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Abstract

Recently it has been argued that tree-level scattering amplitudes in N' = 4 Yang-
Mills theory are uniquely determined by a careful study of their superconformal
and Yangian symmetries. However, at one-loop order these symmetries are known
to become anomalous due to infrared divergences. We compute these one-loop
anomalies for amplitudes defined through dimensional regularisation by studying
the tree-level symmetry transformations of the unitarity branch cuts, keeping track
of the crucial collinear terms arising from the holomorphic anomaly. We extract
the superconformal anomalies and show that they may be cancelled through a
universal one-loop deformation of the tree-level symmetry generators which in-
volves only tree-level data. Specialising to the planar theory we also obtain the
analogous deformation for the level-one Yangian generator of momentum. Explicit
checks of our one-loop deformation are performed for MHV and the 6-point NMHV
amplitudes.
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1 Introduction

Maximally supersymmetric N' = 4 Yang-Mills theory (SYM) [1] is an important testing ground
for the foundations of four-dimensional quantum field theories. On the one hand, the model is
based on highly non-trivial interactions which are reasonably similar to those appearing in the
standard model of particle physics. On the other hand, a host of surprising features make the
theory much more tractable than many others. By maximally exploiting these features, we hope
to gain access to previously unexplored regions of the model, e.g. the finite coupling regime. Such
insights would not only be beneficial to the study of the particular model, but they could also
teach us about the (qualitative) behaviour of four-dimensional quantum field theory in general.

Maximal supersymmetry turns out to constrain the model uniquely up to the choice of a
gauge group and two coupling constants. It improves the quantum behaviour and leads to
various cancellations and simplifications. For instance, the model is “finite” [2,3] in that its
beta function vanishes exactly, leading to unbroken (super)conformal symmetry at the quantum
level. Finiteness can be traced back to the large amount of supersymmetry, but there are also a
number of curious features not following from maximal supersymmetry, at least not immediately.
The AdS/CFT correspondence, [4], [5], claiming exact duality to IIB strings on AdSs x S°
is doubtlessly the most influential property of A/ = 4 SYM which is far from obvious in the
standard quantum field theoretical formulation. Another important insight is that the planar
limit is apparently exactly integrable [6,7] (for reviews see [8]). This enables one to compute
efficiently the spectrum of scaling dimensions of local operators using the Bethe ansatz and
related techniques instead of elaborate higher-loop QFT machinery. Integrability in the guise
of dual superconformal symmetry was also identified as the underlying reason for non-trivial
simplifications observed in the computation of planar scattering amplitudes: Hints of this hidden,
dual conformal symmetry were first seen in [9], were further studied in [10-12] and extended to



dual superconformal symmetry in [13]. It was shown in [14,15] that this is indeed a symmetry of
the tree-level amplitudes. On the string theory side the dual symmetries were identified as the
symmetries of a T-dual model [16,17] and shown to be a part of the integrable hierarchy [18,17,
19]. For scattering amplitudes, integrability serves thus as an enhancement of superconformal
symmetry to an infinite-dimensional Hopf algebra called the Yangian [20]. As is commonly the
case in integrable systems, one may hope that the large amount of symmetry highly constrains
physical observables and that it predicts a unique S-matrix for planar N’ =4 SYM.

Now it is well-known that scattering amplitudes are not properly defined in a conformal field
theory, so how to make sense of the above statements? Typically one introduces a regulator, e.g.
by going away from D = 4 to D = 4 — 2¢ spacetime dimensions in a dimensional regularisation
scheme. Alternatively one can regulate the theory by introducing small masses for the particles
by going off-shell [10] or higgsing the theory e.g. [16,21]. In every case the regulator breaks con-
formal symmetry and scattering amplitudes become well-defined. After renormalisation one tries
to remove the regulator in order to return to the original model. For example, for local operators
the dimensional regularisation procedure leads to perfectly finite answers showing the desired
conformal behaviour, albeit with a non-trivial spectrum of anomalous dimensions. Scattering
amplitudes, however, remain divergent in the limit of vanishing regulator, hence they are prob-
lematic as anticipated. The main distinction between local operators and scattering amplitudes
is the following: The former introduce short-distance (UV) singularities due to multiple fields
at coincident spacetime points, while the latter introduce long-distance (IR) singularities due to
collinear massless particles. We know well how to renormalise UV singularities by redefining lo-
cal operators but this is not the case for the IR singularities. The structure of these divergences
is of course well known from the study of QCD — they factorise and exponentiate [22-25].
Furthermore in properly defined physical observables, [26], such as inclusive cross-sections or
hadronic event shapes we expect that all such divergences cancel (see [27] and [28] for recent
discussions of such observables in the current context). However, they cannot be removed from
the S-matrix itself. For the special case of the dual conformal symmetry we do have control
over the apparent breaking of the symmetry via the relation between light-like Wilson loops
and amplitudes [16,29,10,30,11]. As the IR divergences of the amplitudes are mapped to the
UV divergences, due to cusps, in the Wilson loops an all-order anomalous Ward identity can be
derived [11,12]. This in turn strongly constrains the form of the amplitudes.

Unfortunately we do not know how to make use of the (super)conformal symmetries or in-
tegrability to constrain the S-matrix at loop level. Yet it has become clear that the divergent
and finite contributions to the scattering amplitudes can be computed unambiguously and have
a physical interpretation. Furthermore conformal symmetry in N' = 4 SYM is non-anomalous.
Consequently it is our firm belief that all symmetries apply to every physical observable such as
the S-matrix, even if some symmetries are obscured by quantum effects.

At first sight superconformal and Yangian symmetry appear to be good symmetries of the
tree level S-matrix whereas at loop level they are broken beyond repair. Fortunately, both state-
ments are not true. Even at tree level the conformal symmetry is superficially broken at singular
configurations where massless particles become collinear. Interestingly, the existence of collinear
particles is closely related to the subtleties in defining asymptotic states and scattering amplitudes



in a conformal field theory: Multiple quanta with collinear momenta are physically indistinguish-
able from a single particle with the same overall momentum. Hence the Fock space description
for asymptotic states is not quite adequate, one ought to factor out collinear configurations. Un-
fortunately, such a projective space of asymptotic states is technically hard to realise and instead
it is easier to work in the larger Fock space with some projective structure implied. That the S-
matrix respects the projective structure can be inferred from the well-studied collinear behaviour
determined by the splitting functions [31,32]. Therefore the S-matrix is indeed a proper physical
object even in the presence of conformal symmetry or massless states. The problem rather lies
with conformal symmetry, because naively it does not respect the projective structure on Fock
space. Luckily the free representation of superconformal symmetry on scattering amplitudes can
be deformed in such a way as to make it compatible with the projective structure. In particular
this makes the tree level S-matrix exactly conformal.

One can see that naive conformal symmetry is broken by a holomorphic anomaly due to
collinear particles [33-36]. At tree level this happens exclusively at singular particle configurations
which is why the anomaly can be ignored to large extent. At loop level the situation is more
complicated because particles running in loops can become collinear with others. Due to the
integration over loop momenta the anomaly is smeared over all particle configurations and thus
it always requires proper treatment.

In this paper we consider the superconformal and Yangian symmetries of one-loop scattering
amplitudes in N' = 4 SYM. We will show how to deform the representation of superconformal
symmetry, in a manner generalising the tree-level construction [35], such that it annihilates
one-loop scattering amplitudes including the IR singularities as well as the finite contributions.
Importantly, we will work in a strictly on-shell framework for the S-matrix. As we will see,
such a framework is provided by generalised unitarity which was introduced in [37, 38] and
further developed in [39,40]. These methods, based on studying the behaviour of amplitudes
across branch cut singularities [41] relate loop-level amplitudes to on-shell tree level amplitudes.
Symmetries of the latter are under full control and will dictate the structure of the symmetries at
one loop [42,36,43,44]. Although any other self-consistent regulator could be used in principle, we
shall choose a dimensional regularisation scheme for convenience. The majority of perturbative
results are formulated in this scheme where they take a reasonably compact form.

Our proposal shares several features with a recent proposal [43] which however uses a very dif-
ferent framework of off-shell amplitudes and a particular massive particle regularisation scheme.
Although the previous proposal is very elegant and economical, the application to the on-shell
S-matrix including its divergences appears to be subtle. In our framework we thus have to choose
different deformations whose action we can however define straight-forwardly on the IR-singular
on-shell S-matrix.

For the reader’s convenience we outline the contents of subsequent sections. We start in Sec. 2
with a review of the on-shell superspace description of tree-level scattering amplitudes. We discuss
the symmetries of the amplitudes and how they can be deformed to account for the holomorphic
anomaly which arises in collinear configurations. In Sec. 3 we turn to our main topic: Symmetries
of one-loop amplitudes. After an outline of our general method we analyse the portion of the
superconformal anomaly for a generic amplitude arising from unitarity cuts. We argue that the



anomaly of the full amplitude can be trivially lifted from the cut contribution and propose a set
of deformations of the representation that annihilates all one-loop amplitudes. Restricting this
deformation to the planar limit we check by explicit calculation that all MHV, Sec. 4, and the
six-point NMHYV | Sec. 5, amplitudes are indeed invariant with respect to the deformed generators.
In Sec. 6 we perform the analogous analysis for the level one momentum generator of the Yangian
and outline the necessary procedure for the level one supersymmetry generator. In Sec. 7 we
discuss the propagator ie prescription used in our definition of amplitudes. This allows us to
compare our proposal to that of [43]. We close with a discussion of our conclusions and several
appendices with further calculational details and conventions.

2 'Tree Amplitudes and Their Symmetries

We start by reviewing tree-level scattering amplitudes and their symmetries in the on-shell su-
perspace formulation. This provides a context for our later discussion of one-loop amplitudes
and allows us to fix our notation.

2.1 On-Shell Superspace and Generating Functional

We will be concerned with the n-particle scattering amplitudes of U(N,) N = 4 super-Yang-Mills
(see |45,46] for recent, relevant reviews). These amplitudes can be conveniently expanded in a
basis of colour structures. At tree level only single-trace structures appear’

Agen(L o m) = Y T (T%0 L T%0) Ay(o(1), ..., a(n), (2.1)

O'GSn/Zn

where T is an U(NN,) generator in the fundamental representation and a, b, . .. denote indices for
the adjoint representation.

The tree-level amplitudes take a particularly simple form when written as functions of the
on-shell spinor-helicity superspace coordinates (A, X%, ) [47] (see also e.g. [48,13,49]). Here
a,f=1,2 and &, 8 = 1,2 are fundamental indices for two distinct su(2)’sand A, B =1,2,3,4
are indices for su(4). The commuting spinors A* and A% parametrise the on-shell momenta in
spinor notation p’* = gf%pt

pfd = )\55\?, pha — Zpid = Zx\f:\f, (2.2)
i=1 i=1
and can be used to form the usual invariants, i.e. (i,j) = s AfA] and [i,j] = edﬁS\f‘S\?. In

Minkowski signature the spinors are related by complex conjugation and for positive (negative)
energy particles we have A = +(—)A. The Grafmann variable 7 allows one to combine the

!The trace in this expression can be expanded into U(N,) structure constants when making use of the explicit
form of the colour-ordered amplitude A,,. As such it becomes valid for generic gauge groups.



on-shell states of N' = 4 SYM — the two gluon helicity states G*, the fermions I'y/I"*, and
scalars Syp — into a single superwavefunction [3,50]

dj()‘a 5‘7 77) = G+(>‘7 5‘) + nAFA()‘a 5‘) + %nAnBSAB(Av 5\)
+ geapopn™ "N TP (A N) + szeapopnn®n“nP G~ (A ) . (2.3)

Using the n’s one can form the supermomentum ¢; of a particle which serves as the fermionic
partner to the momentum p; (@ is the overall supermomentum)

n

n
at =t QM= =3 N (24)
i=1 i=1
It will often be convenient to refer to all spinor-helicity superspace coordinates in a collective
fashion through A := (\°, pCS n). These can represent particles with both positive and negative
energies depending on the choice A = . Related to this we introduce the compact notation A
for flipping the energy as well as all other components of the momentum p and supermomentum

q
A= (+X, =\, —n), €PN = (TN e WX, e D). (2.5)
The second notation e?¥ A corresponds to a helicity rotation about the particle axis. Finally, we
introduce the canonical measure on superspace d**A := d*\d*n. The bosonic integral d*\ :=
d’\ d?) is equivalent to the Lorentz-invariant on-shell integral and an integral over the particle
phase
4 4 2 d*p
dA:dgodpé(p):dgaﬁ. (2.6)
The fermionic integral d*n implements the sum over all particle types. We shall assume that
integration is over positive and negative energies. To restrict the integral to the forward or
backward light-cone we shall use the notation dﬂ4A.
The super-amplitudes A, (A4, ..., A,) are polynomials in the n;’s whose coefficients are the
amplitudes of the various component fields. For reasons of su(4)-invariance the n’s must come
in sets of four leading to the helicity classification

An = An,k; An,k ~ 7]4k. (27)

The terms A, ,,4+2 are called N"MHV subamplitudes. Furthermore, conservation of momentum
and supermomentum as well as conformal transformations enforce that all amplitudes have a

common prefactor
_ () Q)

mETA2) L (nd) T
The remainder functions R, ,,,+2 are homogeneous of degree 4m in the n’s. The first term R,, o is
simply 1, so we recover the well-known formula for MHV amplitudes [47, 48],

_ 0N(P) 0% (Q)
™2 12) . (nl)

(2.8)

An,MHV = A (29)
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and explicit, though somewhat more complicated, expressions for all other terms at tree level
can be found in [15].

In considering the symmetries it is useful to combine all amplitudes into a single generating
functional (see also [51]). We introduce a source field J(A) conjugate to the superspace field
&(A) and we shall use the compressed notation J; := J(/;) for the source field corresponding to
particle ¢. The generating functional of tree amplitudes reads

A[J] = i/ﬁ(d“/li)%Tr(Jl...Jn)An(/ll,...,An) : (2.10)

The n-particle super-amplitude can be extracted by taking functional derivatives

< 4]
A) = —— 2.11
I = 55 (211)
of the generating functional
AL (A, Ay) = T (A LT (AL AL (2.12)

and we note that the commutative variations naturally account for the sum over all permutations
in (2.1).

2.2 Free Symmetries

We will be interested in how the superconformal algebra, psu(2,2]4), is realised on the scattering
amplitudes. This algebra comprises the Lorentz rotations L, L, the internal symmetry rotations
R, momentum generators P, special conformal generators K, the dilatation generator D, the
Poincaré supercharges Q, Q and special conformal supercharges S, S. Using the on-shell super-
space notation the free representation carried by a single on-shell superparticle can be written
very compactly [48]

Lo = X5 — 50§N10,, L5 = A9, — 165705,

RAp =005 — L0An°0c, D=1+1\0a, + 1\,
Q*F = An”, Sap = 0a0p,
Q% = 5\@33, SaB = 77350‘“
Pod = M\, Ksa = 0304, (2.13)

where we abbreviate 0, = 8/0\%, 9, = 0/ON* and 94 = d/On”. Furthermore, there is a central
charge C

C=1+1iNo, —INa, — In%p. (2.14)

It acts as the constraint that every physical particle must be uncharged under it, which follows
from (2.3) and the helicities of the various fields.

