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Abstract

Planar A/ = 4 Super Yang-Mills theory appears to be a quantum integrable four-
dimensional conformal theory. This has been used to find equations believed to describe
its exact spectrum of anomalous dimensions. Integrability seemingly also extends to the
planar space-time scattering amplitudes of the A" = 4 model, which show strong signs
of Yangian invariance. However, in contradistinction to the spectral problem, this has
not yet led to equations determining the exact amplitudes. We propose that the missing
element is the spectral parameter, ubiquitous in integrable models. We show that it may
indeed be included into recent on-shell approaches to scattering amplitude integrands,
providing a natural deformation of the latter. Under some constraints, Yangian sym-
metry is preserved. Finally we speculate that the spectral parameter might also be the
regulator of choice for controlling the infrared divergences appearing when integrating
the integrands in exactly four dimensions.


http://de.arxiv.org/abs/1308.3494v1

1 Introduction and Overview

Despite its seeming complexity on the Lagrangian level the maximally supersymmetric Yang-Mills theory
(N = 4 SYM) [I] might be the simplest interacting four-dimensional quantum field theory known.
Its global Poincaré symmetry is maximally enhanced to the N/ = 4 superconformal symmetry group
generated by the super-algebra psu(2,2]4). Excitingly, this Yang-Mills model with local gauge symmetry
group SU(N) appears to be integrable in 't Hooft’s planar N — oo limit. This property has been
instrumental for finding closed equations for the exact spectrum of planar anomalous dimensions of local
gauge invariant composite operators. These equations then also determine the exact planar two-point
correlation functions of the theory. The key to this solution lies in a reformulation as an integrable one-
dimensional system exhibiting features of both quantum spin chains as well as two-dimensional sigma
models. The refined formalism of the Quantum Inverse Scattering Method centered around the Yang-
Baxter equation could then be applied to find the spectrum exactly in the ’t Hooft coupling constant
A = g2y N. See [2] for a recent, fairly up-to-date review. Indeed integrability here accounts for an
extension of the superconformal symmetry to an infinite-dimensional algebra of Yangian type.
Integrability, being a property of the large N planar theory, is not visible at the Lagrangian level,
where only the classical superconformal symmetry psu(2,2|4) is implemented. Instead it manifests itself
at the level of “observables”. By these we mean any gauge invariant expectation value of the quantum
field theory such as an n-point function of local operators, a vacuum expectation value of a Wilson
loop operator or, in further abuse of the word, a scattering amplitude. So far there is no universal
integrability theory for all such observables of N/ = 4 SYM available. In this work we focus on the
sector of scattering amplitudes, explaining and extending the results of a recent letter of ours [3].
There have been spectacular advances in the structural understanding and computation of planar
scattering amplitudes in A = 4 SYM in recent years. In particular the development of novel techniques
in the form of on-shell recursion relations for the determination of tree-level amplitudes [4] and on-shell
super-amplitudes [5] along with the method of generalized unitarity applied to one and higher-loop
amplitudes [6] have led to the analytic construction of all tree-amplitudes in closed form [7] and to
many high-multiplicity and high-loop results (for recent reviews see [8]). Scattering amplitudes in
N =4 SYM enjoy a dual superconformal symmetry [9] reflecting the duality of amplitudes to light-like
polygonal Wilson loops [10]. The dual AdS5 x S° string theory explanation at strong coupling of this
symmetry was provided in terms of a combination of bosonic and fermionic T-dualities [11]. In fact
these developments have led to the, in principle, exact construction of the four and five-gluon scattering
amplitudes at all orders in A\, where the conjectured exact cusp anomalous dimension [12] enters as
an input, however. The closure of the ordinary and dual superconformal symmetry algebras leads to
the Yangian symmetry algebra Y [psu(2,2|4)] under which tree-level super-amplitudes are invariant [13]
for non-collinear external momenta [I4]. Yangian algebras are infinite-dimensional Hopf algebras with
a level structure (algebra filtration) built upon a semi-simple Lie algebra or super-algebra at level
zero. They are a manifestation of integrability. At the one-loop level a complicated deformation of the
Yangian generators arises [15]. It appears that the Yangian algebraic structure is deeply connected to
the GraBmannian formulation of tree-level scattering amplitudes which was pioneered in [16,17]. This
formulation solves the super BCFW recursion relation, it is Yangian invariant and even unique under
certain assumptions [I8H20]. Further developments led to the construction of the all-loop integrand
for any super-amplitude upon employing a conjectured generalized all-loop BCFW recursion relation
going beyond the tree-level case [21,22]. In the remarkable recent work [23] a novel way of constructing
amplitudes in terms of on-shell diagrams was put forward. These on-shell diagrams may be built up



as planar graphs starting from two types of trivalent (=cubic) vertices representing the maximally
helicity violating (MHV) and anti-MHV three-particle super-amplitudes. The graph edges correspond
to cut propagators, i.e. they involve one-dimensional delta functions putting the carried momenta on-
shell. Finally all internal bosonic and fermionic degrees of freedom are integrated over. At first sight
this construction leads to an increase in the complexity of calculating amplitudes, for example the
four-point MHV tree-level amplitude is given by a one-loop on-shell box diagram, whereas the one
off-shell loop correction is represented via a five-loop on-shell diagram. However, if true it yields an
interesting constructive way of obtaining the entire S-matrix of A" = 4 SYM from on-shell data alone.
Furthermore the work of [23] yields unexpected connections to mathematical structures such as the
positive Grafimannian and cluster algebras, ubiquitous in modern mathematical physics.

In the present paper we aim at unifying these developments with the observation of Zwiebel [24]
who connected the tree-level four-point MHV scattering amplitude to the one-loop dilatation operator of
N =4 SYM. The latter being the Hamiltonian of an integrable spin-chain is generated by an R-matrix
satisfying the Yang-Baxter equation, the cornerstone of the Quantum Inverse Scattering Method, see
e.g. [25]. Indeed from this viewpoint a Yangian symmetry algebra is not the starting point but rather
a consequence of the existence of an R-matrix with the monodromy matrix encapsulating the Yangian
algebra. Motivated by this we consider the Yang-Baxter equation for the scattering amplitude problem
which operates on the triple tensor product of one fundamental and two A/ = 4 super-oscillator real-
izations of gl(4]4) corresponding to the on-shell degrees of freedom of external legs. In the scattering
problem, these oscillators correspond to either the on-shell chiral superspace spinors parametrizing the
momentum and helicity degrees of freedom, or alternatively their “quarter” Fourier transforms to super-
twistor space variables. The matrix elements of the well-known R-matrix intertwining two oscillator
gl(N|M) representations are found explicitly. They may also be encoded in a kernel, which turns out
to take the form of a 2 — 2 scattering amplitude in the GraBmanian formulation deformed by three
complex parameters. We call this object the harmonic R-matrix. The parameters in turn are identified
with deformed complex helicities of the on-shell legs subject to certain conservation conditions. Even
more we show that there is yet a more fundamental level of these findings building upon a deformation
of the “atoms” of the on-shell diagram construction of [23]. They correspond to matrix kernels spec-
trally deforming the 2 — 1 (MHV3) and 1 — 2 (MHV3) three-particle scattering amplitudes. These
“three-point harmonic R-matrices” may then be inserted into the suitably generalized on-shell diagram
constructions of [23] via a box diagram, and one indeed recovers the 2 — 2 harmonic R-matrix. Finally,
unifying the on-shell diagram constructions of [23] with our spectral parameter deformation leads us
to the formulation of generalized Yang-Baxter equations for a “generalized” R-matrix with k incoming
and n — k outgoing particles.

While the spectral parameter deformation of amplitudes we report on surely represents an interesting
mathematical structure in itself, two pressing questions arise. What is the physical interpretation of the
deformation, and what is its practical use, if any? Here we can offer an insight already reported on in
our letter [3]. As discussed above the methods of [21H23] allow for the in principle general construction
of unregulated off-shell loop integrals using the generalized BCFW recursion and the on-shell diagram-
matics. Due to the IR divergencies present in these integrals these, however, are generically ill-defined
and from that perspective useless unless a regulating prescription is provided. Traditionally dimensional
reduction is used. For N/ = 4 SYM, a natural alternative is the Higgs regulator of [26], which has recently
been introduced and successfully employed in [27]. See also the further, novel dual-superconformally
invariant regulator proposed in [28]. While dimensional regularization breaks all conformal symmetries
of the theory, the Higgs regulator of [26] and the recently proposed IR regulator of [28] preserve (ex-



tended) dual conformal symmetry. All three prescriptions, however, obviously break standard conformal
symmetry through the introduction of a novel scale. Improving on this, we provide initial evidence that
the amplitudes suitably deformed by a spectral parameter regulate the theory while preserving the full
superconformal symmetry. In particular, the regulating scale is not externally introduced, but rather
automatically tuned by the external kinematical data. We demonstrate this mechanism for the concrete
example of the one-loop correction to the MHV,4 amplitude. Here the spectral parameter deformation
applied to the on-shell diagram formalism leads to an analytic regularization of the one-loop box inte-
gral induced by the deformed helicities of external and internal particles. This is exciting and certainly
merits further studies.

Somewhat ironically, our specific choice of spectral regulator does break dual conformal invariance.
However, this is not necessarily a problem, and there are two potential, distinct ways out. Firstly, dual
conformal invariance was an “unexpected” symmetry in the first place, and there is no physical reason for
it to hold exactly. In this context one should note that while integrable spin chains are certainly based
on an underlying Yangian algebraic structure, the spectrum of spin chains is not Yangian invariant,
i.e. the integrable Hamiltonian does not commute with the Yangian generators. Secondly, as we will
show, there is a way to choose the spectral parameters to obtain Yangian invariant deformations of on-
shell diagrams for integrands. Interestingly, the corresponding choice then renders the integrals infrared
divergent. However, it is possible that the divergence is a global one sitting in front of a properly defined
deformed all-loop amplitude, which might well render it manageable.

The paper is organized as follows. In section [2] we explain how to solve the Yang-Baxter equation for
the cases of present interest. Section 2.1]explains the general method, and introduces suitable Schwinger-
type oscillators useful for both the spectral problem as well as for scattering amplitudes. Section
is somewhat outside the main line of development, and illustrates the method of section 2.I] with a
novel derivation of the known R-matrix of the N' = 4 one-loop spectral problem in the oscillator basis.
In section 23] we solve the Yang-Baxter equation in the form of a Grafimannian integral, providing,
as shown in section 2.4], the sought deformation of the tree-level MHV, amplitude. In section Bl we
find analogous deformations of the Hodges-type on-shell three-point vertices [29], show that they satisfy
certain bootstrap equations familiar from the theory of two-dimensional integrable quantum field theories
and relate the spectral parameters to representation labels. We also demonstrate in section B3] that four
suitably deformed three-point vertices may be combined to recover the deformed four-point amplitude
of section 2.4] in natural generalization of the undeformed case. In section (] we study generic on-shell
diagrams. After a succinct discussion of the rather involved undeformed formalism in section 4.2, we
explain in section [3] that the construction of [23] again very naturally lifts to our deformation. We also
find in section [£.5]that certain graphic “moves” inherent to the on-shell formalism remain valid under the
deformation, after implementing certain restrictions on the allowed set of spectral parameters. In section
we study the all-important issue of the symmetries of our deformation. We find that locally, i.e. on the
level of the Lie-algebra, superconformal symmetry survives the deformation. Excitingly, the full Yangian
symmetry may also be maintained, if the same restrictions on the set of spectral parameters found in
hold. Finally, in section [6] we explain in some detail our findings on the spectral regularization of
the one-loop four-point amplitude already reported in [3]. As already mentioned, the regularization
is superconformally invariant, but “mildly” breaks dual conformal invariance. Some further technical
issues are delegated to three appendices.



2 R-Matrices, Spin Chains, and Amplitudes

2.1 Yang-Baxter Equation, R-Matrices, and Oscillator Realizations

In this section we construct gl(N|M) invariant solutions to the Yang-Baxter equation corresponding
to so-called oscillator realizations reviewed below. These solutions, called R-matrices, are obtained as
intertwiners of two such realizations. Expressions for R-matrices of this type have been known for some
time and were derived as part of the Quantum Inverse Scattering Method program, see [30], and are
well understood in the framework of quantum groups [31]. They take the form

P +1+2)

Ruia(z) = (1) TO+1=2)’

Co=JU+1), (1)
where Cy is the quadratic Casimir operator. This expression first appeared in [30] as an interwiner of s[(2)
highest weight representations and is the relevant R-matrix for the 1-loop integrable spin-chain in planar
N =4 SYM [32]. Here we will write these R-matrices in two alternative forms more suitable for our
purposes, namely the so-called “harmonic action” form as well as the Grafimannian integral form. The
former is particularly convenient to act on spin-chain states and allows for a first principles derivation
of the harmonic action form of the Hamiltonian presented in [33]. The latter can be interpreted as a
deformation of the four-point tree-level amplitude in A" =4 SYM.
Let us start by recalling some basic facts about the Yang-Baxter equation

Roz(21)Ri3(22)Ri2(22 — 21) = Rya(22 — 21)Ri3(22)Raz(21). (2)

In @) R;;(2) are linear operators acting on the tensor product of three vector spaces Vi ® Vo ® V3 and
each R;;(z) acts non-trivially only on V; ® V;. The parameter z takes complex values and is called
spectral parameter. This equation plays a central role in the theory of quantum integrable models. It
can be interpreted as a factorization condition for multiparticle scattering in 141 dimensions, where the
R-matrix is regarded as a two-particle scattering matrix. In this case the spectral parameter is related
to the rapidity of the two dimensional on-shell particle. In an integrable system the order in which
particles scatter does not matter, the three-particle scattering can be written in two different orders
and the result does not depend on which of the two we choose. The graphical representation of (2] is
presented in figure [II

Figure 1: Yang-Baxter equation.

The Yang-Baxter equation (2]) is an over-determined system of equations and there is no known
complete classification of its solutions. Luckily, there are recipes to systematically construct solutions of
[@). The basic idea is to characterize R-operators as solutions to some linear equation. Let us see how
this works in the case of our interest. Let V5 = CNM correspond to the fundamental representation of



gl(N|M) and take

Ris(2) = Li(z) = 21 + Y _(-1)P Jj5 e}, Rio(z) = Ria(2), (3)
AB

where A and B are gl(N|M) indices, A,B=1,...,N|N+1,..., N+ M and (—1)5 encodes grading. Here
Jf}g are the generators of the gl(N|M) algebra written in the representation ¢ and eﬁ are the generators
in the fundamental representation. The choice of R;3 in () corresponds to a specific representation of
the Yangian algebra Y (gl(N|M)), see e. g. [34] for more details.

