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1 Introduction

The natural gauge invariant objects in any gauge theory include scattering amplitudes, Wil-
son loops, correlation functions and form factors of local operators. In the past years numer-
ous studies have revealed interesting duality relations between the first three objects in pla-
nar N' = 4 SYM theory. The simplest MHV gluon scattering amplitude A, (p1,...,p,) has
been shown [1-3] to be dual to a Wilson loop W, (1, ..., z,) defined on a lightlike contour,

An(pla"'apn):Wn<x17"'7$n)7 (11)

upon the identification of the separation between the cusp points x; of the contour with the
particle momenta p; in Minkowski space, x;—x;41 = p; fori = 1,...,nand x,+1 = 1. This
duality has a natural supersymmetric extension [4-6] where the super-lightlike contour is
built out of the on-shell supermomenta of the scattered particles. The correlation functions
Gpn = (O(z1) ...O(zy)) of local gauge invariant operators O(z) are dual to the Wilson loops
(and hence to the amplitudes) in the lightlike limit [7, 8], lim%z“l_)o 23y .. 22 Gy =W,
This duality has a supersymmetric generalisation as well [9-11].

The fourth object is the form factor (0|O(zx)|k1, ..., k) of a local operator O(x) with
an asymptotic m—particle state of on-shell momenta k:]2 =0forj=1,...,m. Itis a hybrid
between correlation functions and scattering amplitudes because it lives simultaneously in
coordinate and momentum spaces. Such form factors (and their supersymmetric extensions
in N = 4 SYM) have been actively studied in recent years [12-18]. It is interesting to know
if there are possible duality relations for them as well. This question has been addressed
in [19] but for a more complicated object, the matrix element of a lightlike bosonic Wilson
loop stretched between local operators along a single light-cone direction, with an on-shell
state. It has been shown that this object is dual to itself upon swapping the coordinate and
momentum data. It has also been conjectured there that the new duality may extend to a
larger class of objects, namely the form factor Wi, ., = (0|Wy,(z1,...,2pn)|k1, ..., km) of an
n—gon lightlike (supersymmetric) Wilson loop with an m—particle state. Schematically,
the suggested duality takes the form

Wom({z}{k}) = Winn({y}{p}) , (1.2)

where the kinematical data on both sides are related as in (1.1),

Ti — Tit1 = Di» Yj — Yj+1 = kj, (1.3)

fori=1,...,nand j =1,...,m provided that the total momenta of the particles vanish,
21 Pi = >ty kj = 0. This conjecture has been successfully tested in [20] in the simplest
case of a Wilson loop with a state of helicity (41) gluons and in the Born approximation.

Building upon the observations in [19] and [20], in this paper we study the general case
of the form factor for a lightlike supersymmetric Wilson loop and we argue that it has a
remarkable duality property in planar N' = 4 SYM. It extends the bosonic relation (1.2)
and the identification of coordinates with momenta (1.3) to their supersymmetric analogs.
The super-Wilson loop form factors are considered in the planar limit and in the lowest-
order perturbative approximation (Born level). The introduction of Grassmann variables



(6; on the Wilson loop contour and 7); for the on-shell states) allows us to probe the duality
for more complicated configurations of particle helicities. By analogy with the amplitudes,
we call the contributions at the lowest level in the Grassmann expansion MHV-like, at
the next level NMHV-like, etc. At MHV level we confirm the result of [20]. The NMHV
level is much more complicated, the form factor being a non-trivial rational function of
the kinematical data. Yet, we show that the duality still works, in a rather simple and
suggestive way, by just matching planar Feynman diagrams. This allows us to argue that
it should hold for the complete supersymmetric object (at all Grassmann levels) and also
beyond the Born approximation.

The key to understanding the duality is the appropriate superspace formulation of the
Wilson loop and its form factor. In the conventional approach the chiral supersymmetric
Wilson loop [4-6] is formulated in terms of constrained on-shell super-connections [21, 22],
which makes the Feynman diagram technique highly inefficient. In this paper we prefer
to use the Lorentz harmonic chiral (LHC) superspace approach [23]. It provides an off-
shell formulation of the chiral N/ =4 SYM theory in terms of unconstrained prepotentials,
best suited for supersymmetric quantisation. LHC superspace is an alternative to the
twistor formulation [24, 25], closer in spirit to traditional field theory (see also [26]). The
main idea is to consider the interacting theory as a perturbation of the self-dual sector.
The twistor formulation has been successfully used to justify the so-called MHV rules
for the computation of the amplitude [27], to prove the duality between supersymmetric
Wilson loops and amplitudes [5], to compute off-shell correlation functions of the N' = 4
stress-tensor multiplet [28]. More recently, the LHC formalism was applied to finding
the non-chiral completion of the correlators [29] and to the calculation of form factors of
local operators [30]. In this paper, after explaining the kinematical setup in section 2, we
formulate the lightlike Wilson loop in LHC superspace in section 3 and apply the Feynman
rules of [30] to the computation of its form factors in section 4. We find an important
additional contribution to the Wilson loop, compared to the twistor formulation [5]. It is
needed to make the Wilson loop gauge invariant.

The duality essentially works on a graph-to-graph basis. More precisely, we find two
types of Feynman graphs corresponding to two different helicity configurations at NMHV-
like level. These graphs are dual to each other after identifying the kinematical data as
in (1.3) and redrawing the graph following a simple rule. In addition to these graphs there
are sets of graphs whose role is to restore gauge invariance. We use a light-cone gauge whose
parameter is the so-called reference spinor. A known problem of such gauges is the presence
of spurious poles. Their elimination in the Feynman graphs (and hence the restoration of
gauge invariance) is a somewhat subtle procedure which we describe in detail in section 5.

We end the paper with several appendices. In appendix A we explain how to obtain
the LHC formulation of the lightlike Wilson loop starting from the standard one with
constrained super-connections. In appendix B we summarise the Feynman rules in the light-
cone gauge. In appendix C we derive some Fourier transforms that we need for establishing
the duality. In appendix D we explain the mechanism of spurious pole cancellation in the
boundary cases.



2 Definitions and summary of the results

2.1 Generalised form factors of Wilson loops

In this paper, we study a new object — the generalised form factor of the lightlike Wilson
loop. In N = 4 SYM with gauge group SU(N) it is defined as the matrix element of
a lightlike n—gon supersymmetric Wilson loop W, with the on-shell m—particle state
|19 ... mam):

OW, 1% .. omfm) = %((ﬂtrpexp [17{ (dm“AM(x, 0) 4 d6°* A a(x, 0))] 190 om®m)

(2.1)
where the integration goes over a closed contour C,, formed by n straight lightlike segments
connecting the superspace points (z;,0;). The bosonic and fermionic gauge connections,
A, and A, 4, have expansions in powers of §’s with coefficients given in terms of the gluon,
gaugino and scalar fields. Their explicit expressions are shown below in (2.28).

In the planar limit, the form factor can be decomposed in the standard manner over
the basis of single traces,

OWal1® . omy = > (T T ) Fy (01, - 0m) (2.2)
0€ESM [/ Zm
where the sum runs over all permutations of the external particles oq,..., 0, modulo

cyclic shifts. The matrix element (2.2) is a natural generalisation of lightlike Wilson loops
(0)W,,]0) and scattering amplitudes A(1%! ... m%m). In fact, it gets a disconnected contribu-
tion given by their product. In what follows we discard it and consider only the connected
contribution to (2.2).

The color-ordered form factors F, ,,, depend on two sets of variables. The first set

.04

consists of n coordinates in Minkowski space-time and their odd superpartners (x§

specifying the position of the vertices of a lightlike n—gon,’
(2; — 2i11)> =0, (i — 2it1)** (07, — 0{41.0) =0 (2.3)

for ¢ = 1,...,n, with the cyclicity conditions z,4+1 = x1 and 6,41 = 6. Here the first
relation means that the Wilson loop is built from lightlike segments and the second relation
is its superpartner.

The second set of variables consists of the on-shell momenta of m particles (k]‘-"o‘, njA)

kG = kXK = |kj] (ky] (2.4)

with k? =0and j =1,...,m. Like the scattering amplitudes, the expansion of the on-shell
state in powers of 74 corresponds to particles with different helicity (gluons, gaugini and
scalars). Each particle superstate carries one unit of helicity. It is then convenient to intro-
duce the helicity-free function W), ,,, multiplying (2.2) by the so-called Parke-Taylor factor

Wi = (k1ka) (kaks) ... (kmk) Fom(1, ... m), (2.5)

'We use two-component spinor notation for vectors, e.g., %% = (au)do‘x“. The Lorentz and R symmetry
indices take values « = 1,2, @ = 1,2 and A = 1,2, 3,4, respectively.



where (k;k;) = kf‘eaﬁkf. The scalar function W), ,, defined in this way depends on the two
sets of variables introduced above,

Wn,m = n,m({xa 9}, {k7 77}) . (2.6)

As follows from the definition (2.2), this function is invariant under cyclic shifts of the
coordinates and momenta.

2.2 Dual variables

To elucidate the interesting properties of W), ,, we introduce the so-called dual superspace
variables [31]. The coordinates of the Wilson loop (z;, #{!) have the dual momenta (p;,w{!)
defined as

Ti — Ti+1 = Pi, ’9{4> - \9210 = |Pz'>%A, (2.7)

where we do not display the Lorentz indices for simplicity. It follows from (2.3) that p; are
lightlike vectors, p% = 0, satisfying the condition ;" ; p; = 0. Similarly, the odd variables

wi! satisfy the relation > 7, |p;)wt = 0 and solve the second condition in (2.3). Note

7
that the properties of (p;,w;!) (with i = 1,...,n) match those of the supermomenta of the
on-shell states in the scattering amplitude A,,. This observation was crucial in establishing
the duality between the lightlike Wilson loop W,, and the scattering amplitude A,,.