8



Figure 1: Statement of exact invariance of tree amplitudes under the deformed super-
conformal representation.

The corresponding representation of a generic generator G on n particles is simply given
by the sum over actions on individual particles G,

Giee = 3@, (2.15)

=1

2.3 Exact Tree-Level Symmetries

Invariance of the amplitude A, under the generator G is the statement
GA, =0. (2.16)

As was discussed at length in [35] the free representation does not exactly annihilate tree-level
amplitudes, but rather must be deformed by generators which change the number of external
legs. These non-linear contributions to the generators in the interacting classical theory are
generically of the form, see Fig. 1,

G=Gio1+Gio+Gias . (2.17)

The first term G;_,; = G is the free generator discussed above, which simply takes a single
leg and returns a single modified leg. The correction terms compensate for the contributions
occurring at values of the external momenta where particles become collinear. The deformation
G1_,2 can be found by explicitly calculating the action of generators involving derivatives in A or
A = sign(E(A)) on the n-point amplitude, A, and by carefully accounting for the holomorphic
anomaly terms, which arise in (3, 1) spacetime signature, i.e.

0 , 2
By ﬁ = 2msign(E(N)E(w)) eay 0 (X, 1)) - (2.18)

It was shown in [35] that this anomaly is equivalent to attaching an anomaly three-vertex G
to an amplitude with one leg less. The anomaly is thus cancelled by deforming the naive free
generator (left in Fig. 1) by a term Gj_,» which attaches the same vertex to the amplitude but



with the opposite sign (middle in Fig. 1). For a three-vertex of massless particles the support
must be on configurations with all three momenta collinear p}' ~ ph ~ pk, i.e.

Gy ~ 6* (A — e ®Agsina) 01 (s — e Az cos ). (2.19)
Furthermore, their colour structure equals the structure constants fo
G( Ay, g, Ag) = i f*Gy( Ay, Ag, As3). (2.20)

The third term G;_,3 corresponds to a four-vertex G4. Luckily, G;_,3 arises only in the closure
of the algebra. For this reason it is not necessary to specify the vertex G, explicitly; it consists
of a combination of two (G3’s. To complete the picture it is instructive to note that also the free
representation corresponds to a vertex, but now with two legs

ng(/ll, AQ) == 5abG2(/11, /12), GQ(Al, /12) = G§r6654|4(/11 - /IQ) (221)

Here G is the free generator acting as a differential operator on the spinor-helicity superspace
with label 1.
In the language of sources and generating functionals the deformations are very natural

Gy = / (A N)2 G2 (Ay, Ag) T (Ay) TP (Ay),
Giye =1 / (d**A)3 sign(Ey Fy) GR¢(Ay, Ay, A3) T4 (Ay)JP(Ag)J¢(As). (2.22)

The sign in Gj_,» for opposite energy states 1 and 2 is required to match the sign in (2.18).
Invariance of the amplitude as a whole now becomes the statement G.A[J] = 0.

Among the superconformal generators, only G = S, S and K receive deformations at tree
level. The latter follows from the algebra and hence we do not need to consider it further. The
two former generators receive only corrections of the type Gi_,5. In App. A we present a formal
derivation of the corresponding anomaly vertices. The resulting anomaly vertices read

(Ss)an(Ar, Az, A3) = —2/d4|4/1’ gt ecw)\gafg/da deo d e~

5 (e Agsina + eV A cos o — Ay)
two cyclic

LM (e Agcosa — e A sina — Ay) +
images

(S3)5 (A1, Az, A3) = —2/614'4/1’ 5*(N) 5@15\%/3/@ dy di) e+

0 (e Agsina + e A cosa — Ay)
two cyclic

M (e Agcosa — P A sina — Ay) +
images

(2.23)

The ranges for integration read 0 < o < /2 and 0 < p, 9 < 27. The cyclic images account for
the different combinations of energy signatures as described in App. A.

10



For comparison, the two-vertices for the free generators S, S read, cf. (2.13)

(52)aB(A1a /12) = (?1,a31,354|4(/11 - /12) )
(S2)E (A, Ag) = Or.eanPo'* (A — Ay) . (2.24)

An important point is that the deformed tree-level symmetries relate all tree amplitudes. As
described above we can label the amplitudes by the number of n’s, A, » ~ n*. The correction
to S keeps k fixed while increasing n by one whereas the correction to S increases both k and n
by one. Thus by use of the generators we find relations between the variations of all amplitudes.

It has recently been shown, [36], that the free symmetries (including dual superconformal
symmetries) alone are insufficient to uniquely fix the tree amplitudes. They merely determine
that the amplitudes be linear combinations of dual superconformal invariants. However, the
demand of correct collinear behaviour (or the absence of so-called spurious poles) is, under
certain mild assumptions, sufficient to fix all relative coefficients and so uniquely determine
the full tree-level amplitude [52,36]. Equivalently, demanding that the corrected generators
are exact symmetries, fixes all tree-level amplitudes. Of course all tree-level amplitudes have
already been explicitly determined in [15], by use of the BCFW recursion relations [53], and their
generalisations [b4,14,55,49]. However, the extent to which the symmetries fix the amplitudes
is an important question, particularly beyond tree level where we no longer have such efficient
methods as BCFW.

A related analysis of the symmetries of tree level amplitudes was performed in [43]. This
work made use of the CSW [56] approach to constructing scattering amplitudes and, with some
assumptions regarding the regularisation of divergences, could be generalised to loop level. We
will comment on the relation of our proposals to that of [43] in Sec. 7.

3 Superconformal Symmetry at One Loop

We now wish to consider scattering amplitudes beyond tree level in order to account for the new
features to which loops give rise. One important aspect of massless theories is the existence of
infra-red divergences which necessitate the introduction of a regulator. In part, these divergences
originate from virtual particles in loops becoming collinear with external legs. These divergences
cannot be removed, but rather cancel only when calculating physical observables, and so the
amplitudes will explicitly depend on the regulator.

We will expand the amplitudes using the loop counting parameter? *

2 _ Q%MCA
1672

(3.1)

2We shall use a minimal subtraction scheme without absorbing predictable numerical combinations like v or
log 47 into the coupling constant. Instead we will carry them along in a constant ¢, = 14+ O(e), see (F.2).

3For general gauge groups we write the loop counting parameter in terms of the quadratic Casimir. For U(N,)
gauge group and with normalisation Tr(tt?) = §9, Cy = N..

11



Figure 2: Deformations of generators necessary for invariance of scattering amplitudes
at loop level.

so that 00
A (Leom) = 3 g% (A9), " (L) (3:2)
=0

In principle one can further expand the amplitudes in an appropriate basis of colour structures
at each order. For example, at one loop there are double traces in addition to the single traces
seen already at tree level. However we will for the most part treat the general case and only
simplify to specific colour structures in considering the planar limit.

In explicit calculations of amplitudes it is common to make use of dimensional regularisation®
where D = 4 — 2¢ and for concrete calculations this is the regularisation we will consider. The
amplitudes will have singularities as ¢ — 0, typically 1/€? per loop level for a conformal theory.
The structure of these divergences is well understood, see e.g. [23,25], being determined by
an evolution equation which follows from gauge invariance and the factorisation of processes
separated by energy scales.

The introduction of the regulator breaks conformal symmetry and thus the divergent parts
of the amplitude will manifestly fail to be invariant.® Generically even the finite parts of the
loop-level amplitudes will not be annihilated by the tree-level generators. However, by introduc-
ing further deformations of the generators we can account for these effects and show that the
amplitudes are indeed invariant. Said deformations will in general involve more external legs and
are schematically of the form

Gm%N/Tr(J...JJ...j)‘ (3.3)

n m

Such an operator grabs m legs of an amplitude and replaces them by n. Acting on an ¢-loop
amplitude with p external legs this could cancel a term arising from the free generator acting on
an £ +m — 1 loop amplitude with p 4+ n external legs. In addition to creating loops by acting on
multiple legs of an amplitude, deformations can contain loops within themselves. The general
structure of the deformations necessary to annihilate the one-loop amplitudes is shown in Fig. 2.
It is the goal of the subsequent sections to find the explicit form of these deformations.

4In order to maintain consistency with the supersymmetric Ward identities a supersymmetric variant, such as
dimensional reduction [57], should be chosen.

SIn fact, the most divergent parts actually are invariant, but for the subleading (including finite) parts invari-
ance fails

12



Figure 3: Discontinuity of AW

3.1 General One-Loop Anomaly of Cuts

Considered as functions of the kinematic invariants, loop-level amplitudes have branch cuts, in
addition to collinear singularities and multi-particle poles which appear already at tree level.
The form of the discontinuity across a given cut is determined by unitarity and at one loop
can be expressed as a phase space integral over products of tree-level amplitudes. In fact, in
supersymmetric theories one can reconstruct the entire amplitude from its cuts. Such unitarity
methods, introduced in [37,38] and further developed in [39,40], have proved tremendously
powerful calculational tools and are a convenient method for uncovering the structure of the
symmetries at one loop [42,36,43,44].

As was the case at tree level it is convenient to make use of the generating functional language
as it naturally allows for the length-changing deformations and includes the sum over all cuts.
We start with with the definition of the unitarity cut, see Fig. 3.°

disc AW = 1 ( WZ CA) / (d A2 A, (JeTBAQ) (Je b A, (3.4)
The above unitarity relation is to be understood as follows: The generating functionals A® both
represent a tree level subamplitude with an indeterminate number of legs (saturated with source
fields J). From each subamplitude we grab two legs by action with the source variation J. We
then perform an on-shell integration over the momenta for each pair of legs. The measure A, is
non-zero only where the energies of the two particles have equal signs. Technically it is achieved
by the following step function 6 of the two-particle invariant s;
Ay =0(=s12) + O(e), s = (p; +pi)* = (J, B[k, j]. (3.5)
This step function also specifies which particular two-particle channel we are talking about. In
some cases the above integral is divergent so that the O(e) contributions to the measure A,
become important and will serve as a regulator. We will specify its precise form later where we
need it.
The tree amplitude functionals A(®[J] in the cut are both invariant, so the tree generator

G will see only the source variations .J

G<0>discA<1>=—§< ) d4|4A 2AL(JETZA (GO T T8 A©). (3.6)

47‘(’2OA

In anticipation of taking the planar limit for the U(N,) case, we have included a factor of the quadratic
Casimir, Cj, in the loop counting parameter g2, see (3.1), and thus we need to cancel it here.
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Figure 4: Three types of anomalies on the cut.

We can now substitute the definition of the deformed generic generator at tree level G =
G, + G, with

G2, = / (dhaPey, Gl =4 / (4" 4)° sign(Er E>)Giss 1 Ty J5. (3.7)

Here, and subsequently, we use an analogous notation for the kernels as was introduced for the
sources e.g. G3(Ay, Ay) = G‘fg The action of the generator on the JfJgA(O) subamplitudes yields

<47r§c )/ (" A)? AL G (JF T A (7 5 A)
A

i € c/ Ja Ja jc
+ (47T20A> /(d4l4A)4A12 sign(E4By) G5 (J5 J3AO) (JiJf T3 AP

+1 _ / (d** )2 A, sign( By By)Gobe (Je T2 AD) (JSAD). (3.8)
47T2CA

The three types of contributions are depicted in Fig. 4, they correspond to

e For the generators we are interested in, for example the dilatation generator D, or the
superconformal boost S, the first term can be integrated by parts to write it as a commutator
of the generator with the measure. For the case of the generators without a holomorphic
anomaly, e.g. the dilatation generator, this is the only anomalous contribution.

e The second term corresponds to the case where the anomaly sits partially inside the loop
integral. It occurs where one external and one internal leg become collinear.

e The third term occurs when two internal legs become collinear; that is when the anomaly
vertex sits entirely inside the loop integral. As we will see below this term corresponds to
a one-loop correction to the collinear limit and is only non-trivial for the two particle cut.

Let us consider these various contributions in more detail.
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3.2 Anomaly of the Measure

We start with the first type of terms where we substitute the definition of the two-vertex Gs
(2.21) and write it in a symmetric fashion as

! € Tee ree\ ja T -
i (47TQCA) /(d4|4/1)2A12((G§ + Glee) Jo b AO) (o b A©)

4 (g ) @R ALURBAY) (G + GERRAY). @)
T=UA

Effectively this is the action of the free superconformal generator G on the internal particles of

the cut integral. If the integral had been finite and if there had been no measure factor, the

integral would have been perfectly superconformally invariant and the above expression would

have vanished. Now one can convince oneself that for all free generators in (2.13) this is equivalent

upon integration by parts to the generator acting on the one-loop measure factor

-1 (WZ CA) / (@A) (JF JAD) [GY* + GEe°, Af] (Jf T3 AD). (3.10)
The derivation depends on the number of derivatives in the generator G, but the result is always
the same. In particular there is no anomaly for those generators under which the one-loop measure
is invariant, i.e. the super-Poincaré generators L, L, R, Q, Q and P. The extra generators D, S,
S and K in the superconformal algebra are anomalous. The anomaly of K follows from the one
of S, S plus the algebra so we will not consider it separately.