After the substitution (B]), the Yang-Baxter equation (2]) becomes a linear equation for the R-matrix
Ri2. According to standard procedure, after expanding this equation in e. g. z; and asking for its
validity for every spectral parameter, we are left with two equations. One of them encodes the gl(N|M)
invariance of the R-matrix

Ri2(2),J1 + J2] =0, (4)
while the other reads

> ((~0 Rz () Jik I — (—1) Jsk TR (2)) = 2(J5 Rua(2) — Rus(2)J58). (5)
B

If Rq2(2) satisfies (@) and (B]) also p(z) Ri2(z) does, where p(z) is any function of z. In order to further
restrict this freedom one can impose the unitarity condition

ng(Z)R21(—Z) =1. (6)

However, note that this still does not completely fix the normalization p(z).

The remaining part of this section is devoted to finding the solution of equations () and (&) in the
case when spaces labelled 1 and 2 in (2) correspond to oscillator realizations that we are now going to
describe. The idea of oscillator realizations apparently goes back to J. Schwinger. For the N' =4 SYM
case it was first introduced by [35]. The bilinear combinations

Jgi = atag, (7)
satisfy the gl(N|M) commutation relations
g Tp} = 0 Jp — ()P 55 g (8)
provided that a#, ag satisfy the graded Heisenberg algebra
[aq,a"} = 6%, lag,ag} = 0, [a*,a%} = 0. 9)

Notice that the element C := 1 >, aCac is central, i. e. it commutes with all gI(N|M) generators
([@). The next step is to choose a representation of the Heisenberg algebra. Upon using Fock space
representations, oscillator realizations are particularly convenient to describe unitary highest weight
representations of u(n,n|m + ). Let us rename the oscillators as

(aA, aA> - (éA,aA> , (BA, bA> = (aA, —(—1)"\5"\) , (10)

where we split indices into two sets

A,B,... € {l,...,n|N+1,..., N+m}, A, B,... € {n+1,....N|N+m+1,..., N+ M}. (11)



The new oscillators satisfy again the Heisenberg algebra. The redefinition (I0) is known in the condensed
matter literature as a particle-hole transformation. It also plays an important role in the context of
scattering amplitudes. After this transformation, the gl(N|M) generators ([7) read

LA a"ag a" by (12)
T8 ‘]Q - —(-1)Abrag —(—1)A0+B) by bA _ (—1)A 5BA ’
and s o
C:§(a aa — bib —”+m>- (13)
Next we introduce a Fock vacuum
ar[0) =0,  bAo) =0, (14)

The Fock space F is generated by the repeated action of the creation operators a®, b 4 on the Fock
vacuum. An important feature of such representations is that they are not irreducible. Irreducible
representations are labelled by eigenvalues of C denoted by 5 in the following. Accordingly, the Fock
space decomposes as

Na Nb

F=v, Vo i= {TTT] @By [0} : na = np = o1 = s} (15)

i=1j=1

Notice that each V; is infinite dimensional as long as both n and n are different from zero. In this case
Vs coincides with the totally symmetri(ﬂ representations of u(N|M). A second important feature of
these representations is that the tensor product Vs, ® Vg, is multiplicity free.

We conclude this part with some remarks on the specific case of psu(2,2|4), which is relevant for
N =4 SYM. It is obtained from u(2,2[4) by removing two generators. The first, called central charge,
commutes with all the generators of u(2,2|4) and appears on the right hand side of the commutation
relations. In the case of oscillator realizations this generator coincides with the central element C
defined in ([I3]). The second, referred to as hypercharge, acts as an automorphism of the algebra. It
never appears on the right hand side of the commutation relation. For this reason there exist psu(2,2|4)
invariants that are not invariant under the action of the hypercharge.

In the context of scattering amplitudes the generators of the Heisenberg algebra can be realized as
differential operators as follows

_ <4 3} ; 0 0
a A b, <)\ , ) an ~ oo b <85\‘5" (977‘4) , (16)

acting on the super-helicity spinor space. See section [ for more details. This superspace is chiral as
the fermionic coordinates n pair up with A rather than A. Functions, or more generally distributions,
on p copies of this space can be characterized by eigenvalues of C;, see (I3), as

Fuwidi, u Ny w7t} = w2 un " F (N A mi}) u; € C*. (17)

Here symmetrization of indices is understood as symmetrization over bosonic indices and antisymmetrization over
fermionic ones.



One calls the numbers h; super-helicities. They are connected to the eigenvalues of C; as ¢; = % =1-h,;.

For scattering amplitudes in N’ = 4 SYM the central charge vanishes for each particle, in other words
h; = 1. In the present work this condition will be relaxed. The hypercharge B := % > m-a%i measures
the deviation of the super-amplitudes from being maximally helicity violating (MHV). More precisely
B = 4 + 2k for N°MHV super-amplitudes.

2.2 Harmonic Action Form of the R-Matrix and the A/ = 4 Spin Chain

To illustrate the use of the Yang-Baxter equation, we present a small intermezzo somewhat outside the
main scope of this paper, and directly derive the “harmonic action” form of the A" =4 SYM one-loop
Hamiltonian introduced in [33]. It shows its great usefulness for finding the spectrum of the spin chain
that emerges in the spectral problem of N'=4 SYM. Corresponding to an integrable nearest neighbor
Hamiltonian density, one should be able to obtain its form by taking a logarithmic derivative of a
suitable R-matrix, see [25]. In this section we then rederive this well-known R-matrix by solving the
Yang-Baxter equation (2]), finding again ({I), but expressed directly in the oscillator basis.

In order to solve the Yang-Baxter equation we introduce a family of operators which acts on the
tensor product of two Fock spaces F. Such operators are manifestly invariant under the gl(n|m)®gl(n|m)
subalgebra of gl(N|M) and are given by@

(a2a")* (b°b1)’ (a1a*)™ (b' by)"

HoPgmn = Il ml nl T (18)

_ ma’;l...ag‘kﬁil B2 %&bl bl bE. bBiad ..ad Y. bia) ..ak
where : (...) : denotes normal ordering and the indices 1,2 refer to the two copies of the Fock space.
It is easy to check that the action of these operators boils down to moving k + [ oscillators from the
first side to the second, and m + n oscillators in opposite direction. For this reason we refer to such
operators as “hopping operators”.

Any gl(N|M) invariant operator on F ® F can be expressed as a linear combination of hopping
operators. The coefficients of this expansion are functions of C;, Cy, see ([I3]), and of N, which is the
total number operator. Invariance under gl(N|M), in particular under the off diagonal generators in
(2], further restricts these coefficients. In general, we do not have to assume that the representations
are identical in both spaces, i. e. that the eigenvalues of C; and C,, denoted by 3+ and %, are the same.
Nevertheless, in this section we focus our attention only on the case s; = so. In particular, only in that
case the R-matrix we construct possesses the so-called regularity properties, namely Rj2(0) = P12 with
P12 being the graded permutation of two spaces. This allows to extract the Hamiltonian density Hyo
as Ria(2) = P1a(1 + 2 Hyp + O(22)).

As pointed out in the previous section, the Yang-Baxter equation encodes two equations. The first,
expressing gl(M|N) invariance of the R-matrix (), is solved by expanding the R-matrix in the hopping

2This formalism has been developed in joint discussions with Rouven Frassek. See [36], where these hopping operators
are also employed.
3To be more precise a chiral half of Hop acts as follows:
(82a)" (a1a2)"
k! m!

_An,

hop, ,, &p! ... &yt [0,0) = Y a;‘ima;‘:a 0,0),  hop,,, =: (19)

where p € {1,2} and the sum runs over all {p},...,py, } that differ from {p1,...,pn,} by changing exactly k indices from
p; = 1 to p; = 2 and m indices from p; = 2 to p; = 1.



basis as

N
Rio(2) = 3 0310 HOPL s (20)
k,lmmn
and imposing, with [ := &ttntm
N k+l N N+2 N+2 N
al(c,l,)m,n = 5k+n,l+m(_1)( Fhlmn) a(l€+)l+n+m7 Oé )+ 04§+1 ) = a§ ), (21)
2

Notice that N is always even in the present situation. The fact that (2I]) ensures invariance of the
R-matrix can be checked by direct calculations similar to the one in the appendix of [33].

The second equation takes the form (Bl), where the gl(N|M) generators are taken as in (I2]). As
@) is gl(N|M) covariant and the R-matrix is gl(N|M) invariant, it is sufficient to solve for a single
component of (B)). Without loss of generality we restrict the open indices in (Bl to correspond to the
diagonal blocks in (I2]). After normal ordering the oscillators appearing in the resulting expression one
finds that (B)) is satisfied if and only if

(N)

1

ST TN (22)
ar_j T2 TR
The general solution to this recursion relation, in conjunction with (2II), is given by
1
I+5N
N -1 2T+ 1

Oég ) _ p(Z) ( ) ( ) (23)

TI+1-2—3N)I(z+3IN+1)’

where p(z) is any function of the spectral parameter. We further require that the R-matrix satisfies the
unitarity relation (@]). A solution is given by

pz) =TA+ 21— 2). (24)
The final form of the R-matrix is

1)”% NTA+ 21 -2)TI+1)

o0
(—
Ri2(z) = Hopy, (25)
; MI+1-2z—iN)T(z+iN+1)
where
Hop, = Z (_1)(k+l)(m+n) Sk, 1 Ot HOPY 1y - (26)
k,l,m,n

One can easily check that the constructed R-matrix possesses the regularity property

R12(O) = HOpn817 = P12 s (27)

Nb;Nag,by

where P1s is the graded permutation acting on the tensor product of the two spaces.
The integrable Hamiltonian density is then obtained as usually by evaluating the logarithmic deriva-
tive of the R-matrix at z = 0. Applying this recipe to (25) we find

_ X IT()r1+iN-1)
Hiz = —h(zN) + ; I(1+1N)

HOpI ) (28)

9



where h(j) are harmonic numbers defined as h(j) = izl 2. We may now compare (28) to the result

in [33]. Let us notice that the action of any Hopy, ,,, , changes the oscillator numbers as

Hopk,l,m,n

(Nay, Mby s Nay, Nby ) (na, —k+m,np, —l+n,na, —m+k,np, —n+1). (29)

Then the labels of representations are equal to s; = na, — np, — N + 1 and s3 = Nay, — Np, — N+ M
before and after the action of Hop, provided that k+mn = m+1{. This is analogous to the central charge
condition in the harmonic action formula. Thus our result reproduces the harmonic action form of the
Hamiltonian, up to an overall minus sign.

2.3 GrafBBmannian Form of the R-Matrix

After this successful warm-up, let us return to the main focus of our paper. As announced at the
beginning of this section, the Yang-Baxter equation can also be solved using yet another formalism,
namely the Grafimannian approach. It conveniently establishes a direct relation between integrability
and the scattering amplitudes of N' = 4 SYM. Indeed, the kernel of the resulting R-matrix turns out
to be a deformation of the tree-level four-point MHV amplitude. A first hint at such a connection was
discovered in [24], where the complete one-loop dilatation operator of the N/ = 4 model was related
to its tree-level scattering amplitudes. In particular, the one-loop Hamiltonian of the nearest-neighbor
spin chain encoding the spectral problem was shown to be technically related to the tree-level four-
point amplitude. In order to deepen and precise this relation, we will use a formalism for the tree-level
scattering amplitudes first proposed in [16], where the leading singularities of the '=4 SYM N k=2MHV
n-point amplitudes were described by a Gralimannian integral in twistor space. Since then, the formalism
has been considerably refined, resulting in a reformulation of tree- and loop-level amplitudes in terms of
GraBmannian integrals and rather powerful on-shell diagrammatic techniques [23]. Let us briefly review
this approach. The general, formal Grafimannian integral relevant to scattering amplitudes, after fixing
a certain GL(k) symmetry [16], reads

[T, T dew : 3
g"v’f:/(1...k)(2...k11).7“.+<1n...n+k—1) 11+ (ZZLA— 2 cGiZiA)’ o

a=1 i=k+1

where Z{‘l are the super-twistor variables Z{‘l = (ag, 5\20‘, 77;4), with £ the Fourier conjugate to A{. The
integration is over an (unspecified) set of contours for the, in general complex, integration variables cg;.
The integrals G, ;. associated to a given amplitude are labeled by the two numbers n and k. Here n is
the total number of external particles, and n — 2k the total helicity of the amplitude. The parameters
Cq; are the non-trivial entries of a k x n matrix

—Clk+1 —Clk+2 " —Cin

—Crk+1 —Ckk+2 - —Ckn

where the mentioned GL(k) symmetry allows to fix k? of the kn parameters of C, corresponding to
the trivial submatrix 1j4%. The denominator consists of the cyclic product of the minors M; = (ii +
l.ii+k—1) (= k x k sub determinants) of the rectangular matrix C. The demonstration that this
object is Yangian invariant [I8] was an important first hint at its connection to integrability, a link to
be significantly strengthened in the following.
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This requires considering a generalization of the Grafmannian integral (30]), as we will again be
looking for appropriate solutions to the Yang-Baxter equation. To make contact with the above de-
scription, we simply relate the coordinates Z-4, which for the special case of N’ = 4 SYM are just the

super-twistors defined below (B0]), as well as their derivatives BZLA to the Schwinger oscillators vi
A A
a’t— Z s ap < 82—-/4 . (32)
The gl(N|M) generators then become, as e.g. in [37],
0
Tk =2t — (33)

' 9ZB’

For the moment, the approach is purely algebraic and formal, and we avoid the issues of the appropriate
reality conditions for ([B2) and of the inner product of the states built from these variables. We would
now like to show that a modified version of the GraBmannian integral ([B0]) is the formal integral kernel
of the R-matrix solution to the Yang-Baxter equation (2]). This integral kernel R of the R-matrix Ri2(z)
is defined by its action o on an arbitrary function g depending on two variables

(Ri2(2) 0 g)(Z3, 24) ::/leledNszR(z;23,34\21,32)g(21,32), (34)

where the integration domain, clearly related to the reality conditions and the inner product, is left
unspecified for the moment. Note that the kernel R, in contradistinction to the operator Rjs, now
depends on five variables, namely in addition to the spectral parameter z also on Z1, 2y and Z3, Z4,
which we associate, respectively, to the two incoming and two outgoing particles.