For the set of on-shell momenta (kj,7j4), the dual coordinates are defined as

ki =y; —yj+1, kj) mja = [j.a) — [¥jt1,4) - (2.8)

Here the dual momenta %1, ..., ¥m 1 are consecutively lightlike separated, (y; — yit1)? =
0 and their superpartners satisfy (y; — vj+1)(|¥j,4) — [¥j+1,4)) = 0. Note the striking
similarity between relations (2.7) and (2.8). Namely, these relations can be mapped into
each other by exchanging coordinates with dual momenta, (z,0) — (y,%), and momenta
with dual coordinates, (k,n) — (p,w).

There is however an important difference between the two sets of dual coordinates.
The dual vectors p; define the edges of a closed n—gon and their sum equals zero. The
same is true for the sum of dual odd coordinates |p;) wiA,

n n
Sopi=1— i =0, Sl = o)~ ok =0, (29)
i=1 i=1

so that the dual variables satisfy the periodicity conditions x; = z;4, and 9;-4 = Hfm. For

the dual momenta the analogous relations read

m m
Y ki=y1—ymp =K, > [k nja = 1¥1,4) = [¥mi1,4) = Qa (2.10)
j=1 j=1

where K and @ are the total momentum and supercharge of the m particles in (2.2),
respectively. In contrast with (2.9), K and @ can take arbitrary values and there are no
reasons to impose the periodicity conditions ¥;,+1 = y1 and ¥y,41,4 = ¥1,4. Indeed, the
function (2.6) is well defined for arbitrary K and Q.



Figure 1. Diagrammatic representation of the duality relation (2.13). The Wilson loop on the left

is built out of lightlike vectors p1,...,py,, the wavy lines denote on-shell particles with momenta
ki,...,kn and the dash lines stand for free propagators. Black and white dots denote effective
vertices. The dual Wilson loop form factor on the right has the lightlike vectors and momenta
exchanged. The middle figure explains the duality by superimposing the two graphs.

2.3 Duality relation

Setting K = Q4 = 0 in (2.10) we restore the symmetry between (2.9) and (2.10). This
allows us to treat the original variables and their dual counterparts on an equal footing. In
this paper we argue that for K = Q 4 = 0 the symmetry of W, ;,, is enhanced and yields an
interesting duality relation for W, ,,, that we shall formulate in a moment. More precisely,
we can use the dual variables to define, following (2.2), the matrix element of the lightlike
Wilson loop (0|Wp, |19t ...n% ). Here the Wilson loop is evaluated along a closed lightlike
m—gon with vertices located at (y;,1;) and the on-shell state consists of n particles with
supermomenta (p;,w;). This matrix element has the same general form (2.2) and (2.5),
with the corresponding scalar function W, ,, given by

Winn = Wnn({y, ¥} {p,w}). (2.11)

Applying relations (2.7) and (2.8) we can express it in terms of the original variables {z;, 0; }
and {kjv 77]'}'

The duality relation that we propose states that the functions (2.6) and (2.11) coincide
in planar N’ =4 SYM,

Wam({z, 0} {k,n}) = Winn({y, ¥}; {p, w}) - (2.12)

Using the definition of the dual variables we can rewrite the duality relation in other
equivalent forms, e.g.

Wam({p,w}s {k,n}) = Winn({k; 0} {p, w}) - (2.13)

This relation is represented diagrammatically in figure 1.

The duality relation (2.12) should hold for any values of n and m. As a simple il-
lustration, we examine it for the lowest values of n and m. In the special cases m = 0
(or n = 0) we recover the well-known duality between the n—point superamplitude and
the n—point super-Wilson loop. Since the n—gon Wilson loop is well defined for n > 2,



we start with n = 2,3. In this case, the cusp points z; satisfying (2.3) have to lie on the
same light-ray in Minkowski space-time. Then, the integration contour of the Wilson loop
collapses to a backtracking path leading to Wy = W3 = 1. As a consequence, the matrix
element on the left-hand side of (2.2) only receives disconnected contributions yielding the
vanishing of W, ,,({z, 8}; {k,n}) for n = 2,3. The duality relation (2.12) implies that the
same should be true for Wy, ,,({y, ¥ }; {p,w}) for n = 2,3. Indeed, the corresponding matrix
element (2.2) involves an on-shell state with (real valued) lightlike momenta k; that are
necessarily aligned due to ), k; = 0. In this case (k;k;) = 0 and it follows from (2.5) that
Wi n vanishes, in agreement with (2.11).

2.4 Duality relation at MHV level

Let us now consider the duality relation for n,m > 4. In this case both sides of (2.12) are
different from zero and are given by nontrivial functions of the kinematical variables and
of the 't Hooft coupling constant. In what follows we shall restrict our consideration to the
lowest order in the coupling (Born level). Expanding both sides of (2.12) in the Grassmann
variables, we can get relations between the different components. By analogy with the
scattering amplitudes, we shall refer to the terms of the expansion as MHV, NMHYV, etc.
Notice that since W, p,({z,8}; {k,n}) depends on two sets of Grassmann variables #; and
n;, we will have to deal with a double expansion of the form N*MHV xN?MHV.

The lowest term of the expansion, MHV xMHV, corresponds to (2.12) with all Grass-
mann variables put to zero on both sides of the relation. Namely, for #; = 0 the super
Wilson loop W, reduces to the bosonic lightlike Wilson loop and for n; = 0 the on-shell state
in (2.2) reduces to a gluon state of helicity (+1). In this way, from (2.1) and (2.2) we obtain

1
EYIVMIY (3 ) = N(O]tr(Eln .. By Bo) |k .. k) (2.14)

where E;11; denotes a bosonic Wilson line in the fundamental of SU(/V) evaluated along
the lightlike segment [z;, z;41]

1
Eiy1;= Pexp <—Z/ dtp; - A(x; —pz‘t)> ; (2.15)
0

with p; = z; — z;41. Notice that the ordering of the F—factors inside the trace in (2.14) is
opposite to that of the gluons in the on-shell state.

In the Born approximation, AMEVXMHV is given by the sum of tree Feynman diagrams
in which the on-shell gluons are attached to the lightlike n—gon contour either directly
or through 3— and 4—gluon interaction vertices. The calculation can be simplified by
introducing the notion of a “wedge”, i.e. a cusped Wilson line built from two semi-infinite
rays running along the lightlike vectors —p; and po and joining at point x:

Wy (z) = P [exp (z /OOO dtpy - Az +p2t)> exp (—z/: dtpr - Al —pﬁ))] . (2.16)

In the product Wy, p, (x3)Wp, p, (x2) With pg = x9 — x3, it is easy to see that the two semi-
infinite rays running along po partially cancel against each other giving rise to F3o. In this
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Figure 2. Diagrammatic representation of the duality relation (2.25) for n = 6 and m = 5.
Notice that the polygon vertices and the gluons are ordered in opposite directions. Black blobs
with outgoing gluons denote wedge form factors (2.19). The lightlike edges of the Wilson loops are
mapped to the momenta of the on-shell gluons, k; = y; — y;41 and p; = z; — j41.

way, we can rewrite (2.14) as
1
Frlz\{[rInWXMHV@: k) = N«)‘tr [an,pnq (Tn) ... Whapt <I2)Wp1,pn (531)] ‘kf ce k$> . (2.17)

The advantage of this representation is that, in the Born approximation, the on-shell gluons
can be emitted by one of the W —factors thus allowing us to express the matrix element
on the right-hand side of (2.17) as the sum over all possible attachments of m gluons to n
wedges

Fy MY =y Yo 0Wy @ik ) (2.18)

<<ty 1<ig<-<i1<n

X <0|Wpi2,pi271(mi2)|k2; cee kz;_1> s <O|sz‘5 Pig—1 (wls)’k;

s

ki)

Here the first sum goes over all possible partitions of m gluons over s clusters (with s <
n) and the second sum runs over all possible wedges x;,,...,z;, to which these clusters
are attached. The difference in the ordering of indices ¢, and i in (2.18) is due to the
opposite ordering of the E—factors and gluons in (2.14). Relation (2.18) is represented
diagrammatically in figure 2.

Relation (2.18) involves the so-called wedge form factor (0|Wp, p, (z)|k; ...k, ). Since
the on-shell state contains only gluons of the same helicity, its calculation in the Born
approximation can be performed in the self-dual sector of Yang-Mills theory [20, 26]

(O Wy o (@)K . k) = F(pa, ku, .. kg, pr) €140 (2.19)

Here the dependence on z is fixed by Poincaré symmetry and the order of the arguments
of the F'—function matches the color ordering of the gluons. Its explicit expression reads



(see section 4.1 for more details)

(p2p1)
F(pa, ki, kppy) = : 2.20
2,51 & P1) (p2ki1)(k1k2) ... (kepr) (2:20)
Substituting (2.19) and (2.20) in (2.18) and matching the result with (2.5) we find
W}}I\/I"_’I;IVXMHV(x7 k) = Z eixi1y£1€2+ixi2y82,€3+'“+ixi5y€s,€1 (221)

(key—1ke, ) PirPir—1) (Key—1Ke, ) (PigPis—1) - - - (ke,—1ke,) (Pi,Pi—1)
<k€1pi1><pi1*1kf2—1><k€2pi2><pi2*1k€3—1> s <k€spis><pis*1k€1—1> ’

where the sum covers the same range as in (2.18). Here we used (2.8) to switch to dual
momenta in the exponent, e.g. ys 0, = k¢, + ... + kg,—1. We recall that for vanishing
total momentum K = > " k; = 0, the dual momenta satisfy the periodicity condition
Ym+1 = y1. Using this property, we can rewrite the exponential factor in (2.21) in the

equivalent form
eWes Tissig_y T H ey Tigiy TiYey Tiig (2.22)

We observe that it can be obtained from the original factor by swapping the variables
Tiy > Yo, Tig 3 Ybu s vy Tig & Ypy - (2.23)

Let us now examine the expression in the second line of (2.21). It depends on two sets of
null vectors p; and k; defining the edges of the lightlike Wilson loop and the momenta of
the on-shell gluons, respectively. It is straightforward to verify that it is invariant under
the swapping of these vectors

ko, < pi. , ke, < Dis vy ooy ke, & piy - (2.24)

Putting together (2.23) and (2.24), we immediately conclude that the expression on the
right-hand side of (2.21) is invariant under the exchange of the original variables (z, k) with
their dual partners (y,p). This yields the duality relation

W VMY (@, k) = Wl MY (y p) (2.25)
in agreement with [20].