The commutator gives rise to an overall factor of € and so, as the actions of the generators are
finite, we can focus on the IR-divergent part of the phase space integral. Divergent contributions
arise only if one of the two subamplitudes has four legs. They originate within this subamplitude
and they are localised where the ingoing legs are both collinear with the outgoing ones. For
the purpose of computing the divergent part, we can therefore replace the loop momenta in the
second subamplitude by the external momenta of the first (for a discussion of this see e.g. [44]).
Importantly, the n-point tree-level amplitude can be pulled out of the integral so that we see
that the action of the anomaly is diagonal which is to say it takes two legs and gives two legs
back. Using the Schoutens identity and its cyclic symmetries the full four leg subamplitude, as
opposed to just a single colour ordering (see (2.1)), can be written as

0%(P) 6°(Q)
(12)(23)(34)(41)

Au= =g (@A I A A= (3.11)
We must at this point also address the definition of the measure factor A{, which regulates the
IR divergences. In the calculation of amplitudes it is common to use dimensional regularisation,
however it is difficult to define the action of the super-conformal generators away from four
dimensions. So we choose a regulator which can be written in four dimensional spinor variables

15



but which reproduces the answers of dimensional regularisation that is to say’

L (anenpy T,
Ay = e( 12(34) > 0(—s12) , (3.12)

where 1 and 2 label the internal momenta and 3 and 4 label the external legs. The constant
ce = 14 O(e) defined in (F.2) contains some unphysical artifacts of dimensional regularisation.
This factor vanishes when external leg 1 becomes collinear with leg 4 or leg 2 becomes collinear
with leg 3 thus softening the divergence in the loop integral that occurs for this configuration.
With this definition it can be shown that for the generators of interest,

(14)(23)[12]

(8) free free
0 (Q) Gl + G2 ) log M2<34>

] = 59(Q) {Ggree + foee,log% . (3.13)

This is obvious for the dilatation generator and requires only a little more effort for the fermionic
special conformal generators. Using this expression when one of the amplitudes has only four
legs, and using (3.11) such that

JOTEA, = f“defbce/d4|4/13d4|4/l4 JS T Atass (3.14)
the anomaly can be written as

€ 7
Z (472CA) / d4‘4/13d4‘4/14 (/ d4|4/11d4|4/12A§2Ai§34>

e Gl log 2| e SIS AD). (@19

We can use the fermionic delta-function to perform the Grafmann integrations over legs 1 and 2
of the four point amplitude. We can use the fact that we have chosen our regulator such that it
reproduces the answers of dimensional regularisation to write

12)46%(P) (12)4
I A d g AL, — = (2 2/dDLIPS AL, A
| anton ey ~ 2 W) gy 3y ey
— 2i(2m)? disc 5—2 (%) . (3.16)
We substitute this into the above anomaly, relabel the indices and obtain
—1 d4|4A 2 | gi Ce 512 B Gfree 1 512 ace rbde JCJd jaij(O) 3.17
20, ( ) ISC?__MQ 70g_—M2ff(12)(12 ). (3.17)

"This is essentially the same regulator, after using momentum conservation across the two-particle cut, as was
used in [58].
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We have now obtained the anomaly of the cut arising from the measure factor. It is finite as
¢ — 0 and rational. However we are interested in the anomaly of the loop integral, not just its
cuts. In principle we should perform a dispersion integral to obtain the loop anomaly, but here
the result is obvious due to finiteness and rationality. For the generators of interest we have

. Ce S12 - free S12 | .. free  Ce S12 a
(dlSC ; (—_/ﬂ) ) |:G' ,IOg _—MQ:| = dlSC G ,—6—2 (—_MQ) ] (318)

and we then simply remove the discontinuity operator from inside the anomaly. This is equivalent
to multiplying by the logarithm and adding a constant, though divergent term. The multipli-
cation by the logarithm clearly reproduces the correct discontinuity and the addition of the
divergent constant corresponds to the usual ambiguity involved in reconstructing a function from
its cuts. However as we shall see in the comparison to the explicit answers for the amplitudes in
Sec. 4 this is the correct procedure.

Altogether the loop anomaly due to the measure reads

IR TN
%h/u A)

3.3 Collinearities in Loops

) €2 _MQ

(ﬁ%%<iﬁ>]fmﬁ%mgﬁﬁww (3.19)

We now turn to contributions of the second kind where the anomaly vertex sits with two legs
inside the loop integral. Again we write it in a symmetric fashion

(o) [ @) A sign (BB HG S (T LA (15 A)
2 47TQCA

: 3 c( ja Jc ja F
+3 (47TQCA> /(d44/1)4A§2 sign( By E5) JIGE(Ja s A (JaJs A, (3.20)

We relabel particles 2 and 3 in the second term, and the two terms combine noting that on the
cut the energies have equal signs

[y

(g ) [ (@5, = A5 sign(sis — s KGR BAO)N A (321)
We have furthermore used sign(E;E,) = sign(—si4) = sign(sia — s13). Counting the delta
functions in the integrands — in the amplitudes and in the anomaly vertex (2.23) (see also
App. A) — we see that the three phase space integrals are completely localised: The loop
momentum yields four degrees of freedom while the on-shell connections in the triangle (Fig. 4)
contribute one constraint each. Collinearity in the anomaly vertex provides the final constraint
which localises the integral. Alternatively one can argue that the anomaly vertex offers one degree
of freedom corresponding to the momentum fraction. It is used up by forcing the third side of
the triangle on shell. Thus this cut anomaly is a finite and rational function of the kinematic
variables.
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Rationality and finiteness ensure that discontinuities originate only from the original cuts. As
we use dimensional regularisation (represented through the measure A here), it makes sense
to consider D-dimensional cuts with the discontinuity

. € S CE 3 S]7k -
—2mi AS = - disc (—M2> . (3.22)
Note that the factor sign(s;2 — s13) does not lead to a discontinuity because it compensates a
sign originating from the on-shell integration over A, 5 3. Dropping the discontinuity operator we
find the following expression for the loop anomaly

—

: ' c(jaf fa jc
2 <167T3CA> /(d44/1>4 sign(siy — 513) JIGHE (J¢ LAY (JeJ5A©)

) -))

As this expression is finite, we are free to expand the bracket in €

1 1 c( Ja T Ya Fe S
- (16 50 ) / (d*A)* sign(s1y — s13) JIGIE (T JEAOY(JoJe AP log 22 . (3.24)
A 513

This result actually follows directly by replacing A§, by step functions originating from the
discontinuity of a logarithm

— 2mi0(—s; ) = disclog 83_12 : (3.25)
—p

3.4 One-Loop Splitting

We now turn to the third type of anomaly in Fig. 4, which occurs when the anomaly vertex sits
entirely inside the loop integral

—_

? . " - - "
() [ @02 85 s B EIGES [ (Tt IBAD) A + (LAY BA] . (320
Recalling the structure of the anomaly vertex we can see that this contributes when the internal
momenta, labelled 1 and 2, become collinear and proportional to 3. Let us consider the case
where we have a four point amplitude on the one side of the cut. Using the expression for the
four-point amplitude, (3.11), we can write

@gﬁﬁﬁ%zﬁmﬂwm%/&WMMMEﬁmm. (3.27)
Now, with the aid of the Jacobi identity and the relation between the dual Coxeter number,
Fave % = Cy6qq, and the quadratic Casimir, C'x, we see that the colour structures combine to

produce an overall factor of Cy f®¥ which cancels the C'y in the prefactor.
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Figure 6: Unitarity cut of the one-loop splitting function.

As the two internal legs become collinear the remaining, external, two legs of the four-point
amplitude also become collinear. We see that this contribution arises from the limit of the n-
point amplitude as two external legs become collinear and so is related to the splitting function.
There are several subtleties involved in taking this limit; for example the kinematic invariant for
this channel, sq5, is actually zero. It is therefore useful to recall some salient facts about the
one-loop splitting function; we will closely follow the discussion in [32].

The one-loop amplitude, in the limit where two momenta become collinear p, — z(pa + p»),
pp — (1 — 2)(pa + pv), has two contributions, Fig. 5, which are given by
al|b

22 Split@(a, b)AY (1,..., (a+Db),...,n)
+3plit™M(a,b)A? (1,...,(a+b),...,n). (3.28)

AV, ab, ... n)

The first term is the tree-level splitting function which scales as s;bl /2 and the effects of which
have already been accounted for by the tree-level deformation of the generators. In terms of
cuts they are captured by m-particle cuts, n > 2, where the anomalous contribution forces two
external legs to become collinear. The second set of contributions correspond to the one loop
splitting function

Split™ (a, b) = Split (a, b)rs(z, sap) (3.29)

where rg(z, sap) is independent of the flavour or helicity of the particles labelled a and b.

This term is captured by the two-particle, “singular” channel, where on one side of the cut
we have a four point amplitude. As discussed in [32], the four point function is singular in
this limit, having a pole in s,, rather than a square root singularity. However as momentum
conservation also forces the loop momenta to become collinear we can use the factorisation of
the n-particle amplitude on the other side of the cut to rewrite the expression as the cut of the
function Split™ (a, b), see Fig. 6. By evaluating this cut or, alternatively, by taking the limit on
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the scalar box functions which define the one-loop amplitude one can find an explicit expression
for rs(sap, 2),

1—z+7r2]
6l

- = (3.30)
In this definition there is an ambiguity depending on the order in which one takes the limits
e — 0 and s,, — 0. One prescription is to take the singular momentum to zero before going to
four dimensions this results in r5(0, z) = 0. However one can imagine different prescriptions such
as setting s,, — —p? and then taking € — 0 defining rg(—pu?, 2).

One can write the anomaly as a one-loop anomaly vertex, schematically, G ~ r¢G© where
G denotes the tree-level anomaly vertex. More concretely for S,

11
rs(Sap, 2) = — ( Sab2> [— - Elog 2(1 - 2) + log®

123

(S(l))abc . —Qifabc/d4|4/1/ (540\/) 50'@5\;?77/3/(104 dgp Ao ew*iﬁrs(a)

6 (e Agsina + e A cosa — Ay)

6 (e Az cosa — e A sina — Ay) + two cyclic , (3.31)
images
where if we use the second prescription for the splitting function we have (z = sin a)
1 2 , ) 72
rs(a) = — |5 — —log(cos asina) + 4log” cot o + 5l (3.32)
€ €
Thus the anomalous contribution of the third kind is explicitly
[ @apsign(En ) (GO L (3.33)

In principle we have to additionally consider the cases where we have more than two external
legs on both sides of the cut. These terms correspond to one-loop corrections to multi-particle
factorisation. For example, the contribution of the cut with a five-point amplitude one side is
supported on the region of kinematical space where the sum of three external particles becomes
null. However for our definition of the amplitudes, discussed further in Sec. 7 but essentially
taking the principle part, there are no anomalous contributions to S or S on this support.

3.5 Deformation of the Representation

In summary of (3.19), (3.24) and (3.33) we find the total one-loop anomaly

(yfree Ce ( S12 ) ] facefbde(]fjéijizng(O)

€2 _MQ

-1
GO 40 _ o / (A2

1 : c( Ja T ja jc S12
- <167T30A> / (@44)*sign(s1z — s13) G5 (Jp JRA®) (A o 22

~1 / (A1 A)? sign( By By) G g g2 s A©), (3.34)
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Importantly all of these terms can be written as some variation acting on the tree amplitude
GOAM ~ AO Thus we can cancel the anomaly easily G A® + G A = 0 by introducing
a corresponding one-loop deformation of the superconformal representation

G =aGiY, + ZG(”ﬁGm (3.35)

The first term is meant to cancel the contribution due to the measure anomaly. Here we first
introduce an operator Zél_)ﬂ which captures the IR singularities in a one-loop amplitude

7 1 s B ace e 7C ja
N L (;) R R (3.36)

Note that the momenta of the particles 1,2 are not changed by this operator, it merely acts
non-trivially on the colour-structure and multiplies by a divergent function of the two-particle
invariant sjo. In particular, this operator allows to split a one-loop amplitude into IR-divergent
contributions and a finite remainder A® [22-25]

AW = Z0 A0 4 4O, (3.37)
According to (3.34) the generator deformation can now be written in the form of the commutator
Gi2, = [254,, GI%A). (3.38)

It is obvious that this type of deformation respects the superconformal algebra because it merely
consists in a perturbative similarity transformation of the free generators.
The second term cancels the anomaly due to collinearities in the loop

Gyl = (1 : ) / (@A) sign(s12 — s10) J{G (T TS AL ) log =2 JRJ8. (3.39)

6m3C 813
Note that this term is not uniquely determined because we only know its action on tree amplitudes
A© and not on generic functions. The point is that the expression already contains a tree
amplitude A® and thus when it acts on tree amplitudes it will automatically symmetrises the
two. We could thus, alternatively, drop one of the terms of the logarithm involving the invariants
$12 or $13 in (3.39) and multiply by two. It has the same effect on tree amplitudes, but it is
a different deformation of the representation. The third term removes the one-loop collinear
anomaly

Gy =13 / ("1 A)* sign (1 Ez) G T I . (3.40)
See Fig. 7 for an illustration of the one-loop deformations G(!) acting on an amplitude.

We will see in Sec. 4 that exactly these deformations are required to make planar MHV
amplitudes superconformally invariant.
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Figure 7: Structure of the deformations at one loop.

3.6 Planar Representation

The above anomaly and the corresponding deformation of the representation hold for arbitrary
gauge groups of finite rank. It is often convenient to restrict to the planar limit in a U(V,)
gauge group where most expressions simplify. Let us therefore formulate the deformation in the
planar limit. We act with the generators on a functional X'[.J] which is based on a colour-ordered
function X according to (2.10). In the following we shall use a notation where the indices in
some quantity X j’“ denote a range of k adjacent particles starting at particle j. For example we
introduce the partial momentum, supermomentum and Lorentz invariants

k—1 k—1
F= b Q5 =) g = (P (3.41)
1=0 1=0

The generator G2 ~., is given in terms of the IR-singularity operator 22(32 in (3.36). In the
planar limit, the colour structure forces this operator to act on two adjacent legs of the amplitude.
Hence we can write its action in the following form

2 - ~(1 A Ce t? ¢
20, = S (20,02 <Z§22>3=——2( ) . (3.42)

2
E —
i=1 ®

Now the correction term G2 o in (3.38) has a particularly simple structure in the planar limit

n

G = [239,,G] =D (G0 (G2 = [(Z39,)7, G + GIg]. (3.43)

i=1

This generator acts on two adjacent particles 7,7 + 1. As noted above this type of deformation
applies to the generators D, S, S and K. The latter can always be expressed through commutators
and hence we list an explicit result only for the first three

(Dél)2)2 = _% ( t; )_E
ﬁ

(6)200m =~ (L

—2 ) i, H_ >‘z+1azB )\;Yai+17B)7
2

(B2 == (1 ) o (e = Knt). (3.44)



Let us now act on some colour-ordered amplitude function X,, with the generator Ggl_)m Due
to the inhomogeneous nature of the generator Gél_)> . it will return some amplitude function Y, 15
with (n 4+ k — 2) legs
GV X, = Yoppoo. (3.45)
As before the two variations in (3.39) must hit adjacent sources, so we can introduce a generator
(Gél_{k)? which acts on legs j, 7 + 1 of X,, and replaces them by (k — 2) new legs

n+k—2 n+k—2 n+k—2
1 1 1
Gle= Y (GUNE Yame= Y Va2 = Y (GIOEX,.  (3.46)
j=1 j=1 j=1

The range of the sum may seem surprising at first sight, but it is the only way the resulting
expression can make sense: Both X, and Y,, ;o must be cyclic functions. Consequently, it does
not matter which pair of legs of X,, is chosen. The problem is that the contribution (Yn+k_2)§?
is not cyclic. Cyclicity of Y, r_2 is only restored in a sum over all cyclic permutations of its
(n+ k — 2) legs. Evaluating the colour structures in (3.39) we can write the planar action as

1
(G )EX, = —ﬁ/d“/la dM A dM A X, (1, =1, b e+ k. n+k—2)
s
k
. [sign(tf - tﬁll)Gfs(é,B,j)A,(go)(a,j +1,...,j+k—1,¢)log tk—J_l
j+1

_ th
— sign(t? — tf’l)A,(ﬁo)(b,j, ., J+k—2a)Gs(c,a,j+k—1)log tk—il )
J

(3.47)
Similarly, the planar action of the third generator reads
(2%, = [ 14, sgn(E,Ey) G g + 1.8)
X1, —La i +2,...,n+1). (3.48)

4 Superconformal Symmetry of MHV Amplitudes

Having established the general framework for superconformal symmetry of one-loop amplitudes,
we will confirm it using the simple set of planar MHV amplitudes Ayy. To avoid clutter, we
shall drop the label MHV from the amplitude functions A and functionals A throughout this
section.

