 3t (n—1)T,nl) = EXA ; Afree(10 97 3% (n—1)T,n%)  (2.17)
X
where (x| is a reference spinor corresponding to the gauge choice and |\;) represents’ the
holomorphic spinor of the nullified momentum pj, defined such that

m2

i

6See also [72] for more explicit representations of the sum over {w;}.
7 Also denoted |X\;) = |i®) in [77] or |it) in [53-55].

Px; = Di— x- (2.18)
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We can extract the full rank 201 4 20, tensor amplitude by loosening the x constraint,
and considering how component amplitudes A""» in a particular gauge fix the full SU(2)
tensor structure of the amplitude through symmetry principles. By fixing (x| — (xn| where
Xn is defined such that (x,\,) = m we get

A-F(1l 9+ 3+ + 1 _<Xn)‘1>2 tree(10 o+ o+ + 40

L (2T 3T, (n—1)",n") —TATL (1%,27,37,...,(n—-1)",n"). (2.19)
The spinor ., is a specific choice which favours the taking of the high-energy limit of tree
expressions in the AHH scheme® [51]. In general the momentum of each massive particle
can be decomposed

(Pi)ap = (Px = P )ap = NeAn =
T I
= =2 () Hxa (¢F)
_ _ I _ T
=N (CJr) +x (C7)7, (2.20)
and the spinors fixed such that (Ax) = [Ax] = m. Thus from fixing the gauge x — xn»
it is easy to induce the gauge-covariant rank 4 amplitude from the SU(2) symmetry by
promoting the coefficient of ¢; ¢/, the gauge-dependent factor in equation (2.19) can thus
be generalised:
tree/q11 o+ o+ + 1 <11’1>2 tree(10 o+ o+ + .0
Ay(14,27,37,...,(n—1)",n") = WA” (1°,27,37,...,(n—1)",n"). (2.21)
The expression (2.21) can also be projected in the frame of the massive particles spinning
in the “negative” direction relative to their motion.
<)‘1)‘n>2

(112,37, (n— 1T nt) = = A1, 27,37 L (n— 1), 0, (2.22)
m

A

-
and from this it can be seen that

lim [A77(1,2%,8%, . (n— 1) et = A(17,25,83%, L (- 1)t nT),  (2.23)
m2—0
providing a strong consistency check.
The quark version of (2.21) has also been computed [74, 75] and is simply

1
Atree (1%,2+,3+, o (n— 1)+,n%) _ {m n‘? Atree(10 9+ 3+ (n—1)T,n%). (2.24)

The simple relation between the scalar, fermion and gluon form factors in equa-
tions (2.14), (2.21) and (2.24) can be understood simply as a consequence of supersymmetric
Ward identities [52, 76]: they are in the highly constrained “ultra-helicity-violating” (UHV)
sector [53], so called because the particles spin states have one fewer negative helicity states”

than the MHV helicity configuration.

8In [51] they are denoted 1 however we reserve the symbol 1 to denote the Grassmann variables in the
superamplitude.

9The configurations of equation (2.17) would correspond to a single-minus amplitude, and indeed vanishes
in the m? — 0 limit.
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The fact that the full tensor-amplitude (2.21) produces the MHV case for free is a
feature of the blurring of the normally clear demarcation between helicity states in the
massive/spin case, unlike the simpler massless/helicity case. As with the massless case,
however, these amplitudes can all be bundled into a super-amplitude of N = 4 taken away
from the origin of the moduli space on the Coulomb branch: the “MHV-band” amplitudes
read thus [53]

25X £X
AMHV-band _ WAOO, 2,35 (n—1)tn"). (2.25)
n2

The expression §;50%, is a nonhomogeneous polynomial in the helicity (or more precisely
spin-state) weight carrying variables 7;,. Component amplitudes corresponding to different
external states can be extracted from the §7503, in an identical way to how MHYV states can
be extracted from §®(|i)n;,) using functional derivatives. As for the massive vector boson
amplitude in equation (2.21), gauge covariance implies that a single class of amplitude
contains multiple spin states.

The structure and construction techniques of Coulomb branch super-amplitudes is
covered extensively with the Dittmaier massive-spinor-helicity formalism in references [53—
55], and we refer the reader to these for more background. The explicit general p,-gauge
form of 07503, can be found in [53], but we give an explicit form after we fixing py, - ¢rs = 0,
which is key to the proof of the conjecture in the following section.

2.3 Proving the conjecture from the Coulomb branch

To prove the conjecture we consider the individual contributions of particles as expressed
in equation (1.6).

In the case where purely gluonic states are crossing a cut, we consider the fully cut
MHYV amplitude. Examples of the helicity configurations corresponding to the cuts, and
thus the tree amplitudes that compose them, are depicted in figure 3: the types of cut
possible are

a. APxN?2MHV
b. UHVxNMHV

c. MHVxMHV.

a. These cuts do not contribute as the all-plus tree amplitude vanishes in any p, gauge [52]

ATEPx (gl T (s = 1)) = 0. (2.26)

b. The UHV x NMHV cut can be extracted from the MHV-band amplitude in equa-
tion (2.25) in py - g¢rs = 0 gauge [53]

X §X
512534

mA(-lo 7‘+,...,(8— 1)+,l2) (227)

T
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Figure 3. Example helicity configurations of a. b. and c¢. Only c., the MHVXMHYV cut survives
in the full /' = 4 multiplet in ¢, - p, gauge.

with
_ . (AL AL ) . X [7ia
T = | (iba) + <X/\zsi<xl>\zr>5(2) (<X/\l>nm)} ' {1 p ] o <[/\7;x]>}
(2.28)

with the index a € {1,2} in this case, and i € {—l,,r,...,s — 1,1s}. 63, takes the
same form but carries the index of the other SU(2) branch of the broken SU(4) R-
symmetry [53]. We can apply the functional derivative 2 P to extract the UHV case:
the negatively spinning term comes entirely from the second term in the first bracket

giving

2 <X>\lr>2
(XA, )?

as is consistent with equation (2.21). The NMHV amplitude A= (I}, s,...,r —1,1})

comes from the term

01503, — oW (2.29)

2 A X]Q
55,05, — 6 (ifmia) e 2.30
12¥34 (( |77 ) [)\ZTAIS]Q [)\ZSX]Z ( )
where in this case i € {s,s +1,...,7 — 1}. The gauge choice p, - ¢rs = 0 implies
Ixllrlx) = [xllslx)
= DAL ] x) = XA (AL X) (2.31)
and thus
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so that the generic UHVxNMHYV cut can be reduced to

AP (=Lt (=) T X AL (s, =1 1) =
XA 6 ((Nilmia) 1
AL(_l?aT+a--~7--'a(8_1)+al2)xéx)\l ig{)\l X}ZX (<q1| w) AR(_l2;3+a--'?(r_l)Jrvl?("))'

(2.33)

After making the identification from equation (2.25) (with corresponding arguments)
and the definition in equation (2.28) then we can match

5 ot MHV-band _ 5t ot §® ((Ailmia)
54 04n; e 54 64nm, @

2
FARQS,s™,... (r = 1)7,19), (2.34)

and we identify the right-most factor in equation (2.33) as the NMHV two-massive-
scalar amplitude. Thus, as

(x(=Ai)) A, X
AL [(=i)x]

=1, (2.35)

we get
©2#0
A7t x AL = AP x AR = AL . (2.36)
qrs cut
From this, we identify the NMHV xUHV contribution to the ¢ gluon cut channel
as that originating from S in the decomposition (1.5). The A~ x A;f term is the
same to make the total contribution 2S. Similar reasoning can be used to deduce a
similar result for fermions
p2#0 p2#0
— —24[0]
UHVXNMHYV g5 cut ars cut

Alzl , (2.37)

and their contributions sum up to cancel with the scalar states in the AN/ = 4 super-
multiplet.
p2#0

AMHV =0. (2.38)

UHVxNMHV grs cut

Of course this could all be done formally using the CSW rules developed in [54, 55],
but treating the particles explicitly shows how this gauge separates the structure in
terms of the decomposition in equation (1.5).

c. This leaves the MHV xMHYV cuts. These simply correspond to the complete unitarity
cut version of equation (1.22)

/d47]lrd4msA¥[HV t’ree(fl}q7 ry...,(s—1), li) xAl\RfIHV tree(—li, r...,8—1, li) =

(8) (8)
/d4mrd4n1557(L)AL(—lg,r,...,(s—l),lg)x 07 (R) AR(—lg,s,...m—l,lg),

12 (A A, ) 1 (A A, )
L=i)nia, i€ {A_y,,r, ..., s—L AL R=1i)nja, 1 € {7, ..., s—1, A, }; (2.39)
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so the Grassman integration gives

1270 ) ()|
AMHV O ONImA) gk ) a0 At 5T 1) ),

qrs cut /1'4
(2.40)
equivalent to equation (2.1) upon applying the functional derivatives %%,
i O
N=4 n 505t [ 7
AV=r At 2t i, i, nT) = S5 AN
grs cut 771 77] grs cut
= <U>4 n (2.41)
2’“ grs cut

thus proving the conjecture (1.1).