As there are many different solutions to the Yang-Baxter equation, depending on which representa-
tions of gl(IN|M) we study, we need to specify the labels of representations for all four particles in order
to get a particular (and ideally unique in its matrix structure) solution. For the oscillator realization
discussed earlier this means that we have to specify one number s;, which is the total number of oscil-
lators corresponding to the i-th particle. This translates, via ([82]), to a constant degree of homogeneity
s; in the variables Z;. These representation labels s; then serve as parameters for the R-matrix kernel.
Taking into account the correct degrees of homogeneity, ([33]) allows to turn the two equations () and
) derived from the expansion of the Yang-Baxter equation into easily solvable differential equations
for the kernel of the R-matrix.

Let us start from the gl(N|M) invariance of Rj2(z). Translating (@) via ([33]),(34) to R(z), one finds,
after abbreviating R(z) := R(z; Z3, 24|21, Z2),

/dNledNMZQ {R(z) (z*‘ 0 4 zp 0 >—<Z“4 A )R(z)} 9(21,25) = 0.

1 2 3 4
0Z¢ 0Z§ 0Z§ 0Z§
(35)
In the interest of a more compact notation, we write this in the succinct symbolic form
0 0 0 0
R(z) 2 z5 — (2 z{ R(z) =0 36
o) (2t 550 + 21535 ) — (2550 + 2557 ) RE) =0, (30

4With respect to the convention in () there is an additional particle-hole transformation on all 444 oscillators, which
may be implemented by an 8-fold Fourier transform.
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i.e. the integration over the kernel as well as its action on an arbitrary function ¢ is understood. A
similar and hopefully obvious short-hand notation will be used in many of the following equations in
this section.

As we will do in all our calculations, we want to rewrite ([B5) (and thus its short form (B6)) as a
differential equation for the kernel R(z). We accomplish it by integrating the first two terms in (B8] by
parts, and find

. )
> ZA = R(2) = 2(- DA ' R(2), (37)
i=1 0Z;
where (—1)’4 encodes grading as in section 21l Any time we perform an integration by parts, we require
that the boundary terms vanish. Inspired by the Graimannian formulation and by the results of [19.20],
we find that the most general formal solution to equation ([B7) can be given as a formal Grafimannian
integral on a multi-contour of the form

4 4
’R(z) = / H H dCai F(C) 5N|M(Zl - Z CljZ]’) 5N‘M(ZQ - Z c2kzk‘) > (38)
a=1,2i=3.4 j=3 k=3

where F(C) = F(c13,c14,C23,C24) is a generic function depending on the four complex parameters
€13, C14, C23, Co4. For sake of simplicity we denote

(51 = 5N‘M(Zl — 01323 — 01424), 52 = 5N|M(ZQ — 02333 — 02434) . (39)

We now show that the function F/(C') is almost uniquely determined by imposing the known homogeneity
properties as well as the Yang-Baxter equation. Homogeneity in the Z; immediately fixes F(C) to the
form

~ [ C13C24
F(C) = 56,3565 f : (40)
C14C23

where now f is a function of just one cross-ratio instead of four variables. Clearly one of the four
exponents, say ¢, is arbitrary, since we can rewrite this as

5
_ a—8 B+6 ~y+6 [ C13C24 7 C13C24 \ 4§ B+E 4+6 C13C24
F(C) =3 ¢ty "cag — ) f =:Cl3°Cly Co3 f ) (41)
C14C23 €14C23 C14C23

where f is again just a function of the cross-ratio. The exponents «, 3,7 and ¢ are related to the precise
degrees of homogeneity s;. These can be determined by the following four equations, differing in form
for incoming and outgoing legs, respectively:

R(z) ZZA@ZLA =s;R(z),i=1,2, ZZA(?ZLA R(z) =5 R(z),i=3,4. (42)

Let us present the explicit calculation for the case i = 1. Expressing R(z) in ([@2]) by [B8),([B9) we have

/ I 11 dcaiF(C)(slanf‘aZiA:sl/ I 11 dcai F(C) 615, (43)
1

a=1,2i=34

12



Integrating the 1.h.s. by parts w.r.t. Z , the differential operator Zl 8ZA acts on the delta function 4;.

The action on the variables Zf‘ can now be exchanged for an action on the complex parameters c,; [18].
After a short calculation we obtain from (43

/ IT II deai F <clgai +c1483 >5152 = 51 / 1T I deas F(C) 615, (44)

a=1,2i=3,4 a=1,2i=3,4

After integrating the l.h.s. by parts once more, this time w.r.t. ¢13 and c14, such that the differential
operator <013%13 + 014%) acts on the function F(C), and using ([@0]), we finally find

a+B+2=—s1. (45)

We can proceed analogously for the other scaling operators, i.e. the cases ¢ = 2,3, 4, which provide us
with the three additional equations

Y+o+2=—s9, a+vy+2=—s;3, B+0+2=—s4. (46)

Interestingly, the four equations in ([@3]),([#6]) do not have a solution for «, 3,7, 0 for generic s1, s2, s3, S4.
However, in view of (41]), the three equations in (46]) are easily solved as a—§ = so—s3, B+ = —s4—2,
and v+ 0 = —sg — 2. This yields

F(C) = e e e (3—> | (47)
C14C23

while substitution of these values into (45)) leads to the following constraint on the representation labels
81+ 82 =83+ 84. (48)

We are left with finding the function f of the cross-ratio in (7). It may be fixed, up to an undeter-
mined multiplicative function of the spectral parameter z, by using (Bl), which, as we may recall, was a
direct consequence of the Yang-Baxter equation. Using the same techniques we just employed, we may
derive a further equation for the kernel. After repeated integration by parts, and use of the commutation
relations to rewrite the second-order operators in such a way that operators with contracted indices act
on R(z) first, one arrives at

0 0 0 0 0 0
(2t 53 28 53w — 253 % 5gm ) R+ (0= 2) (25 + 2850 + (-1 ) R =0,
(49)

Proceeding as before, after inserting the expression (B8] for the kernel, the contracted differential op-
erators in the variables Z4 can again be exchanged for differential operators in the variables ¢,; when
acting on the delta functions:

4

0
(5162 — — Zcmﬂél(k; Zg 0z 6152 — an4 5152 (50)
i=3 !

0
ZB
> 0zB

After integration by parts in the variables c¢,; one easily arrives at an equation of the type

(. (0e61) 62 + (.. ) 61(9cd2) =0, (51)
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where we should recall the condensed notation ([B9). Since the two terms in (5Il) are linearly independent,
the two summands have to vanish separately, implying two equations. Let us write out the first one in
more detail. It reads

/ H H dcg; (Clg ZCM + (1 — Z) C14 F(C)) Z;fl <3zc6l> 0o =0, (52)

a=1,2i=3,4

which can be rewritten using (7) and after defining the cross-ratio v := 124 as

/ derg degg degg dv 3753 et 51752158 2752 (D f (v)) 214 (9ed1) 62 = 0, (53)
where we have defined
Df(w):=v(1—v)0f(v)+ (s2—s3+1—2—0v(24 s2)) f(v). (54)
Again recalling the remark made just below (36]), this simply implies
Df(v)=0. (55)
It fixes the function f(v) up to an overall constant
F(0) = C (1 — v)~Imss—z ylmsatsatz (56)

Let us now comment on the other term of (5Il). Repeating the same steps, we finally obtain a further
equation for f(v), similar to, but different from (54]),(53):

v(l—0v)0yf(v)+(s2—s3+1—2z—0v(2+s2+s1—s3)) f(v)=0. (57)
Matching the solution to (B6l), a further constraint on the representation labels emerges
51 =83, (58)
supplementing our earlier finding ({48]). Clearly we then also have
S9 = 84. (59)

By inserting back the result in (47) and (B8]) we can write down the final expression for the formal kernel
of the R-matrix in the Graimannian description

dClg d614 d623 d624 C13C24\ ? _ NIM
*E = <_ ) 557 (—detC) 1 SVIM (2, — 2;) 6NIM (25— Z)
) / c13 co4 detC detC ) (=det€)” ! ;clk k) 2 Zc% i)

(60)
with detC = (c13¢24 — c14¢23). Let us remark that the form of the solution is unique up to the usual
scalar factor, depending on the spectral parameter z, undetermined by the Yang-Baxter equation.

So far we did not fix the set of integration contours in our formal expression (60). However, we did
make an implicit assumption in our above derivation, which was based on homogeneity assumptions
and the imposition of the Yang-Baxter equation. We assumed that all boundary terms vanish when
performing partial integrations. There are two cases when this holds. Either all contours are closed
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and there are no boundaries at all, or else, we have some open contours, for which the boundary terms
either vanish or cancel out. The correct choice of contours depends on the precise application of the
formula (60)). In particular, we observed that, in order to compare with the harmonic action result (20]),
we need to put s; = s9, and then take a combination of these two cases. Namely, for the variables
€13, €93, co4 we need to take a closed contour encircling 0, while for v = % we should take an open
contour from 0 to 1. If instead we want to make contact with the scattering amplitude problem in
N =4 SYM, which will be our main application in the rest of this paper, then we have to take a closed
set of contours that contains the support of all delta functions. In this case, the kernel of the R-matrix
R(z) is a spectral-parameter dependent deformation of the four-point tree-level amplitude, as shown in
more detail in the next subsection. It would be very interesting to understand the appropriate contours
necessary for these distinct applications from first principles.

2.4 Deformations of the Four-Point Amplitude in V' =4 SYM

In the previous section we found a general solution to the Yang-Baxter equation, which is valid for any
compact or non-compact oscillator representation of gl(N|M). Here we would like to specialize to the
case of gl(4]4), which is the one relevant to the analysis of scattering amplitudes in N’ =4 SYM. If we
consider particles with physical helicities we should set all representation labels to s; = 0. In that case
the kernel (60) we just derived slightly simplifies to

R 4 4
dcig deig deos degy C13¢24\* a4 |4
= - 62 — Z) 0 g Zk) 1
(Z) / €13 Co4 detC' < detC ) ( 1 ];, Clk k k:3 Cok k (6 )

In order to establish the relation with amplitudes we should return from the twistor-space to the spinor-

helicity formulation, and express (1) through the (A%, A%, n?) variables. This involves taking a Fourier
transform on the i Varlableaﬁ (see appendix [Al), which leads to

4 4
dc13 dera deas de €13C24 \ ?
() - [ttt (o) o (5 =S o) o (1= Yo
13 €24 =3 =3
~ 4 _ ~ 4 ~ 2 2
52 ()\1 — Z clm> 52 (AQ — Z C%Ak> 52 <>\3 — Z ck3Ak> 52 ()\4 — Z ck4)\k> . (62)

k=3 k=3 k=1 k=1

As we mentioned in the previous section the integration contours are to be chosen such that the inte-
gration localizes on the support of all delta functions. This means that we can perform the integrations
on the ¢,; variables by algebraically solving the system of constraints resulting from the complete set of
delta functions. For example, if we solve the delta functions on the A-variables we find

)\3 — 013)\1 — 023)\2 =0 = (13 = @7 €23 = <21>7 (63)
42 41
A —cuA] —cuA; =0 = cuu= u7 Co4 = @) ) (64)

5In our procedure we consider two incoming and two outgoing particles, instead of all incoming as is common in the
amplitude literature.
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where (ij) = A¥\; . By substituting these expressions for the c,; back into (62), we finally arrive at

o @HEnNT St ()
R = (~aen) @ = () A (65)

where s = (p1 +p2)? = (p3 +p4)? and t = (py — p3)? = (p1 — p4)? are the Mandelstam variables and we
have used standard notation for momentum conserving delta functions in the spinor-helicity formalism.
Specifically, we have

poS = ARG @ =\ 2pi - pj = (i5)[jd] , (66)

5 (p) = 6* (p1 + p2 — p3 — pa), Bq) =0 (q1 +q2— g3 — q4) . (67)

R(z) in (65) is the N' = 4 SYM four-point tree-level MHV amplitude deformed by a spectral parameter z
dependent factor. By construction, it is a solution of the Yang-Baxter equation, and therefore establishes
a direct connection between integrability and scattering amplitudes.

3 Three-Point Harmonic R-Matrices

3.1 Preliminary Remarks

As was pointed out and stressed in [23], in the on-shell approach to Yang-Mills massless scattering the
four-point amplitude is not the most elementary building block. It should be replaced by the MHV
and MHV three-point amplitudes, even though these are not compatible with momentum conservation
in RY3. If this is the case, an interesting and conceptually fundamental question arises in light of our
above interpretation of the deformed four-point amplitude of A" =4 SYM as the kernel of an R-matrix.
Namely, one is led to conjecture that this deformed amplitude should then likewise be composed of
deformed three-point MHV and MHV amplitudes. Furthermore, the latter should correspond to the
kernels of some linear operators one might want to christen “three-point R-matrices”. In this section
we will constructively prove this conjecture, calling the sought deformations R, and Re.

Naively, one might immediately discard the existence of “three-point R-matrices” from the following
argument. In integrable models, particle production and annihilation is forbidden, as the momenta of
scattering constituents are individually conserved. However, we should not confuse the “world-sheet
momenta” of the underlying two-dimensional integrable model with the “target-space momenta” of
the four-dimensional gauge theory. The former are associated to the spectral parameter, a quantity
which will be related to helicity and central charge, and the latter to the actual on-shell space-time
momenta. Furthermore, even in two-dimensional models three-vertices have appeared in the form of
bootstrap equations: bound state formation is possible also in two-dimensional integrable models. As
the scattering momenta may be complex, an e.g. “outgoing” bound state carrying a single momentum
label might form from two complex “incoming” momenta. Pictorially, we just merge two of the four
lines of the four-point R-matrix into one, ending up with a three-point R-matrix.

In the following derivations we focus on R,, the deformation of the MHV amplitude, but analogous
considerations are valid for R,. We will show that the deformations we are looking for can be constructed
using two distinct methods. For one, unlike the above four-point case, the requirements of super-Poincaré
invariance and homogeneity degree preservation are sufficient to nearly, up to a multiplicative factor, fix
the form of three-point amplitudes. For another, we will obtain the same results from suitable bootstrap
equations. Finally, the interplay between these two methods allows us to establish a relation between
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the spectral parameters appearing in the bootstrap equations and the central charges of the scattering
particles.