2.5 Duality beyond MHV

To test the duality relation (2.12) beyond MHV level, we have to take into account the
dependence of the Wilson loop form factor (2.1) on the Grassmann variables 0;-4 and n;4.
The dependence on 1 comes from the expansion of the on-shell super-state in (2.1) over
the states of particles (gluons, gaugino and scalars) with different helicity.

At the same time, the dependence of (2.1) on 6 comes from the expansion of the
supersymmetric n—gon Wilson loop

1
Wn == Ntr(gln e 532 521) (2.26)



in powers of 6; defining the position of vertices of the lightlike n—gon in (chiral) super-
space. Here the supersymmetric Wilson line &1 ; is evaluated along the straight segment
connecting the superspace points (x;, 6;) and (x;41,60;41)

Eii1i = Pexp [—i /0 dt(; 229 Ana(x ()e(t))+9gf;1AaA(x(t),e(t))>] o 227)

where x(t) = x; — z; 41t and 0(t) = 0; — 0; ;41 t. The super-connections A are subject to
the defining on-shell constraints of N' =4 SYM [32]. One way of solving them is to fix the
non-supersymmetric Wess-Zumino gauge and express the components of A in terms of the
propagating gluon, gaugino and scalar fields [21, 22]

1

sicasent 20°P07C Dyl +

EABCDHBH’BCQ’YDFg +. (2.28)

Aos = Aaa + ieé’@sz + 2,‘953963176@?5%‘3 -
i - 1
Aaa = §¢A395 3,,6ABCD93970¢7

where the dots denote higher-order terms in 6.

AN

Before continuing let us examine the superspace structure we should expect this object
to have arising from supersymmetry. The chiral supersymmetry of (2.6) yields the Ward
identity

n m
(3 g+ X 50 ) W (G 0): (1)) = 0. (2.29)
i=1 " % =1
The duality relation is expected to hold if the total particle supercharge vanishes, Q4 =
> i1 lkj)mja = 0. Then (2.29) implies that W, ,, can be an arbitrary function of 0;‘; =
0‘4 9‘4 and nga. In virtue of the R symmetry, these variables must form SU(4) invariants.
The latter are of three different kinds: EABCD9” GJ] Gkk,ﬁl,, nwkl = eABCDmAnjBnkaD
and (0;;m;) = 0 jMka. The dependence on these invariants simplifies further in the Born
approximation.

To compute Wy, ,, in the Born approximation, we substitute (2.26)—(2.28) into the
definition (2.1) and retain the contribution at the lowest order in the coupling. Since the
dependence on 6’s comes from the expansion of the bosonic and fermionic connections
n (2.28), the number of contributing diagrams and their complexity increases significantly
as compared with the MHV case described in the previous subsection. Moreover, the
use of the Wess-Zumino gauge (2.28) breaks manifest supersymmetry. This makes the
conventional approach impractical.

In this paper we prefer the off-shell formulation of the chiral N' = 4 SYM theory in
terms of unconstrained prepotentials in LHC superspace [23], better suited for supersym-
metric quantisation. In section 3 we formulate the lightlike Wilson loop in LHC superspace
and apply the Feynman rules of [30] to the computation of its form factors.

In this new formulation, W, n,({z;,0;}; {kj,n;}) is given by a sum of contributions
having a similar structure to (2.18), with the important difference that the wedge form
factors are replaced by their supersymmetric generalisations depending on the Grassmann
variables 9;-4 and ;4. This leads to the following general expression for W, ,,,

n,m

(2.30)

o = E i Yoy by TiTin Yoy b3+ FiTisUeg by s o(0iy Veyeg)H(OigWegrg) A (0isesey) o W

,10,



which should be compared with (2.21). Here we used shorthand notation for (6;, ¢y, s,) =
G%A(WI,QA — ¢y,04) With the dual i)—variables defined in (2.8). The sum in (2.30) has
the same form as in (2.18) and runs over all possible partitions of m super particles over
s clusters. Notice that the function /an depends on the choice of partition. The second
exponent on the right-hand side of (2.30) is the supersymmetric completion of the first
exponent depending on the bosonic variables.

Most importantly, as we show below by exploring the structure of the Feynman dia-
grams, the function /an does not depend on the mixed products of Grassmann variables
(6;;m1) in the Born approximation.? This allows us to expand /an in powers of the two
remaining invariants leading to the following relation

W = WD + (WO + woD) + (W2 + WD+ wibd) + ..., (231)

where W,&*’;qf Visa homogenous polynomial in ’s and n’s of degree 4x and 40, respectively.
Schematically, Wé'}g )~ 9 ni. By analogy with the superamplitude, we refer to the
terms on the right-hand side of (2.31) with x + ¢ = k as N*MHV-like. The lowest term
of the expansion, W,S?ﬁg), defines the MHV-like contribution WMEVXMHV discussed in the
previous subsection. Its explicit expression can be read from (2.21).

Substituting (2.30) and (2.31) into (2.12), we can formulate the duality relation in each
sector,

W) ({z,0%; {k,n}) = W ({y, ¥} {p,w}) . (2.32)

The explicit expressions for W,g“nf )

for generic k and o are rather complicated even in the
Born approximation. Nevertheless, as we show below, the duality relation (2.32) can be

verified by matching into each other the diagrams contributing to both sides of (2.32).

3 Lightlike Wilson loop in LHC superspace

As mentioned in the introduction, the conventional formulation (2.27) of the chiral super-
symmetric Wilson loops, making use of constrained super-connections, is not convenient
for quantum calculations. The LHC superspace approach, where the dynamical gauge pre-
potentials are unconstrained, is much more efficient. In this section we start by a brief
summary of the LHC superspace description of A/ =4 SYM. Then we present the explicit
form of the Wilson loop in LHC superspace, in terms of the two unconstrained gauge pre-
potentials (the detailed derivation is shown in appendix A). Our formulation is similar to
the twistor one of Mason and Skinner in [5] but differs from it in an essential point.

3.1 N = 4 super-Yang-Mills in LHC superspace

Here we recall some basic facts about N' =4 SYM in LHC superspace (for details see [23]).
The theory is formulated in terms of two dynamical chiral superfields (prepotentials),

AT (2,07, u), AI(J,‘,GJF,U). (3.1)

2This does not follow from chiral supersymmetry (2.29) and it would be interesting to understand the
symmetry leading to such a structure.
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Here 674 = 94u+® is a projection of the chiral Grassmann variable with a harmonic variable
u™®. This commuting spinor variable together with its conjugate u~® form a matrix of the
chiral half SU(2), of the Euclidean Lorentz group SO(4) ~ SU(2)1 xSU(2)g. The harmonic
variables u* parametrise the coset space S2 ~ SU(2);/U(1). The superfields (3.1) are in-
terpreted as infinite harmonic expansions on the sphere, i.e. homogeneous series in the har-
monic variables u™ with fixed U(1) charge. For example, in the expansion of Az(m, 0% u) =
Ane(@)u™ + Apprya(@)ututPu=7 4+ ... + O(0) we find the ordinary gauge field Aqq(z)
and an infinite set of auxiliary higher-spin fields Ay (), ... . Note the absence of the
other projection §~4 = #4lu~* in (3.1). Such superfields are called chiral-analytic.

The prepotentials have the meaning of the connections for two of the gauge covariant
derivatives in the theory, namely

vtt=ott+ AT, ViI=0l+A}. (3.2)

Here 6:{ = uT%0, is a projection of the space-time derivative 9, while 07" = u**9/0u™“
is one of the two covariant derivatives on S2. These derivatives transform with a gauge
parameter of the chiral-analytic type,

\VA eA(x,OJr,u) \V/ e—A(x,9+,u)_ (33)

The remaining gauge connections can be constructed from the prepotentials by solving the
various super-curvature constraints. In particular, the projected spinor derivative 8:{ =
ut®d/ 904 commutes with the gauge parameter A(z, 8%, u), hence it needs no connection,
vh = 8;{.

The action of the theory consists of two terms,

Sh'a sy M = / dud*zd*0" Log(x, 07, u) + / d*zd®0 Lz(z,0). (3.4)
The first term in (3.4) is of the Chern-Simons type,
Les(2,07,u) = tr <A++a+aAg; - GATMOTTAL + A++A+aAg> (3.5)

and it describes the self-dual sector of the theory [33]. The second term in (3.4) involves
only the prepotential A™" in a non-polynomial way [24, 34],

oo
(—=1)" / A (2,07 wy) . AT (2,0 uy)
Ly = tr duy...du , (3.6)
where 9;’4 = 64 (u;)} with i = 1,...,n and (ujuj} = ul%eap u;rﬁ. This Lagrangian is

local in (x,6) space but non-local in the harmonic space (each copy of ATt depends on
its own harmonic variable). The gauge coupling constant g can be restored by redefining
A—gAand L — g 2L.

In this paper we are dealing with form factors, so we need to define the supersym-
metric on-shell states. A detailed discussion can be found in [30], here we only recall that
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the super-wave functions of the prepotentials A in the state with (super)momentum (k,7)
have the form

(k] AT (2, 0F,u)[0) = 6 (k, u)e™™TH0m (k| AL (2,67, u)[0) =0 (3.7)

provided we quantise the theory in the light-cone gauge (B.1). The harmonic delta func-
tion 0%(k,u) identifies the harmonic variable of the field with the chiral spinor momentum,
ul = k,. Notice that only the prepotential AT+ has a non-trivial wave function, while AT
does not appear in external states.