3 Generalised cuts and all-epsilon forms

To compute the one-loop scattering amplitudes of the verified conjecture (1.1) we present
a new generalised version of D-dimensional unitarity which extracts the coefficients of a
fixed basis of integrals. The simplicity of one-loop amplitudes in general, and the all-plus
amplitude in particular leads us to an all-multiplicity form to all orders in epsilon which,
through what is now the shift identity (1.1), delivers the all-multiplicity form of the one-
loop MHV N = 4 without any further computation. The only master integrals necessary
for these configurations are pentagons and boxes, both of which have known closed forms
in general dimension.

The basis we use was proposed by Giele, Kunszt, and Melnikov [65], and later used
for the all-plus amplitude and other examples by Badger [42]; we re-derive it in section 3.1
for completeness. Techniques for fixing one-loop amplitudes by cuts in four-dimensions
generalise to provide direct techniques to extract the coefficients of the scalar integrals
forming the smaller basis up to O(e) and rational terms. In sections 3.2 and 3.3 we show
how we can use an equivalent technique for the box and pentagon coefficients. Moreover,
in the case of the box we see that the massive solutions can easily be parametrised in terms
of the four-dimensional null solutions.

3.1 Integral bases

The well-known principle of reducing loop-level amplitudes to kinematic coefficients over a
basis of known master-integrals takes a simple form at one-loop. When truncating to O(e),
an amplitude A, can be expressed

Ap =dy - I07472¢ L g  IP7472 L dy - ID=42 L dp + O(e). (3.1)

This is a reduced version of a complete basis [42, 65, 66] which includes pentagons, tadpoles
and higher-dimensional scalar integrals

1 ) MO i FORS i
tbo(e) - IPTWET2 L b ()  IP=42¢ (3.2)
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We leave D as a general integer placeholder to be fixed later in the derivation. The epsilon
dependence of the coefficient in fact takes a very particular form, such that it integrates
well with massive unitarity cuts. For completeness it is worth reviewing how this basis is
derived [42].

The principles underlying the building of a basis are both to ensure that the basis
is compatible with the generalised unitarity technique which builds the amplitude, in the
sense that a given cut is precisely a prefactor of a given integral without overlaps or other
ambiguities, and that it is general enough to capture all high-multiplicity behaviour. The
most general basis one could write down includes all possible one-loop 4 — 2¢ Feynman
integrals with general numerator dependence on loop momentum ¢, as emerges naturally
from a dimensionally regulated Feynman diagram construction in four dimensions:

{2 PN} (3:3)

There are further constraints we can apply to this polynomial. The theory we are
working in is renormalisable. This puts a limit on the mass dimension of the vertices,
and thus through power counting on the order of the polynomial P for a given one-loop
graph. For example the bubble Feynman diagram depicted in figure 4 could only contribute
numerators at worst quadratic in the loop momentum.

It is also very well known that basis elements possessing numerator terms involving
the four-dimensional components of the loop momentum [* can be expressed in terms of
scalar integrals [43, 78, 79]. On any given cut, this implies that the numerator P becomes a
polynomial in the “mass” term p? from the (—2¢)-dimensional component of the momentum
(see section 2). We choose to represent numerators in this form, which allows us to conclude
that [49]

T2 = (1 — €)oo (1 — 1 — ) [4F2r—2¢ (3.4)

Although r < |%] for diagrams of the type in figure 4, there is the question of how the
power counting follows the reduction of (m > 6)-point integrals to pentagons. Moreover,
using generalised unitarity to fix the coefficient of the pentagon integral functions leads to
an ambiguity as to the dimension they are defined in.

This can be understood from the fact that the e-dependence of the coefficients in the
integral dimension-shift identity [43]

1l o
P = > S oIV 4 (4 - D)o P2 (3.5)
j=1

is identical to that arising from a p? being inserted into the numerator of Ig? . Applying
the identity (3.5) into itself r times gives

44-2r—2e

Ig;_ze:_6(1_6)...(7«_1_6)[5 + boxes

4—2¢

=TI " [*"] + boxes (3.6)

so that the choice r in this case is determined by the choice of dimension-shifted boxes that
are included in the basis. Choosing to include boxes I4[u?"] implies that we can restrict
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Figure 4. Ultraviolet limits on the bubble integral. Left is the possible sources of p?" numerators
in renormalisable gauge theories, each vertex contributing a possible £# to the numerator. The only
possible contributions where r > 1 comes from higher point integrals, which we include separately
in the basis.

ourselves to pentagon coefficients of I5[u? 2], as the box cuts compute the contribution
from the first term on the right-hand side of equation (3.5) for that respective r. The
choice of which boxes to include is thus contingent on the choice of pentagon, and the
cut computes the independent contributions alongside the contribution from a pentagon
shifted from 0 to r + 1. As could be deduced from the box version of figure 4, there is an
upper limit of r = 2 for a given box to exist independently from higher point functions.
This implies the truncation of polynomials in ;2 to quadratic order (u?).

The external momenta are four-dimensional, and thus there is the additional simplifica-
tion that n-point integrals reduce to pentagons for n > 5. This fact can be seen in a number
of ways [43], and recently a simple formula was written down by one of the authors [44]
which generalises very simply for any n. Crucially, there is a very simple coincidence of
interpretation with maximal unitarity cuts, which allows the coefficient of the reduction to
simply be interpreted as propagators frozen at a cut solution. This compatibility permits
us to interpret, for m > 5,

m—>5 [ 42

4—2 91,82,13,%4,%4 ;4 —2€

Im € — H 5] 151 2,13,%4,%4 , (37)
j=1

so capturing the pentagons will also reproduce all higher-point integrals, thus extending
generalised unitarity to treat complete unitarity cuts. We emphasise here that all degrees of
freedom are fixed, so unlike the box case p? is not a degree of freedom for the (m > 5)-point
integrals. The general solution to the penta-cut is [44]

1 1675

1| =
[i1,i2,i3,i4,i5] cut co As

5
B 0 (Qiyin Giis Qiia Gigis Yisia irio Qinis TiiaGiais Gisin ) — 21 [R=1 q'?kik+1 (3.8)
trg (QiliQ QisizQisiy qi4i5) ’ )

Thus we can refine the basis (3.2), as we know what the e-dependence of the coefficients
must be, and so we bundle the dependence into the integral basis. Knowing that boxes can
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arise independently for I,,,[?"], we also fix the dimension of the pentagon to D = 10 — 2¢
(i.e. 7 = 3) such that boxes are included up to I4[u?] separately in the basis. For massless
theories we drop tadpoles; our final basis is thus

A, =bs- I5[/,LG] +by-1y {1,,u2,u4] + bz - I3 [1,[},2} +bo-Ip |:1,/L2] . (39)

The ingredients needed to construct the coefficients are the tree amplitudes in equa-
tion (2.14) which we use to compute the one-loop amplitude AAF = 2AY. The bubbles
and triangles vanish trivially from the scaling of the tree amplitudes

Atree(19 27 3% (n—1)T,n%) ~ u? (3.10)

so that a nonvanishing product of tree amplitudes would contribute only to order O(u*),
which is entirely captured by the box integrals, by the above arguments. In other words,
we can set b = bg = 0 in equation (3.9). We will proceed to show that the coefficients of
I, [p] vanish as well.