4.1 One-Loop Correction

We summarise the construction and the properties of one-loop MHV amplitudes in App. B in
order to focus on the one-loop anomalies here. For MHV amplitudes the helicity-dependence is
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fully constrained by the symmetry. It forces the exact amplitude to equal the tree result times a
function of the particle momenta

SMP)Q) o (4.1)

A® — A0) 70 A0) —
o " (12) ... (nl1)"’ "

n

The one-loop amplitude in dimensional reduction reads [37]

n c t2 —€ n—3 n tkfltl?+1
=325 (L) -1 85 (1- )

j=1 k=3 j=1 Joi+l
l'rL—3nl Qi ln—2 nl 2i Lo
) S) T A YT (12)
k=2 j=1 J k=2 j=1 J+l1

The loop function depends on invariants t? associated to the overall momentum of k consecutive
particles starting at particle j introduced in (3.41). Furthermore ¢, = 1 4+ O(¢) is some function
of the dimensional reduction parameter € and p is the regularisation scale. It is perhaps worth
nothing that this formula is chosen to reproduce only the most “complicated” part of the loop
integral. That is to say, it does not reproduce the imaginary parts of the logarithm and diloga-
rithms. In order to define the function one must specify the appropriate Riemann sheet for all
values of the kinematic variables.

4.2 Measure Anomaly

First we will consider symmetry generators G which are anomaly-free at tree level, i.e. they
act as in the free theory G(© = Gg(il = GPee In particular, the dilatation generator D and
effectively also the superconformal boost S when acting on MHV amplitudes are of this form.
The proposed one-loop deformation (3.43) is simple: It acts on nearest neighbouring particles
only with a simple commutator form for the pairwise action in terms of the free generator G

2 —€
free Ce t;

The simplest non-trivial anomaly is the one of the generator of scale transformations D. The
free representation (2.13) and the one-loop deformation (3.44) read

n

G =G, => (G2 (G, =

j=1

Tee «a Y& 1 266 t2 -
DI = 14+ X500 + 300050, (DE0)7 == (=45 ) . (4.4)

J € —/.L2

The only term in (4.2) violating scaling invariance is the one containing the regularisation scale

i. The scaling anomaly reads
0 €
DO AW — Ag»z?( s ) | (4.5)
=1

2
_’u2
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As anticipated the anomaly depends on the momenta of two adjacent particles only. Obvi-
ously, the one-loop deformation cancels precisely the anomaly and makes the one-loop amplitude
exactly invariant under (deformed) scaling transformations

D AW 4+ DI A0 =g, (4.6)

1—1

Next we consider the superconformal boost generator S given in (2.13) and (3.44)

e \—p 5,7+1)

In applying the free generator to AS), the fermionic derivative will act on the 6%(Q) in A
because it 1s the only piece depending on the 7 s The bosonic derivative must act on the loop
function M\ ) because the tree-level amplitude A is invariant

ree Ce t2 - Ea
(SE )aB = 8]‘7Baj,oc7 ((Sgl_))Q)?>aB = - < - 2) < . g ()\?_,'_laj’B - A?8j+1,B) . (47)

n

(Sl—>1)OtBA Z(aijASIO ) ]QM(l Z aQ«,B )\]aj@Mél). (48)

7j=1

The second form uses the identity 9; pQ*C = 50)\04’ cf. (2.4). The combination )\]78]-7@, summed

over all sites, equals the Lorentz generator L7, up to its trace. The function M,(Ll) is a Lorentz
invariant, and hence it is annihilated by L7,. Furthermore the trace contribution measures the
weight in A’s which is the same as the scaling weight for the invariants tf. The superconformal
boost anomaly is thus very similar to the scaling anomaly:

0A e e
<S1ﬁ1>aBA 8@73 (]_ﬂa + %(S’YZ/\JaJ 6) M(l) aQaB Z ( ) ' (4.9)

We should compare this expression to the one-loop deformatlon. As above we make use of
the fact that the fermionic derivative d; 5 only hits the fermionic delta function §*(Q)) and that
aJ,BQOéO - 51(;)‘3‘1

“ C t2 - Ead
S50 )ap A —f( J) — M, 1058 — N30, A
( 2%2) B ]Zl B _MQ <],]+1> ( j+1 j J+1,B)
_ —Z . (i) _65 Xy)\g“ )‘5)‘37+1 DAY
G+l QP

co (1oAY
- Z ( qu) 0QeB (4.10)
Altogether we obtain the invariance condition
{0 AW 4 g A0 — . (4.11)

Note that S is not anomaly-free at tree level [35]. In general one therefore expects the correction

term S 2 at tree level [35] and further corrections Sg_)m loop level. This anomaly however does
not apply to MHV amplitudes which is why the treatment of S was relatively simple.
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4.3 Collinearities in Loops

For generators G which are anomalous at tree level, G(©) = Gggl +G§‘£2, we have to work harder.

The prototype example when acting on MHV amplitudes is S. In addition to the homogeneous

Gél_)ﬂ corrections, there are inhomogeneous terms G;ik, k>3
n—2 n
1 1 1 1
G =aly+ > G, G =) (G (4.12)
k=3 j=1

When acting on the n — k 4 2-particle amplitude Ailozk 4o they yield an n-particle function to

cancel the anomaly. The action of Ggl_)m on particles 7,5+ 1 of A;O_)k 4o defined in (3.47) uses the
anomaly three-vertex G in (2.23).

In principle there can be loop corrections Ggl_)ﬂ to the collinear anomaly Ggo_)ﬁ itself. In
this section we assume for convenience that the particle momenta are in a general position and
pairwise linearly independent. The case of collinear external momenta will be considered in the
following section.

We now consider the conjugate superconformal generator S. We first act on ALY with the free

generator (Sie)F = n? D (2.13). The straight-forward variations will produce a lot of terms.

Let us therefore first consider the general variation of the loop function MY under shifts of the
invariants t?, and simplify it as far as possible. A very convenient expression for the variation of
(4.2) reads (see App. B.3 for some intermediate expressions)

n - N - . . £2 —€

= —1*(j,J +1) e \—p?
n—3 n T{g—f—ll tl?—i-l

>3 (610g 7 )log]t—k. (4.13)
k=2 j=1 J J

The symbol Tf is defined as the following Lorentz invariant combination (see (3.41) for the
definition of the fractional momentum PJ)

T =GP + K] = eascas\] (PFL)N]

j+1 1) Nk (4.14)

and it originates from the following combination occurring frequently in 5M,(LI), see App. B.3,

k gk k—14k+1 _  ykyn—k

thtk | —thilghl = _yhynck, (4.15)
Note that this identity makes use of momentum conservation Pf = —P;rkk and the fact that
D = 4. In particular the latter is interesting because the above factorisation is crucial for

conformal symmetry which is special to four dimensions. )
For simplifying the anomaly arising from the first line in (4.13) we note that S acts on
conjugate spinors only. Thus for the purpose of S©) we can replace the argument of the logarithm
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Figure 8: S cut anomaly T]k .

by 2 = (4,7 + 1)[j + 1, j]. This yields

S )Blog —L = —4 i+l 7 4.16
(Si%0% —pi? L%J+1] (4.16)

The action in the brackets of the second line in (4.13) can be evaluated and simplified using
spinor algebra:

: Ty (G —1.4)
10008 e = oo (Muea PV @) —tink) . (@417)
J

Here Qf is a fractional supermomentum defined in (3.41). Altogether the conjugate supercon-
formal boost anomaly reads®

0 N~ ((a® e Yo G
(Sl—>1) A =A; (Si51)4 log — 5|~
3

—u2) e \ —p2

n ( Tk+1 tlﬁ_l
— A ZQ&Mbgw>mﬁ. (4.18)
j J

The anomaly on the first line is obviously cancelled by the 82 .o correction (3.43). The

remaining anomaly from the terms on the second line should be cancelled by terms from S k in
(3.47). We write this as

n—k’ n—k
_ t
((Sgl—)m k) )BAk+2 = _%(Tﬁ ) log o k 1 %(Tn k- 1) log n—k—1 (4.19)
j+1 ]

B 8Essentially identical formulae were found by [36] and [43] in their analysis of the S (or correspondingly dual
Q) anomaly of the cuts of MHV and NMHV amplitudes.
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where Tf is the on-shell triangle integral, see Fig. 8 for the configuration of momenta,

. _
(T = 53 / A A, a1 Ay A A sign(th — t57) Ss(b,a, j + kS
7T
'Al(c%(a,(:,j, gtk — 1)A;)k+1(c bj+k+1,....j+n—1). (4.20)

We carry out the lengthy calculation for 7' in App. C, the final result can be related to the
quantity in (4.17)
(THE = ADeasd,, (36, s (PP es (@) — B ) =L d)
jla = An €A j e (Ajrr€ii ese i"j+k THTEL
J I

k

:A(O)(S( )5 log

n 1—1

T,m . (4.21)

Summing over all contributions, expanding the logarithms and reordering some of the sums, we
find the contribution of the remaining deformation

n—3 n—3 n k:+1
a(l
(Sg—)m k+2 +ZZ Tk log
k=2 k=2 j=1
n—3 n Lk k+1
T th
= AD ( )8 log Tk]'~'1> log Jt—k (4.22)
k=2 j=1 Jj—1 J

By comparison to the above results we find proper invariance under deformed conjugate super-
conformal boosts

n—3
S AW + 80, A0 + NS Al =0, (4.23)
k=2

4.4 Splitting Anomaly

Finally we consider the terms arising when the generator acts on the tree-level prefactor. As
described previously, when the conjugate superconformal generator is applied to the tree-level
MHYV amplitude, it will see the holomorphic poles as anomalies. This produces a delta-function
which forces certain momenta in the loop integral to become collinear, effectively setting some
t2 = (pr + pry1)® to zero. This in turn corresponds to considering the collinear limits of the
one-loop amplitude which is known to be governed by the one-loop splitting function, rg [37],

SO AW = (5O AO) M 4
o< 63 ((k, k + 1>)A<°> M<1>
= 0O ((k, b+ 1AL, (MY, + rs) +o. (4.24)

For the appropriate definitions of the collinear limit rg is the same function as was found in
the analysis of the unitarity cuts, Sec. 3.4. The first term is simply cancelled by the tree level
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deformation S1 o while the second are cancelled by S1 9. Combining this with the previous
terms we find the full deformation of the conjugate superconformal generator at one loop

-3
S0, A0 50,40, 150,40, + 80,40 + 380, A0, <o, (4.25)
k=2

As was discussed in Sec. 3.4, and further in App. B.4, the exact definition of the collinear
is subtle. There is an inherent ambiguity related to the order in which one takes the ¢ — 0
and collinear limits. Different prescriptions will give different results, however as long as we
are consistent this is accounted for by the appropriate definition of rg that appears in both the

deformed generator and the collinear limit of the amplitude.

5 Invariance of the Six-Point NMHYV Amplitude

The invariance of one-loop amplitudes with respect to the deformed generators, as described in
Sec. 3, is designed to apply to generic amplitudes not just MHV. To check that this is indeed
the case and to test the specifics of the proposal we examine the simplest non-trivial NMHV
amplitude i.e. the six-point one-loop NMHV amplitude, A&)\IMHV.

A convenient, manifestly supersymmetric, expression for this amplitude was given in [13]
(see [38] for earlier calculations of the component amplitudes). It is written in terms of the
dual-superconformal invariants, R,s, which are polynomials in the 7’s of order four,

1

The functions FGM depend on the kinematic invariants t;? and are combinations of two-mass hard
and one-mass scalar box functions. We give explicit expression for the R,¢’s and Fg] ’sin App. D.

For simplicity we will focus on the variation of this amplitude with respect to the generator
S; for 6 legs the action of S follows b (y conjugation. As in previous sections we will show that the
non-trivial action of the tree level S ~.1 is cancelled by the deformations constructed previously.
That is to say,

1) 0 1 0
Sl—>1A((3 NmEV T SQ—>2A((3 1)\IMHV + Z Sg—)m—kAl(c—&)—Q;NMHV =0. (5.2)
k=2

In this equation we are 1gnor1ng the anomaly in the tree-level amplitudes; these terms are can-
celled by the deformations, S1 ~,5 and S1 9, corresponding to the splitting function. We will thus
focus on the variation of the loop integral portion of the amplitude.

5.1 Variation

Using the explicit expressions for the functions Fg], (D.6), one can straightforwardly calculate
their variation. Let us first consider the terms in the variation with log cuts in the three-particle
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channels, say ¢3. These terms occur only multiplying the Rj46 and Ry3 structures, for example,

1242
Sl—>1A6 NMHV — Aé MHVR146 log tl (Sg—)n log [tltz}) T (5.3)

In principle one could completely expand in powers of the n’s and consider the various terms
independently. It turns out to be more convenient to leave the R’s intact and to consider the
coefficients of the various 4 R,s terms. However, the R’s are not independent but rather satisfy
various identities. For example, for the six-point amplitude one can use the identity (D.5)
to remove one of the six R’s and so one could expect cancellations between different terms.”
Nonetheless, through a judicious choice we will be able to consider the coefficients of the n4 R,
terms separately. In fact, for the case of the three-particle channel, the coefficients of 14 R146
and naR,43 are independent as can seen by noting that the first term will give rise to terms,
once we include the overall fermionic supermomentum delta-function, such as naninins which
cannot arise from the second term. Concretely, we focus on the coefficient of R146 and using the
fermionic delta-functions to remove 7y, n3 and 7;. We find

Ay FisS\% 108 [2] = Ay R 2SI 4]+ 620 + mol24).
t ’ (13)[23][34][46]
(0) &(0) 11 40 A (3| P3|6]
A6;MHVR146S1~>1 ]'Og [t%] - AG;MHVR146 <13> [12] [46] [61] (772 [46] + 774 [62] + 776 [24]) :

(5.4)

Combining these terms we find the complete variation in the three-particle channel ¢} with
coefficient Ry46. It is interesting to note that this calculation is essentially the same as that
performed in [34] which used the holomorphic anomaly of the collinearity operator to fix the box
coefficients of the split-helicity NMHV amplitudes. Indeed the coefficient of 1, in S is exactly the
collinearity operator for particles 1, 2 and 3 used in [34]. All the other three particle cuts can be
found using cyclicity.