3.2 Chiral Wilson loop in LHC superspace

Now, the question arises how to reformulate the Wilson loop (2.26), (2.27) in terms of the
prepotentials? The detailed answer is given in appendix A, here we just summarise it.
The chiral lightlike Wilson loop in LHC superspace takes the following form:

1 n
Wn = Ntl‘l_Jl:U(l‘i,ei;pi,pi1)Ei+17i . (38)
Here the so-called bilocal bridge

(p2p1)AT(1) ... AT (n)

(pouf ) (uiug) ... (u pr)

[e.e]
Ulz,0;p2,p1) =1+ Z(—l)”/dul .. duy, (3.9)
n=1
resembles the interaction Lagrangian (3.6). The bridges glue together adjacent Wilson line
segments in (3.8),

. 1
(3 ~& ~
Ei+1,i = Pexp {—2 /0 dt D; Ao-f (l‘l — tpipi, <pi¢91'>, |pl>) } . (3.10)

We remark that in the expression for the Wilson loop (3.8) the prepotential AT appears
only at the cusps of the Wilson loop contour via the bilocal bridge U (3.9), while the other
prepotential A; contributes only through the edges of the contour.

We would like to emphasise that the definition of the Wilson loop (3.8) differs from the
twistor formulation of Mason and Skinner [5]. They have the analog of the bilocal bridge
U (called ‘parallel propagator’) but not the Wilson line segments E;1; (see the discussion
in appendix A.3). We believe that their definition is not gauge invariant and hence it is
incomplete. Still, the result of their calculation of the NMHV Wilson loop is correct, for a
reason which will become clear at the end of section 5. However, as we show in this paper,
the Wilson line segments in (3.8) are indispensable for obtaining a gauge-invariant result
for the Wilson loop form factor.

4 Diagrammatic approach to the duality

In this section we illustrate the duality (2.32) in the simplest MHV xMHV case. It corre-
sponds to the first term on the right-hand side of (2.31) which has the lowest Grassmann
degree (k = 0,0 = 0). We apply the Feynman rules from appendix B to the calculation of
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Figure 3. The left figure represents a planar Born-level diagram for the Wilson loop form factor
Wl(g;g). The external particles are coming from infinity which is chosen inside the Wilson loop
contour. The right figure represents a diagram for Ws(,ofg) where the variables specifying the Wilson
loop contour and the external particles are swapped. Here infinity is chosen to lie outside the Wilson

loop contour. In the middle figure the two diagrams are superimposed so that the planar graph

duality is manifest.

the Wilson loop form factor defined in (3.8), in the planar limit and to the lowest order in
the coupling and rederive the result (2.21). This example illustrates both the graph duality
and the simplicity of the LHC computation by applying the effective rules of appendix B.2.

We end the section by a discussion of the general structure of the non-MHYV diagrams.

4.1 MHYV example

As follows from the definition of the Wilson loop (3.8)—(3.10), to the lowest degree in
the Grassmann variables, the Born-level contribution only comes from diagrams without
internal propagators and interaction vertices and with the prepotential AT replaced by
the wave function (B.10). Indeed, the propagators of the prepotentials AT+ and A} given
by (B.9), (B.12), (B.13) and (B.14) are nilpotent (either ~ #* or ~ n*) and increase the
Grassmann degree. This leaves us with only one type of diagram illustrated in figure 3.

Here in the diagram on the left-hand side we draw all external legs inside the Wilson
loop contour. These legs are ordered according to (2.2) and they end at a point that
we call ‘infinity’. This graph contains n = 12 edges and m = 8 external particles and
contributes to Fiag. In the second diagram in figure 3 we show the planar dual graph
faintly superimposed. For every face of the original graph we draw a vertex, then we join
the vertices up by appropriate edges going through the boundaries of two faces as described
above. This results in the third diagram which we recognise as a valid MHV xMHYV diagram
contributing to Fy 12 with all external legs outside the Wilson loop.

Let us compute the graph expressions using the simple rules from appendix B.2. First
consider the left diagram in figure 3. There are five non-trivial cusps of the Wilson loop
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emitting particles. Using (B.7) and (B.11) we obtain the following contribution to Fiag

etk1w1+Q101 <p12p1> ei(katks)z11+(Q2+Q3)011 <p10p11>

X
(p1k1)(k1p12) (p11k2) (k2ks)(kspio)
cikaws+Qals (p7ps) eiksr7+Q507 (pepr) eilke+kr+kg)ra+(Qe+Q7+Qs)04 (p3ps)

(pska) (kap7) - (prks) (kspe) . (pake)(kekr)(k7ks)(ksps)

Flog = (4.1)

where Q;0; = n; A(kiHJA). The dependence on the Grassmann variables follows the sim-
ilar bosonic variables exponents. Substituting Fiag into (2.5) and (2.30) we obtain the
corresponding contribution to Wi g

= (ksk1)(k1k2)(kska) (kaks)(kske) x (p12p1) (P1op11)(P7Ps) (P6p7) (P3P4)

Wizs = (p1k1)(k1p12) (p11ke) (kspio) (pska) (kapr) (prks) (kspe) (pake) (ksps) (4.2)

Let us now look at the right diagram in figure 3. It depends on the variables (y;, v;)

defining the Wilson loop contour and the variables (p;, w;) specifying the external particles.
Using the effective Feynman rules, we obtain the following contribution to Fy 12:

ei(Pl+P2+P3)y1+(Q1+Q2+Q3)¢1 <k8k1> ei(p11+p12)y2+((211+Q12)¢2 <k1k2>

F8’12 - <k8P3> <p3p2> <p2p1> <p1 k‘1> . <k1p12> <p12p11> <P11k2)

et (Ps+po +p10)y4+(Qs+Qo+Q10) ¥4 (k3ky) £iP7Ys +Q7vs (kyks)

- (k3p10) (p1ope) (Pops) (Pska) (kap7){p7ks)

ei(p4+p5+p6)y6+(Q4+Q5+Q6)¢6 (kske)
X

; 4.3
(kspe)(peps) (Pspa) (Pake) (43)
where Qi1); = wi (pihj4). Substituting this expression into (2.5) and (2.30) we find that
its contribution to Wj 12 is precisely equal to (4.2),

/Ws,w = /le,fs : (4.4)

This example illustrates the general diagrammatic proof of the duality in the MHV case:
there are mixed (k;p;) brackets, common to both the graph and its dual. Then the missing
(kik;) brackets in the denominator on one side become explicit numerator terms from the
Wilson loop vertices on the other, and vice versa for the (p;p;) brackets.

The exponential factors can be seen to agree in general, also diagrammatically. Using
k; = y; — yj+1 we find that there is an exponent e in the left diagram if and only if
the face y; has a corner x;. In the dual picture faces and vertices are swapped, but the
result is unchanged. The Grassmann exponents follow the same pattern.

4.2 Classification of diagrams

Going beyond the MHYV level, we have to consider diagrams containing propagators and
interaction vertices. An example of such a diagram is shown in figure 1. The left diagram
contains two propagators connecting cusp points and one propagator connecting a cusp
point with a vertex of emission of two particles. The former produce a factor O(#%) and
the latter yields a factor O(n*). As a result, this diagram describes an N?2MHV xNMHV
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contribution. Similarly, the contribution of the right diagram in figure 1 is NMHV x N?MHV
like. In general, a diagram with k + o propagators (dash lines) and o emission vertices
(white dots) gives rise to an N*MHVXxN?MHYV contribution in the Born approximation.

The duality essentially works diagram by diagram, although there are a few subtleties
which will be discussed in the next section. Indeed the duality can be seen very straight-
forwardly at the diagrammatic level and is essentially a planar graph duality.

Planarity in this context is slightly non-trivial since on the one hand we have external
legs coming from infinity and on the other, position space propagators between the cusp
points. In the planar limit the only diagrams that survive are those which can be drawn with
all external legs and all internal propagators “outside” the Wilson loop contour, without
any of the lines crossing, and with the external legs going to infinity (see left diagram in
figure 1). There is an alternative description where we move the source of the external legs
“infinity” to a point inside the Wilson loop and insist that all legs and internal propagators
lie inside the Wilson loop without any lines crossing (see the right diagram in figure 1).

To obtain the dual of a contributing graph, draw a vertex inside each face, and connect
vertices by lines going through the boundaries of the faces: if the boundary of two faces
is a leg (wavy line), connect the corresponding vertices with a Wilson line (double line),
if the boundary is a Wilson line connect with a leg and if the boundary is a propagator
(dash line), connect them with propagators (see the middle diagram in figures 1 and 3).

The resulting dual graph will be a valid graph contributing to the dual Wilson loop
form factor (but in the opposite description i.e. if the original graph had all propagators
outside the Wilson loop contour, the dual graph has all propagators inside). Furthermore,
the expressions for the two graphs are identical after swapping the variables appropriately.

Let us note that the case WTE'}J’O) = W(OT;F”)
vacuum expectation value of the n-gon Wilson loop and the N*MHYV n-particle amplitude.

corresponds to the duality between the
The diagrammatic interpretation of this duality in terms of momentum twistor variables
has been discussed in [5].

5 Duality between NMHV xMHV and MHV xNMHV

We now move on to consider diagrams from the second term in eq. (2.31), i.e. Kk + 0 =1,
which come in two types (k,0) = (0,1) or (1,0). Each type consists of diagrams with a
single propagator. The diagrams of the first type (0,1) have Grassmann structure O(n*)
and contain an emission vertex (white blob). According to the Feynman rules (see (B.12)
and (B.13)) this vertex is connected by a propagator (dash line) either to a cusp point
(black blob) or to an edge of the Wilson loop contour (double line). The diagrams of the
second type (1,0) have Grassmann structure O(#*). They contain one propagator which
is stretched either between two cusps or between a cusp and an edge of the Wilson loop
contour. We call diagrams where all propagators end on cusps/vertices “cusp diagrams”.