3.2 The cut box

To compute the box coefficients which compose bffp we use a method analogous to how
generalised four-dimensional cuts can be used to determine the coefficient of the NV = 4
MHYV amplitude.

The four-dimensional cut conditions for massless propagators

Go=1 =0, ke{1,2,3,4} (3.11)

are readily solved. For the massless, one-mass and two-mass boxes depicted in the top row
in figure 5 the solution to the conditions (3.11) is

tr4(iyipT2927")

Sigig

o
li,

=1 = (3.12)

which can also be expressed in spinor-helicity formalism as
- |i4][i2]qiy4
( +)ab [1224] a[)
- Qi1i2!i2><i4\)
) ;= (_, . 3.13
Grui= ("t (313)
For massive propagators, the cut conditions are

Go=15 —u*=0, ke{1,2,34}, (3.14)

which have an extra unfixed parameter compared to the massless cut conditions in equa-
tion (3.11). Intuitively, to match up with the basis (3.9), this parameter can simply be u2,
however a more generally applicable solution is to choose it to be a dimensionless param-
eter a, such that we can define the solution to equations (3.14) in terms of the massless
solutions (3.12):

W= (aly + (1 —a)l )", (3.15)
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with the relationship between a and p defined by

12
l1-a)= . 3.16
ol —a) =5 =~ (3.16)
It is convenient to note that 20, - I_ = (c§°¥)~! for the following representation'® of c§o¥,
cBox = A1ty (3.17)

[i21iyis [i2) lial Givia|ia)
We can then write solutions to equation (3.16) as

1+ 14 CbOXM2
V.9 " (3.18)

2

AL =

The solution to (3.14) is split into two branches which meet at a = % The two solu-
tions simply correspond to the choice of parametrisation, as it is trivial to see that the

replacement
a—1l—-a, £—-F (3.19)

leaves (3.15) unaltered. When making the choice, one needs to average over the solutions,
just like for the massless case. Instead of making the solution depend on choice of a4 we
fix @ = a4 then our two solutions can be expressed

lp = ale + (1 —a)l+. (3.20)

These solutions are then input into the massive cuts of the kind depicted in figure 5.
As the three-point amplitude with one on-shell gluon and two equal-mass scalars is
not defined by equation (2.14), we define it here [51, 77]:

tree( 4+ 70 0y _ [i]Li|x)

A6 L) i) (3.21)
We see that unlike the leading term of the four-point and above UHV amplitudes, the
amplitude (3.21) does not scale linearly with z2. As with the bubbles and triangles, we
will use the truncation of the p? polynomial to rule out two-mass hard, three-mass and
four-mass boxes which form the bottom diagrams of figure 5 from the functional form. To
this end, and to simplify future manipulations, we explicitly consider some basic simpli-
fications of adjacent three-point amplitudes. Without loss of generality considering the
adjacent massive cuts [ = I3 = I3 = u?; we can express the corresponding product of
amplitudes thus

Agree(l—i—’ —l?,lg) % Agree(2+’ —lg,lg) — [1<‘il>l§<> % [2<’21X’§(>
(xll1121|x)

(1) {2x)(12)

) [12]

=L 1) (3.22)

10The box coefficient can also be expressed as a ratio of kinematic determinants [43, 44, 80].
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Figure 5. Top: diagrams which contribute to the basis (3.9). Bottom: diagrams which are
eliminated by the truncation of terms O(u5).

where we have made use of the fact that the cut conditions imply I - p1 = 11 - p2 = 0 to
commute the [1s together in the last line using the identity

(X{a,b}[Y) = 2pa - pp(XY). (3.23)

Equation (3.22) implies that, like n > 4-point off-shell amplitudes, adjacent three-
point vertices have an O(u?) scaling, implying that two-mass hard boxes have polynomials
which start at O(u%), like three-mass boxes; four-mass boxes begin at O(u8). Recalling
that our choice of basis in equation (3.9) implies the truncation of this polynomial up to
O(u*), we assert that, much like the massless A" = 4 cuts, the all-plus scalar cuts only have
contributions from two-mass-easy, one-mass and, in the four-point case, massless boxes.

The coefficients of the boxes are captured by inputting the cut solutions given in
equation (3.15) into the appropriate amplitudes, averaging over atx and truncating terms
O(u®). Because of this truncation, the computation is greatly simplified, as generically
from the definition of amplitudes with two internal scalars (2.14),

2i1|lsy Giyinlia—1]4+O(u*)
Atree (19 iF o (ig—1)F,10) = .“.[le“q’”? L ,
( v (2=1) 2) (Slilil—ﬂz)@l(h*'l)"'(12—2)(22—1»(Sziz(izq)—uz)
(3.24)

so we can truncate terms ~ O(u*), as they contribute to the cut to O(u®) at most. We
double our expression of the coefficient by via=Lis =1l of the 8 — 2¢ dimensional two-mass-

easy box integral I A[jl’i?’_l’i”l_l] (1] as AAP = 2419 with the all-plus configuration

b517i3_17i37i1_1] _ i4 Y EZAtree w Atree s gtree o ptree
p 2 )

1 tr(1¢i1i493Gi5+1,i1—1)
=5 : 3.25
2 (12...nl) ’ (3.25)
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Figure 6. The pentagon cut.

where [(,6y denotes truncation of terms O( 19); we suppress the arguments of the two-scalar
all-plus tree amplitudes in the cut. The result (3.25) matches the expected coefficient from
the shifted version of the N = 4 coefficient of the box given in equation (1.26).

3.3 Pentagon coefficients

We introduce the maximal cut unitarity solution to solve for the pentagon coefficient. The
solution is remarkably compact for all descendant pentagons [44]

The five-particle maximal cut depicted in figure 6 fixes the loop momentum completely:

- _tl"5 (qi1i2qi2i3qi3i4qi4i5qi5i17u)
" 2605 (qiyin Qinis Qigia Qiais)
5
Ly (i Giaia Bigia Giais Gisiy Qinia Ginia GisiaGiisGisin) — 2TTim1 @5y,

2
pWo=cy =
tr%(qi1i2Qi2i3qi3i4qi4i5)

(3.26)

One now need simply draw all possible pentagons. The coefficient computed from the
product of amplitudes is naturally interpreted as that of the four-dimensional pentagon
I5[1], but as we have already computed box coefficients up to I;[u*], part of this function’s
contribution to the amplitude has already been captured. Applying the dimension-shift re-

lation (3.5) three times up to I5[11%] introduces a factor ¢3. The coefficient of T, gl’”’m’m’%} [149]
is thus
plr il — B atee( g0 G L (ig — 17 00) x AT (=10 i (i — 1)) x
Atree (=19 id oo (i — D)D) x ATe(=1D i, (s — 1)L ) x
AP (=) it (i — 1))
(3.27)

Note that propagator factors can be substituted for the general (n > 5)-multiplicity kine-
matic coefficients of the integral reduction I,, — I5 [44]

% _ %§£i17i27i37i4»i577”] 7 (3.28)

qflikr = H Yy ig,43,04,45]cut
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where

11,02,3,84,15,7] _ —2 tr5(Qi1i2 QizizQiziy Qi4i5) (3 29)
r . .
trs (Qi1i2 QizizQizis Qisis qiquTil)

With the solution (3.26), the substitution (3.28) and the explicit form of the off-shell scalar
amplitude (2.14), equation (3.27) is a closed form for any given pentagon coefficient.
3.4 Six-point example