Turning to the two-particle channel cuts of the variation, for example cuts in the variable 2,
we choose to remove Ry13 using (D.5). The resulting expression for the variation of the amplitude
in terms of the remaining R’s is

(0 1 0 (0 ce (1"
SgllAé;l)\IMHV = A((S;I)\/IHV <(R146 + Raga + Rsaa) SO, [ T2 (_;2> ]

2 2
log _R146 Sl*}l ]'Og |: ] log R635 814)1 ].Og |: :| ) + ...
3 t

9n fact, if we use the overall supermomentum delta-function and the fermionic delta-function in the R to
remove three of the 14’s we have fifteen terms, 14 R,s:, in the variation. If we alternatively use only the super-
momentum condition we get four n’s times six R’s. Now for each R we have an additional constraint between the
7’s — six constraints — while for each 1 we have a relation between the various R’s — four constraints — giving a
total of ten constraints and hence only fourteen independent terms. Thus if these constraints are not degenerate
we find that there must be at least one additional relation between the various terms.
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Figure 10: Anomaly for six-point NMHV with coefficient Rgss.

© O c ()"
= A6;NMHVS1H1 [ - _—Mg }
(0) t &) t5 &) t
— A6;MHV IOg —_I[LQ R146 Sl*)l log [t—2i| + R635 Sl%l log |:t—2} + ...
3 5
(5.5)

Looking at this term we can immediately see that the first term is the same divergent structure
as appeared for the MHV amplitudes. As was the case there, this term corresponds to the Séllz

deformation due to the measure correction. The subsequent terms are given by (5.4) and its
1)

cyclic permutation. We expect these terms to be cancelled by Sé -

anomalies in loops and, as we will see, indeed this is the case.

, terms arising from collinear

5.2 Deformations

The deformation due to the measure factor, S§22, is straightforwardly seen to be the same for

NMHV amplitudes as for the MHV ones. It cancels the divergent terms (and the finite parts
grouped with them). Similarly, the contributions for the splitting function, at tree and one-loop
level, are the same due to the universality of the splitting function and it is well known that the
amplitudes have the correct collinear behaviour. Thus we move to consider the contributions
from triangle diagrams where the anomaly sits inside the loop, the analogues of Fig. 8. These
arise from the deformation

3 3 6 k
_ tF
1 0
E :Sg—m—kAl(c;l)\/IHV = E E Tf log _t’?il ) (5.6)



where, Tf, are on-shell triangle integrals. Let us first calculate the coefficient of the three-particle
channel cuts in the variable 3 which are proportional to R4 i.e. the terms needed to cancel (5.3).
That is we wish to evaluate

(T} — T7) log t (5.7)

where the triangle integrals are represented in Fig. 9 and, for example,

1 _
T! = 5oy / (a4 2)? sign(t3 — 13)S5(b, &, 3) Ay (. ¢, 1, 2) Ay (€, ,4,5,6). (5.8)
. , ,

As for the MHV case the delta-functions enable one to trivially evaluate these expressions and
indeed the calculations are quite similar. It can then be shown that

2 _ 40 (1] PPl4]As
Tl - Af(i;lz/IHVRMG <13> [23] [34] [46] (772 [46] + M4 [26} + 6 [24]> )
(3| P61\

~T3 = Ay Ruso (112[46] + 17a[26] + ns[24]) (5.9)

(13)[12][46][61]

which are identical to (5.4) and so cancel the variation (5.3).

Turning to the two-particle channels in the variable ¢ we see that they can only arise with
coefficients Ry46, from the first triangle diagram in Fig. 9, and Rgss5, from the triangle diagram
Fig. 10. From (5.9), and its appropriate permutation, it is clear that these terms will indeed cancel
the relevant terms in the variation (5.5). The remaining two-particle channels similarly follow
by use of cyclicity. Thus we see that the deformations constructed previously also annihilate the
six-point NMHV amplitude.

6 Yangian Symmetry at One Loop

In addition to the standard super-conformal symmetries it has recently become clear that planar
scattering amplitudes in N/ = 4 transform covariantly under a “dual” superconformal algebra
[13]. First hints towards this symmetry appeared at the level of loop integrals contributing to
the amplitudes [9,59]. This surprising additional symmetry of the planar theory has its origin
in the ordinary conformal symmetry of the dual Wilson loop description of MHV amplitudes
[11,12]. Tree amplitudes have been proven to be covariant with respect to dual superconformal
transformations [14, 15]. At loop level the dual conformal boost Ko g naively broken and picks
up an anomaly term whose form, however, was conjectured to be under control to all loop orders
in [12,13]. Recently it was shown that all one-loop N = 4 SYM scattering amplitudes indeed
obey the dual conformal anomaly relation [44], following earlier results on MHV and NMHV
amplitudes [13,60,14,42,61].

The dual superconformal symmetry can be made manifest by introducing new dual coordi-
nates on which the dual symmetry generators act locally

NN =~ Nt =00 -0l (6.1)
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Figure 11: Action of the Yangian generator G on the colour-ordered amplitude A at
tree level. The action is defined as the bi-local insertion of two superconformal generators
G1 and Go, the former acting to the left of the latter. To that end one has to define an
origin for the colour-ordered amplitude (dotted line).

and one makes the identifications x, 41 := z1, 0,11 := 01, [13]. At tree level it was shown in [20]
that this additional symmetry can be understood to lift the conventional superconformal symme-
try algebra psu(2,2]4) to a Yangian symmetry Y|[psu(2,2|4)]. The level-one Yangian generators
G are given by the standard coproduct rule for evaluation representations with homogeneous
evaluation parameters, cf. Fig. 11,

Gu=/" > GuxGir . (6.2)

1<k<t<n
The level-one generators G thereby satisfy
(G, G} = 1, G - (6.3)

Making use of the invariance of tree-amplitudes with respect to the locally acting central charge,
C;, it can be shown that this representation is compatible with the cyclicity of the amplitudes [20)].
Furthermore by means of the Serre relations and the covariance of the tree-level amplitudes under
the “dual” conformal generators one can show that the amplitudes are indeed invariant under
the full Yangian algebra [20].

In the following we determine the one-loop deformation of the Yangian generator P and

QozA )

6.1 Dual Conformal Boost alias Level-One Momentum

Indeed by virtue of (6.3) it suffices to construct the one-loop deformation of P, as all the other
level-one Yangian generators follow by commutation with level-zero ones.
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To begin with, let us then quantify the relation between dual conformal boost

~ ” s . 0 . 0 _
K = gt — 4 8PP 4 g0 (6.4)
izl [ o’ 907"
and the level-one Yangian
GO [(Lf‘,y 5% + L8y 6% + D 0>5°<5&> PY 4+ QeOQL — (i + J) (6.5)

1<i<j<n

at tree-level [20]. Note that both K® and P°¢ annihilate AY. Following [20] one may solve the
new dual coordinates in terms of the original ones via (6.1)

=2t = Y ONAY, et =00t = ) A (6.6)

1<5<1 1<5<4

and rewrite the dual conformal boost (6.4) as a differential operator acting in the original on-shell
superspace coordinates {\;, \;,n;} to find

ad % + Z Paa %Pad

—ip7 (mW 0% + L% 09 + D630S) — 2QPQy
+ a7 (L, 68 + L% 62 + D 6265
+0:7 Q% (6.7)

where the only non-local structure on the right-hand side resides in the level-one Yangian momen-
tum generator. We now make use of the full one-loop anomaly relation [44] in our conventions

T 1 0 o Ce 1,0+2 -
Reoalt =249 3t & (2]
. 2 —€ n . C 2 —€
= -9 A(O) o % ? ac —€ 7
! 1<jz<z:<npj € \—p? " ;pz e \—p

ad - Ce t22 -
— 8 Z o (6.8)
=1

where z; ; := x; — x;. Now acting with (6.7) on the one-loop amplitude, taking into account that

the tree-level generators {L*g, L%;, Q*#, Qg } all annihilate AV as well as the local generator

C; K = 0 and that (3.44)
DO A e ( ) (6.9)
6 JE—
—

J
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one easily computes the action of the tree-level Yangian generator on the one-loop amplitude

D) ; s Ce tz2 B oaoz ) -
(PO)2 AW = —2 [ > <p§‘a; (_MQ) (i < j ) +Z (—>
1<j<i<n

remarkably recovering a bi-local structure again. We hence conclude that the one-loop deforma-
tion of P takes the simple form

A - (6.10)

<13<1>>w=—[ > (P (D)2 - (i )+2Pw 5202) ] (6.11)

1<j<i<n

Where We have inserted the the one-loop deformation of the dilatation operator of (3.44). Rewrit-
ing P & in a fashion of keeping the bi-local terms free of contact terms we have

D ac ac 1 ac 1 - ac ac 1
(PY) =—[ > (Pt ()2 — Pt (D)2, ) + DO (P —PiH)(DélQ)%]. (6.12)
=1

1<j<i<n

Now the following curious picture emerges: Recalling the split of the one-loop amplitude into a
finite and a divergent piece as done in (3.37) but here restricted to the planar limit (3.42)

n 2 —€
1 r . (1 Ce £
AD = 20,0+ A it 24, =30 (3) , (6.13)

j=1
we can identify the bi-local deformation of ﬁso)l in (6.12) as arising from the action of the tree-level

generator on 22(22

n—1
[(P(O))adazégz} = Z Z P 2%2 Z P Dgiz 12 1 (Pgd - P?d) (D(zllz)i
=2 1<]<z i<j<n
= Z Z P;( 2—>2 Z P; Dél—)m 12 i - (6.14)
=1 L1<5<1 1<j<n

Conversely, the last local term in (6.12) is nothing but the anomaly of AV once spelled out in
the dual coordinates

2
(PO AP = 2 sz o (50 ) 4D = - (A (6.15)
i—1,i+1
with i
(P{V,)"% = = " (Pes — o) (DEY,)2. (6.16)

i=1
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In conclusion we can cleanly separate the deformation from the divergent measure and a genuine
one-loop anomaly

D) ad D) ac (1 1) \aa

(PO)™ = [(PO), Z38,] + (P52,)™ (6.17)
While perhaps a mere curiosity it is worth noting that one can find the anomaly from the action
of a bi-local operator on Z2_)>2,

(PP = > |2(Ley 88 + L8 02) T = (i 0 ), 285, (6.18)

1<i<j<n

Effectively the first term in (6.17) is sufficient to reproduce the complete P if the sign of L and
L in PO , cf. (6.5), is flipped.

6.2 The All-Loop Form of D and P

This insight together with the all-loop conjecture for the form of the dual conformal anomaly
of Drummond, Henn, Korchemsky and Sokatchev [13] then leads to a transparent conjecture
for the all-loop form of the dilatation and Yangian level-one momentum generators. Due to the
exponentiation of IR singularities the all-loop expression for the planar n-point amplitudes takes
the form

An(9?) = exp(Zasa(g?,€)) An(g?) (6.19)

with A,, being the all-loop finite piece, and Zo_ys is the logarithm of the all-loop IR divergences.
The form of this functions is well studied with the leading term for planar amplitudes being given
byw

Zyg*,€) = (7€) Zia(e) + O() (6.20)

where I'(g%, €) contains the cusp dimension I, (g%) = g2+ O(g*) as well as the collinear dimen-
sion I.on(g?) = O(g*)
F(QQa 6) = Fcusp(g2) + 6]—10011(92) + 0(62)- (621)

The subleading in € terms are scheme dependent. Acting on this with tree-level D yields
D@ A, = 11(¢% ) [D©, ZM,] A, = —11(g% ) DY 4, (6.22)
hence the all-loop planar dilatation operator is simply
D(¢*) =D + {I'(¢% ¢) DY, (6.23)

such that D A4,, = 0.

10Tn the following we shall use a sloppy notation where we disregard the effect of the loop order on the e-
dependence. This dependence is very systematic and can be implemented easily by the rule ¢ — fe at £ loops.
For a review of the all-loop structure of A/ = 4 SYM amplitudes including their IR divergences see e.g. [45] and
the many papers referenced therein.
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Similarly, the all-loop form of the level-one Yangian generator Pe¢ can be established. For
this we observe that the action of the tree-level (P(®))% results in

~

(PO)ad A, = 11 (g? €) [(P™)2% ZED, ] A, + exp(Zyo) (PO)4 4, . (6.24)

Now by virtue of the conjectured form [13] of the all-loop dual-conformal anomaly we note

2

(PO 4, = 9K A, = 11 Zmz 2, log (—) i,
i—1,24+1

~

= —1T(g% €) (Py2,)** Ay, (6.25)

where we have made use of the fact that the discrepancy terms between (PO)ad and 2K in
(6.7) are inactive when acting on A. Hence we know all terms on the right-hand-side of (6.24).
This enables us to also conjecture the all-loop form of the level-one Yangian generator Po%

~

P(QQ)ad _ (ﬁ(o))aa + %LF(92’ 6) (ﬁ(l))ad, (626)

whose structure is dictated by the one-loop deformation, as is also the case for the dilatation
operator (6.23).

6.3 Dual Superconformal Boosts and Bi-Local Generators

Invariance of the amplitude under the dual superconformal boosts S alias the level-one super-
symmetry generators Q follows straight-forwardly from invariance under P and S using (6.3)

[S4,P7] = —65Q™. (6.27)

Nevertheless, it is instructive to see how the one-loop deformation of @ acts qualitatively. In
particular, we have seen in Sec. 6.2 that P receives only relatively simple corrections, but here
length-changing interactions as discussed in Sec. 3.3 enter. This follows directly from the above
commutator which introduces them via S. R

Let us compare the structure of the one-loop deformation of P in (6.12) with the tree-level
generator in (6.5): For the bi-local contribution in (6.12) one promotes all instances of D in
(6.5) to its one-loop correction and drops the other terms which involve only super-Poincaré
generators L, L, P, Q, Q. In other words, the bi-local contribution is obtained from a perturbative
generalisation of (6.2)

Gy = LGK®GL—|—GIOCM = fRk ZGkKGZL+ZGlockM7 (6.28)
k<t

where Gk are the perturbative generalisations of the superconformal generators. The local
contributions Gy are needed to specify the action of the bi-local generators when the constituent
operators overlap. When expanded to one loop one obtains, cf. Fig. 12,
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Figure 12: Action of the Yangian generator A@ on the colour-ordered planar amplitude
A at one loop. The standard contribution of G() is the same as at tree level where one
constituent superconformal generators Gi, G2 is replaced by its one-loop deformation.

Furthermore Gl(OC represents the action when the constituent generators overlap. Here,

A

one may have to specify separately how G, . acts on the two particles separated by the
origin.

Gy} = LGP @ G + G @ G + Gy, (6.29)

In the case of P the only bi-local deformation originates from the dilatation generator D, and it

p) p

is precisely of this form. Moreover, the anomaly P, equals the local term P ..

The structure (6.29,6.28) is well-known for perturbatlve Yangians, cf. [62-64]. Importantly,

the bi-local term is stable under the adjoint action (6.3) provided that the superconformal algebra

is satisfied. The local terms serve as a regularisation and are more sensitive to the details of the
algebra and its deformation.