Diagrams involving propagators ending on edges are called “edge diagrams”.3

3Note that only one end of a propagator can be on a Wilson loop edge, since there is no propagator
between two prepotentials A7, see appendix (B).
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In this section we carefully examine the NMHV-like case by focussing on the sector of
a general Feynman diagram involving the propagator. We first examine the cusp diagrams
before turning to the edge diagrams, show how spurious poles cancel and in the process
allow the duality to hold in a surprising and non-trivial fashion.

5.1 Cusp diagrams

First we consider the diagrams contributing to the form factor Wé,lﬁg) , €q. (2.31) in the Born

approximation. These diagrams contain n cusps (black blobs), m external states (wave
lines) and one propagator (dash line). Focussing on the part of the diagram containing the
propagator we have?

Z2

_ [ g, ez ko) (py po) (pi1pi) 6 ((62:]q1€] )
42 q*(prk1) (k1ql&][Elalp2) (pi-1lq|€]Elql k2) (kapi)

(5.1)

where ¢ is the momentum that flows through the dash line. Here and in all expressions
below we drop the exponential dependence on the Grassmann variables e (k102)+n2(k20:)
which follows the similar exponential factor of the bosonic variables. The dots on the
right-hand side of (5.1) denote the contribution of the remaining cusps which are the same
as in the MHYV case.

Now consider cusp diagrams contributing to Wy(no, ’7}). Again focussing on the piece
containing the propagator, the dual to the above diagram is:

b1
Z2
b2
7
: k1
kg Y2
N\,
Pi—-1
X
bi (5.2)

_ e 72092 (o1 ko) 6% (025 24 €] )
23, (p1k1) (k1| @i | €][€|z2i p2) (pi1]w2i |€][€| w23 k2 ) (kops)

4We use this diagram to illustrate the general case. The most generic diagram would have an arbitrary
number of legs (or none) in place of k1 and ko.
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Here we have replaced the momentum through the propagator ps + --- + p;_1 by the dual
variable x9; and similarly the supermomentum by 6s;.

The expressions (5.1) and (5.2) depend on the gauge fixing spinor £ (see eq. (B.1))
which generate spurious complex poles, e.g. (k1]|¢|¢] = 0 in (5.2). Below we demonstrate
that the £-dependence as well as the spurious poles cancel in the sum of all diagrams.

Notice that the two expressions (5.1) and (5.2) look very similar. In fact, if we re-
placed ¢ in (5.1) by x9;, then the integrand of the Fourier integral would be identical to the
expression in (5.2) (up to (kykr+1) and (prpy4+1) factors which we expect from the duality
relations (2.5) and (2.12)).°> Indeed if we were allowed to perform the Fourier transform
in (5.1) in Euclidean space, then we would simply replace ¢ by x9; everywhere according to
eq. (C.4). Thus if we were in Euclidean space, (5.1) and (5.2) would give identical expres-
sions (up to the Parke-Taylor factors) leading to the required duality between diagrams.
At the moment however we cannot yet justify Wick rotation to Euclidean space as (5.1)
has spurious complex poles in g-space preventing this. It will become possible after we take
into account the edge diagrams.

5.2 Edge diagrams

Besides the cusp diagrams we also have edge diagrams with propagators ending on (and
being integrated along) edges of the Wilson loop contour. These appear in both qu}ﬁg)
and W,(nq ’,1).

An example of such a contribution to Wr(l,l;r?) is

_ /d4q (etam2i — giazai) eilkreatkaa) (11 o) (p; 1 ;) [pag] 6t ((Baipa))
dn?  (prka)(k1pe)(p2lql€]lplalp2) (pi-1p2) (p2k2) (k2pi)

(5.3)
We note here that, again if we could perform the Fourier integration in Euclidean space,
we would get two terms coming from the two exponents in the first factor. The first term
is obtained by replacing ¢ in the integrand by x2; and the second one replacing g by xs3;,
see eq. (C.6). But these two terms are equal (and opposite) since x3; = x9; + T30 = T2; — P2
and ¢ appears everywhere contracted with a ps. Thus as a Euclidean Fourier integral we
get from (5.3) a vanishing result and indeed we will find no corresponding dual diagram as
we will discuss shortly.
However, as a Fourier integral in Minkowski space, (5.3) is non-vanishing and plays an
important role in the cancellation of spurious poles which ultimately allows for the Wick
rotation to Euclidean space. We will take a closer look at spurious pole cancellation in the

5We have displayed only part of the exponential factors in (5.1) and (5.2), the rest goes into the ellipsis.
To compare them, in (5.1) we rewrite k12 + kox; = —y2x2; + ..., as in (5.2).
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1,0) .
(10)

next subsection, but for the moment we leave all the diagrams contributing to Wy n
the form of Fourier integrals.
There are also edge diagrams contributing to Wf,?, ’%) for example
p1
Z2
ﬂ P2
7 \
: %. ---------- - (efim%yz — 67”2”41)[5]{1] <k1k2>54(<02ik1>)
v ~ {puka) (R fail€] (el ] ) (i) ()
Pi-1
Z;
Di
(5.4)

This type of diagram also plays a crucial role in the cancellation of spurious poles. Again
there is no corresponding dual diagram. Intriguingly however, if we used the duality to
translate this diagram into an expression contributing to the dual diagram Wr(l},’,(l)) we would
obtain an integral which evaluates to zero in Minkowski space. However this vanishing
Minkowski integral plays a crucial role in the cancellation of leftover spurious poles of
é};,?) at the level of the Fourier integrand. Armed with these additional terms we then
have a Fourier integrand with no remaining spurious poles, and we can hence Wick rotate
and do the Fourier integration. After this has been performed these “fake” terms contribute
a non-vanishing result! We will see all this more explicitly in the next two subsections.
We end this subsection by a comment on the vacuum expectation value of the lightlike
Wilson loop (0|W,,|0) at NMHYV level. It corresponds to diagrams of the type (5.1) and (5.3)
without external legs. In [5] the same object has been calculated in the twistor framework
using the incomplete expression (A.20) for the Wilson loop. Evidently, this can account
only for the cusp diagrams but the edge diagrams are missing. Nevertheless, the final result
is correct. The reason for this is that the authors of [5] work in Euclidean space where
the missing edge diagrams vanish, as we have shown. However, the edge diagrams become
very important when we consider the form factors of the Wilson loop (2.1).

5.3 Spurious pole cancellation

In this subsection we take the generic diagrams (5.1) and (5.2) contributing to qu},;?) and

Wyszo, ’%), respectively, examine their spurious poles and show how they cancel. We begin
with W,(,?, ’,1) since there things are more straightforward.

MHYV xNMHYV sector. Diagram (5.2) contains four spurious poles. We consider each
pole in turn.

It is convenient to associate the spurious poles of (5.2) with the four angles formed
by the propagator and the two pairs of lines (k1, k2) and (p2,p;—1) attached to each end.
First we consider the pole at [|z2;|p2) = 0 (associated with the upper right angle). By
setting |] = x9;|p2) it is straightforward to find the residue of (5.2) at this pole. We can
then check that the residue is cancelled by the pole of a nearby diagram with the leg ps
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attached to the other end of the propagator. Diagrammatically, displaying the residue by
filling in the associated angle we have

(5.5)

The pole at (pi_1]|z2;|(] = 0 is cancelled by a very similar mechanism, i.e. the nearby
diagram with leg p;_1 attached to the other end of the propagator cancels this pole.

Now we consider the pole at (k1|z2;|¢] = 0 (associated with the upper left angle). By
setting |€] = x9;|k1) we can obtain its residue and it is straightforward to check that this
cancels the corresponding residue from the first term of the nearby edge diagram (5.4).
The second term of the edge diagram then cancels a spurious pole from another nearby

E+::o ....... {E:O

v
R

cusp diagram. Diagrammatically:

.
<

(5.6)

The spurious pole of (5.2) at [£|z2i|k2) = 0 is cancelled by a similar mechanism (essentially
the above picture reflected in the horizontal axis.)

We have thus cancelled all spurious poles of the diagram (5.2) using nearby diagrams.
Of course each new diagram (apart from the edge diagram) will introduce new spurious
poles, which are then cancelled by further nearby diagrams etc. In this way we see that
all spurious poles are cancelled up to certain special boundary cases which we consider in
appendix D.

NMHYV xMHYV sector. We now consider the spurious poles of W,g};,g) taking the dia-
gram in (5.1) as a suitably generic example. Again there are four spurious poles which we
consider in turn.

First consider the pole at [|q|p2) = 0. This is shared by the nearby edge diagram (5.3).
By considering the limit [{| — (p2|¢ we can find the residue at this pole of both (5.1)
and (5.3). We find that the pole of the first term of (5.3) exactly cancels the pole of (5.1).
The second term of (5.3) on the other hand cancels a pole of a nearby cusp diagram.
Diagrammatically, denoting the pole of a particular diagram by filling in the angle between
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the relevant propagator and neighbouring edge we find

T9 To T
P NQ P%' p2 D1 b2

SO G
S Jo=o0
2 kol # o ky ! A ok /A

x5 X Z; (5.7)

The spurious pole of (5.1) at [£|g|pi—1) = 0 is cancelled similarly (by essentially a reflection
of (5.7) about the horizontal axis).

However now consider the spurious pole at (ki|g|{] = 0. There is no nearby diagram
which can cancel this spurious pole at the level of the integrand. One is tempted to consider
the diagram with leg k; shifted down so that it is attached to vertex x;, but the two diagrams
have different exponential factors, e?*1#2 and e’*1%i preventing the cancellation. At first
sight, this leads to an apparent breakdown of gauge invariance in this sector!

The solution to this puzzle in fact comes from examining the corresponding cancellation
occurring in the dual picture described above. There we had a corresponding pole at
(k1]|z2i]€] = 0 which was cancelled by the edge diagram (5.4). Translating this via the
duality® suggests we consider the expression

- A0 o, (ei(k1$2+k2$i) _ 6i(k1+k2)$i)[§k1]<p1p2>54(<(92¢]€1>) B
= 4m2* ' (p1k1) (k1 |q|€] (K lal k] (Rik2) (ki) (Di—1 k1) (Faps) =0 (58)

Firstly we note that as an integral in Minkowski space I vanishes and thus we are perfectly
at liberty to add the integral (5.8) to W,Sl,,i’) The identity I = 0 can be seen straightfor-
wardly by observing that the contributions of the two terms inside the parentheses cancel
against each other after shifting ¢ — ¢+ k1 in the second term (since (k1|qg = (k1|(q+ k1)).