We demonstrate the technique explicitly by computing the first non-trivial example: the
six-point amplitude A{?P. There are two possible box configurations, one mass and two-
mass-easy. The box cuts are thus of the form

bLa,b,C,f] _ :42 [Agree > Agree « Agree % Agree}
I+

O(u9)

1
bga,c,d,f] — E Z [Airee X Agree X A‘flree % Agree} (330)
I+

O(ub)

We can simplify the computation by massaging these expressions before inputting the
explicit solutions /4 defined in equation (3.15). Using the identity (3.22)

H4b£1a,b,c,f} _ Z

I+

, (3.31)
O(ud)

NQ [fa] « M2[C’ - lche|e} [b‘lcb() ]
(fa) ~ (s—1cc = p?){cd){de)(bx)(sel, — 1)

where the left-most factor is a combination of the two three-point amplitudes with legs f
and a. If we factor out the Parke-Taylor denominator, we can concatenate the numerator

4
4plab,e,f] _ 1 pH(x|lebe(—=le)geee falb)
110y = > (3.32)
12...61 S_1.c — u2){bx) (Ser, — p?
{ VA7 LG mte =)0 (et =12) ] )
By noting that
S—lcc — MQ = =2l pe,
2 -pp = ll% - /u2 =0, (333)
we can commute the [. through up to l. - I, = uz
4
tplabed] 1 pA [bl(—le)gece falb) 6 ]
uw*b = +O(u , 3.34
4 (12...61) lzi: (Set; — 112) (") o (3:34)

and upon noting that by commuting /. through all the other terms in [b]---|b) = tro(b---)
[b|(_lC)QCeefa’b> = —2l- qce[b‘afa|b> - [b’(_lc)QCeefa‘w

1
= i(self - Nz)sfasaba (335)
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the one-mass box coefficient falls out without explicitly entering the solutions [+, as

1

b[a,b,c,f] _
4 (12...61)

1
SfaSab = 5 tr(fabg.s) . (3.36)
The two-mass box coefficients can be simplified in a similar way, but to diversify the
demonstration we show how to manipulate the expression with the « form of solution from
equation (3.15).

4;lacd,f] /'62 [ab] « <X|ZC|C] x M2[d€] <X’lf‘f]
S l<ab><s_laa —i2) " e ) (s — i) (X ’om
_ i'ab][de] l ) el fdaclclalflcqy| ] ) .
(ab)(de) |42 (2(0lar + (1~ )la-) - pa) 2(alar + (1~ a)la") - pa)

O(u")
(3.37)

(1 = @)lel fackel(1 = ) Fleauls] ]
43%(2((1 —a)lgy +alg—) - pa)2((1 — a)lor + aly—) - pa)

we can simply take the p? — 0 limit for the content of the bracket which implies, if we
choose a = ay, that a — 1

sy facdy) _ pab][de] [ el fdacld] flegar| ] )
1 by ~ (ab)(de) | 452 (2 - pa2lar - Pa) + O(u )]

O(u9)

_ p*[ab](de] | [elf qaclc][f|cqar|S] )
= Jabiide) | lagdelliclaacafld % )]

O(u®)

"

= g1 [ (Flawcll(clal 1) + 00 |O( ; (3.39)
)

thus, the coefficient is

b[a‘7cid7f] _ 1 tr(cqachdf)
4 —_— e

2 (12...61) (3:39)
The penta-cut in equation (3.27) can be used to compute the pentagon coefficient
a,b,c e l(l b l C 2
plavedd _ alallad  Plbb) fellebd | ldllabg o i7led] (3.40)

@) o) e A (e (5t — %)

using the adjacent-three-point identity (3.22) substituting in the solution (3.26) gives

[a,b,c,de] _ [ab] [cd] lef] 1 .
= ey < edy < efy <2

1 1
_ Wtr+ (abedef) iff

= <12161> (tr(123456);§f - tr5(abcd)> (3.41)
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where upon summing over cycles the hexagon function can be reconstructed from the first
term in the final line.
Putting all the coeflicients together reconstructs the full amplitude

1 n , , o
AP = ——— | = S w(igigetie@isrg—1) I ]
(12..61) | | .~
<j1<jz2<n
n .
+3 trs (4 1,5 4+ 2, + 3,5 + 41 [1] + tr(123456) Ig[u°] | | (3.42)
j=1

which matches equation (1.12) upon shifting of the integrals I[u?"] using equation (3.4).

3.5 Reduction to finite limit

To verify our results we can check that taking the limit ¢ — 0 reproduces known results.
This is a strong check, as delicate cancellations need to occur between integral coefficients
which do not follow obviously from their functional form.

The AP amplitude, to all orders in epsilon, is

AT =y I+ Y I, (3.43)
Pimec{l,...,n} PsC{1,....,n}
where P3™¢ consists of the “two-mass-easy” ordered subsets of {1,...,n} of the form
{ilai3 - 17i37i1 - 1}7 (344)
the subsets Ps are all five-element subsets of {1,...,n}, and the b} and bl are defined in
equations (3.25) and (3.27) respectively. The € — 0 limit should yield
br (ivivini
ap=y SER g (3.45)
1<11<12<13<i4<n < R >
Upon making the decomposition tr_ = %(tr —tr5) and taking into account the limits of

the integral

1
e(l—e€)ly = 6 + O(e),

1
e(l—e)l5 = 21 +O(e), (3.46)
then as shown by BDDK [23]
tr(i1291374
Z bfff[ﬂ4] = Z 2<§27zl)> (3.47)
'meeC{l,.-.,n} 1<i1<i2<i3<i4<n e
Equally it must hold true that
tI‘5 i1i2i3i4
Y W) = - 3 2<1(2 n1>> . (3.48)
PsC{l,...,n} 1<11<12<13<i4<n e

This does not appear to fall out naturally from the functional forms of the coefficients bZ
but as the solutions and functional form are completely determined, it provides a nontrivial
check on the validity of the expression (3.27). We confirm that this holds numerically up
ton =17.

— 96 —



3.6 Transcendental structure

For n = 4,5, and before performing the dimension shift, the MHV amplitude is a pure
function in the sense of [81]. That is to say, taking the n = 5 case in particular, it can be
written in the form

AY=H(1m 27,80, 4% 51 ) = Abee(1m, 27,85, 47, 51 AP (s ) 6, (3.49)
where fMPL is a linear combination of multiple polylogarithms without any additional

kinematic coefficients. This can be seen by noticing that the coefficients appearing inside
the brackets in equation (1.11) precisely cancel the leading singularities of the corresponding
integrals, leaving the normalized versions of Ij‘_%, §_26, which belong to the uniformly
transcendental basis used in [82].

To see whether the pattern holds at n = 6, we must check the leading singularity of

the hexagon integral in equation (1.12). The amplitude before the dimension shift is

_ (ig)* < : : 1-2¢;(j1,j
A5 = 412...61) | S tr (it o1d2@jp 1y 1) L oGV
J1,52=1

n

_9¢ (Z trs(j+ 1,5 + 2,5+ 3,5 + 415720 4 tr(123456)lg26>] . (3.50)
j=1

Similarly to the five-point case, the boxes and pentagon integrals are multiplied by the

coefficients cancelling their leading singularities, tr(j1¢j,+1,jo—172¢js+1,j1—1) and trs(j +

1,j+2,7+3,j+4) respectively.!’ The hexagon breaks down entirely to pentagons [43, 44]

1L :
Iy =5 g1 (3.51)
j=1
where
(—1)trs(j+1,54+2,5+3,5+4)
;=2 3.52
= tr5(123456) (3:52)
and thus the purity is broken by terms with the rational prefactor
- tr(123456
(=17 2 ) (3.53)

trs(123456) °

where the denominator is the leading singularity'? of the hexagon. It should also be
highlighted that the dimension shifted hexagon does not contribute to the finite rational
(€9) piece of the AP amplitude as

e(1—e)I37% = O(e). (3.54)

"See [44] for representations of these reduction coefficients as determinants.