3.2 Bootstrap for Three-Point R-Matrices
There are two N' = 4 three-point amplitudes. In Grafimannian language, the n = 3, & = 2 MHV

amplitude reads

dcysdce
G32=Ge = / —B2 5442y — ¢1325)0U4 (2 — a3 Z3), (68)
C13C23

while the n = 3, £k = 1 MHV amplitude is

dciode

Gs1 =00 = / —RT 544 (2) — 192y — c1323). (69)
C12C13

We are looking for deformations of these three-point amplitudes by modifying the measure in (68]) and

([@9) in analogy with the four-point MHV case n =4, k = 2, see (38). Starting with Gs 2 = G,, we thus

introduce a general measure factor F'(c13, co3) and make the ansatz

R. = /d013d023 F(Clg, 023)5N|M(21 — 01333)5N|M(22 — 02333) . (70)

We have also again temporarily generalized from gl(4|4) to arbitrary gl(N|M), as the calculation is no
harder. Similar to the four-point calculation we assume that the particles corresponding to the first two,
trivial columns of the rectangular matrix C' in (3I]) are incoming particles, while the third, non-trivial
column is related to the outgoing particle. One may show by explicit calculation that (70) is a gl(N|M)
invariant quantity. For this one easily checks, in analogy with (36]), that

0 0 0
Re| Z— + 25— ) - 2/ — R, =0. 71

<1azf+ 2025) 2928 (7)
The homogeneity equations read

) )
ReZA—— =5 Re,i=1,2, g‘az—AR.:ssR.. (72)
3

These equations are naturally solved with the technique of separation of variables. We take

F(c13,¢23) = fis(cis) fas(cas) - (73)

Proceeding as in the four-point case, we find that the first two equations in (72) fix the functions fi3
and fo3, while the third one implies the conservation of representation labels of the three-point vertex

fiz(es) = e, fas(eas) = 3327, s3 =81+ 52. (74)
This fixes the three-point deformed MHV amplitude up to a multiplicative scalar factor.

There exists an alternative method to derive the same result. It takes its origin from integrable mod-
els. We assume that a proper deformation of the three-point amplitude is given as the common solution
to the two bootstrap equations given in figure 2l One can think about these bootstrap equations as a
degenerate version of the Yang-Baxter equation, where the two particles emerging from the four-vertex

17



3 3 3 r 3
F
= F =
F
1 2 1 2 1 2 1 2

Figure 2: Bootstrap equations for the deformed three-point MHV amplitude Ro. F stands for the
fundamental representation of gl(N|M).

form a bound-state; i.e. the two corresponding lines are merged into a single line. In our calculation,
however, we treat all three particles on an equal footing, i.e. we ignore the fact that one of them may
be thought of as a bound state. In the kernel form, the bootstrap equations may then be written a

<5g‘+(—1) ¢ (Js)¢ > Re = Ra <5§+(—1)B(‘]}—)é> <5§+(—1)C(‘]~l?>,

(5@44- (1)C(é}A> Re =R <5g‘+ (1)8(%)?) <5§+ (1)0(‘]:1:)?>, (75)

where we used the explicit, standard form for the R-matrices intertwining the fundamental representation
with any representation of gl(N|M), ¢f (@), and we replaced Jz, by (J;)Z' for clarity. As for the Yang-
Baxter equation, by expanding in the difference of spectral parameters, we may derive, a priori, two
conditions from each of the two bootstrap equations. The first two actually coincide, and again simply
express the gl(/N|M) invariance of R,:

(J3)5 Re = Ra (J1)5 + (J2)8) - (76)

The second two conditions are indeed distinct, and are both quadratic in the generators J. Using (3]),
we may succinctly write them in the following form

Zng(O) R. = R. Ll(O) LQ(Zl) s
22L3(0) R. = R. LQ(O) L1 (22) s (77)

where we have defined z1 = 23 — Z; and 29 = Z3 — Z4. The gl(N|M) invariance (76) suggests the
GraBmannian form (70) of Re.. When we solve the two further conditions (77)) we find, in generalization
of (B),
Ry = [ 2000 VM (21 — 01y 2000V (22 — e Zo) (78)
C13C23 C15C53
It is exactly the same formula as derived above from the homogeneity properties if we identify

21 = 51 and 29 = 89. (79)

This relates the spectral parameters to the representation labels.

We are left with also finding the deformed MHV amplitudes, i.e. the k = 1 case above. Solving once
more either the appropriate homogeneity equations or, alternatively, the correct bootstrap equations as
presented in figure Bl one ends up, in generalization of ([69)), with

5As opposed to the Yang-Baxter equation, where the overall normalizations of the R-matrices do not play a role, for
the bootstrap equation the normalizations of the intertwiners (B) modify the equation. Our, admittedly somewhat ad-hoc,
choice leads to the proper building blocks for deformed amplitudes.
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Figure 3: Bootstrap equations for the deformed three-point MHV amplitude R,. F stands for the
fundamental representation of gl(N|M).

R. / dciadess 5N|M(Zl — 1925 — c1323), (80)
€12€13 012013

where the spectral parameters zo = s9, 23 = s3 are related to the representations labels s9, s3. Recall
that the solutions to the bootstrap equations (78]) and (80) we derived are valid for arbitrary gl(N|M).
In order to establish a direct link with the scattering amplitudes of N’ = 4 SYM, we return to the
special case N = M = 4. We may then once more translate these expressions to super-spinor-helicity
space. After integration over the complex parameters on the joint support of all delta functions, the
three-point R-matrix kernels take the formﬁp

R — 54(pad)58(qu)
* o (12)ttes(23)lta (3 1) 14z
PSR (i LU (s1)

1223 = [31]—=

where ¢4 = [23]n{' + [31]n5' + [12]n4', and with a constraint z; 4+ 2o + 23 = 0 on the three spectral
parameters. Remarkably, the expressions in (81l) for the N' = 4 deformed three-particle amplitudes turn
out to be identical, apart from the delta functions in the numerators, to standard conformal field theory
three-point correlators.

3.3 Four-Point R-Matrix Kernel from Building Blocks

Having constructed the proper deformations of the three-point amplitudes, we next show that one
can reconstruct the R-matrix kernel (€0) using the on-shell diagrams prescription given in [23]. The
relevant diagram for the four-point MHV amplitude is given in figure @l In order to evaluate this
diagram one identifies black and white vertices with, respectively, deformed MHV and MHV three-
particle amplitudes and subsequently combines two of each kind in an appropriate fashion. One out
of many possible deformation choices for all internal and external particles is depicted in the picture.
Each of the vertices comes with two complex parameters, and we have to integrate over all four internal
lines. One gets

1—[ dNIMZ d015 d018 dCQG dC56 d063 d067 dC74 d084 5 z _ z )
glued - cl=? 1+z+s1 14+s2 1—2z 14+s1 1—z+sa—s1 1—z+sa—s1 1+z+s1 ( 5~ €566
€15 C18 €26 ~Cs6 Ce3 ~ Cer €74 Cg4

5(32 — €2626) (26 — 6323 — c6727) (27 — c1a24) 0(Z23 — c8424) (21 — 1525 — c1823), (82)

"In order to render (BI) more symmetric, we introduced a third spectral parameter z3, dropped an overall scalar function,
and considered all particles incoming.
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Figure 4: The R-matrix kernel from an on-shell diagram. The black and white vertices are the deformed
three-point MHV and MHV amplitudes Ro and R, respectively. We labelled the edges with the
deformed particle central charges.

where we used the shorthand notation § = 6V, By performing the integration over (25, 26, 27, 23),
and after the following change of variables

(1 0 —cisesece3 —(cigcss + cisesecercra) Y (1 0 —ci3 —cia
C— = : (83)
0 1  —copces —C26C67CT4 0 1 —co3 —cog

we finally arrive at

dese degs deqy de deis deog deqy de C13C24\ # e s1—s
Rglued:</ 56 dCe3 dCr4 84)/ 13 deoq dcig 23( 13 24) (—detC) =15y

C56C63C74CR4 C13 C24 detC B detC
4 4
gNIM (z, Z ernZi) SN (2, — Z ok Zi) , (84)
k=3 k=3

where we have dropped an irrelevant constant factor. We notice that four of the original complex
variables decouple completely. We may thus integrate these variables over contours encircling 0, leading
to a numerical factor, which may again be dropped. Excitingly, (84]) then turns exactly into (G0).

4 Deformation of Generic On-Shell Diagrams

4.1 Preliminary Remarks

In the preceding sections we derived the deformations of the three- and four-point tree-level amplitudes
[BI) and (G3), respectively. We also showed in section B3] that a specific combination of deformed
MHV and MHV three-point vertices, through an appropriate procedure of integration, reconstructs the
R-matrix kernel. Pictorially the steps are encoded in the on-shell diagram of figure [4. Our next goal
is to generalize our procedure to provide the deformations for general on-shell diagrams, which may
be related to tree- and loop-level amplitudes. Indeed, any amplitude at any loop order was claimed
to arise from the conjectured all-loop BCFW recursion relation [21,38]. For given loop level, number
of particles n, and helicity n — 2k, the amplitude is then expressed as a sum of on-shell diagrams as
shown in [23]. Every on-shell diagram is a planar graph made from two types of cubic (=trivalent)
vertices, representing the “black” three-point MHV and the “white” three-point MHV amplitudes. The
amplitude then arises via integration of the on-shell degrees of freedom for all internal particle lines. It
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is then natural to ask how to spectrally deform any such on-shell diagram and whether there exists a
formula valid for all of them. As we will show, the answer is positive at least for the n-point MHV and
MHYV amplitudes, beautifully generalizing the undeformed versions.

Some remarks are in order to avoid confusion about the relation between our deformed on-shell
diagrams and scattering amplitudes. First of all let us recapitulate our deformation procedure for three-
and four-points at tree level. First, we multiplicatively deformed the measure in ([B0) by some function
F, ¢f (), [B38]), which was then fixed by imposing bootstrap and Yang-Baxter equations, respectively.
The results, written as Gramannian integrals in (78], (80)), (61]), were then translated to spinor-helicity
variables in (§I]) and (63]). This was possible because all integrations localized on the joint support of
all delta functions. The same property holds for the general MHV and MHV cases, where k = 2 and
k = n — 2 respectively. For these we will shortly derive an explicit expression for their deformations for
general n, using the on-shell diagrams built from the three-point deformed vertices. However, moving
beyond MHV and MHV amplitudes, the problem of determining the appropriate deformation arises. The
reason is that in the formula (B0 for 2 < £ < n — 2 not all integrations are saturated by delta functions
and we are left with non-trivial integrations in the Gralmannian space. Since the undeformed measure is
a meromorphic function in these variables, one can find the final expression for any tree-level amplitude
by evaluating a particular sum over residues at multidimensional poles of ([B0). The “right” sum (or
choice of integration contours) appears to be given by the BCFW recursion relation. In [23] the hierarchy
of residues was mapped to the cell decomposition of the positive part of the Gramannian G(n, k). In
that formalism, the expression (B0) is related to the so-called top cell of the positive GraBmannian, while
each of the residues is related to a particular lower cell, which belongs to the boundary of the positive
part. Each element of the cell decomposition is in one-to-one correspondence with some Grafimannian
integral, which can be graphically described by an on-shell diagram. In the sequel we will present the
procedure to find the deformation for any such on-shell diagram. This seemingly enables us to derive
an arbitrary deformed non-MHV amplitude, but there is a caveat: Since we are currently lacking a
deformed version of the BCFW recursion relation, we are not able to recombine these deformed on-shell
diagrams into what should then be called deformed non-MHYV scattering amplitudes. At the same time,
we are convinced that a proper principle on how to do this should exist. The most elegant way would
presumably be a deformed BCFW relation. This is left to future work.

In the following we sketch how to find the deformation for any of such diagram, drawing heavily
on the rather elaborate formalism of [23], and mainly pointing out the necessary generalizations when
applying our deformation procedure. In other words, in this section our presentation is not fully self-
contained, and requires some familiarity with [21H23]. The main message is that the on-shell diagrams
may indeed be naturally deformed (section [£3]), and that the graphic rules of (un)merging, flipping
and square-moving of [23] are preserved under a subclass of our general multi-parameter deformation

(section FLH]).

4.2 Undeformed On-Shell Formalism

In this section we discuss some of the structure presented in [23] in order to set up the background
needed for the next section. Let us start by recalling the notion of perfect orientation for on-shell
diagrams, which will be helpful in extracting important mathematical structure directly from a given
graph. Each diagram is said to admit a perfect orientation if its edges can be decorated with arrows
such that for each white vertex there is one incoming arrow, while for each black vertex there are two
incoming arrows. It is claimed in [23] that “all on-shell diagrams relevant to physics can be given a
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perfect orientation”, and therefore be composed from the two vertices in figure Bl For the purposes of

I
C13

C23

Figure 5: Three-point amplitudes dressed with arrows and weights.

our current study, it suffices to restrict to perfect orientations without cycles. We may relate the ensuing
orientation pattern at each black or white vertex to its respective associated matrix in (31I), which read
Cy = ((1) (1] :i;g) and C, = (1 —c12 —ci3 ) Recall that the vertices stand for the Grafimannian integrals
Ge in (68]) and G, in (69]), and we accordingly attach the integration variables ¢13, co3 and ci2, ¢13 to the
edges as in figure [Bl

To retrieve the formula encoded by an on-shell diagram one has to follow a gluing procedure as
follows: First one multiplies all three-point vertices G, and G, in the Graimannian integral representation
with edge-variables ¢;;. Then one integrates over the on-shell degrees of freedom on all internal edges,
i.e. the super-twistors associated to these edges. It has been shown in [23] that this gluing procedure
associates each on-shell diagram with a k x n matrix C representing an element in the Grafimannian
variety G(n, k) as in (3I). This matrix is constructed from the edge-variables ¢;; of all trivalent vertices
comprising the graph. The gluing also gives rise to an (np — 1)-dimensional measure of integration
dC, where np is the number of faces of the given diagram. We already encountered an example in the
previous section, albeit in the deformed case: Four three-point vertices were glued to yield the deformed
four-point amplitude. See in particular the matrix (83]). In fact we shall not be more explicit here as
there exists a set of variables known as face variables f;, where the result simplifies and to which we
now turn.