Secondly we note that the integrand of (5.8) is precisely what is needed to recover gauge

invariance of the integrand of W,%%g)

: the spurious pole of the first term at (ki|q|¢] = 0
cancels the spurious pole of the diagram (5.1). Furthermore the other term similarly cancels

the pole of the diagram with k1, ko both coming from point x;. Thus, for the relevant poles

SMore precisely, to obtain this dual expression as a Fourier integral, we take the expression (5.4), replace
Z2; with ¢ in the rational terms, leaving the exponential terms as they are, multiply by e*?*2¢ and integrate
over d*q. The careful reader will note that the exponents of (5.4) and (5.8) are different. In fact the two
displayed exponentials are related via (e 7'%2i¥2 — eTi2i¥1) — g~ (gilk@athazi) _ pilkitha)ziy iuszi g5p(
we have simply absorbed the factors e~*¥1¥1¢"¥3%i into the ellipsis. If the full exponential factors for the
entire expressions were written out in both cases they would precisely agree (see footnote 5).
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we have diagrammatically

ki : ? ¢ :
‘ E ‘ + resI + &k E ‘ =0
ko 1 '
i i (5.9)

Also note that since we are simply adding zero to the sum of Feynman diagrams, to
obtain a manifestly gauge invariant integrand, this means the original sum of Feynman
diagrams, as integrals in Minkowski space is gauge invariant as expected, despite appear-
ances. Since the complex spurious poles cancels in the gauge invariant integrand, we are
now allowed to Wick rotate it and perform the Fourier transform in Euclidean space. At
this point we use the simple Euclidean integration procedure given by eq. (C.4), essen-
tially replacing g everywhere in the integrand with the corresponding term multiplying ¢
in the exponent. Amusingly after doing this the term I is no longer vanishing, but gives a
non-vanishing result and furthermore, as we explain in the following section, it is identified
directly to the corresponding edge terms of the dual diagram.

As a final comment we emphasise that the addition of I can also be viewed as simply
a neat trick done in order to perform the Fourier transform of the W,(L};,?) sector: the sector
is gauge invariant, and in principle the Fourier transform could be performed directly in
Minkowski space. However by adding I and thus removing spurious poles at the level of
the integrand we are able to Wick rotate and make use of the simple Euclidean Fourier
transform (C.4). The final result should be the same of course whichever method is used
to compute it.

5.4 Summary of the duality mechanism
W(,l;,g) (%)

We are now in a position to pull everything together and prove the duality Wy 5’ = W',
eq. (2.31). Having shown the &-independence of WT(L,I,;?) (by including integrals similar to
the I in (5.8) above, obtained from edge diagrams of W,S?, ﬁ)) we can now Wick rotate all
the contributing diagrams (since there are no remaining complex poles to obstruct this)
and perform the Euclidean Fourier transform according to eq. (C.4). We then recognise
that cusp diagrams are directly equivalent to their graph duals, just as for the MHV sector
(e.g. (5.1) equates to (5.2) after multiplication of the appropriate Parke-Taylor factors).
Then there are edge diagrams of the Wé}ﬁg) sector (such as (5.3)) which have no dual
in the W7(r2 ’71) sector, but which in fact give zero after performing the FEuclidean Fourier
transform. Thus the duality still holds for these diagrams. Finally there are non-vanishing
edge diagrams of the W,ﬁi’, ’ﬁ) sector, such as (5.4). Although these have no dual diagrams
in the W,&};S) sector, we find it necessary to add equivalent terms to this sector (e.g. the

expression [ in (5.8)) in order to ensure the absence of spurious poles at the level of the
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integrand. As explained above this addition does not affect the Wilson loop form factor
since the integral vanishes in Minkowski space. However it is crucial for ensuring we have
an integrand without spurious (complex) poles and hence can safely Wick rotate. Then we
find that the Euclidean space integrals, I, are equal (up to multiplication by the appropriate
Parke-Taylor factors) to the dual edge diagrams contributing to W,Sg ’,P.

In summary then at the Grassmann level k + o = 1 the duality works as follows:

W10 sector WO sector
(Minkowski) ik (Euclid)
cusp diagrams <— cusp diagrams
edge diagrams — 0
added terms I =0 <— edge diagrams

6 Concluding remarks

In this paper we have given a proof of a new duality for Wilson loop form factors at the
first non-trivial NMHV-like level and in the Born approximation. Can we go beyond?

Consider the general duality (2.32) in the Born approximation. In this case the cusp
diagrams involve several propagators (see figure 1) and the corresponding edge diagrams
also have a more complicated structure. In particular we need diagrams involving higher-
order edge terms in the expansion of the Wilson lines E;41 ;, eq. (3.10). Also, we encounter
diagrams of the mixed type, with cups-to-cusp and cusp-to-edge propagators. Nevertheless
the mechanism of spurious pole cancellation is expected to be essentially the same.

We can start with the cusp diagrams for which the duality is evident since it is a duality
of planar graphs. These diagrams provide the physical poles corresponding to vanishing

invariant masses, (k; + -+ + kj_1)? = yfj = 0, or to the distance between two distant
2
ij
various complex spurious poles. These poles are removed by adding the appropriate mixed

points of the Wilson loop contour becoming lightlike, 7, = 0. However they contain
and edge diagrams. For each spurious pole there are correction terms obtained by sliding
an external leg along a propagator. The mechanism is expected to work iteratively, first
removing the poles of the pure cusp diagrams, then of the mixed, etc.

We can also think of the duality beyond the Born approximation. The loop corrections
to the vacuum expectation value of the Wilson loop create UV-divergences. At loop level
the scattering amplitude suffers from IR-divergences. Since the Wilson loop form factor
is a hybrid observable interpolating between the two, its perturbative corrections are both
UV- and IR-divergent.” So one needs to introduce a regularisation which can handle both
types of divergences. Instead, we can consider the duality for the four-dimensional loop
integrands corresponding to Lagrangian insertions into the Born-level object.

In the planar limit the loop integrands are unambiguously well-defined rational func-
tions. So it is natural to expect that the duality works for them similarly to the Born

"Notice that the divergent part of the Wilson loop form factor automatically satisfies the duality rela-
tion (2.12). Namely, the IR divergencies of W, ,, match the UV divergences of W,, , and vice versa.
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Figure 4. Diagrammatic representation of the duality relation Wi%’o) “ WG(SL’O) in the one-loop
approximation.

approximation. Indeed, using the effective Feynman rules of appendix B.2 together with
the Euclidean Fourier integration rules® of appendix C one can see that the cusp diagrams
are dual to each other as loop integrands. The corresponding edge diagrams play an aux-
iliary role cancelling spurious complex poles. The duality (2.12) is again translated into
a planar graph duality. In figure 4 we give an example of the duality in the MHV xMHV
sector in the one-loop approximation. There the Wilson loop contour is purely bosonic and
the scattered particles are (+1) helicity gluons (this is equivalent to explicitly performing
the integration over the superspace variable related to point yg which the effective rules
naturally give us). In the left diagram we introduce the region momenta yo,y1,- .., Ye as-
sociated with faces and represent the momentum space integral as an integration over yo.

Multiplying it by the Parke-Taylor prefactor we obtain the contribution to W4(706’0) ,

/ d4 £iT23Y2 pIT12Y3 p1Y0T31 [£|y10y04 |§]3
Yo
Youdalélyoalka) (kelyrol€] (palyrol€][€|y10l k1) (kalyoa €] (€ [yoalpa)

(pap1) (p1p2) (P2p3) (kek1) (k1k2) (kaks) (kska)
(k1p2)(p2ka)(kap1)(p1ks)

(6.1)

In the right diagram we use the Euclidean Fourier transform to write it down immediately
in coordinate space and integrate over position yg of the interaction vertex. Its contribution
to Wéi’o) coincides with (6.1). So we see the duality at the level of the integrand.

There are several directions for further investigations. It is well known that the Born-
level amplitudes have a remarkable dual superconformal symmetry which, combined with
the native superconformal symmetry, results in a Yangian structure [31, 35-37]. As a result,
the form of the amplitude is completely determined by this powerful symmetry and the
requirement of absence of spurious poles. In this context we may ask the question if the new
duality found in this paper could be a manifestation of some hidden symmetry? The first
step in this direction should be to elucidate the role of conformal symmetry. It is supposed
to simultaneously act on the Wilson loop component of the form factor as a local symmetry,
and on its amplitude component as a non-local symmetry. This issue is under investigation.