12 As the hexagon breaks down entirely to pentagons, the notion of it having a leading singularity could be
considered dubious. Here we use the same definition as in [82], with a natural representation as a kinematic
determinant.
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Thus while the MHV amplitude fails to preserve purity at n = 6, it is still possible
to match the pure structure to the finite contribution of the AP amplitude. However, this
matching becomes more complicated for n > 7.

The fact that MHV integrands in N' = 4 SYM have dlog forms [4, 83] led to the hope
that the integrated expressions would be pure functions. Of course, the dlog forms for MHV
amplitudes cannot be integrated directly in four dimensions, but dimensional regularisa-
tion is not a priori incompatible with a similar analysis of transcendental behaviour. For
example, it was mentioned in [84] that dlog forms can naturally accommodate additional
factors needed in dimensional regularisation, leading to results of uniform transcendental
weight. We have demonstrated by our explicit reduction that they are indeed of uniform
transcendental weight in D = 4 — 2e dimensions for all n, but already the case n = 6 shows
that they do not satisfy the stronger condition of purity.

4 Conclusion and outlook

In this article we have proved the dimension-shift conjecture in equation (1.1) by using
unitarity cuts with a massive spinor-helicity formalism. We have also demonstrated how
to compute the one-loop amplitudes in the conjecture to all orders in epsilon and at all
multiplicities. This is facilitated by the simplicity of the pentagon cut solution (3.26).

Although one-loop amplitudes have for the most part long been computable to any
extent required by phenomenological applications, these results demonstrate that these two
simple classes of amplitude can be understood at a level of completeness not previously
realised. Extending these results to other helicity configurations is also achievable, by in-
cluding dimension-shifted bubble and triangle cuts and using a limiting procedure to resolve
the extra unfixed parameters in the cut constraint [42, 59]. For any given configuration,
one would also need the appropriate lower-point tree amplitudes with two massive legs.

Applying similar techniques to multi-loop amplitudes requires a general understand-
ing of how to fix a basis as was done in section 3.1. We hope the one-loop techniques
consolidated and developed in this work can provide insight and guidance into pushing
understanding of multi-loop amplitudes beyond their current level.

Moreover, the theorem (1.1) and the proof given here bridges N = 4 super-Yang-Mills,
with its remarkable simplicity, and more realistic theories like QCD. We hope that further
simplifications and unifications of this kind follow down the line.

Acknowledgments

We would like to thank Simon Badger, David Dunbar, Riccardo Gonzo, Martijn Hid-
ding, Robert Schabinger, and Johann Usovitsch for many helpful discussions. Diagrams
were drawn using Axodraw. This work was supported by the European Research Council
through grant number 647356 (CutLoops).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

~ 98 —


https://creativecommons.org/licenses/by/4.0/

References

1]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

S. Caron-Huot, L.J. Dixon, F. Dulat, M. Von Hippel, A.J. McLeod and G. Papathanasiou,
The Cosmic Galois Group and Extended Steinmann Relations for Planar N = 4 SYM
Amplitudes, JHEP 09 (2019) 061 [arXiv:1906.07116] [INSPIRE].

L.J. Dixon and Y.-T. Liu, Lifting Heptagon Symbols to Functions, JHEP 10 (2020) 031
[arXiv:2007.12966] [INSPIRE].

H. Elvang and Y.-t. Huang, Scattering Amplitudes in Gauge Theory and Gravity, Cambridge
University Press, Cambridge U.K. (2015) [INSPIRE].

N. Arkani-Hamed, J.L. Bourjaily, F. Cachazo, A.B. Goncharov, A. Postnikov and J. Trnka,
Grassmannian Geometry of Scattering Amplitudes, Cambridge University Press, Cambridge
U.K. (2016) [https://doi.org/10.1017/CB09781316091548] [arXiv:1212.5605] [INSPIRE].

Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, One loop gauge theory amplitudes with
an arbitrary number of external legs, in proceedings of the Workshop on Continuous
Advances in QCD, Minneapolis, MN, U.S.A.; 18-20 February 1994, pp. 3-21
[hep-ph/9405248] [INSPIRE].

Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, Fusing gauge theory tree amplitudes
into loop amplitudes, Nucl. Phys. B 435 (1995) 59 [hep-ph/9409265] [INSPIRE].

R. Britto, F. Cachazo and B. Feng, Generalized unitarity and one-loop amplitudes in N = 4
super-Yang-Mills, Nucl. Phys. B 725 (2005) 275 [hep-th/0412103] [INnSPIRE].

S. Caron-Huot and K.J. Larsen, Uniqueness of two-loop master contours, JHEP 10 (2012)
026 [arXiv:1205.0801] [INSPIRE].

S. Badger, H. Frellesvig and Y. Zhang, A Two-Loop Five-Gluon Helicity Amplitude in QCD,
JHEP 12 (2013) 045 [arXiv:1310.1051] [INSPIRE].

S. Badger, C. Brgnnum-Hansen, H.B. Hartanto and T. Peraro, First look at two-loop
five-gluon scattering in QCD, Phys. Rev. Lett. 120 (2018) 092001 [arXiv:1712.02229]
[INSPIRE].

S. Abreu, F. Febres Cordero, H. Ita, B. Page and M. Zeng, Planar Two-Loop Five-Gluon
Amplitudes from Numerical Unitarity, Phys. Rev. D 97 (2018) 116014 [arXiv:1712.03946]
[INSPIRE].

T. Peraro, Scattering amplitudes over finite fields and multivariate functional reconstruction,
JHEP 12 (2016) 030 [arXiv:1608.01902] [INSPIRE].

S. Badger, C. Brgnnum-Hansen, H.B. Hartanto and T. Peraro, Analytic helicity amplitudes
for two-loop five-gluon scattering: the single-minus case, JHEP 01 (2019) 186
[arXiv:1811.11699] [INSPIRE].

S. Abreu, J. Dormans, F. Febres Cordero, H. Ita and B. Page, Analytic Form of Planar
Two-Loop Five-Gluon Scattering Amplitudes in QCD, Phys. Rev. Lett. 122 (2019) 082002
[arXiv:1812.04586] [INSPIRE].

S. Abreu, J. Dormans, F. Febres Cordero, H. Ita, B. Page and V. Sotnikov, Analytic Form of
the Planar Two-Loop Five-Parton Scattering Amplitudes in QCD, JHEP 05 (2019) 084
[arXiv:1904.00945] [iNSPIRE].

T. Gehrmann, J.M. Henn and N.A. Lo Presti, Analytic form of the two-loop planar five-gluon
all-plus-helicity amplitude in QCD, Phys. Rev. Lett. 116 (2016) 062001 [Erratum ibid. 116
(2016) 189903] [arXiv:1511.05409] [INSPIRE].

~ 99 —


https://doi.org/10.1007/JHEP09(2019)061
https://arxiv.org/abs/1906.07116
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.07116
https://doi.org/10.1007/JHEP10(2020)031
https://arxiv.org/abs/2007.12966
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.12966
https://inspirehep.net/literature/1384881
https://doi.org/10.1017/CBO9781316091548
https://arxiv.org/abs/1212.5605
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.5605
https://arxiv.org/abs/hep-ph/9405248
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9405248
https://doi.org/10.1016/0550-3213(94)00488-Z
https://arxiv.org/abs/hep-ph/9409265
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9409265
https://doi.org/10.1016/j.nuclphysb.2005.07.014
https://arxiv.org/abs/hep-th/0412103
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0412103
https://doi.org/10.1007/JHEP10(2012)026
https://doi.org/10.1007/JHEP10(2012)026
https://arxiv.org/abs/1205.0801
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.0801
https://doi.org/10.1007/JHEP12(2013)045
https://arxiv.org/abs/1310.1051
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.1051
https://doi.org/10.1103/PhysRevLett.120.092001
https://arxiv.org/abs/1712.02229
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.02229
https://doi.org/10.1103/PhysRevD.97.116014
https://arxiv.org/abs/1712.03946
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.03946
https://doi.org/10.1007/JHEP12(2016)030
https://arxiv.org/abs/1608.01902
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.01902
https://doi.org/10.1007/JHEP01(2019)186
https://arxiv.org/abs/1811.11699
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.11699
https://doi.org/10.1103/PhysRevLett.122.082002
https://arxiv.org/abs/1812.04586
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.04586
https://doi.org/10.1007/JHEP05(2019)084
https://arxiv.org/abs/1904.00945
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.00945
https://doi.org/10.1103/PhysRevLett.116.062001
https://arxiv.org/abs/1511.05409
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.05409

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

D.C. Dunbar and W.B. Perkins, Two-loop five-point all plus helicity Yang-Mills amplitude,
Phys. Rev. D 93 (2016) 085029 [arXiv:1603.07514] [INSPIRE].