As the name indicates these variables are associated to the faces of a given on-shell diagram. The
face-variables f; are functions of the edge-variables c;; along the face boundaries. Namely, for a given
face we take the product of all edge-variables on the clockwise-aligned edges and divide by the product
of all edge-variables on the anti-clockwise-aligned edges. Let us demonstrate the gluing construction and
the change to face variables for the MHV four-point example, compare figure[6l Gluing the undeformed
three-point vertices according to the nomenclature of figure [6] yields

8

deis derg degg dese dess degr dega d

AgluedZ/H dN|MZi/ C15 €18 AC26 ACsE (C63 ACET ACT4 AC8Y 5(Zs — c5626) (2 — ca626)
Pl C15 €18 €26 C56 C63 C6T C74 C84

6(26 — 06323 — 06727) 5(27 — C74Z4) (S(Zg — 68424) (S(Zl — 61525 — 61828), (85)

which is nothing but the undeformed version of (82). We now make the change from edge to face
variables. Following the composition rule introduced above we define the face variables

C18C84 C15C56 C67CT4 1
fo=——""—""—, fi= , fo=co6ce3, f3= , fa= . (86)
C74C67C15C56 C26 63 C18C84

putting the clock-wise (anti-clock wise) oriented edge-variables in the numerator (denominator). Ap-
plying this change of variables to the expression (85]) and performing the four super-twistor integrals
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Figure 6: Face variables.

via the delta functions yields

4
Amw=/H%%Wa—ﬁﬁ&—u+hMﬁﬁawW@—h&—hﬁa% (87)
i=1 ""

where we have omitted a trivial constant arising from the factorization of four of the edge-variable
integrals (cf the case of Rgiyeq in (84])). In fact not only the measure can be derived directly by looking
at the graph, but also the factors inside the delta functions! The matrix determining the arguments of
the delta functions, introduced in the most general case in (31]), is

(10 —fife —(A+fo)fifofs N\ (1 0 —ci3(f) —cualf)
C(f)_<0 L —fo —faf3 >_<0 1 —c3(f) —024(f)>' =

We note that each c,;(f) is given by the product of the face variables which are on the right of the path
a — 1 following the arrows. In case of multiple paths, one has to sum the respective partial results.
This is the so-called boundary measurement, see [39].

One can now generalize this result. For a general on-shell diagram with ng faces, the formula will

read
np—1 n

Kk
[RTES | RS SERGEN )
=1 ta=1 i=k+1

where C'(f) can again be read off from the boundary measurement.

The careful reader may have noticed that the product in (89) only runs over np — 1 faces. As was
shown in [23], this is indeed the proper dimension of the matrix C(f) related to any on-shell diagram
with np faces. The remaining face variable can be always related to all the others. This is due to the
fact that since we chose the same orientation for all faces in the diagram every edge-variable appears
once in a numerator and once in a denominator. Hence it is easily seen that

[Isi=1. (90)
i=1

One may check this for the face variables of our example presented in (8)).
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4.3 Deformed On-Shell Formalism

After having sketched the face-variable formalism for the undeformed case, let us investigate how the
formulas presented get modified once we replace three-point amplitudes by their deformed counterparts
Re and R, as constructed in section

In fact we would like to stress here that the somewhat ad hoc orientation for three-point vertices
introduced in figure Bl naturally arises from our spectral parameter deformation point of view: The
bootstrap and Yang-Baxter equations discussed in previous sections carry the notion of “incoming” and
“outgoing” particles, corresponding to the arrows in figure[Bl Indeed this is also true for the Yang-Baxter
equation and will reappear in the case of a generalized Yang-Baxter equation to be discussed in a later
section.

Let us then start with a given perfectly oriented on-shell diagram. We interpret all three-point
vertices of the graph as deformed three-point amplitudes. The deformation introduces non-physical
helicities (resulting in non-vanishing central charges) for each particle in the diagram. Remembering
that there is a conservation of central charge at each vertex, we can introduce region central charges
(i, one for each face of the on-shell diagram. We call these newly introduced quantities face spectral
parameters. Moreover we understand a dressed on-shell diagram as an on-shell diagram with face spectral
parameters attached to all faces. There is a way to read off the helicities (or central charges) of particles
running along an edge from the two neighboring face spectral parameters. For each oriented edge of the
on-shell diagram, one has to take the difference of the right minus left face spectral parameter. Since
only differences of face spectral parameters have physical relevance, there is always the possibility of
redefining them by adding a common number, this does not change central charges of particles. This
allows to always fix one of the face spectral parameters to be zero.

We are now in a position to translate dressed on-shell diagrams into integrals of Graimannian type.
We adapt the gluing procedure we have reviewed in the above subsection to our deformed version.
This implies that for a given on-shell diagram we simply multiply all deformed three-point vertices and
integrate over the on-shell super-twistors of all internal particles. The (-independent part recombines
again into (89) and we need to only focus on the part depending on the face spectral parameters. For
every edge-variable ¢;; of the deformed three-point amplitude we have an additional contribution to the
integration measure of the form cCL CR’, where (i ((1) is the face spectral parameter attached to the face
on the right (left) of the edge of cij. Collecting all edge-variables with a common exponent of a face

spectral parameter (; nicely combines into the face-variable factor fi_Ci. Then the final result simply is

nF 1 df k n
/ 1_:{1 54‘4(2(1 - Z cai(f)Zi)- (91)
Z a=1 i=k+1

As we can see the only difference of ([@1) compared to the undeformed case (89) is in a different measure
of integration

np— ldZ ngp—1 dz
IT T 10 e (92)
=1 i

4.4 MHYV n-Point Example

As an example for the use of (@) let us now give the explicit form of all tree-level MHV deformed
amplitudes. For this purpose, we translate (@I]) into the spinor-helicity language as in appendix [Al In
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Figure 7: MHV n-point on-shell diagram with assignment of face spectral parameters.

the case of k = 2, the integration on the cq; variables in (OI]) can be performed for any number of
particles n by algebraically solving the system of constraints from the complete set of delta functions.
These constraints read

AY = 1A — e\, fora=1,2andi=3,...,n, (93)
and the variables c,; take the values

(i2) (i1)

Cli = @, C2i = @ . (94)

We use formula ([I62]), which encodes the integral measure of the deformed GraBmannian integral for

k = 2, together with the enumeration of faces we introduced in appendix [Bl Upon performing integrals
and using the explicit form of the minor

g ij

(ij) = C1iC25 — C2iC15 = <<—>

12) (95)

we find the general spectral parameter deformation of the n-point MHV amplitudes

o ¢1,3 C2,3 M . . AN (L : C2,i

n—1n 13 ' 12 ' 1—21—1)(1¢ ’ 1l:—1 '

Rus = Any (L) (LB (NP (22 DU (- DY)
(In —1) (23) (13) o\ (i —10)(1i - 2) (14)

In the above the face spectral parameters (; ; are associated to the faces of the on-shell diagram given

in figure[fl We consider here the case when all external particles have non-physical helicities. A similar

calculation can be done also for MHV amplitudes and one obtains analogous formula for a general
deformation.

4.5 Moves and Reduction

In [39] a relation between on-shell diagrams and elements of the cell decomposition of the positive
Grafimannian was presented. These cells are parametrized by the face-variable matrices C'(f) associated
to a given diagram as discussed in our example in ([@I). A natural question is which class of diagrams
parametrizes the same cell. The answer is that two diagrams are in the same equivalence class if they are
related to each other by a set of basic operations: flip move, square move and reduction. In this section
we study how the deformed measure (92]) transforms under such operations. We shall be particularly
interested in the case when the measure is invariant under such transformations.
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Let us start from the description of the flip move, which is a combination of a merge and unmerge
transformation, see figure[8. One sees that the flip move, performed locally in an on-shell diagram, does
not change the matrix C(f) and leaves the integration measure invariant. This entails the invariance
under the flip move of the deformed graph for the face spectral parameter dependence. The same

f] fl
fa f — fi f2 —
fs fs

S

fs

Figure 8: Transformation rules for dressed on-shell diagrams under the flip move, as composition of
merge-unmerge transformations. The left picture describes the transformation of face variables while
the right one encodes face spectral parameters. We can refrain from assigning arrows to the graphs as
these relations hold for all possible orientations.

transformation is possible with white vertices instead of black ones. For the square move the prescription
is a bit more involved. The first observation is that performing the square move not always leaves the
measure invariant. If we require the measure to be invariant we have to impose the following relation
on the face spectral parameters

G+CG=C+G. (97)
In that case we can encode the transformation rules in the two pictures presented in figure [0l We see

iV
1+fo

>+ fo)

Figure 9: Transformation rules for on-shell diagrams under the square move. The left picture describes
the transformation of the face-variables while the right one desrcibes the face spectral parameter trans-
formation. The move leaves the integration mesure invariant only if (1 + (3 = (s + (4 holds. The relation
is true for all arrow orientations.

that the face variables are altered in the same way as for the square move relevant to the undeformed
diagrams, while the spectral parameters get modified only in the face for which the square move was
performed. Using the flip and square moves described above, one can give a very nice diagrammatic
derivation of the Yang-Baxter equation (see figure [I0]).

All possible transformations of the on-shell diagrams, which are compositions of the square and flip
moves, can be understood as mutations in the language of cluster algebras. Since the definition of these
algebras is very involved and not necessary in full generality to the purpose of this work, we will not
present it here. We invite the interested reader to consult [40] for an introduction. As every on-shell
diagram can be transformed into a bipartite graph using the merge transformations as in figure [} its
dual graph is also oriented and we will refer to it as a quiver. One can indeed assign an orientation to
the edges of the dual graph by demanding that e.g. white vertices are always on the right of a given
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kernel

Figure 10: A diagrammatic derivation of the Yang-Baxter equation. At each step we marked whether
the square move (S) or flip move (F) was performed.
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edge. To each node 7 of the quiver diagram, which corresponds to a face of the original on-shell diagram,
we associate a face variable f;. Additionally, for dressed diagrams encoding deformed amplitudes, we
associate face spectral parameters ;. Given a quiver diagram we can construct a new quiver by mutating
it at any vertex j. The mutated quiver is obtained by applying the following operations to the original
quiver: for each path i — j — k we add an arrow 7 — k, we reverse all arrows incident to j and
we remove all two-cycles from the quiver we get. The mutation rules for face variables, which are
generalizations of the formulas in figure [@] are

5t ifi=j,
LA+ )7, if =i,

where by i — j we denote that there existed an arrow from the node 7 to the node j in the original
quiver, and analogously for j — . In the case of dressed quiver diagrams we have to additionally give
transformation rules for face spectral parameters. In that case, similar to the square move, the mutation
does not always leave the measure invariant. The requirement is that

Y G=> G=0. (99)

i—] Jj—

With this restriction the mutation rules for face spectral parameters are

¢ {—Cj + Zi—>j ¢ fori=3j (100)

oG for i # j
in generalization to the formula given in figure @ We will discuss more on mutations in the following
sections, when we will check the Yangian symmetry of the dressed on-shell diagrams. It turns out that
the restrictions (@9]) will play a crucial role there. It will be also important for the one-loop example.
The last transformation we consider is the reduction. As opposed to the square and flip moves this
transformation reduces the number of faces of a given diagram by one, see figure [Tl

fi G
Hil+ fo) G
e REsa
fa ﬁ G ©

Figure 11: Transformation rules for on-shell diagrams under the reduction. The left picture carries the
face-variables while the right picture carries the face spectral parameters of the deformation. Again we
did not assign arrows as the relations hold for all orientations.

The measure associated to the three faces involved in the operation is

= , 101
A AN R S O AN o

where f} = fo. We will not make use of this transformation in the present work. However, it was
claimed in [23] that the reduction is directly relevant to the calculation of loop amplitudes.

dfe dfi  dfs ( dfo (1+f01)@> af,  dfs
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5 Symmetries of Deformations

5.1 Preliminary Remarks

Having established a spectral parameter deformation of on-shell diagrams, which was motivated by
their relation to scattering amplitudes, we should now clarify their symmetry properties under the
action of the superconformal algebra su(2,2|4) and its Yangian extension Y[su(2,2|4)]. For the latter, it
is sufficient to consider the action of the level-zero and level-one generators J(© and JU)| respectively.
Through the commutation relations the invariance under higher generators is then manifest. Here
we assume the super Serre relations to hold, a property which was analyzed in [41] for the on-shell
supermultiplet representation we consider. The standard definition of level-zero generators acting on
scattering amplitudes is

JOA =3O =3 (Jf‘ - 5D Z(—l)chc> , (102)
C

i=1 i=1

where we removed the super trace from the generators ([B3]) and summed over all particles. Indeed the
invariance of the four-point amplitude under the action of (I02]) follows from (B7) for z = 0. In turn,
the level-one generators are given by bilocal formula and take a very compact form given in [I3]

n
T4 =3 0 g = SO0 (1O I s — i ), (103)
i=1 i>j

where the «; are a priori arbitrary local parameters. Actually, for the undeformed super-amplitudes,
the invariance under the level-one generators (I03) holds for a; = 0. We will see shortly that our
deformation “turns on” these parameters «;.

We will start by establishing the symmetry properties of the spectrally deformed four-point amplitude
with external physical helicities (G5I)

(@D @ [ 2)EDN vy
RM_( <12><34>> (12)(23) (34)(41) _< <12><34>> AL (104)

For this particularly simple case it is straightforward to use the super-spinor-helicity formalism. Moving
to higher points and helicities, the analogous calculations become very involved. The Grafimannian
representation will then be more suitable in establishing the sought results on the symmetry properties.

5.2 Superconformal Symmetries

Let us begin with the superconformal symmetry of the four-point R-matrix kernel R4 2. In the super-
spinor-helicity space the generators of the su(2,2|4) algebra, i.e. the Poincaré, dilatation, special-
conformal transformations and their super-partners, have the following single-particle representation
as differential operators of degree zero, one and two

Piaa =Niadia, @ =A@ =X 0ia
Miap = N ilp),  Migs =M@z &= 5A 0ia T gA s+ 04+ 1,
kiaa = 0ia Oic s SiAa = 0ia 0i A, 54 =004,
rig=-n0ip+3050° 0o, =1+ 3N'0ia— 3A0ia — 3104 (105)
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As the amplitude AV is superconformally invariant, the following symmetries of the deformed four-
point amplitude
{p’ m, m, d’ q, 4, 5} R4,2 = 05 (106)

are manifest due to the fact that the deformation factor

(@3
“"( <12><34>> (107)

is clearly scale- and Poincaré-invariant, and does not depend on the \; or 1;. Therefore the only non-
manifest symmetries of R4 2 are the special conformal k.4 and the superconformal s 4, transformations.
Due to the structure of the superconformal algebra it suffices to consider only one of them, say kqq:

kaaRa2 = 24: (056 AYMY) 00 K = < ({;d 54(p)> 0*(a) 24: N oK. (108)
op (12)(23)(34)(41) &

i=1
Noting that
n n
Z)\w@m :mag—%eag Z)‘Zal’ﬂ (109)
i=1 i=1

and using the manifest invariance of K under m,s3 and scale transformations y ; A/ 8; in the \; spinors,
we conclude

kaaRaz2 =0. (110)

These arguments easily lift to the most general n-point MHV amplitudes with continuously de-
formed helicity assignments on the external legs. From (06, the deformation of R, 2 away from the
MHV n-point super-amplitude AM!V is holomorphic, i.e. comprised purely of helicity spinors A& Su-
perconformal symmetry is hence manifest as soon as we have global scaling symmetry of the correction
term in the \; spinors. One has, ¢f (@0,

(520" () (R R () o

Invariance under a global scaling in A; is obvious, and we conclude

{ma ma b, 4, (17 da k737§; ¢, T}Rn,Q = 07 (112)

i.e. the deformed n-point MHV amplitudes are superconformally invariant. Note that only the total
central charge c is conserved, in contradistinction to undeformed amplitudes, for which the central
charge individually vanishes for all particles.