8We cannot fully justify applicability of the Fourier transform in Euclidean space until we have checked
for integrand level cancellation of spurious poles, but we assume this here.
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It would also be interesting to understand how to properly regularise the loop correction
integrals so that the duality still holds at loop level. Another challenging problem is to
find a strong coupling or AdS/CFT analog of this duality.
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A Chiral lightlike Wilson loop in LHC superspace

A.1 Chiral lightlike Wilson loop

The conventional formulation of a chiral supersymmetric Wilson line on a segment of the
line in (z, 6)—superspace

Taa(t) = Tag — t Paba , 02(t) = 02 — twp, te(o,1], (A.1)

has the form (recall (2.27))

£ = Pexp {—i /0 L Bﬁdpo‘flw(x(t), 0(t)) + whp™ Awa(2(1), 0(t))] } (A2

The corresponding covariant derivatives D = 0 + A transform under a gauge group with
ordinary, harmonic-independent parameters,

D — @0 pe @) (A.3)
Consequently the Wilson line transforms as follows:

£ s or@(1),6(1) g o—7(x(0),6(0) (A.4)

A complete gauge-invariant lightlike Wilson loop is obtained by gluing together n consec-
utive segments and closing the contour (with the identification n 4+ 1 = 1),

1 n
Wn = Ntl‘l_Jl:giJrLi . (A5)
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A.2 Bridge transformation to LHC superspace

For our purposes we need to express the Wilson loop (A.5) in terms of the unconstrained
prepotentials AT+, AT from (3.1). To this end we need to relate the covariant derivatives
D with the transformation (A.3) to the derivatives V with the transformation (3.3). The
key observation is that the harmonic derivative 9T needs no connection for the gauge
group with harmonic-independent parameters 7(z, ), DT = 9+, This suggests to relate
it to VT from (3.2) by a generalised gauge transformation,

O =h7IVTTh =TT 4+ ATN)R (A.6)

or equivalently
AT (2,0, u) = —(0TTh)h ™t = hotThL. (A7)

Here the ‘parameter’ h(z,6,u) depends on all the LHC superspace variables. It undergoes
gauge transformations under both gauge groups,

h — eM@dTu) po—(@h) (A.8)

In the Abelian case this becomes dh(x,0,u) = A(z,0",u) — 7(x,0) and we see that the
combined gauge transformations of both types cannot gauge away the entire content of
the general superfield h. Hence, despite the appearance h is not a pure gauge. In the
same way, (A.6) and (A.7) are not gauge transformations but rather field redefinitions. We
call the new object h a ‘gauge bridge™ relating the 7—frame with harmonic-independent
parameters and the A—frame with analytic parameters.

Relation (A.7) is a differential equation on the harmonic sphere S2. In it we consider
the chiral-analytic prepotential AT as given and the bridge h as the unknown. This
equation has a solution defined up to arbitrary 7 and A gauge transformations, so the
bridge h cannot be obtained unambiguously from the prepotential.

Once the bridge has been found, it can be used to convert any gauge covariant object
from the 7—frame to the A—frame or vice versa. In particular, all covariant derivatives D
can be converted to V,

V=hDh! (A.9)

transforming according to (3.3). Then we can do the same with the Wilson line (A.2):

FE = h(z(1),0(1),u) & h(z(0),0(0),u) (A.10)
with the gauge transformation

B — A@0TM)u) g o—A@(0),0%(0)u) (A.11)
Note that we use the same harmonic variable w all along the segment.

Conversely, starting from the A—frame Wilson line and transforming it back to the
T—frame, we obtain an object which does not depend on the harmonics:

£ =h~Y(z(1),0(1),w) E(u) h(z(0),0(0),u), & +E=0. (A.12)

9The terminology originates from the harmonic superspace formulation of N = 2 SYM [38]. A similar
object exists in the Ward construction for self-dual non-supersymmetric Yang-Mills [39, 40].
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Indeed, the harmonic dependence of the A—frame Wilson line (A.10) comes from the bridge
h. The inverse transformation (A.12) removes the bridge and with it the u—dependence.
This property allows us to choose the harmonics u on a given segment as we like. A
judicious choice [5, 26] is to identify the harmonic u™ with the chiral spinor defining the
direction of the lightlike line,

ul = pa, (A.13)

and u~ with the SU(2) conjugate p,. With this choice we obtain (see (A.1))
1
B =pen =i [ a1 Ans(al0,00). 1) + 5 Ausata(01.00). 1)}
1
= Pexp{ =i [ a3 45 0,000 0) + A 4301000, 1) |
it .
— Pexp {—2/ dt 5 AL (2(t), (p), yp>)} . (A.14)

0

In the last relation we have used the A—frame property AZ =0, i.e. Vz = 81{. The gauge

connection contributing to the Wilson line is the prepotential A;t(x, 0%, u) from (3.1) with
04 = ute9d(t) = p* (04 —twp,) = (p#2). So, the only dependence on the position along
the lightlike segment is in the space-time coordinate x(t).

Let us now glue together the different segments of a Wilson loop according to (A.5).
Consider two adjacent segments:

Eiic1=h "N, 05,pi-1) Eii1 h(zi1,0i-1,pi-1)
Eiv1i = h™Nwiv1,0i41.p1) Big1i h(wi,05,05) . (A.15)

In their product &1, ;-1 the bridges at the cusp point ¢ depend on the same superspace
coordinates x;, §; but on different harmonics p;_1 and p;. The two adjacent bridges define
a new object,

h(wi, 05,p6) b~ (i, 05, pic1) := Ui, 035 pi, pi1) - (A.16)

This object has been discussed in detail in [30]. The bridge h(z,6,u) relates the
harmonic-independent 7— gauge frame and the analytic A—gauge frame. The new bridge

Ul(x,0;u,v) = h(z,0,u) h~(x,0,v) (A.17)

is inert under the 7-frame gauge transformations but transforms with respect to two ana-
lytic frames with harmonics v and u (see (A.8)),

U(z,0;u,v) — @07 ) U(z,0;u,v) e~ M@ fT ) (A.18)

We call this object a bilocal bridge, where the biloclality refers only to the harmonic vari-
ables. An explicit expression for U in terms of the prepotential AT from (3.1) can be
found by solving the harmonic differential equation that follows from (A.17) and from the
definition (A.6) of the bridge h,

ViU (u,v) =0, (A.19)

with the obvious boundary condition U(u,u) = 1. The solution [41] is given in (3.9).
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In conclusion, coming back to the closed Wilson loop (A.5), we obtain the formulation
of the chiral lightlike Wilson loop in LHC superspace by gluing together Wilson line seg-
ments (A.14) and using bilocal bridges (A.17) as ‘glue’, eq. (3.8), where E; 1 ; is defined
in (3.10). Comparing the gauge transformations of the bilocal bridge U (A.18) and of the
Wilson line segments E (A.11), we clearly see the role of the bridges: they adjust the
transformation properties of the segments at the cusp points.

A.3 Comments on the twistor formulation of Mason and Skinner

The construction of lightlike Wilson loops presented here is similar in spirit to the twistor
formulation of Mason and Skinner in [5]. After establishing the LHC/twistor dictionary
(see [23]), we can make a detailed comparison.

The noticeable difference concerns the claim in [5] that the entire Wilson loop can be
written as a product of ‘parallel propagators’ U [5, 24, 42],

1 n
WTIYI&S = NtrHU(xi,Oi;pi,pi_l) . (AQO)
=1

Equation (6.16) (see also eq. (2.17)) in [5] displays this form of the Wilson loop. Comparing
with our formulation (3.8), we see that the Wilson line edge factors F;y1; are missing
in (A.20). One would wonder how such an incomplete expression can be gauge invariant?
Indeed, from (A.18) we see that the product U(x;t1,0it1, pit1,0i)U (i, 0;, piy pi—1) is not
gauge invariant at point 7; the role of the edge factor F; 1, is precisely to adjust the
transformation properties.

The attentive reader may notice that on each segment of the Wilson loop Mason and
Skinner impose the condition ﬁd‘AI = 0 (in our notation; see the text before their equation
(6.14)). This condition would indeed trivialise (3.10) but it is not clear where it comes from.
It looks like a ‘floating gauge condition’, i.e. the light-cone gauge 50.‘14:-,(r =0 (B.1) but with
& = p; for each segment. In our understanding, if we change the gauge-fixing condition
from one segment of the Wilson loop to the other, we would break gauge invariance. The
edge contribution Ej;;q; in (3.8) is an indispensable part of the definition of the Wilson
loop. In section 5 we have shown explicit examples where the edges contribute essential
pieces of the complete NMHV Wilson loops. In fact, they are responsible for obtaining a
gauge-invariant, i.e. £—independent result.

B Feynman rules

B.1 Propagators and on-shell states

To quantise the theory we use the light-cone (or axial or CSW) gauge [25, 43|
AT =0, (B.1)

where the gauge-fixing parameter £ is an antichiral commuting spinor ( “reference spinor”).
This gauge has the advantage that the cubic Chern-Simons term in (3.5) vanishes, so the
interaction comes only from Ly (3.6). However, it introduces specific spurious poles in the
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propagators which require careful treatment. We find that the correct way is to implement
all Feynman rules in momentum space, even though the Wilson loop is defined in position
space. The Fourier integrals from position to momentum space are initially defined in
Minkowski space. Only after we have made sure that the sum of all Feynman diagrams is
free from spurious poles, we can Wick rotate to Euclidean space and evaluate the Fourier
integrals by the simple formulas in appendix C.

The Feynman rules in the gauge (B.1) have been worked out in [23] in position space
and their momentum space equivalents in [30]. Here we summarise the effective rules after
the Grassmann and harmonic integrations at the vertices have been carried out.

The propagators are determined from the (non-diagonal) quadratic part of the Chern-
Simons Lagrangian (3.5):1

<A++(Q7 91’_7 ul)A++(_Q7 9+7 u2)> = 476° ((uﬂq|§]) 5(u17 U’?) 5 (<ui~_012>) ) (BQ)
(Ag (0,07, u) AT (=g, 05, u2)) = (ilijﬁ] d(ur, uz) 8* ((ufb12)) , (B.3)
Uyq

and <A§AJT) = 0. The harmonics are auxiliary variables which are integrated out in gauge-
invariant quantities. The harmonic integrations originate from the interaction vertices in
the Lagrangian Lz (3.6) and in the bilocal bridge U (3.9). They are implemented with the
help of delta functions. Firstly, the harmonic delta-function §(uy,us) identifies uf: = uf,
so each line effectively carries only one harmonic. Secondly, the remaining harmonic of
the propagator (A*TA*T) is integrated out by means of the delta-function 62, eq. (B.2),

resulting in the substitution u* — ¢|¢] and the Jacobian factor 1/¢?, i.e.

[ s ((atlalg) R(w) = ~5R(ale). (B.4)

for a homogeneous function of degree zero R(u). In the effective Feynman rules all harmonic
integrations are already implemented.