D.C. Dunbar, J.H. Godwin, G.R. Jehu and W.B. Perkins, Analytic all-plus-helicity gluon
amplitudes in QCD, Phys. Rev. D 96 (2017) 116013 [arXiv:1710.10071] INSPIRE].

S. Badger et al., Analytic form of the full two-loop five-gluon all-plus helicity amplitude,
Phys. Rev. Lett. 123 (2019) 071601 [arXiv:1905.03733] [INSPIRE].

D.C. Dunbar, J.H. Godwin, W.B. Perkins and J.M.W. Strong, Color Dressed Unitarity and
Recursion for Yang-Mills Two-Loop All-Plus Amplitudes, Phys. Rev. D 101 (2020) 016009
[arXiv:1911.06547] [iNSPIRE].

J. Henn, B. Power and S. Zoia, Conformal Invariance of the One-Loop All-Plus Helicity
Scattering Amplitudes, JHEP 02 (2020) 019 [arXiv:1911.12142] [InSPIRE].

D.C. Dunbar, W.B. Perkins and J.M.W. Strong, n-point QCD two-loop amplitude, Phys.
Rev. D 101 (2020) 076001 [arXiv:2001.11347] INSPIRE].

Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, One loop selfdual and N = 4
superYang-Mills, Phys. Lett. B 394 (1997) 105 [hep-th/9611127] [INSPIRE].

D. Cangemi, Selfduality and mazimally helicity violating QCD amplitudes, Int. J. Mod. Phys.
A 12 (1997) 1215 [hep-th/9610021] [INSPIRE].

G. Chalmers and W. Siegel, The Selfdual sector of QCD amplitudes, Phys. Rev. D 54 (1996)
7628 [hep-th/9606061] [INSPIRE].

W.A. Bardeen, Selfdual Yang-Mills theory, integrability and multiparton amplitudes, Prog.
Theor. Phys. Suppl. 123 (1996) 1 [INSPIRE].

P. Chattopadhyay and K. Krasnov, One-loop same helicity four-point amplitude from shifts,
JHEP 06 (2020) 082 [arXiv:2002.11390] [INSPIRE].

A.D. Popov, Selfdual Yang-Mills: Symmetries and moduli space, Rev. Math. Phys. 11 (1999)
1091 [hep-th/9803183] [INSPIRE].

H. Ooguri and C. Vafa, All loop N = 2 string amplitudes, Nucl. Phys. B 451 (1995) 121
[hep-th/9505183] [INSPIRE].

M.B. Green, J.H. Schwarz and L. Brink, N =4 Yang-Mills and N = 8 Supergravity as
Limits of String Theories, Nucl. Phys. B 198 (1982) 474 [INSPIRE].

Z. Bern and D.A. Kosower, The Computation of loop amplitudes in gauge theories, Nucl.
Phys. B 379 (1992) 451 [nSPIRE].

Z. Bern and D.C. Dunbar, A Mapping between Feynman and string motivated one loop rules
in gauge theories, Nucl. Phys. B 379 (1992) 562 [iNSPIRE].

N. Ahmadiniaz and C. Schubert, Off-shell Ward identities for N-gluon amplitudes, Europhys.
Lett. 130 (2020) 41001 [arXiv:2001.00885] [INSPIRE].

N. Ahmadiniaz, V.M. Banda Guzmaén, F. Bastianelli, O. Corradini, J.P. Edwards and
C. Schubert, Worldline master formulas for the dressed electron propagator. Part I. Off-shell
amplitudes, JHEP 08 (2020) 018 [arXiv:2004.01391] [INSPIRE].

D. Bonocore, Asymptotic dynamics on the worldline for spinning particles, JHEP 02 (2021)
007 [arXiv:2009.07863] [INSPIRE].

G. Mogull, J. Plefka and J. Steinhoff, Classical black hole scattering from a worldline
quantum field theory, JHEP 02 (2021) 048 [arXiv:2010.02865] [INSPIRE].

— 30 —


https://doi.org/10.1103/PhysRevD.93.085029
https://arxiv.org/abs/1603.07514
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.07514
https://doi.org/10.1103/PhysRevD.96.116013
https://arxiv.org/abs/1710.10071
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.10071
https://doi.org/10.1103/PhysRevLett.123.071601
https://arxiv.org/abs/1905.03733
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.03733
https://doi.org/10.1103/PhysRevD.101.016009
https://arxiv.org/abs/1911.06547
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.06547
https://doi.org/10.1007/JHEP02(2020)019
https://arxiv.org/abs/1911.12142
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12142
https://doi.org/10.1103/PhysRevD.101.076001
https://doi.org/10.1103/PhysRevD.101.076001
https://arxiv.org/abs/2001.11347
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.11347
https://doi.org/10.1016/S0370-2693(96)01676-0
https://arxiv.org/abs/hep-th/9611127
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9611127
https://doi.org/10.1142/S0217751X97000943
https://doi.org/10.1142/S0217751X97000943
https://arxiv.org/abs/hep-th/9610021
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9610021
https://doi.org/10.1103/PhysRevD.54.7628
https://doi.org/10.1103/PhysRevD.54.7628
https://arxiv.org/abs/hep-th/9606061
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9606061
https://doi.org/10.1143/PTPS.123.1
https://doi.org/10.1143/PTPS.123.1
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.Suppl.%2C123%2C1%22
https://doi.org/10.1007/JHEP06(2020)082
https://arxiv.org/abs/2002.11390
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.11390
https://doi.org/10.1142/S0129055X99000350
https://doi.org/10.1142/S0129055X99000350
https://arxiv.org/abs/hep-th/9803183
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9803183
https://doi.org/10.1016/0550-3213(95)00365-Y
https://arxiv.org/abs/hep-th/9505183
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9505183
https://doi.org/10.1016/0550-3213(82)90336-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB198%2C474%22
https://doi.org/10.1016/0550-3213(92)90134-W
https://doi.org/10.1016/0550-3213(92)90134-W
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB379%2C451%22
https://doi.org/10.1016/0550-3213(92)90135-X
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB379%2C562%22
https://doi.org/10.1209/0295-5075/130/41001
https://doi.org/10.1209/0295-5075/130/41001
https://arxiv.org/abs/2001.00885
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.00885
https://doi.org/10.1007/JHEP08(2020)018
https://arxiv.org/abs/2004.01391
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.01391
https://doi.org/10.1007/JHEP02(2021)007
https://doi.org/10.1007/JHEP02(2021)007
https://arxiv.org/abs/2009.07863
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.07863
https://doi.org/10.1007/JHEP02(2021)048
https://arxiv.org/abs/2010.02865
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.02865

[37]
[38]
[39]

[40]

[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]

R.M. Schabinger, One-Loop N = 4 Super Yang-Mills Scattering Amplitudes to All Orders in
the Dimensional Regularization Parameter, arXiv:1103.2769 INSPIRE].

S. Stieberger and T.R. Taylor, Amplitude for N-Gluon Superstring Scattering, Phys. Rev.
Lett. 97 (2006) 211601 [hep-th/0607184] [iNSPIRE].

M.T. Grisaru and H.N. Pendleton, Some Properties of Scattering Amplitudes in
Supersymmetric Theories, Nucl. Phys. B 124 (1977) 81 [INSPIRE].