Actually, one can easily infer superconformal invariance of the most general deformed on-shell di-
agram by considering its Grafimannian formulation in super-twistor space. Indeed, independently of
the integration measure, the delta functions appearing in (@I are superconformally invariant. This
can be verified straightforwardly by acting with the level-zero generators (02 in the super-twistor
representation (33)).
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5.3 Yangian Symmetries

Let us now turn to the Yangian symmetries of the deformed on-shell diagrams. The level one gener-
ators of the Yangian algebra Y[su(2,2|4)] are given by (I03]). Once again we start with the deformed
amplitude R4 2. Focusing on the bi-local term, it is advantageous to consider the action of the level-one

(1) A

supersymmetry generator g’ in the super-helicity spinor representation [13]

A4 =S {mlaat S it ) g+ by +alrls i 00} (13)
i>7

We see from (I05) that q((xl) 4 is a first order differential operator Consider its action on Ry = AV K.

From the invariance of the undeformed amplitude qa AMHV = 0, together with the 5\20‘ and 77;4
independence of the deformation term K of (II1]), it follows that

q((;yl)AR4,2 = AEAHV Z { (_mi'ya - %ea'y )\fazé) C]ffy — 14 ]} K
>]
__AEAHvZ{,\]Vn;‘AmaW_iHj}/c. (114)
1>]

We now add, by virtue of ¢d(¢) = 0, a suitable vanishing contribution, namely the first term in the
bracket summed freely over all indices 7 and j, and find

Further manipulating this expression using total g-conservation, one may reduce it to the compact form
q&l) A ’R472 =2z <q§4a + qfo‘> ’R472 . (116)

We conclude that indeed R4 is Yangian invariant with a locally z-deformed level-one generator in the

sense of (I03])
JV Ry =0 with «o; =22{0,1,0,1}. (117)

Of course the a; are only determined up to an overall constant shift, in view of the level zero symmetry
J© Ra2 = 0. Here we used this freedom to put a; = 0.

Let us now consider the general deformed on-shell diagrams describing the top cell, see section [l
To this purpose we move to the Grafimannian formulation. For later convenience we write

izoi_/H H dcaz C {C}) a 5a554|4 (Z;‘_ Z caiZiA>7 (118)
a=11i=k+1 i=k+1

where with F'(C,{(}) we indicate the Gramannian measure, which depends on the variables c,; of the
matrix C' ([BI]) and the face spectral parameters of the dressed on-shell diagram under consideration.
The level-one generators (I03]) acting on R:LOE should yield

JOARR® = 0. (119)
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We transform this condition into a differential equation for the function F(C,{(}), similar to the one
obtained in [I9]. The actual tricks that have to be performed were already applied in section 23] More
specifically, one has to use the commutation relations for the oscillators, the generalization of (B0) to
any n and k, and integration by parts. We then arrive at an equation of the type

Z Z /H H dcb] ,Dfaz cazz 51 (385) (5k:O7 (120)

a=1i=k+1 b=1j=k+1

where we have defined

k
DFqi=—(n—2i+2a+0; —ay)F(C,{C})+ Z sign(b— ab—+ Z sign(i —j ﬂ (121)
b#a=1 Cai jAi=k+1

The Fyp, and Fj; are derivatives of the function F(C,{(}) with respect to the variables ¢,; and take the
form

Fp = Zcm -F(C,{¢}), (122)

i= k:+1 bi

Fy = Z F(C,{¢}). (123)

Similar to (5II) we have that all 2;4(355(1) are linearly independent. Thus, insisting on (I20)), we have
toset foralla=1,...,kandi=k+1,...,n

DFa;=0. (124)

This gives a set of differential equations for any n and k, which could be solved in principle. Instead, we
use the results we already obtained for the deformed diagrams, and check if they satisfy the conditions
([I24). Let us first focus on the case of k = 2 given by ([96]), which is relevant to the deformations of the
MHV amplitudes. We observe that for generic values of the face spectral parameters ¢; ; the equations
(I24)) do not hold. However, they are satisfied if we additionally impose some constraints on the ; ;.
Explicitly we have

CQJ‘ + Cl,i—l — CZ,i—l — C17i+1 =0, for 1=4,....n, (125)

with 1 41 = (o, see again appendix [Bl Interestingly, we recognize these constraints to be identical to
the ones we derived in section [0l when insisting on the validity of the square moves! To be more precise,
the requirement of Yangian invariance imposes precisely the same conditions on the spectral parameters
as the ones necessary to ensure invariance of the measure under all possible cluster mutations! We
observed this to hold true for all top cells that we checked. However, we are currently lacking a general
proof of this observation. It turns out that the number of independent face spectral parameters, after
solving all constraints (I25]), equals n — 1. In appendix [Cl we collect the values of the parameters «;, for
which (I24)) holds, for various MHV deformed amplitudes.
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5.4 Generalized Yang-Baxter Equation

There exists a further method for deriving the constraints on the face spectral parameters imposed by
Yangian symmetry. Let us return to the graphical form of the Yang-Baxter equation and bootstrap
equations investigated in sections 2] and 3] respectively. In both cases we can describe these equations
by taking a “fundamental particle” and shifting its corresponding line through the four- or three-point
vertices, R and Ro, R., respectively. One may generalize these pictures and write down a general
equation for an object with k£ incoming and n — k outgoing particles, see figure We will call the

n k+1 n k+1

Figure 12: Generalized Yang-Baxter equation. F' stands for the fundamental representation of gl(/N|M).

equation associated with this picture the generalized Yang-Baxter equation. In algebraic form we may
write it as

Rk L (2) L—1(26-1) - - - L(21) = L1 (2k41) - - - Lm1(20-1) Ln(20) Rk (126)

where L;(z;) are again the R-matrices given by (B]), which intertwine the fundamental representation
with a general representation. For any n and k, (I26]) is a linear equation for ﬁn,k. It defines ﬁmk as an
intertwiner of two representations of the Yangian. For the moment, let us keep the spectral parameters
z; for i = 1,...,n unspecified, i. e. they can be any complex number.

The expressions ([@1]) for the deformed on-shell diagrams are natural candidate solutions to (I20]).
Namely, since they may be encoded by on-shell diagrams, we can use the bootstrap equations to shift
the fundamental line step by step through all vertices of the on-shell diagram. However, some care
is needed, as these bootstrap equations are not all independent. Note that outgoing particles from
one vertex can be incoming particles for another vertex. This means that spectral parameters are
“propagating” during the shifting process. Actually, this is precisely what is needed, as it yields once
more the constraints on the face spectral parameters we observed earlier. In particular, the spectral
parameters z; in (I26]) are related to each other, in generalization of the mechanism we noticed in the
case of the Yang-Baxter as well as bootstrap equations. In e.g. the former case, we found z3 = z; and
z4 = z9. A general prescription on how to fix spectral parameters in (I26]) can be encoded into the
form of Bethe equations, and will be presented in [36] based on considerations from the Algebraic Bethe
Ansatz approach.

We studied examples of on-shell diagrams related to top cells of G(n, k) and found that the rela-
tions between face spectral parameters stemming from the generalized Yang-Baxter equation are indeed
identical to the ones resulting from directly demanding Yangian invariance. This statement is far from
trivial, and it would be very instructive to find a general proof of this fact. Interestingly, the generalized
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Yang-Baxter equation imposes the same kind of relations also for all lower cell examples we studied.
However, for the moment we cannot comment on the Yangian invariance for lower cells, as we lack an

equivalent of (124]).

6 Spectral Regularization of Loop Amplitudes

Clearly there is no compelling reason to deform the tree-level amplitudes by spectral parameters. While
mathematically interesting, it even appears to be “physically wrong” to deform the helicities of physical
particles. In this section we would like to demonstrate that the situation drastically changes when taking
into account radiative corrections.

The undeformed on-shell three-point vertices have been used in [23] to also construct the formal
loop integrands of N/ = 4 SYM. We will sketch this rather intricate procedure below. In the approach
of [23], the subsequent step integrand— integral is highly non-trivial, and, to our understanding, in some
sense even a priori ill-defined at generic loop order. The reason is that on-shell loop amplitudes in
massless gauge theories show infrared divergences when loop momenta become soft and/or collinear to
some external momentum. An efficient and consistent regularization of loop momentum integration is
required. Many different methods have been studied in the past decades, all having certain advantages
as well as drawbacks. As for the latter, a common feature is the breaking or modification of some
symmetry of the quantum field theory. Dimensional regularization, in its various versions [42] is by now
the most frequently used method to render divergent integrals finite. It is often used in conjunction with
dimensional reduction, which preserves space-time supersymmetry [43]. Some years ago, an AdS-inspired
mass regularization was proposed in [26], which maintains extended dual conformal symmetry. Very
recently, a novel regularization that manifestly preserves dual conformal symmetry has been introduced
in [28]. Interestingly, however, in all these schemes conventional conformal symmetry is broken.

As a first example, let us consider in this section the simplest infrared-divergent case, namely the
one-loop four-point amplitude. In the N' = 4 theory it factorizes into the tree-level amplitude times the
so-called scalar box integral I}

Al = A I, (127
where the latter reads

1
(g +p1)2(q+p1 +p2)2(q — pa)?

I} = s12 593 /d4q (128)

Here s1o = (p1+p2)? and sa3 = (pa+p3)? are Mandelstam variables. This integral shows IR divergences,
which require special attention. In the dimensional regularization scheme the number of space-time
dimensions is formally modified to D = 4 — 2¢;z with g < 0. The infrared singularities then show up
as poles in the parameter €z as ¢;g — 0. The result for the box integral is well-known and reads

2 —s12\ ® —s93\ 512 4
= (—) + —log? [ 222 ) — =72 + O(erR). 129
4 EIQR [ MQ ,U'2 g 93 3 ( IR) ( )

It depends on the Mandelstam variables as well as on a regularization scale u. Conformal as well as
dual-conformal symmetry are manifestly broken due to the explicit appearance of the scale pu.

Our main objective in this section is to avoid this and similar symmetry-breaking schemes, and to
present instead a novel, natural way to regulate loop integral while respecting superconformal symmetry.
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We will show in the following that the spectral parameter can be used to this purpose, at least at the
one-loop level. We call the new scheme spectral regularization. As we shall demonstrate our spectral
regularization scheme introduces a self setting dynamical scale, set by the kinematical data of the
amplitude, to regulate the IR-divergent integrals. It is akin to the analytical regularization [44] and
respects conventional superconformal symmetry.

Let us start by specifying the setup in which we will be working in the following. For sake of
mathematical precision we find it more convenient to abandon the Grafimannian formalism and use
instead the generalization of the Parke-Taylor formulas encoding the deformed three-point vertices of
on-shell diagrams (8]). The gluing procedure becomes quite subtle, since we need to perform on-shell
integrations over massless particles. The usual parametrization of massless momenta in terms of spinor
helicity variables

P = N\ (130)

is not suitable here because of its GL(1) invariance
A = BAY, and AY — STING. (131)

In order to avoid this redundancy, we express the spinor helicity variables in terms of three independent
quantities ¢, x,y in the following manner

AO‘:( t > 2= (1y). (132)

tx

With this parametrization the massless momentum (I30) takes the form

pad:< bty > (133)

tr txy

We will not impose any additional constraints on the variables ¢,  and y and allow them to be any
complex numbers, leading to a complexified Minkowski momentum space. The three-dimensional on-
shell integration could then formally be written as

3
;i—;;:/idtdxdy, (134)
where we did not specify the precise domain of integration. Indeed, in the following we will evaluate
all integrals formally, assuming that the integrations localize on the support of delta functions. At the
very end of the calculation, having saturated all delta functions, we will rewrite the final result as an
integral over an off-shell, real 4-momentum with measure [ d*p.

Let us remark that one could also go to (2,2) signature and parametrize momenta with real (¢, x,y).
In this case all integrals would be over intervals on the real line. After saturating all delta functions one
would end up with an integral over real off-shell momentum in (2,2) signature. A Wick rotation would
translate the result to Minkowski space. Both methods should give the same final integral. However,
the calculation in (2,2) signature forces us to deal with very many absolute values. E. g. in (I34]), we
should replace ¢t — [t|. This is technically much more involved. We will therefore formally perform the
calculation in complexified Minkowski space, and in particular drop all absolute values for the integration
variables. This leads to sensible results in all cases we have investigated to date. However, it would be
important to gain a deeper understanding of this rather ad-hoc procedure.
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Similarly, there is a simple way to parametrize any off-shell momentum using the (¢, x,y) variables.
In order to do so we introduce a reference on-shell momentum (¢, #, ) and some parameter 7. At the
end of any calculation, the result should not depend on the particular reference momentum we choose.
Then the off-shell momentum can be rewritten as
. L ad t+ 7t ty+7ty
(0704 — (e70% (6707 — - 7 . 135
4 PP ( te+71tx txy+T1tay (135)
Note that _
¢? =detq™ =tirt(x —2)(y — 7). (136)
The off-shell integration that we will encounter in the final result of the loop calculation, dropping
constants and absolute values, then becomes

- d
/q—f :/tdtdmdy?T. (137)

Before starting any calculation of on-shell diagrams, let us present some more details on the ingredi-
ents we will need, expressing them in the new variables. Specifically, using (¢, x,y), the momentum-
conservation delta functions take a particularly simple form

64(])“) = 54(])040'4) =9 <Z ti> 1) <Z t; $Z> 6 (Z t; yz> ) <Z t; x; yl> . (138)
Furthermore, the angle and square brackets turn into

(i) =titj(zj — ;)
[i 3] = (yj — vi) - (139)

We are now ready to use the variables introduced above to evaluate amplitudes given by on-shell
diagrams. As a warm up, consider the deformed tree-level four-point amplitude. The steps of this
calculation will not differ too much from the ones of more complicated on-shell diagrams in the following
sections.