Another effective Feynman rule concerns the emission of n external states and of one
propagator from an interaction vertex in the Lagrangian Lz. Denoting by K = > | k; and
Qr = Y1 |ki)n; the total (super)momentum of the n particles and using the Feynman
rules (B.2) we find:

/d4x0d890 ((krsmn) ... (ks )| Lz (00, 80) A (2, 6%, )] 0)

' d4q ei(I(xO—x) 1
_ 4 8 1 Kzo+Q Kb AR —
/d zod b e /(2ﬂ)4 P 0" ({0 — 0]ale]) (€lq|k1)(kika) . .. (knlq|€]
KT+ QK0 5 ((Qk|KIE])

= ) B.5
K7 KTk (kaka) - (koK ()

The prepotential AT plays the leading role. The diagrams with propagators
(AT ATT) provide the main contribution (cusp diagrams). The prepotential A} and the
propagator <A++A;t> appear in edge diagrams which are needed to restore gauge invari-
ance (i.e., to eliminate the reference spinor £ and its spurious poles). The only dependence

10The bilinear term in Lz is treated as a bivalent vertex.
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on A;r comes from the edges F;;1; of the Wilson loop. The prepotential A;r slides along
an edge of the Wilson loop contour, see (3.10). At NMHV level we deal with the linear
approximation of the Pexp. The corresponding line integral concerns only the exponential
factors (Fourier or wave function), e.g. fol dt e'a(@i—tpi) — i(qlpz_) (e'a¥i — elatitt),

In the following we deal mostly with harmonics u™ carrying U(1)-charge (+1), so we

omit the + index of the harmonics and the Grassmann variables for the sake of brevity.

B.2 Effective Feynman rules

To obtain effective Feynman rules we carry out all harmonic and Grassmann integrations.

B.2.1 Vertices
The bilocal bridge U (z, 0;p1,p2), eq. (3.9), at the lowest order in the coupling equals 1:

/\ —1 (B.6)

b1 D2

Higher-order vertices in the expansion of U(x, 6;p2,p1). In this example the line with
uz ends on a superstate (k,7) and depicts particle emission. The harmonic is identified
with the particle momentum, ug — |k). The other lines are internal. If an internal line
depicts the propagator (A*T(q,u) AT " (—gq,u)), its harmonic is substituted by ut — ¢|¢],
see eq. (B.4). If an internal line depicts the propagator (AT A?), then u™ is identified
with the lightlike direction spinor |p) of the edge where the prepotential AI lives.

(p1p2) (B.7)
(prur)(uiug) . .. (unp2)

Interaction vertex Lz, eq. (3.6). Lines ¢ = 1,3 correspond to particle emission. The
other lines are internal. The harmonics are identified as above.

_ 1 (B.8)

(ugug) (ugus) . .. (uyug)

Ul

B.2.2 Propagators
1. Propagator (ATTATT) between two Wilson loop cusps. The harmonic of the ver-
tices (B.7) and (B.8) where this propagator ends is replaced by u™ — ¢|].

(x1791>Q|£]) (x2,92,q|£]) / d4q

iqT 1 4
R R R R, ° = | =€ e 12?5 ((0121¢/¢]) (B.9)

2. Emission of a superparticle with (super)momentum (k, Qr = n|k)) from a cusp of the
Wilson loop. The wave function (k, Qx| A1 (z,6,|k))|0) is

x,0,|k)
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3. Emission of a superparticle from an interaction vertex L.

(k, Qp, k)~ . (B.11)

4. Propagator (ATT A1) between an interaction vertex and a cusp (z, ). The momen-
tum K and supercharge Qi flow into this line from the side of the vertex.

(K,Qx, K|¢)) (.0 KI) 4

Onmimioaiaolis . = ﬁein+QK"54(<QK|K|§]) (B.12)

5. Interaction vertex connected with a Wilson line segment Wis by a propagator
(ATTAY) sliding along the edge parametrised by z(t) = z1 — t|p)[p|, p = z1 — 22,
t € [0,1]. The (super)momentum (K, Qg ) flows into this line from the side of the
vertex.

(22,02, |p))
- _(_I{’_C.?f(.’ .@_) - o [pgleRxt iKoy, Koo
” = BRI IRl (@re) (e =)
[ }
(21,01, |p))

(B.13)

6. Cusp (zo,00) connected with Wis by a propagator sliding along the edge. Note that
(pbho) = (pbo)-

(‘7727 927 |p>)
°
(zo, 6o, |p)) 4
dq  [p§] 4 ; :
@ ----------- — [ 24 5% ((Bo1p)) (et4m0r — eiawoz
/47r2 (plql€){plalp] ({Gorp)) )
(z1,01,[p))
(B.14)
C Fourier transforms
In this paper we encounter Fourier integrals of the type
eiq:c
a5 R(Ela), (C.1)

where R([¢|q) is a homogeneous function of degree zero of the spinor [¢|g. The way this
integral is computed heavily depends on the space-time signature. In Fuclidean space we

can use the following trick. First, we insert a harmonic integral over S? and write

[ @t SRl = [ [ aw el RO (C2)
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The role of the complex delta function is to identify the SU(2);, harmonic u* ~ ¢|£], up
to a phase factor which drops out in the homogeneous function R(u*). The factor 1/¢? is
the corresponding Jacobian (for detail see appendix A in [23]). Then we decompose the
dot product

2(q - ) = [ElgluT)[Ellu™) + [Elglu ) Elwlu®) — [Elglu)Elwlu®) — [Elglu™) Elw|u)

in the basis formed by the SU(2); harmonics u(f and their SU(2)g analogs &4, &4 with
(utu™) =1 and [¢£] = 1. Next we swap the harmonic and Fourier integrals and use the
delta function to lift the integral over the complex variable [¢|glut) (and its conjugate

[€|glu~)). The remaining Fourier integral over [¢|q|u~) produces another delta function, so

/ diq €% 62([E|glut)) = an6([Elzlut)) . (C.3)

Finally, we do the harmonic integral with the help of the new delta function and obtain

4 eiqz _
[ 5 SRA) = 5 R(Elw). ()

472

As an example, consider the integral

@ e [€|qlp1) _ 1 [gi\a:\pﬁ
472 q% [Elqlp2)  2? [€|lz|p2)

(C.5)

Its computation in Euclidean signature is straightforward, as shown above. However, were
this integral to be evaluated with Minkowski signature, we would have to deal with the
complex pole at [{|q|p2) = 0. This is a rather nontrivial task which we need not address.

Another type of Fourier integral that we encounter is obtained by combining two
integrals of the type (C.5):

4w Telalpa)Clalp) ~ w2y ) 47 @ Llglalpa) ~ [Clalp2)

~ [Eelpe)[Clalpr) (C.6)

/d4q iqe [¢€] 1 diq e [[E\fﬂpﬁ [Clglp1)

We remark that in Minkowski signature, with the choice [(| = p1, this integral becomes
a contact term ~ 0(x - p1). At the same time, in Euclidean signature it is a rational
function. This example clearly illustrates the drastic difference between the two space-
time signatures. It also explains why we prefer to do all our Fourier integrals after the
Wick rotation to Euclidean space.

D Cancellation of spurious poles: boundary cases

Here we discuss in more details the cancellation of spurious poles between cusp and edge
diagrams at the Grassmann level k + o = 1.
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MHV xNMHYV sector. From the discussion in section 5.3 we see that spurious poles
in the W1 gector are cancelled by nearby diagrams. In particular, in (5.5) we see that
spurious poles of the type [£|za;|p2) = 0 are cancelled using similar diagrams with the leg
po shifted from the right end to the left end of the propagator or vice versa. Eventually
however one will run out of free legs to shift in this way and we refer to these situations as
boundary cases. The case where there are no more legs to shift to the right is covered by the
edge diagram as in (5.6). We need however to consider the case when there are not enough
legs on the right to shift left. More precisely we need to consider the case when there are
just two legs entering the propagator from the right. Then if we were to shift the final
propagator to the left this would leave a diagram with just one leg entering the propagator
which vanishes. So which diagram cancels the spurious pole in this case? The answer is
that the pole is canceled by a similar diagram where two legs have shifted, for example

(D.1)

Here leg p1 has shifted left as expected but leg ps has simultaneously shifted right. One
can straightforwardly check that the spurious pole in question cancels between these two
diagrams.

Finally then there arises the situation where there is no leg (such as ps in the example)
to shift to the right in this way. In this final case it turns out that the spurious pole is
canceled by an edge diagram with a single leg entering the propagator. Such a diagram is
allowed unlike the similar vertex diagram with one leg entering the propagator.

So for example we get the mutual cancellation of the spurious poles in the following
diagrams:

(D.2)
If there had been no leg p4 in the above situation, the single legged propagator would simply
continue around the Wilson loop, cancelling all spurious poles, until it did reach a leg.
We note that the edge diagram with the single leg entering it thus serves a crucial
purpose in cancelling spurious poles, but that these are different types of spurious poles to
the type of pole the generic edge diagrams cancel (compare the positions of the spurious
poles in (D.2) with those of (5.6)).

NMHYV xMHYV sector. We also need to consider the various boundary cases of the
W10) gector. Here we need to show cancellation of spurious poles at the level of the
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integrand. Firstly consider the spurious pole cancellation illustrated in (5.7). There we
see that spurious poles of the form [£|g|p2) = 0 cancel with nearby diagrams where the
propagator slides around the Wilson loop. This procedure continues unimpeded until
either one end of the propagator meets a leg, or the two ends of the propagator get too
close to each other. In the former case there is a remaining spurious pole with apparently
no diagram to cancel it. This is precisely the case discussed in (5.9)) where one introduces
the expression I which cancels the spurious pole in question. In the latter case we end up
with a propagator stretched between two adjacent vertices. In fact for this case there is no
remaining spurious pole to cancel. This diagram only has two spurious poles (rather than
four) which have already been cancelled by nearby diagrams.

So to summarise, in this sector all the boundary cases take care of themselves, following
the introduction of the integrands I discussed in (5.8).

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.
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