L.J. Dixon, Calculating scattering amplitudes efficiently, in proceedings of the Theoretical
Advanced Study Institute in Elementary Particle Physics (TASI 95): QCD and Beyond,
Boulder, CO, U.S.A., 4-30 June 1995, hep-ph/9601359 [INSPIRE].

Z. Bern, String based perturbative methods for gauge theories, in proceedings of the
Theoretical Advanced Study Institute (TASI 92): From Black Holes and Strings to Particles,
Boulder, CO, U.S.A., 3-28 June 1992, hep-ph/9304249 [INSPIRE].

S.D. Badger, Direct Extraction Of One Loop Rational Terms, JHEP 01 (2009) 049
[arXiv:0806.4600] [INSPIRE].

Z. Bern, L.J. Dixon and D.A. Kosower, Dimensionally requlated pentagon integrals, Nucl.
Phys. B 412 (1994) 751 [hep-ph/9306240] INSPIRE].

G.R. Jehu, Symmetric reduction of high-multiplicity one-loop integrals and maximal cuts,
JHEP 02 (2021) 013 [arXiv:2010.16266] [INSPIRE].

S. Abreu, R. Britto, C. Duhr and E. Gardi, Cuts from residues: the one-loop case, JHEP 06
(2017) 114 [arXiv:1702.03163] [INSPIRE].

M. Bianchi, H. Elvang and D.Z. Freedman, Generating Tree Amplitudes in N =4 SYM and
N =8 SG, JHEP 09 (2008) 063 [arXiv:0805.0757] INSPIRE].

G. Mahlon, Multi-gluon helicity amplitudes involving a quark loop, Phys. Rev. D 49 (1994)
4438 [hep-ph/9312276] [INnSPIRE].

Z. Bern, G. Chalmers, L.J. Dixon and D.A. Kosower, One loop N gluon amplitudes with
mazimal helicity violation via collinear limits, Phys. Rev. Lett. 72 (1994) 2134
[hep-ph/9312333] [INSPIRE].

Z. Bern and A.G. Morgan, Massive loop amplitudes from unitarity, Nucl. Phys. B 467
(1996) 479 [hep-ph/9511336] [INSPIRE].

S. Dittmaier, Weyl-van der Waerden formalism for helicity amplitudes of massive particles,
Phys. Rev. D 59 (1998) 016007 [hep-ph/9805445] [INSPIRE].

N. Arkani-Hamed, T.-C. Huang and Y.-t. Huang, Scattering Amplitudes For All Masses and
Spins, arXiv:1709.04891 [INSPIRE].

R.H. Boels and C. Schwinn, On-shell supersymmetry for massive multiplets, Phys. Rev. D 84
(2011) 065006 [arXiv:1104.2280] [INSPIRE].

N. Craig, H. Elvang, M. Kiermaier and T.R. Slatyer, Massive amplitudes on the Coulomb
branch of N =4 SYM, JHEP 12 (2011) 097 [arXiv:1104.2050] [INSPIRE].

M. Kiermaier, The Coulomb-branch S-matriz from massless amplitudes, arXiv:1105.5385
[INSPIRE].

H. Elvang, D.Z. Freedman and M. Kiermaier, Integrands for QCD rational terms and N = 4
SYM from massive CSW rules, JHEP 06 (2012) 015 [arXiv:1111.0635] INSPIRE].

R.J. Eden, P.V. Landshoff, D.I. Olive and J.C. Polkinghorne, The analytic S-matriz,
Cambridge University Press, Cambridge U.K. (1966) [INSPIRE].

~ 31—


https://arxiv.org/abs/1103.2769
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1103.2769
https://doi.org/10.1103/PhysRevLett.97.211601
https://doi.org/10.1103/PhysRevLett.97.211601
https://arxiv.org/abs/hep-th/0607184
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0607184
https://doi.org/10.1016/0550-3213(77)90277-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB124%2C81%22
https://arxiv.org/abs/hep-ph/9601359
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9601359
https://arxiv.org/abs/hep-ph/9304249
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9304249
https://doi.org/10.1088/1126-6708/2009/01/049
https://arxiv.org/abs/0806.4600
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0806.4600
https://doi.org/10.1016/0550-3213(94)90398-0
https://doi.org/10.1016/0550-3213(94)90398-0
https://arxiv.org/abs/hep-ph/9306240
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9306240
https://doi.org/10.1007/JHEP02(2021)013
https://arxiv.org/abs/2010.16266
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.16266
https://doi.org/10.1007/JHEP06(2017)114
https://doi.org/10.1007/JHEP06(2017)114
https://arxiv.org/abs/1702.03163
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.03163
https://doi.org/10.1088/1126-6708/2008/09/063
https://arxiv.org/abs/0805.0757
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0805.0757
https://doi.org/10.1103/PhysRevD.49.4438
https://doi.org/10.1103/PhysRevD.49.4438
https://arxiv.org/abs/hep-ph/9312276
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9312276
https://doi.org/10.1103/PhysRevLett.72.2134
https://arxiv.org/abs/hep-ph/9312333
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9312333
https://doi.org/10.1016/0550-3213(96)00078-8
https://doi.org/10.1016/0550-3213(96)00078-8
https://arxiv.org/abs/hep-ph/9511336
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9511336
https://doi.org/10.1103/PhysRevD.59.016007
https://arxiv.org/abs/hep-ph/9805445
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9805445
https://arxiv.org/abs/1709.04891
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.04891
https://doi.org/10.1103/PhysRevD.84.065006
https://doi.org/10.1103/PhysRevD.84.065006
https://arxiv.org/abs/1104.2280
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1104.2280
https://doi.org/10.1007/JHEP12(2011)097
https://arxiv.org/abs/1104.2050
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1104.2050
https://arxiv.org/abs/1105.5385
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.5385
https://doi.org/10.1007/JHEP06(2012)015
https://arxiv.org/abs/1111.0635
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1111.0635
https://inspirehep.net/literature/1517084

[67] Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, One loop n point gauge theory
amplitudes, unitarity and collinear limits, Nucl. Phys. B 425 (1994) 217 [hep-ph/9403226]
[INSPIRE].

[58] R. Britto, B. Feng and P. Mastrolia, The Cut-constructible part of QCD amplitudes, Phys.
Rev. D 73 (2006) 105004 [hep-ph/0602178] [INSPIRE].

[59] D. Forde, Direct extraction of one-loop integral coefficients, Phys. Rev. D 75 (2007) 125019
[arXiv:0704.1835] [INSPIRE].

[60] D.C. Dunbar, W.B. Perkins and E. Warrick, The Unitarity Method using a Canonical Basis
Approach, JHEP 06 (2009) 056 [arXiv:0903.1751] [INSPIRE].

[61] P. Mastrolia, Double-Cut of Scattering Amplitudes and Stokes’ Theorem, Phys. Lett. B 678
(2009) 246 [arXiv:0905.2909] [INSPIRE].

[62] Z. Bern, L.J. Dixon and D.A. Kosower, On-shell recurrence relations for one-loop QCD
amplitudes, Phys. Rev. D 71 (2005) 105013 [hep-th/0501240] [INSPIRE].

[63] D.C. Dunbar, J.H. Ettle and W.B. Perkins, Augmented Recursion For One-loop Amplitudes,
Nucl. Phys. B Proc. Suppl. 205206 (2010) 74 [arXiv:1011.0559] [INSPIRE].

[64] S.D. Alston, D.C. Dunbar and W.B. Perkins, Complex Factorisation and Recursion for
One-Loop Amplitudes, Phys. Rev. D 86 (2012) 085022 [arXiv:1208.0190] INSPIRE].

[65] W.T. Giele, Z. Kunszt and K. Melnikov, Full one-loop amplitudes from tree amplitudes,
JHEP 04 (2008) 049 [arXiv:0801.2237] [INSPIRE].

[66] R.K. Ellis, W.T. Giele, Z. Kunszt and K. Melnikov, Masses, fermions and generalized
D-dimensional unitarity, Nucl. Phys. B 822 (2009) 270 [arXiv:0806.3467] INSPIRE].