Let us start with the form of the three-point deformed amplitudes written explicitly in (¢,z,y)
variables. We will decorate them with arrows indicating now the flow of helicities in the diagram. It is
important to note that these orientations are not related to the perfect orientations discussed in previous
sections. In the case where all arrows are incoming we have

2 54(Pad)58(QaA) (140)
. t%+z1t§+z2t§+z3 (xg _ x1)1+z3 ($3 _ x2)1+z1 (5'31 _ x3)1+zg
» _ 54(P0‘°‘)54(QA) (141)

(y2 —y1) 78 (ys — y2) ! 7% (y1 — y3)1 =2

with the constraint z; + 20 + 23 = 0. By flipping the direction of an arrow, one changes the sign
of the related z;. In the above formulas the conservation of momentum is given by (I38)), while the
super-momentum conservation delta functions are given by

S = o <Z t; m) 5 (Ztl x; m) , (142)
QMY = " (g2 —yi)ms + (ys — y2)m + (y1 — y3)) - (143)
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Figure 13: Four-point tree-level.

The on-shell diagram encoding the four-point tree-level amplitude is depicted in figure I3l The cal-
culation can be broken down to the following precise steps. First, we focus on the 16 bosonic delta
functions. After singling out 4 delta functions that will produce total momentum conservation, the
remaining ones allow us to find a solution for the 12 (¢;,z;,y;) variables, where i = 5,...,8 label the
internal particles. As there is one three-dimensional on-shell integration for each such particle, the
left-over 12 bosonic delta functions are saturatedﬁ. In the second step we turn to the 24 fermionic delta
functions. Since we have 16 fermionic integrations, we are left with 8 unintegrated delta functions which
express the conservation of total super-momentum. Finally, we collect the Jacobians produced by this

procedure. A factor (H§:5 ti> comes from the integration measure and the denominators stem from the

three-point vertices using formulas (I40) and (I41]). Using the solution for the (¢;, x;,y;) corresponding
to the internal particles, we express the final result as a function of the external data, and obtain

54(Pad)58(QaA)
£ 315 t5 (1 — @2) (22 — w3) (23 — 24)(24 — 21)

R4 ./—"(ZZ), (144)

where the multiplicative spectral-parameter deformation reads
Jr(zz) — tlet;z%g%t;m ($1 _ xZ)—Zs—Zz (JUQ _ 1.3)38 (acg _ m4)—ZS+Z1 (ac4 _ 1.1)38_21_24 ($1 _ 1‘3)Z2+Z4
_(EBEDNT B\ 3\ ((13)) (145)
-\ (12) (34) (41) (12) (41) '
Using ([I39) we reproduce the R-matrix (63]) after setting zgs = z and 21 = 22 = 23 = 24 = 0, which
corresponds to the deformed four-point amplitude in the case where all external particles carry physical

helicitiesﬁ. Furthermore, identifying the z; with the face spectral parameters of the general deformed
amplitudes (@) for the case n =2 as

21 =0 — (1,3, 20 =C(13— (23, 23= (23— (24, 24 =G24 — G 28 = (14— (i3, (146)

compare to figure [[3] we recover the deformed amplitude of (@I where the external particles are
deformed as well. Note that the Yangian invariance condition of (I25]) for the n = 2 case translates into

CGua+Cas=Cs+C = 2+z:=0 o z+z3=0, (147)

8There are two distinct solutions to the bosonic delta functions. They are exactly the two different solutions to the
quadruple cut of the one-loop box integral.
9Note that we have been rather nonchalant about overall signs in this computation.
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compare to (B8) and (B9) with z; — s; and a change of orientations.

Let us proceed to the one-loop correction to the four-point amplitude. The proper on-shell diagram
can be constructed from the all-loop BCFW recursion relation of [23]. Starting from the diagram for
the tree-level six-point NMHV amplitude, one has to identify two particles and add a BCFW bridge.
There is a whole class of equivalent diagrams, which all encode the one-loop result, and are related by
moves as was reviewed in section For our calculation we chose the specific representative of this
class drawn in figure [4l One notices that it can be obtained from the tree-level diagram by attaching
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Figure 14: The dressed on-shell diagram for the one-loop four-point amplitude.

four BCFW bridges. This process is depicted in figure

) ' 2 1
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Figure 15: Attaching four bridges.

Again, we can partition the calculation into basic steps, each one consisting in consecutively attaching
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bridges. At each step, the starting point is an expression depending on four momenta, to which we attach
two three-point vertices, as shown in figure

Figure 16: Attaching a single bridge.

We proceed further along the same lines already described for the tree-level four-point amplitude.
The only, and important, difference is that now the number of internal variables is larger than the
number of delta functions. Therefore we cannot fix all internal momenta in terms of external ones. By
a simple calculation, one can convince oneself that the number of free parameters for every bridge is
1. After a careful analysis one finds that not all parameters can be left unintegrated. There are only
three cases allowed: we can keep either x5, tg or y; of figure For the one-loop calculation, which
means attaching four bridges, we end up with four unintegrated variables. If we want to rewrite the
final integral with the use of an off-shell loop momentum, we end up with (¢, z,y,7) according to (I35]).
The labels on figure [[5] show which parameters are left unintegrated at each step of the bridge-gluing
procedure. Remembering that for each black vertex all incident y variables are equal and for all white
vertices all incident = variables are equal, we see that (¢, x,y) yield a parametrization of the momentum
on the bold line. It is exactly the on-shell momentum of particles we identified with each other while
solving the BCF'W recursion relation. One observes also that every time we attach a bridge we introduce
one new spectral parameter which corresponds to the new face we create. At the end we get a diagram
with 9 faces and, correspondingly, 9 face spectral parameters (;. They are marked in figure [I4l

The final result is obtained as follows. Let us first suppress the spectral parameter dependence.
Then after gluing four bridges to the tree-level result (I44]) one indeed obtains the following correction

d 2 2
/tdtdmdy—T (p1 + p2)~(p2 + p3) 512 S23 o (4s)

T (¢4 p1)%(q + p1 + p2)?(q — pa)? / *(q +p1)%(q + p1 +p2)%(q — pa)?

where we have used (I37)) to go from the parameters (¢, z,y,7) to the conventional notation for off-shell
momenta. The reference momentum is (¢, %, §) = (1,74,y1). This expression matches I} of (28]

We can now proceed and bring spectral-parameter dependence into the previous calculation. By
using the deformed three-point vertices and following exactly the same steps as before, we finally arrive
at

A () = A5 [ d'aTim (e, (149)

where Zp°* is the integrand of the underformed scalar box integral I}°* , which is now modified by the
following spectral-parameter dependent factor G(z;)

G(G) = @I (g 4 p1) 2O (g4 py 4 p2) @) (g — pa)2COm ) ((34)[12] S0 Fe

T > Co+C6+Cs—C1—C5—C7

(3l +p1 |2]C5+C7—Cs—49 <p3>C9—C6—C8+C4 <p4>C2—C4 [p2]42+C9—CG—Cs <_

- (150)
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Let us analyze in more detail this important result. In the first line we see that the four propagators
of the scalar box integral are modified by some powers. Furthermore, there is a normalization factor
depending only on external particles. In the second line new terms that depend on the loop momentum
appear. We will demand that all of them vanish. One can establish this by fixing all powers appearing in
the second line to 0. This gives some relations between the spectral parameters, reducing the parameter
space of our problem. One notices that these relations are exactly the same ones described in section
@ In other words, we demand that the cluster mutations may be performed for some of the faces
in the diagram in figure {4l Importantly, we do not demand all mutations to be possible because it
would trivialize our result too much. However, this choice also entails the Yangian non-invariance of
the construction. A deeper analysis of the relation between cluster mutations, Yangian invariance and
the possibility of regularization is desirable. We postpone this problem to future work.
After elimination of the unwanted terms we are left with the following expression

g(zl) _ q2(45—Cz+C7—Ce)(q +p1)2(Ce—C7)(q + py +p2)2(43—§“6)(q _p4)2(Ce—C5)(<34>[12])Cg—43_ (151)

In order to regularize the integral (I49]) it is sufficient to choose the exponents of the propagators to
be all positive. All such choices will give a finite integral. Here we focus on a particular one, where we
take all powers on propagators in (IZI]) to be equal to e. It fixes the face spectral parameters from the
figure [I4] to be

Cl =0, C2 :46’ <3 =0, <4 = _46, <5 = —2¢, <6 = 3¢, C? = —2¢, CS = —3e, CQ =0. (152)
We then arrive at the following modification

((34)[12])~*
a2(q+p1)"%(q+ p1 +p2)"%(q — pa) 2

This is the key result of this section. By attaching consecutive deformed bridges, we were able to derive
a spectral parameter modification of the one-loop amplitude. With our choice of spectral parameters
we are left with a result that depends only on one parameter. Significantly, it is reminiscent of analytic
regularization [44]. The regulator scale is set dynamically by the kinematics of the process. However, in
our approach the regularization of the propagators is not chosen ad-hoc, but is derived in a very natural
and meaningful way. After integration we finally obtain

34] de 1 S12 2 1 S12 7

Al-loop €) = tree [_ - 2la _ —lO 2 ( 2lz _ —7T2—|—O €
4 ( ) 4,2 [12] €2 $93 9 g 593 6 ( )
which is to be compared with the dimensionally regulated result ([@I]). Hence, the divergences again
generate poles in the spectral parameter €, but there is no scale-breaking parameter u. Let us stress
that in order to regulate the integral it is crucial to assume non-vanishing central charges also for the
external particles, for which we have chosen (c1,ca,c3,cq4) = (—4€, —4e, 4e,4¢€). It should be stressed

that the result (I54]) is invariant under superconformal transformations. The Yangian invariance is
necessarily violated in order to have a regulated integral.

G(e) =

(153)

, (154)

7 Conclusions and Outlook

In this paper we investigated the introduction of spectral parameters into the perturbative scattering
amplitude problem of N' = 4 SYM. We managed to consistently deform arbitrary on-shell diagrams. We
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find it exciting that this is possible, and actually very natural. We argued that it brings the amplitude
problem technically and conceptually closer to the integrable spectral problem. However, we did not
yet gain a good understanding on how to recombine the deformed diagrams into deformed generic
perturbative amplitudes. Clearly this is the crucial next step for rendering our approach useful, and in
particular in order to proceed to higher loop levels.

We anticipate that numerous readers might still not be convinced that it is at all necessary to
introduce a spectral parameter into the amplitude problem. However, we can easily dispel such a
skepticism. Here is the argument: It is well known that the cusp anomalous dimension appears in both
the spectral problem as well as in the (logarithm of) the four-point amplitude. An exact equation for
this quantity has been derived using the integrable structure of the spectral problem [12]. Looking at the
structure of this cusp equation, we claim that it is impossible to eliminate the spectral parameter (there
it is encoded into the letter ¢, after a Fourier-Laplace transform from u = iz) from the equation, and to

write a simpler equation for the cusp as a function of only the coupling constant g = 4—7?. g.e.d. It is
thus an important open challenge for any all-loop/non-perturbative approach to the N' = 4 amplitude
problem to derive the exact cusp dimension from first principles, as opposed to merely using it as an
input. And we just argued that this will be impossible without employing a spectral parameter. It
would be exciting if a properly deformed version of the BCFW recursion relation could somehow be
turned into the cusp equation.

In this context it is interesting to investigate whether Bethe ansatz methods can directly be applied
to the scattering problem. Recall that the cusp equation was derived from an asymptotic all-loop Bethe
ansatz. For a first step, albeit in a simplified situation, towards a Bethe ansatz for Yangian invariants
see [36].

It might be easier to first gain an understanding of the spectral deformation at strong coupling,
and in particular in the dual string picture. In fact, a spectral parameter for scattering amplitudes
was already used in the literature at strong coupling in the dual description of scattering amplitudes
via minimal surfaces with light-like polygonal edges, where a certain Y-system was identified [45]. See
also the recent works [46], where the spectral parameter has been put to further good use. It would be
interesting to explore the relation of the integrable structures used in these papers to the ones studied
in our present work.

Finally, the deformed on-shell diagram technique used in this article is interesting for the general
theory of quantum integrable models. As we pointed out before, the Quantum Inverse Scattering
Method usually centers around four-legged R-matrices, while the said on-shell diagram technique starts
from the three-legged Hodges vertices. It would be interesting to further explore this feature for general
symmetry algebras, and to investigate the precise relation with the mathematical theory of quantum
groups and the Yang-Baxter equation.
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A Fourier Transform of Super-Twistor Variables

In section 2.4 we used the fact that a function of the super-twistor variables Z;A = (A, 5\?, 77;4) can be
written in spinor-helicity space (A$', )\?,77;-4) through a Fourier transform on the . In this appendix
we want to give some more detail. In particular, the ji-dependent part of the Grafimannian integral is

a product of delta functions, i.e.

k n
[107 (2= > casii§ | (155)
a=1 Jj=k+1

which can be written through the integral representation as

k
H /d2pa ei(Pa'ﬂa_Z?:k-l»l Cajpa'ﬂj) . (156)
a=1

Since we consider k ingoing and n—k outgoing particles in the text, we need to be careful with momentum
conservation when starting from the Grafimannian integral, see (67]) for the specific case of four points.
Hence we should perform a Fourier transform on the fi, and an inverse Fourier transform on the ji;

k n
H /dQPa d?fig €'PaPia e~ Hafia H / dQﬁj o b1 Chipe iy NG
a=1

Jj=k+1
k n k
= H /dQPa‘52 (Aa = pa) H 6 <)‘j - Z ijPb)
a=1 j=k+1 b=1
n k
= H (52 <)\j — Z ij)\b> ; (157)
j=k+1 b=1

where in the last step we have used the delta functions to perform the integration over the variables p,.
Here we considered (2,2) signature for simplicity, where all bosonic variables are real. In Minkowski
space with signature (1,3) one has to choose suitable contours of integration, and the transform gets
more involved.