For the correction to the dual superconformal boost CAQ these considerations imply the structure
(QM)A7 = AT A (SD)4 + 14 ADW + QY (6.30)

where ANB:=A® B — B® A. This expression has length-preserving contributions from Sél_)m
D 2 and QIOC 5 .9, but there are also length-changing contributions from S ~ and QIOC 9 ups Cf.
Sec. 3. The bi-local contributions follow directly from the correction to the superconformal gen-
erators, whereas the local terms follow from the commutator (6.27). We refrain from presenting
the results of such a computation as the result is guaranteed to annihilate all amplitudes anyway.

Similar considerations apply for Q which has a structure analogous to Q but does not derive
from one of the dual superconformal generators. The remaining level-one generators follow the
same pattern, but they all involve K which has a yet more complicated structure than S and S.

We have not yet addressed the issues regarding the algebra of the deformed generators and
while we postpone a detailed consideration to future work a few comments are in order. Due to
the choice of regulator all the deformations respect the manifest super-Poincaré algebra. For the
special conformal and fermionic conformal generators the situation is much less clear. Of course,
the algebra is trivially satisfied on the space of amplitudes however on larger spaces it is remains
non-trivial to demonstrate closure. Already at tree-level the algebra is seen to close only up
to field dependent gauge transformations [35] and demonstrating closure at one-loop remains an
open problem. Furthermore, to establish the existence of a Yangian algebra one must additionally
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show that the deformed generators satisfy the Serre relations. It is not clear that Yangian algebra
will be satisfied, and it is very possible that this is a subtle issue. Note that some evidence in
favour of this point of view was already found in a study of the perturbative Yangian [63]. As a
point of comparison, at strong coupling the scattering amplitudes are described by open strings
in the AdS geometry which, being essentially a coset sigma model, are known to possess an
infinite family of non-local charges [7]. While the full quantum algebra of these charges is not
currently known we point out that even at the classical level there is likely an inherent ambiguity
in their algebra. That this is so was pointed out for the Yangian symmetries of the non-linear
sigma model by [65] and discussed by e.g. [66]. Essentially, due to the non-ultralocal terms in the
current algebra, one must define a regularisation for the charges as integrals over densities, taking
particular care with the end points, and different regularisations can lead to different terms on
the r.h.s. of (6.3).

7 Propagator Prescriptions

In this section we comment on the exact definition of the amplitudes we have analysed. This will
allow us to clarify the relationship to a different proposal [43] of how to deform the symmetry
generators at loop level. As it appears to be different already at tree level, we shall start there
and later continue at loops.

For simplicity let us consider a generator G which has only deformations of the type 1 — 2
at tree level. In practice this can be one of the two superconformal boost generators S or S, but
not the conformal boost K.

7.1 Tree Level

In [35] a deformation of the free representation was proposed in order to make all tree-level
amplitudes exactly invariant. In [43] it was subsequently shown that additional terms are needed
for exact invariance of the tree-level S-matrix. Here we shall illustrate the differences between
the two proposals and show that they are in fact compatible.

In [35] it was shown that the amplitude generating functional Ap is annihilated by the de-
formed representation of the generator G = Gi_,1 + G192 (see Fig. 13)

(Gio1 + Gioyo)Ap = 0. (7.1)

In [43] it was shown that additional deformations are needed, namely G = G;_; + G2 +
Go_1 + G3,0. The deformations Go_; and Gs_,o are almost the same as Gi_,5, but they have
a different distribution of in and out legs. Moreover, the connected amplitude A;. itself is not
invariant, but only its exponential

(Gis1 4+ Gioo + Gooyg + Gag) exp(iA;e) = 0. (7.2)

While A, is a connected amplitude, the expansion of the exponential yields disconnected graphs.
The additional generators Go_,; and G3_,o can now connect two or three subgraphs into a single
component. The invariance equation is depicted in Fig. 14.
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Figure 13: Invariance condition for tree amplitudes with principal part prescription.

Figure 14: Invariance condition for tree amplitudes with e prescription.

It appears that the two invariance equations differ by terms which are non-zero in general
and thus only one of them could be true. However, one has to be careful about the precise
definition of the amplitudes considered in each case. The first equation (7.1) assumes a principal
value prescription for all internal propagators of the tree amplitude Ap. Conversely, the second
equation (7.2) requires use of an ie prescription for the internal propagators of A;.. Indeed, this
minor change is what accounts for the difference in the two equations.

Consider, e.g., an amplitude with 7 legs: It has poles corresponding to an internal propagator
going on shell. The residue is given by the product of two subamplitudes with 4 and 5 legs,
respectively. Now, the difference between a principal value and an e prescription is given by the
same residue supported by a delta function forcing the internal particle on shell

1 1
Consequently there is the relation A,.7 = Apr7 + 1A;—As which is illustrated in Fig. 15. The
point is that the Ap 7 is exactly annihilated by Gi_1 + Gio2, but Ay—A; requires an extra
contribution from Go_,; acting on %(A4)2, i.e. the third term in Fig. 14.

How do the extra anomalies in A;, arise in practice? When the free representation G;_,; acts
on a rational function, there can be delta-function contributions localised at the poles. Collinear
singularities yield such anomalies which are subsequently cancelled by G;_,5. Secondly, there
are multi-particle singularities, but these do not cause anomalies, whether they are evaluated in
principal value or in e prescriptions. The third type of singularity can cause anomalies, but it is
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Figure 15: Reduction of tree amplitude with ie prescription to combinations of ampli-
tudes with principal value prescription.
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Figure 16: Relation between amplitudes with ie prescription and amplitudes with
principal part prescription at tree level.

spurious and cancels in the complete amplitude because the residues cancel. Almost! In the ie
prescription there are some left-over terms with delta function support. These are the anomalies
to be cancelled by Go_,; and G3_,¢ acting on disconnected amplitudes.

It turns out that the two invariance equations are perfectly compatible, and they have the
same physical and mathematical implications. Is one of the two preferable over the other? One
the one hand, the amplitude A;. with ie prescription may appear to be a more natural and more
physical object than the amplitude Ap with principal value prescription. On the other hand, the
symmetry relations for Ap are simpler.

In the remainder of this section we will explore the formal relationship between the various
quantities in order to gain a clearer understanding of amplitudes and their invariance condi-
tions. Using the above relationship (7.3) between propagators it is clear that amplitudes with
1€ prescription can be expanded in terms on-shell connections of amplitudes with principal part
prescription, see Fig. 16. The prefactors are the natural symmetry factors associated to the
graphs. Note that we have terminated the expansion at four powers of Ap and at tree level. This
relation can be formalised as follows

S[J] = exp(id;[J]) = exp(C) exp(iAp[J]), C = ;l/d4|4/1 J(A)JY(A). (7.4)

In words it says that the S-matrix is given by a collection of arbitrarily many amplitudes A;.
Equivalently, it is given by a collection of arbitrarily many amplitudes Ap with arbitrarily many
on-shell connections C' between the legs.

We start with the statement of superconformal symmetry at tree level [35

(Gis1 + Gioye) Ap[J] = 0. (7.5)

]11

HNote that Ap[J] uses principal part propagators. As loop corrections require at least one on-shell propagator,
Ap[J] terminates at tree level. Thus the following argument (which is analogous to the one used in [43]) formally
applies to all loops when neglecting effects of regularisation.
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Now we would like to transform this equation to a statement for AS . The generators Gi_,; and

G2 are linear in derivatives and therefore exp(iAp) = exp(—C)S is equally invariant. We
conclude that § is invariant under the same generator conjugated by exp(C')

exp(é’) (G1_>1 + G1_>2) exp(—é) S[J] =0. (76)

This is precisely the claim of [43]. Namely, one can easily confirm that the free generator is
invariant under conjugation

Gi1 = exp(C)Gy exp(—=0). (7.7)
This translates to the statement that on-shell contractions respect free superconformal symmetry.
Furthermore the deformations obey

G14)2 -+ GQ;)l -+ GS;)O = eXp(CA()G]‘*)Z exp(—é) (78)

In other words Gy, = [C’ ,Gi9] and Gz = %[C’ , Go_,1] which is essentially how the additional
deformations were derived in [43]. Starting with G;_,9 in (2.21) we find in agreement with [43]

1 . abc Ta jc
Gio = B /(d4l4A)3 sign(E1 Es) Glgsjl ‘]3‘]37

A 1 . abc 1a 7b je
Goy1 = [07 G1—>2] = 5/(d44/1)3 sign( B Ez) G357 J3 5

. .
= -3 / (dMA)? O(Ea B) G331 T3 J5,

~ 1 C v~
Gaoo = 3G, Gami) = —5 [ (@) 0(BEn) G 1

= —i / (a1 A)? GYbs e L J. (7.9)
The transformations between the sign and step factors makes use of permutation symmetries and
momentum conservation. Thus the two proposals for superconformal symmetry agree.

Let us conclude with some remarks. One may wonder about the different structures of Gy_.»,
Go_,1 and G3_,o concerning the signs of the particle energies [43|. For instance, all signatures com-
patible with energy-momentum conservation are permitted in Gi_,» and Gsz_,g. The difference is
that Gi_,o makes explicit reference to the sign of energies while Gs_,o does not. Conversely, Go_,;
requires the two in-going particles to have equal signs. In a canonical quantisation framework
this distinction between Gi_,2 and Go_,; actually makes sense. In such a picture, positive energy
states are represented by creation operators and negative energy states by annihilation opera-
tors. The deformed symmetry generator would thus consist of two creation and one annihilation
operator or vice versa. Now invariance of an operator means that it commutes with a symmetry
generator. Commuting the deformed generator with some operator can connect the two objects
by one (on-shell) Wick contraction (corresponding to Gi_,2) or by two (corresponding to Ga_1).
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In the case of two contractions, the energies automatically align in agreement with the structure
of Go_yp.1?

We would also like to remark that the structures Gi_s and Go_,; in (7.8) are reminiscent
of the brackets and cobrackets in a classical double of a Lie bialgebra (cf. [67] for some explicit
expressions). In this analogy, positive and negative energy states correspond to the two copies of
the original bialgebra. Brackets are defined between elements of both copies, while the cobracket
remains confined to each subalgebra. The deeper meaning of this observation remains obscure,
but it may help to obtain a better understanding of the deformation.

7.2 One Loop

Having convinced ourselves of the equivalence of the two proposals [35] and [43] at tree level, we
should now compare our one-loop results to [43].

The most obvious difference is that while [43] calculate the action of generators on amplitudes
in the final analysis they are only concerned with the invariance of so-called IR-finite observables
such as inclusive cross-sections, see for example [28]. These are derived from cross sections made
from scattering amplitudes. Conversely, we formulate an invariance condition for the scattering
amplitudes themselves. Therefore anomaly contributions due to the integration measure could
be discarded in [43] while we have to take them into account. In particular, (7.7) does not hold
strictly which eventually leads to the deformation GgllQ derived in Sec. 3.2.

One could now wonder whether our remaining deformations Ggl_)m, k > 3, match with the
contribution from Gg_,; in the framework of [43]. This expectation is reasonable because the
contributions have a similar structure, and in the case of MHV amplitudes they actually yield
coincident contributions. There is however one conceptual problem with applying the generator
Ga_,1 to some tree amplitude A, ,,+1: The generator forces two legs of the amplitude to be strictly
collinear. On the one hand, the amplitude diverges near collinear configurations. On the other
hand, there are cancellations in the numerator which compensate the divergence. We give an
explicit example in App. E. In practice the amplitude A, 41 is split up into two subamplitudes
A1 and A, 1o in [43]. The split is performed using the CSW rules, [56], which require one
to go off shell or to violate momentum conservation by a tiny amount. Then the calculation
can be completed in terms of the subamplitudes and one ends up with finite contributions to
Ga—1Aicnt1 (unless one of the two subamplitudes has only three legs).

In our approach we substitute the deformation G,_,; by the set of generators Ggllk While
Go_,1 is an extremely simple generator, its action involves computing loop integrals which are
complicated and potentially divergent. For our generators we have essentially already performed
the regularised loop integrals. Consequently the generators are somewhat more complicated, but
their action on amplitudes is straight-forward, and the IR divergences are manifest.

120ne may wonder what about Gs_,o which apparently has no representation in a canonical quantisation frame-
work. Consequently the S-matrix operator does not seem to commute with the deformed generator. Nevertheless
there appears to exist a slightly deformed version of the S-matrix operator which does commute and which is
unitary.
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8 Conclusions

In this work we have analysed, in the context of N’ = 4 SYM, the fate of the superconformal
symmetries of generic scattering amplitudes and of the Yangian symmetries of planar amplitudes
once radiative corrections are taken into account. Our central message is that the IR singularities
pose no serious threat, as the symmetry generators can be deformed in such a fashion as to render
the amplitudes, defined in a dimensional regularisation scheme, invariant to one-loop order. The
key input was the inclusion of the deformation of the tree-level generators due to collinear terms
which give rise to leg changing effects. Here it proved very advantageous to represent these
terms arising from the holomorphic anomaly as an on-shell triangle graph. Acting with the tree
level generators on the branch cuts of the one-loop scattering amplitudes then led to a natural
one-loop deformation of the representation which moreover could be lifted off the cut by virtue
of the cut-constructibility of the theory. Specialising to the planar theory, an analogous result
was obtained for the level-one Yangian generator of momentum, which, along with the dilatation
generator, could even be deformed to the all-loop level.

Importantly, we were able to represent a universal form of the deformation of any generator
by putting the on-shell triangle anomaly inside the loop in all possible ways. This construction
turned out to localise all integrals, so that effectively no loop integration had to be performed
and only tree-level data, consisting of vertices and amplitudes, entered the construction.

It would be interesting to repeat the study of deformations with an alternative regulator.
In particular the recently introduced Higgs IR regulator of [21] comes to mind, where the all-
loop deformation of the dilatation and dual conformal generator are simple and have a natural
five-dimensional holographic interpretation.

The most pressing question left open in our work is the closure of the algebra of the one-
loop deformed generators. While it is obvious that this will be the case for the super-Poincaré
and R-symmetry generators (by virtue of the regularisation procedure) this is not at all so for
the super-conformal part. Acting on the amplitudes the algebra is of course trivially obeyed,
but one would like to know if it closes for the generators. Note that this will depend on the
functional space on which the generators are allowed to act: For instance, even at tree level the
algebra closes only on gauge-invariant functions [35]. At one loop, extra constraints may become
necessary, such as, perhaps, (super) Poincaré-invariance or cyclicity. The question of the algebra
is also intimately connected with the existence of a deformed Yangian symmetry at loop level,
as the algebra along with the explicit form of the level-one momentum generator gives rise to all
further level-one generators. To establish the complete Yangian symmetry a check of the super-
Serre relations for the deformed generators is also needed. However, it is possible that while one
can find an infinite tower of charges that annihilate amplitudes the issue regarding their algebra
may be subtle as is the case for non-ultralocal two-dimensional integrable field theories. We
intend to address these questions in the future.