[67] G. Ossola, C.G. Papadopoulos and R. Pittau, On the Rational Terms of the one-loop
amplitudes, JHEP 05 (2008) 004 [arXiv:0802.1876] INSPIRE].

. Cheung and D. onnell, Amplitudes and Spinor-Helicity in Six Dimensions,
68] C. Ch d D. O°C 1, Amplitud d Spi Helicity in Siz Di j JHEP 07
(2009) 075 [arXiv:0902.0981] [INSPIRE].

[69] Z. Bern, J.J. Carrasco, T. Dennen, Y.-t. Huang and H. Ita, Generalized Unitarity and
Siz-Dimensional Helicity, Phys. Rev. D 83 (2011) 085022 [arXiv:1010.0494] [INSPIRE].

[70] S. Badger, C. Brgnnum-Hansen, F. Buciuni and D. O’Connell, A unitarity compatible
approach to one-loop amplitudes with massive fermions, JHEP 06 (2017) 141
[arXiv:1703.05734] [iNSPIRE].

[71] W. Pauli and F. Villars, On the Invariant regularization in relativistic quantum theory, Rev.
Mod. Phys. 21 (1949) 434 [INSPIRE].

[72] D. Forde and D.A. Kosower, All-multiplicity amplitudes with massive scalars, Phys. Rev. D
73 (2006) 065007 [hep-th/0507292] [INSPIRE].

[73] G. Rodrigo, Multigluonic scattering amplitudes of heavy quarks, JHEP 09 (2005) 079
[hep-ph/0508138] [INSPIRE].

[74] P. Ferrario, G. Rodrigo and P. Talavera, Compact multigluonic scattering amplitudes with
heavy scalars and fermions, Phys. Rev. Lett. 96 (2006) 182001 [hep-th/0602043] INSPIRE].

[75] A. Ochirov, Helicity amplitudes for QCD with massive quarks, JHEP 04 (2018) 089
[arXiv:1802.06730] [INSPIRE].

[76] C. Schwinn and S. Weinzierl, SUSY ward identities for multi-gluon helicity amplitudes with
massie quarks, JHEP 03 (2006) 030 [hep-th/0602012] [INSPIRE].

~32 -


https://doi.org/10.1016/0550-3213(94)90179-1
https://arxiv.org/abs/hep-ph/9403226
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9403226
https://doi.org/10.1103/PhysRevD.73.105004
https://doi.org/10.1103/PhysRevD.73.105004
https://arxiv.org/abs/hep-ph/0602178
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0602178
https://doi.org/10.1103/PhysRevD.75.125019
https://arxiv.org/abs/0704.1835
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.1835
https://doi.org/10.1088/1126-6708/2009/06/056
https://arxiv.org/abs/0903.1751
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0903.1751
https://doi.org/10.1016/j.physletb.2009.06.033
https://doi.org/10.1016/j.physletb.2009.06.033
https://arxiv.org/abs/0905.2909
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0905.2909
https://doi.org/10.1103/PhysRevD.71.105013
https://arxiv.org/abs/hep-th/0501240
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0501240
https://doi.org/10.1016/j.nuclphysBPS.2010.08.022
https://arxiv.org/abs/1011.0559
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1011.0559
https://doi.org/10.1103/PhysRevD.86.085022
https://arxiv.org/abs/1208.0190
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1208.0190
https://doi.org/10.1088/1126-6708/2008/04/049
https://arxiv.org/abs/0801.2237
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0801.2237
https://doi.org/10.1016/j.nuclphysb.2009.07.023
https://arxiv.org/abs/0806.3467
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0806.3467
https://doi.org/10.1088/1126-6708/2008/05/004
https://arxiv.org/abs/0802.1876
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0802.1876
https://doi.org/10.1088/1126-6708/2009/07/075
https://doi.org/10.1088/1126-6708/2009/07/075
https://arxiv.org/abs/0902.0981
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0902.0981
https://doi.org/10.1103/PhysRevD.83.085022
https://arxiv.org/abs/1010.0494
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1010.0494
https://doi.org/10.1007/JHEP06(2017)141
https://arxiv.org/abs/1703.05734
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.05734
https://doi.org/10.1103/RevModPhys.21.434
https://doi.org/10.1103/RevModPhys.21.434
https://inspirehep.net/search?p=find+J%20%22Rev.Mod.Phys.%2C21%2C434%22
https://doi.org/10.1103/PhysRevD.73.065007
https://doi.org/10.1103/PhysRevD.73.065007
https://arxiv.org/abs/hep-th/0507292
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0507292
https://doi.org/10.1088/1126-6708/2005/09/079
https://arxiv.org/abs/hep-ph/0508138
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0508138
https://doi.org/10.1103/PhysRevLett.96.182001
https://arxiv.org/abs/hep-th/0602043
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0602043
https://doi.org/10.1007/JHEP04(2018)089
https://arxiv.org/abs/1802.06730
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.06730
https://doi.org/10.1088/1126-6708/2006/03/030
https://arxiv.org/abs/hep-th/0602012
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0602012

[77] C. Schwinn and S. Weinzierl, Scalar diagrammatic rules for Born amplitudes in QCD, JHEP
05 (2005) 006 [hep-th/0503015] [INSPIRE].

[78] G. Passarino and M.J.G. Veltman, One Loop Corrections for ete™ Annihilation Into p*p~
in the Weinberg Model, Nucl. Phys. B 160 (1979) 151 [nSPIRE].

[79] W.L. van Neerven and J.A.M. Vermaseren, Large loop integrals, Phys. Lett. B 137 (1984)
241 [INSPIRE].

[80] D.B. Melrose, Reduction of Feynman diagrams, Nuovo Cim. 40 (1965) 181 [INSPIRE].

[81] N. Arkani-Hamed, J.L. Bourjaily, F. Cachazo and J. Trnka, Local Integrals for Planar
Scattering Amplitudes, JHEP 06 (2012) 125 [arXiv:1012.6032] [INSPIRE].

[82] S. Abreu, R. Britto, C. Duhr and E. Gardi, From multiple unitarity cuts to the coproduct of
Feynman integrals, JHEP 10 (2014) 125 [arXiv:1401.3546] [INSPIRE].

[83] S. Caron-Huot, Superconformal symmetry and two-loop amplitudes in planar N = 4 super
Yang-Mills, JHEP 12 (2011) 066 [arXiv:1105.5606] [INSPIRE].

[84] J.M. Henn, Lectures on differential equations for Feynman integrals, J. Phys. A 48 (2015)
153001 [arXiv:1412.2296] INSPIRE].

— 33 —


https://doi.org/10.1088/1126-6708/2005/05/006
https://doi.org/10.1088/1126-6708/2005/05/006
https://arxiv.org/abs/hep-th/0503015
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0503015
https://doi.org/10.1016/0550-3213(79)90234-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB160%2C151%22
https://doi.org/10.1016/0370-2693(84)90237-5
https://doi.org/10.1016/0370-2693(84)90237-5
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB137%2C241%22
https://doi.org/10.1007/BF02832919
https://inspirehep.net/literature/48839
https://doi.org/10.1007/JHEP06(2012)125
https://arxiv.org/abs/1012.6032
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1012.6032
https://doi.org/10.1007/JHEP10(2014)125
https://arxiv.org/abs/1401.3546
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.3546
https://doi.org/10.1007/JHEP12(2011)066
https://arxiv.org/abs/1105.5606
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.5606
https://doi.org/10.1088/1751-8113/48/15/153001
https://doi.org/10.1088/1751-8113/48/15/153001
https://arxiv.org/abs/1412.2296
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.2296

	Introduction
	Overview

	Proof of the conjecture
	Unitarity cuts
	Tree-level off-shell amplitudes
	Proving the conjecture from the Coulomb branch

	Generalised cuts and all-epsilon forms
	Integral bases
	The cut box
	Pentagon coefficients
	Six-point example
	Reduction to finite limit
	Transcendental structure

	Conclusion and outlook