Recently, remarkable formulae have been proposed based on an integral over a certain Graf}-
mannian with manifest superconformal invariance, which reproduce the N' = 4 SYM tree-level
amplitudes and even integral coefficients of higher-loop integral topologies [68] thereby respecting
Yangian symmetry [69]. It would be interesting to clarify the relation to our approach.
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A further important question is whether the loop-deformed symmetries are constructive in
the sense of determining the loop-level amplitudes completely. This was argued to be the case
for the tree-level amplitudes upon the incorporation of the collinear terms in [36,35]. We would
certainly expect this to remain true at the loop level. One immediate question is what can the
symmetries tell us about the remainder function, that is the difference between the ABDK/BDS
ansatz of [70] and the true finite part of the amplitude, starting at the two-loop order? It is
known that the naive dual conformal symmetries alone are insufficient to fix this function and,
while there has already been significant numerical and analytic work [71], determining its exact
form remains a challenging open problem.

Acknowledgements

We are most grateful to James Drummond for collaboration in the early stages of this work,
and we thank him for useful comments throughout the work. It is a pleasure to thank Lance
Dixon, Gregory Korchemsky, Marc Magro, Radu Roiban, Amit Sever, Emery Sokatchev, David
Skinner and Pedro Vieira for discussions. This work was supported in part by the Volkswagen
Foundation.

A Anomaly as a Three-Vertex

In this appendix we derive the form the anomaly vertex for superconformal boosts by acting
on a 3-vertex by a superconformal boost generator. The result is expected to reproduce the
superconformal boost deformation found in [35].

A.1 Three-Vertices

Consider the MHV 3-vertex
5 (P)6%(Q)
(1,2)(2,3)(3,1)

Momentum conservation does not allow for a proper phase space in (3,1) signature. Let us
therefore continue in (2,2) signature where the full phase space exists. In this form, however,
the anomaly cannot be seen easily, and we first recast the vertex into a different form. The two-
component spinors A and ) are now independent and real. The amplitude can be represented
in an alternative form which will be useful for further considerations: We note identities which
allow to express spinors A or Min a given basis of two different spinors pu, ' or fi, i, respectively

(A.1)

3:

1= l(mu’)\/dxd$’52(k—wu—:v’u’),

1= |[fi, /]| /d:z; di' ¥\ — ifi— &' [)). (A.2)
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We use the latter to express 5\1 and 5\2 in a basis of 5\3 and some reference spinor fi.
3, i)
(1,2)(2,3)(3,1)

SO (T A1 + Taho + A3)As + (F) A + ThAa)f1) 6% (Amn + Aam + Asngs).

A3:

/ Ay dF diy dith 63 (\y — F1hs — T4 f1) 02 (N — Fodg — Thjl)

(A.3)
A further identity converts a spinorial delta function into a product of two regular delta functions
0(a)d(b ~ 0(a)d(b
0a)od) a5 4 py = HWIO) (A4)
(A, 1) |\, ]|
The momentum delta function implies \3 = —Z1\; — ToA9 which we can use to convert the
supermomentum delta function to 6%(A1(n; — Z1m3) + Aa(n2 — Tom3)). Again we can use the
identity (A.4), but now the argument is fermionic and the measure factor |(A;, A2)| must be in
the numerator instead of the denominator. We end up with As given through a set of delta
functions and a signum function

8% (aX + bu) =

Ag = Slgn 1 2 / dxl de 52 171)\1 + ZEQ)\Q + )\3)
. 5 ()\1 - Il)\g) 5 ()\2 - jgj\g) 54(7]1 — 1%1773) (54(772 - jgng). (A5>
Similarly the conjugate MHV 3-vertex reads
dzy d
Ag = 81gn 1 2 / i x2 (52 )\1 — .Z'l)\s) (52()\2 - 1'2)\3)

-5 ($1)\1 + 1‘2>\2 + )\3)54@1771 + xomo + 13). (A.6)

A.2 Anomaly Three-Vertices

The collection of delta functions is superconformal and hence it is annihilated by the super-
conformal boosts S and S. Only the signum factor violates invariance under the conjugate
superconformal boost S™°. According to the identity dsign(z) = 2dz 6(x) the derivative in the
generator converts it to a delta function forcing A; and A to be collinear. Expressing A\, and A
in a basis of A3 and a reference spinor fi we arrive at

_ _ - dxq d
(S™)E Ag = 2eas(A\jnf” — N{ng’ / = 2 diy diaz 0(1 4 121 + 2202)
5 ()\1 — 171)\3) ()\2 — 1'2/\3)
02Ny — E1)3) 6% (Ag — Tas) 64 (zmy + wam + 13). (A7)

We can recast this expression into a different form which may be more convenient for some
purposes. To that end we insert 1 = [ d**A'62(X)63(N)6* (1 — Famy + Z172) and use an identity
which holds when 1 + 2121 + 2922 = 0

54(7]/ — Tomy + Z172) 54($1771 + zomp +13) = 54(771 — T1m3 + x21)) 54(772 — Zomz —x17).  (A.8)
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Next we supplement d*n/ by d*\N = d*) d2X and the corresponding delta function 6*(\) =
§2(V)62(\) to d**A’54(N). Subsequently we can add terms X, N to the delta function to make

them appear more symmetric

_ _ dxy d
(Sfree)B Ay =2 / A5 (N) eas Man'E / T2 i da 6(1 + 2101 + 2972)

Ty T2
. 52()\1 — T3 + T2\ 62()\2 — Tod3 — T1\)
02 (A\ — Ty s 4 2N 62 (Mg — Tadg — 2 N)
64 (m — E1ms + 2an) 6* (2 — Tamz — 211)). (A.9)

In order to convert the expression to the physical (3,1) spacetime signature we perform
a change of variables such that 2,5 = +%;5. Here we must distinguish three different cases
depending on the energy signatures of the particles: (£ 4+ F), (F &+ £) and (+ F £). They are
achieved by the substitutions (0 < «, f < %71’7 0<p,0d<2m)

r1 = e ¥sina, I, = —e¥sina, z9 = e~ cos f3, Ty = —e" cos 3,
v =e ¥ tanq, T =4e¥ Vtana, x5 = e secp, Ty = —e " sec 3,
xr1 = €e'¥seca, T = —e ®seca, To=e WT¥tanf, Ty, =+’ tanp. (A.10)

The delta function for the z’s leads to 8 = a. We combine the delta functions s (A) =
54\t (n) = 0%(N\)6%(\)6*(n) and multiply with a suitable prefactor of —1/2 to obtain the
anomaly vertex

(S5)5 = —3(S™)5 A3
=2 / A5 (N) eas Man'B / dadip di e

6 (e Agsina + e A cosa — Ay)
M (e Ay cosa — e A sina — Ay)
+ 2 cyclic images. (A.11)

An analogous construction leads to the anomaly vertex for the superconformal boost

dl’l dl’g

(Sfree) Ag _ 250@()\781 B — )\782 B /— J— d;l,’l dl’g (5(1 + Ili’l + I2j2>

-0 (AL = 1123) &2 (A2 = 22)3)
. (52(>\1 — (Z’l/\g) (52()\2 — i‘g/\g)
-6 — Tams) 0" (2 — Tams).- (A.12)

Here we insert 1 = [ d*4A'§4%(A’), expand some of the delta function by terms in A’ and finally
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make the above replacements to convert to (3, 1) signature
(S3)an = —2(S™°) 0543
—2 / A A (A £0n AT 0 / dadp d e
5 (e Agsina + eV A cos v — Ay)

5 (e Ay cosa — e A sina — Ay)

+ 2 cyclic images. (A.13)

A.3 Tree-Level Superconformal Anomaly

The above expressions agree (up to a conventional overall factor and phase redefinitions) with
the superconformal boost deformations found in [35]. Let us repeat the calculation for the
colour-ordered planar MHV amplitudes in order to fix the overall factors.

Consider the holomorphic anomaly for spinor variables (2.18). First we resolve the delta
function in terms of an explicit relation between the spinors using an identity analogous to (A.2)

o) 2m
= / 2r dr / dp 6% (X — re ) (82 (N — re i) + 63 (X + re " [1)). (A.14)
0 0

Now we can compute the anomaly of MHV amplitudes
2 )\V 5\"7773 ) 54( )58(Q)
Sfree BA —4 4 / d / k+1nk k'k+1
( ”“Z nar (kk+1)0. . (nl)
: 5 (/\k —re" Agi1) (62 (/\k — 1" Np1) — (Mg + e Ni1)).

(A.15)

We compare this to the deformation S;_,» of the representation which consists in inserting
the anomaly three-vertex into the amplitude

(Sl—>2)a'BAn—1 = Z/d44Aa Sign(Ek;EkH)
k=1
- Ss(kk+1,a)8A4,1(1,... k—1,a,k+2,...,n). (A.16)

For the anomaly vertex we use the above result (A.11) where the prefactor was already chosen
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correctly. The deformation of the representation yields the contribution

_ A 177k _5‘2771? 1) 0*(P) 5%(Q)
St = 47TZ€O” 12). (k£ 0. (nl)

. [ — / rdrdp 0*( A, — 1" Apy1) 52(5% — re’i“’j\kﬂ)
0
1
+ / rdrdp 8*( Mg — 1€ Xpy1) 02 (Ap + 7€ Xpy1)
0

+/ rdr dp 82 (A — 1€ Ns1) 02 (A + e Xt |
1
(A17)

where each of the three term originates from the above three components of (A.11). This shows
that the prefactors for the three terms have to be chosen as in (A.11) in order for the anomaly
to be cancelled.

B One-Loop MHV Amplitude

In this appendix we collect results and identities for the (planar) one-loop MHV amplitude and
the underlying “2-mass easy” box integrals. The n-point MHV amplitude in N' = 4 SYM was
found in [37] and the derivations of many of these results can be found there.

B.1 Box Integrals

The one-loop correction to any amplitude can be obtained as a linear combination of scalar box

integrals
P =i / pred” L ! . (B.1)
(2m)4=2¢ 2(0 4 p1)*(€ + py + p2)?(L — pa)?

For MHV amplitudes the only contributions come from special “2-mass easy” box integrals with

light-like momentum inflow at two opposite corners, p3 = p7 = 0. It makes sense to split the
integral I” up into a dimensionless loop function F' and a rational prefactor

o _ F

1
where the invariants s, ¢, u, v are defined as

_ 2 _ 2 .2 .2 B3

s=(p1+p2)°, t=(pi+p)°, u=pi, v=p;s (B.3)
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In dimensional regularisation the F' takes the following form®?

cef s\ cf t N cf u\N" cf v\ |, os
r=i(Se) ~5lm) +a(5e) valge) wrews

FLip (1= =)+ Lip (1= 3) +Lia (1= =) +Li2 (1-7) = Lia (1= ). (B4)
S t S t st

It has been normalised such that the coefficients of the resulting Li, and log® terms are +1

and j:%, respectively. Here ¢, is a frequently occurring function of dimensional regularisation

parameter €

LF(1+6e)T(1—e¢)?
(1 — 2¢)

The one-mass and massless box functions can be viewed as a special case with u = 0 or/and
v = 0. Here the third or/and fourth terms in (B.4) are singular and the correct prescription in
dimensional regularisation is to drop them altogether.

Note that the above expression is not meant to reproduce the physically correct imaginary
part in all cases. One would have to pick the applicable Riemann sheet of the function for each
physical situation. Here we have written it such that the function is real when all invariants
s,t,u, v are negative.

¢ = (4m)° =1+ O(e). (B.5)

B.2 BCF Construction

The coefficients of the scalar box integrals for any one-loop amplitude in N' = 4 SYM are
determined through quadruple cuts [40]. Due to the tight supersymmetry constraints on MHV
amplitudes, all coefficients must equal the tree-level amplitude. One can thus write

AW = 4O a0, (B.6)
where M™ is a sum over normalised 2-mass easy scalar box integrals, cf. Fig. 17,4
MV =33 D F( 0 1 ), (B.7)
k=2 j=1

Note that the boundary terms k = 2 and £ = n — 2 in the sum a third leg of the box is light-like
and the loop function is actually a one-mass box. As described above, in these cases one has
to carefully drop singular terms from F' in (B.4). Furthermore, many of the individual terms in

13 Actually all terms — not just the first four, divergent ones — should be proportional to u?¢. For the finite
terms this plays almost no role and hence such minute factors can be safely discarded. The only place where it
does matter is in collinear limits.

14In this sum every term effectively appears twice, hence a factor of % This way of writing the sum has the
benefit that no distinction has to be made between even and odd n.
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Figure 17: A box integral contribution to the one-loop MHV amplitude

FHY2m cancel in the sum M,gl) for which we obtain the convenient final result

n c t2- —€ n—3 n tk 1tk+1
S Y1 E I IRSTLEE) 3 S

j=1 k=3 j=1 A
n—3 n tk n—2 n tk
1 2 Y 1 2 Y
-5 Zlog tkT+Z Zlog x (B.8)
k=2 j=1 J k=2 j=1 J+1

B.3 Variations

For acting with superconformal symmetries we must take derivatives of loop function M) with
respect to the external momenta. As these appear only within the Mandelstam invariants t;‘? it
suffices to compute the variation w.r.t. them

Mwuuz+1§i 5bgﬁ;ﬁéi e\
n 2 M4 € _Iu2

j=1

+ 5 nZi <5log ) log -2 i ' : (B.9)

k=2 j=1

Here Af is the following combination of invariants which arises from derivatives of the dilogs in
(B.4)

A = L (theh  — ), (B.10)

Reducing all invariants to tf +11 plus extra terms, this equals

A? = (P& 'pj+k)(PJ+1 Pyk+11) - 2( PJ+1 )(pﬂ”r’“ PJ+1 )- (B.11)
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In four dimensions one can furthermore use spinor helicity variables to write p; - py = %( k)[k, 7).
Then A% magically factorises into two terms 7F = (j |PFHg + K]

Jj+1
jHk—1
A? - zll Z (5 - Pj41) (P - Pn) — (D - D) (Pjtk - Pn) — (- D) Pjik - Pm))
m,n=j+1
j+k—1
= =5 > Gomdlm,j + k)G + ko), ]
m,n=7+1
= —3GIPER T + KIG + RIPSS ) = 37575 (B.12)

After substituting A? and using the identities

TP = —1,5)07+1],
T;ii =—(+1,j+2)[j7+1],
th=—(, 7+ 1), j+1] (B.13)

we end up with a convenient form for the variation of the loop function

n . R . . 42 —€
€
-3

—p*(j,J+1) — i

n T +1 tk+1
Z ((5 log —2 ) log +— . (B.14)

B.4 Collinear Configurations

Finally we would like to address the question what happens when two adjacent legs, say n—1 and

n, are strictly collinear while evaluating the loop integral MY 15 Most terms of the sum (B.7)
reduce to terms of ]\4,(11_)1 when combining the two collinear momenta into one p,,_1 + p, — Pp_1.
This is because the function M." depends only on ranges of momenta Pj’C in t?. The only
exceptions arise when the range begins or ends between the colhnear momenta

Let us therefore analyse more carefully the differences between MY and M, ( ) . Assume that

the collinear momenta obey

Pn-1 — ZPn—1, DPn — ZDn—1, z+z=1 (B15>

5Note that one has to distinguish between the collinear limit of the loop function and its value when two
momenta are collinear. This does not mean that the limit is not smooth, but it apparently does not commute
with removing the regulator.
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The Mandelstam invariants then reduce according to

(té? when j <n —k,
zté‘? + Etf_l when j =n — k,
k k—1 :
t = qt whenn — k < j <n, (B.16)
Ztg?_l + zt?‘l when j = n,
Uf?—l when n < 7,

To account for these different cases, we should split up the sum over j in (B.7) into the ranges
{1,...,n—k—=2}, {n—k+1,... ,n—2} and treat the four remaining values separately. It turns
out that almost all terms combine as follows (see e.g. [72])

MP — MY, + F(0, 282 _,,1_,,0) + F(2£2_5,0,0,£2_). (B.17)

n—1 “n—1»
In combining some terms we made use of a splitting identity for the box function
F(s,t,u,v) = F(s,zt + zv, zs + zu,v) + F(zs + zu, t,u, zt + zv). (B.18)

It follows from two dilog identities (z = u/s, y = v/t)

1
0 = Lis(1 — 2) + Lis (1 — —) + Llog® z,
z

0=+Liy (1 — )+ Lis (1 —y) — Lis(1 — zy)
— Lis(2(1 — 2)) — Lia(2(1 — y)) — log(z + zx) log(z + zy)
_Lizu Li M+Li z(l;_xy)_i_m M

- - 2 9 —— (B.19)
z+zy Z+zx z+zy Z+zx

It is tricky to determine the value of F(0,t,u,0). It originates form a one-mass box integral
evaluated at s = 0. Unfortunately, the expression (B.4) is very singular at this point. One way to
obtain a value is to consider a particular configuration of invariants and show that F'(zu, t,u, zt) =
0. Then the limit z — 0 suggests that F'(0,¢,u,0) = 0, but it is certainly not a smooth limit in
general. Another indication in favour of this result is that the original box integral (0, ¢, u, 0)
is finite. Furthermore, the multiplicative factor A = 0 and thus F'(0,¢,u,0) = 0. So we are led
to the conclusion that the MHV loop factor with two collinear momenta reduces exactly to the
loop factor with the two collinear momenta replaced by their sum

MY =MW, (B.20)

n—1|n
However, this is not the only way to define this limit and in general

M _ M(l)

n |n71||n - n-l

+7rs, (B.Ql)

with the function rg being non-trivial. For example, in the prescription given by [32] and used
widely in literature this function is at one-loop that given in Sec. 3.4.
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C Computation of the On-Shell Triangle Anomaly

In this appendix we compute the on-shell triangle integral (4.20)

1 — —
T2 = g [ AP A A0, sign(ts — £571) Sy(bua g+ D)
’ ASRQ(aa C7j7 s aj + k — 1>A7(102k+1(67b7j + k + 1’ te ’j +n - 1) (Cl)

representing the superconformal anomaly. Substituting the anomaly vertex (2.23), performing
the trivial phase integrals over ¢ and ¢ and pulling out an overall tree-level MHV amplitude we
arrive at

1 4 )
(Tf)f = ;Aflo)gd#/\]lk &gn(thrl — tf) /da d* N ' (Da + e + Pj’f)

/ d'ne d*n/ 0" 0%(ga + g + QF)
<j—1,C><C,j> <j+k—1,a><a7C><C,b><b,j+k+1>,

where the spinor helicity variables of two intermediate particles are determined through the
momentum fraction angle «

(C.2)

Aa = Ajq COS @, Ao = S\j% cos a, Na = Nj+k COSa — 1) sin a, (©3)

Ab = Ajiksina, Ab = Ajppsina, Mh = Nj1k Sina + 7' cos a.

We now evaluate the three lines of the above expression in parts. The bosonic integral on the
first line of (C.2) is of the form!®

/#&&@ﬁmﬁszhﬂuwm+Pﬂ. (C.4)

The spinor g, Ay is fixed up to a phase

1
12) = xP|1], 2| = Z(1| P, T = — 77—, T =tz (C.5)
(1P[1]
We then substitute the appropriate momenta and note that (j 4 k|PF|j + k] = t57" —tk. The
resulting delta function subsequently localises the integral over a

/da d* N 6*(pa + pe + Pf) =2 / dor 5 ((t5+1 — tF) cos® o + t5)

- T (C.6)

}t;‘?“ — tﬂ sincvcosa

16We use a delta function for momenta P in spinor notation §4(P#%) rather than in vector notation §*(P*) =
464(PB).
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The variables are fixed at!”

N tk
N = ZU(Pf)ﬁaeoz&)\%k, cos’ a = W . (C.7)
i

The fermionic integral on the second line of (C.2) can be evaluated by expressing ) in a basis of
A and A, and using (A.4) to split up the 6% into the product of two §*

A 41 1B 58 k
/d e d'n' 07 6%(qa + qe + Q)
= (sinavcosa(j + k, C>)3((3082 alj + kel — Aﬁsge(Qﬁ)EB). (C.8)
The rational spinor function on the third line of (C.2) reads

(7 —1,9) (G+k—17+k)({+kj+k+1)
(7 —1,¢){c,j) (j+k—1,a)a,c){c,b)(b,j+k+1)

= ) C.9
wacosalj+ kAP0, 0 — 1.9 €9
We assemble and simplify these expressions and altogether we find
. A\ Yk ( Dk\SA k\eB _ 1k, B
(Tf)f _ A;O’gaﬁﬁ (j 17]>(>‘j+kz€k)\(Pj) 566(Qj) tjnj+k) . (C.10)

Itk (J|PElj + K] (j — 1| PF|j + k]

D Details of Six-Point NMHYV Amplitude
Here we give some more details relevant to the six-point NMHV amplitude
AR e = Ay <Rl46Fg” 4 Rost FI2 4 Rago FP 4+ Ryg FY + Repu P 1 R635F6[3]> . (D.1)

Explicit expressions of the R invariants can be found in [13]. For the six-point amplitudes they
can be written as, e.g.

(34) (56) (61) (45) 0™ (Cas6)

146 = (D.2)
%y (1 PP[4](3| 34/ 6][45][56]
where
Cas6 = Na[56] + 15[64] + 16[45]) - (D.3)
A general relation amongst the R structures which holds for any amplitude is
Rr,r+2,s = Rr+2,s,r+1 (D4>

1n fact, for real 0 < o < 7/2 we must assume 0 < cos? a < 1 implying an energy signature (4 + F) of the
three particles. Here we also allow for the ranges cos? @ < 0 and 1 < cos? a. These additional ranges correspond
to the energy signatures (F &+ +) and (£ F +£) of the three particles contributed by the 2 cyclic images in (2.23).
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and an important relation which holds for the specific case of the six-point amplitude is
Ris6 + Ri3s + Ri3s = Re24 + Re2s + Ress - (D.5)

Thus, using Ros1 = Reas, R3e2 = Rz, a1z = Reoa, 524 = Ri35, we could pick Rise, Reas, Riss,
Rg24 and Ry35 as the independent structures (i.e. we remove Rg3s in terms of the others). A useful

. . . . 1 .
expression for the sum of box functions which occur in Aé,l)\IMHV, from which one can extract the

variation, is:
6 —e
Ce —t2
F()[l} _ _ i
2¢? =1 \H ’

t3 tS t? t3 3 3
- [log 2 log -+ 2 +log — 2 log = 2 —log =+ 2 log tQ]
1 2 12 2 i3 3.t
2 [log 2 log 2 + log -8 2 log 2 +log -5 2 log tQ} + 3 (D.6)

The remaining Fﬁm can be found by cyclicly permuting this expression. The variation can be
written as

1 0
SgllAé;l)\IMHV = A((S;I)\/IHVRM

6 _

ce (12 ‘ t2t2
LRS- (—_Mz) J +1og 2812 1og 72
(

2 1, 7 1 (t2)?
log -8 (-1 log —2- 8 (21 [ ! ]
+ log 2P| Ty 08 | 31, + log 5151 508 1243
tQ 0 1 - 2 0 1 t2
+ log —_;2 Sgll (+§ log _ % ) og —4 Sg_{l —3 log [é}
B oqo (11 f t6 L. 74
+ lOg _—qu Sl—>1 —5 lOg -—?)) Sl—)l —5 IOg [%} + .. (D7>
where we have made use of the relations
a0 1t « ;4
R14681_>1 10g t_3 = R14681_>1 log t_3 =0. (D8)
1 1

The remaining terms can again be found by cyclic permutations.

E One-Loop Anomaly of MHV-4 Amplitude

In this appendix we consider the one-loop superconformal invariance of amplitudes using the
approach of [43]. Although the deformation of the superconformal generators itself does not
make reference to the CSW rules [56], their application to amplitudes is hard to define properly
without them. Here we perform an explicit calculation for the four-particle MHV amplitude
pointing out an ambiguity and how it may be resolved.
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In the proposal [43] the one-loop superconformal anomaly for n-particle MHV amplitudes is
compensated by the action of Sy_,; (7.9) on (n+1)-particle NMHV amplitudes. We now consider
the simplest case of 4-particle MHV amplitudes. We apply So_,; directly to the 5-particle NMHV
amplitude without the use of CSW rules in order to understand the subtleties concerning collinear
configurations. The 5-particle NMHV amplitude reads [60]

sy _ 04(P) 8°(Q) 6% (15[45] + 1a[53] + 115[34])
o [12][23][34][45][51](12)* : (E.1)

We wish to act with S,_,; on legs 4 and 5. In order to gain access to the collinear divergence,
we express )\4 in a basis of A3 and A5 using (A.2) (for simplicity we shall work in (2,2) signature
where \ and ) are independent)

vy _ [ 4y dZ YO\ s4(z ~ [35]* |[35H 31(P) 8%(Q)
Ag / i —0%(Ehs + G — Mg) 0 (Zns + Gms — m4) o3BT (E.2)

We then multiply by the vertex Ss in the form of (A.7)

a

) . dry d
SP = —eas(Ninf — Xind) / & ﬁdm 5 6(1 + 2474 + 2575)

: 52(/\4 - ZL’4)\45) 5 ()\5 — ZL‘5/\45)
: 62(>\4 + .i’4)\45) (52()\5 + .%5)\45) 54(5647]4 + Tsl)s — 7745). (E?))

and integrate out A4 and As. Here we make sure that at first only the integrations over spinors
are performed; the integrals over the auxiliary variables are left untouched. This yields

((Sg_>1) )BANMHV /d$4 d$5 df4 di‘g) dgj dz 5(1 + 1'4574 + 1’5575) 5(2) 5(3} — f4/2~75)

(24Z5y 4 575)° 0N (P — (14 w4liy + 2555)ps) 0°(Q)

2w Es (24T + T5T5)2 (12)(23) (34 (41)
&'w)\z .T4.2~f4 + .T5.2~?5 B ;& — Zi’4/.1~75 B
. ) E4

The second term in the brackets is undetermined because it equals 0/0 on the support of the
delta functions; let us replace it by some undetermined expression *. The remaining term is
well-defined and we can now perform the integrals over the auxiliary variables

/% % % % 6(1 + x474 + :c55:5)8‘”/\4 (n3’ +xnf) AV (E 5)
LE‘4 I5 [34]

((S2a1) BANMHV

After performing the integrals over the z’s in proper (3, 1) Minkowski signature making sure that
the energies of particles 4 and 5 have equals signs in agreement with (7.9) we end up with

- /2 da cas ) (nB + nP)
g \B ANMHV _ _ ¢ 2/ ayAg 113 U AMHV E6
((S2-1)1)a 45 T 0 2sinacosa [34] (E6)
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The integral is clearly divergent. This divergence is of infrared type, and it is expected from [43].

In fact it looks similar to the action of SQQ defined in (3.44). Luckily, we can adjust the
undetermined coefficient * in order to match the structure precisely. Noting an identity for valid
for physical four-particle configurations

s A dama (24) dam Ay (24)

B0 4T g en 4 B @3) (B.7)
we set * — 1((24)/(23)) so that the spinor structure becomes
eas 5 +5(24/@3)nF) v (cading | cashind
[34] A7 = ( 2[34] + 2[14] )A4 . (E.8)

The expression agrees with (3.44) up to cyclic permutations of the four particles. Even the
prefactor appears to agree once one imposes some ad-hoc regulator.

In conclusion we see that the alternative proposal [43] does appear to give analogous results
up to interpreting terms of the kind 0/0 in a suitable fashion. This is presumably achieved
by the CSW rules. Regularising divergent terms is another (separate) issue. In our proposal,
cf. Sec. 4, all expressions are well-defined in dimensional regularisation (or any other suitable
scheme), however, at the cost of having a substantially more involved deformation than just

SQ—>1-

F Conventions and Identities

In this appendix we list a few of the basic conventions and identities used in this paper.

Coupling Constant. We define the coupling constant g which we use for the loop expansion:

9 A

" 1672

The 't Hooft coupling is written using the adjoint Casimir which equals Cy = N, for a SU(N,)
gauge group. We employ a dimensional regularisation scheme with straight minimal subtrac-
tion. The undesirable contributions of Euler’s gamma constant and log 47’s are absorbed into a
constant ¢, which typically dresses poles in €

T(1+6e)T(1—e)?

¢ =)' —TFa =29

= exp((log4m — 7)e — =m°€ + O(€%)) = 1+ O(e). (F.2)

The precise form of ¢, has no physical significance whatsoever.
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Complex Integrals. For performing integrals over the complex plane we use the convention
that z = (z + iy)/v/2. We can then write two-dimensional integrals as simple products of one-
dimensional integrals as follows

d*z = dz dz. (F.3)

This proves particularly useful when Wick rotating to two independent real coordinates z, Z.
Similarly, the corresponding delta functions factorise and the holomorphic anomaly reads

2(:) = 6(02), 2L ors(2)002). (F.4)

0z z

Gauge Generators. The generators T and structure constants % of the U(N,) gauge group
are normalised such that

[T, T% = ifeTe,  Tr(T*T®) = 6. (F.5)
This leads to the following identities in traces

T°XT*=Tr X, T*Tr(T°X) = X. (F.6)

Vectors and Spinors. For vectors we choose (—, +,+, +) as the signature of the Minkowski
metric, hence the mass shell condition for a massive particle is p?> = —m?2.
The conversion between vector and spinor indices is normalised such that for two light-like

momenta pi, pa

(D1 +p2)* = 2p1 - p2 = P} easpy €5 = Tr(epreps) = [1,2)(2.1). (F.7)
Moreover for a generic momentum P one has PeP" = —P?c.
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