B GraBmannian Formula from Dual Diagrams

In section ] we described a gluing procedure that allows us to associate a Grafmannian integral to any
dressed on-shell diagram. The most compact form of the result is obtained if one writes it in terms of
the face variables. For some applications, however, it is better to know its explicit form in the variables
cai- As we already pointed out, the variable change from face variables to variables c,; simplifies the
form of the matrix appearing in delta functions, but complicates the form of the integration measure in
the Grafimannian integral. As it is highly non-trivial to find this measure in the general case, we give
here an algorithm allowing to write it down, at least in case of integrals related to the top cells of the
positive Graimannian. Our algorithm is similar to, but different from the one presented in e.g. [47].
The formulas we will derive are particularly useful when checking the Yangian invariance of expressions
given by deformed on-shell diagrams. We used them to derive the results of section [l
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Let us focus on the top cell of the positive GraBmannian G(n,k). In order to find a deformed
Grafimannian integral that corresponds to the top cell we need to find a proper dressed on-shell diagram,
which for top cells can be easily obtained from the so-called I'-diagrams as described in ['39] The
relevant I'-diagrams, together with a dictionary on how to find an on-shell diagram from a I'’-diagram,
were presented already in [3] and we depict them in figure 71 We labeled particles counterclockwise

f 0

fl,k:+1 f171¢+2 ¢ fl,n
2 -
Sort1 st

T —

Jrks S Jrn

k+1 n

Figure 17: (a) I'-diagram relevant for the top cell of Grafimannian G(n,k). (b) Dictionary from I'-
diagrams to on-shell diagrams.

and took particles ¢ = 1,...,k to be incoming, while particles ¢ = k 4+ 1,...,n to be outgoing. With
each face of the I'-diagram we associate a face variable f;;. Later on we also introduce face spectral
parameters (; ; corresponding to the face (7,7). In the case of the top cell, the number of independent
face variables is equal to k(n — k), which is exactly the dimension of G(n, k). As we already pointed
out in the main text, the dual diagram of any on-shell diagram is an oriented graph. For the top cell
of the Grafimannian G(n, k) this dual graph takes a particularly simple form as presented in figure I8
We marked nodes corresponding to external faces of the on-shell diagram. In the language of cluster
algebras, they correspond to the so-called frozen nodes.

Let us take a k x n matrix C as in BI]). For 1 <i <k and 1 < j <n, let A4;; be the largest square
submatrix of C' whose upper right corner is (i, 7). Put

CLZ'J' = (—1)k7i+1 det Ai,j . (158)

We refer to a; j as A-variables, see [48] for a short review. In order to find face variables for the diagram
related to the top cell we define the extended dual graph as shown in figure The extended dual
graph consists of all nodes of the original graph and new nodes, which are marked by hexagons. To
each node of the extended dual graph we assign one A-variable a; ; as shown in the figure. Notice that
the labeling of nodes in figures [[8 and [[9 is different.

The face variables f; ;, which in the language of cluster algebra are usually referred to as X'-variables,

are then given by
-1

fi,j = H Amn H Amn ) (159)

(m,n)—(i.5) (4,.5)—(m,n)

19Note that we took a mirror version of T-diagrams compared to [39] and [3].
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Figure 18: Dual graph for the top cell of G(n, k).

where the first product is over all A-variables for faces of extended dual graph connected to the face
(i,j) by an incoming arrow, while the second product is over all A-variables for faces connected by
outgoing arrows. Additionally, from the fact that the product over all face variables has to be equal to
1, we find )

a2 n—1
fo=|1Ir;| =—. (160)
i7j

a1n
Let us give an explicit example and show how to find face variables for the top cell of the Grafimannian
G(6,3). The extended dual graph for the case n = 6 and k = 3, together with its A-variables are given
in figure 20) where by (i1i2¢3) we denote the determinant of the 3 x 3 matrix made out of the columns

i1,12,13 of the matrix C. Then, according to (I59), we find face variables and using (O1)) we can write
a deformed integral measure associated to the top cell of G(6,3) in the variables c,; as

B 1 (145)\ 7/ (234)\ "M [ (345)(124)\ “S° [ (456)(125)(134) o1
Fﬁv?’(c)_(123)(234)...(612)((456)> <_@> <M> ((345)(561)(124)>

()™ () () o () (88)
161

We present here also a general formula for deformations of MHV amplitudes. They are given as a
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Figure 20: Example of finding face variables for top cells of G(6,3).

Grafimannian integral with the measure

Fn2(C) :(12)(23)1. .. (nl) <§;n_—1 i)))‘@ <—%> - <—%>_Q3

ﬁ (8 - ;z)illz)(_lii > - ((1(il_i)1) > - : (162)

1=4

We used this formula in section
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C Modification of Yangian Generators for Invariance of Top Cells

In this appendix we present some examples of the local deformation values «; in the level-one Yangian
generators (I03]) found by demanding the Yangian invariance of expressions for top cells (II8]), i.e. we
present values of «; for which (I24]) holds. For simplicity we restrict the presentation to the MHV cases.
In order to render the results more symmetric we consider all external particles to be incoming. We
follow here the notation of figure [[l For any number of particles, while solving relations (I25]), we can
eliminate some face spectral parameters, which leads to two distinct cases. For odd number of external
legs all face spectral parameters can be expressed in terms of only external ones. On the contrary, for
even n we get, on top of the conservation of central charges, also additional constraints. In that case
all o; can be expressed with use of external face spectral parameters and an internal one, which we
combine to define w = 2(; 4 — (o — (2,3. We express the final results in terms of the central charges of
external particles s;, which are differences of external face spectral parameters as in section [£3] and
w. In the following table we collect the results for «; for n = 4,5,6,7, together with all constraints on
external central charges. In all cases we fix oy = 0, see the comment below (I17)).

s1+s3=0 51+ 82+ 83+854+55=0
S99+ 54 =0 a1 =0
n =4 a; =0 n=>5 a9 = 81+ S9 + 253 + 255
Q9 = W a3 = 81 + S3
az3 =0 oy = 81+ 289 + 253 + s4 + 255
ag =w a5 = s1 + 253 + s;5
8§51+ 83+ 55 =0 $1+ 82+ 83+ 84+55+s¢+s7=0
S2+84+56=0 a1 =0
a; =0 a9 = 81 + SS9 + 283 + 285 + 287
n=6 a9 = W — a3 = 81 + S3
Q3 = S1+ S3 Oy = 81+ 289 + 283 + 84 + 285 + 287
4 =W+ 82+ 84 ag = S1 + 253 + S5
as = 81 + 283 + S5 ag = 81 + 289 + 283 + 284 + 285 + sg + 2s7
o =W ~+ S3 + 284 + S¢ a7 = 81 + 283 + 285 + s7

One can observe that the following relation holds for all cases we presented above
Qiyo — 0 = 5; + Si42, (163)

where we identify oy, with «;. We claim that this relation holds true for all MHV amplitudes and
generalizations of it can be also found for all N*MHV cases.

References

[1] L. Brink, J. H. Schwarz and J. Scherk, “Supersymmetric Yang-Mills Theories”,
Nucl. Phys. B121, 77 (1977). e F. Gliozzi, J. Scherk and D. I. Olive, “Supersymmetry, Supergravity Theories
and the Dual Spinor Model”, Nucl. Phys. B122, 253 (1977).

[2] N. Beisert, C. Ahn, L. F. Alday, Z. Bajnok, J. M. Drummond et al., “Review of AdS/CFT Integrability: An
Overview”, Lett.Math.Phys. 99, 3 (2012), [arxiv:1012.3982.

46


http://dx.doi.org/10.1016/0550-3213(77)90328-5
http://dx.doi.org/10.1016/0550-3213(77)90206-1
http://dx.doi.org/10.1007/s11005-011-0529-2
http://arxiv.org/abs/1012.3982

3]

[4]

[10]

[11]

L. Ferro, T. Lukowski, C. Meneghelli, J. Plefka and M. Staudacher, “Harmonic R-matrices for Scattering
Amplitudes and Spectral Regularization”, Phys. Rev. Lett. 110, 121602 (2013), larxiv:1212.0850.

R. Britto, F. Cachazo and B. Feng, “New recursion relations for tree amplitudes of gluons”,

Nucl. Phys. B715, 499 (2005), hep-th/0412308. @ R. Britto, F. Cachazo, B. Feng and E. Witten, “Direct
proof of tree-level recursion relation in Yang-Mills theory”, |Phys. Rev. Lett. 94, 181602 (2005),
hep-th/0501052.

N. Arkani-Hamed, F. Cachazo and J. Kaplan, “What is the Simplest Quantum Field Theory?”,
arxiv:0808.1446. e A. Brandhuber, P. Heslop and G. Travaglini, “A note on dual superconformal
symmetry of the N' = J super Yang-Mills S-matriz”, Phys. Rev. D78, 125005 (2008), larxiv:0807.4097. e

H. Elvang, D. Z. Freedman and M. Kiermaier, “Recursion Relations, Generating Functions, and Unitarity
Sums in N = 4 SYM Theory”,|JHEP 0904, 009 (2009), larxiv:0808.1720.

Z. Bern, L. J. Dixon, D. C. Dunbar and D. A. Kosower, “One-Loop n-Point Gauge Theory Amplitudes,
Unitarity and Collinear Limits”, Nucl. Phys. B425, 217 (1994), hep-ph/9403226. e Z. Bern, L. J. Dixon,
D. C. Dunbar and D. A. Kosower, “Fusing gauge theory tree amplitudes into loop amplitudes”,

Nucl. Phys. B435, 59 (1995), hep-ph/9409265.

J. M. Drummond and J. M. Henn, “All tree-level amplitudes in N' = 4 SYM” | JHEP 0904, 018 (2009),
arxiv:0808.2475.

L. J. Dixon, “Scattering amplitudes: the most perfect microscopic structures in the universe”,

J.Phys. Ad4, 454001 (2011), larxiv:1105.0771. e R. Roiban, “Review of AdS/CFT Integrability, Chapter
V.1: Scattering Amplitudes - a Brief Introduction”, Lett.Math.Phys. 99, 455 (2012), [arxiv:1012.4001. e
J. Drummond, “Review of AdS/CFT Integrability, Chapter V.2: Dual Superconformal Symmetry”,
Lett.Math.Phys. 99, 481 (2012), larxiv:1012.4002. e L. F. Alday, “Review of AdS/CFT Integrability,
Chapter V.3: Scattering Amplitudes at Strong Coupling”, Lett.Math.Phys. 99, 507 (2012),
arxiv:1012.4003.

J. M. Drummond, J. Henn, G. P. Korchemsky and E. Sokatchev, “Dual superconformal symmetry of
scattering amplitudes in N = 4 super-Yang—Mills theory”, Nucl. Phys. B828, 317 (2010), larxiv:0807.1095.

L. F. Alday and J. M. Maldacena, “Gluon scattering amplitudes at strong coupling”,

JHEP 0706, 064 (2007), larxiv:0705.0303. ¢ J. M. Drummond, G. P. Korchemsky and E. Sokatchev,
“Conformal properties of four-gluon planar amplitudes and Wilson loops”, Nucl. Phys. B795, 385 (2008),
arxiv:0707.0243. e A. Brandhuber, P. Heslop and G. Travaglini, “MHV Amplitudes in N = 4 Super
Yang-Mills and Wilson Loops”, Nucl. Phys. B794, 231 (2008), larxiv:0707.1153. e J. M. Drummond,
J. Henn, G. P. Korchemsky and E. Sokatchev, “On planar gluon amplitudes/Wilson loops duality”,
Nucl. Phys. B795, 52 (2008), larxiv:0709.2368.

N. Berkovits and J. Maldacena, “Fermionic T-Duality, Dual Superconformal Symmetry, and the
Amplitude/Wilson Loop Connection”,|JHEP 0809, 062 (2008), larxiv:0807.3196. ¢ N. Beisert, R. Ricci,
A. A. Tseytlin and M. Wolf, “Dual Superconformal Symmetry from AdSs x S® Superstring Integrability”,
Phys. Rev. D78, 126004 (2008), larxiv:0807.3228.

N. Beisert, B. Eden and M. Staudacher, “Transcendentality and crossing”,
J. Stat. Mech. 07, P01021 (2007), hep-th/0610251.

J. M. Drummond, J. M. Henn and J. Plefka, “Yangian symmetry of scattering amplitudes in N = 4 super
Yang-Mills theory”, JHEP 0905, 046 (2009), larxiv:0902.2987.

T. Bargheer, N. Beisert, W. Galleas, F. Loebbert and T. McLoughlin, “Fzacting N' = 4 Superconformal
Symmetry”, | JHEP 0911, 056 (2009), larxiv:0905.3738.

A. Sever and P. Vieira, “Symmetries of the N' = 4 SYM S-matriz”,larxiv:0908.2437. e N. Beisert,
J. Henn, T. McLoughlin and J. Plefka, “One-Loop Superconformal and Yangian Symmetries of Scattering
Amplitudes in N=4 Super Yang-Mills”, |JHEP 1004, 085 (2010), larxiv:1002.1733.

47


http://dx.doi.org/10.1103/PhysRevLett.110.121602
http://arxiv.org/abs/1212.0850
http://dx.doi.org/10.1016/j.nuclphysb.2005.02.030
http://arxiv.org/abs/hep-th/0412308
http://dx.doi.org/10.1103/PhysRevLett.94.181602
http://arxiv.org/abs/hep-th/0501052
http://arxiv.org/abs/0808.1446
http://dx.doi.org/10.1103/PhysRevD.78.125005
http://arxiv.org/abs/0807.4097
http://dx.doi.org/10.1088/1126-6708/2009/04/009
http://arxiv.org/abs/0808.1720
http://dx.doi.org/10.1016/0550-3213(94)90179-1
http://arxiv.org/abs/hep-ph/9403226
http://dx.doi.org/10.1016/0550-3213(94)00488-Z
http://arxiv.org/abs/hep-ph/9409265
http://dx.doi.org/10.1088/1126-6708/2009/04/018
http://arxiv.org/abs/0808.2475
http://dx.doi.org/10.1088/1751-8113/44/45/454001
http://arxiv.org/abs/1105.0771
http://dx.doi.org/10.1007/s11005-011-0517-6
http://arxiv.org/abs/1012.4001
http://dx.doi.org/10.1007/s11005-011-0519-4
http://arxiv.org/abs/1012.4002
http://dx.doi.org/10.1007/s11005-011-0518-5
http://arxiv.org/abs/1012.4003
http://dx.doi.org/10.1016/j.nuclphysb.2009.11.022
http://arxiv.org/abs/0807.1095
http://dx.doi.org/10.1088/1126-6708/2007/06/064
http://arxiv.org/abs/0705.0303
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.041
http://arxiv.org/abs/0707.0243
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.002
http://arxiv.org/abs/0707.1153
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.007
http://arxiv.org/abs/0709.2368
http://dx.doi.org/10.1088/1126-6708/2008/09/062
http://arxiv.org/abs/0807.3196
http://dx.doi.org/10.1103/PhysRevD.78.126004
http://arxiv.org/abs/0807.3228
http://dx.doi.org/10.1088/1742-5468/2007/01/P01021
http://arxiv.org/abs/hep-th/0610251
http://dx.doi.org/10.1088/1126-6708/2009/05/046
http://arxiv.org/abs/0902.2987
http://dx.doi.org/10.1088/1126-6708/2009/11/056
http://arxiv.org/abs/0905.3738
http://arxiv.org/abs/0908.2437
http://dx.doi.org/10.1007/JHEP04(2010)085
http://arxiv.org/abs/1002.1733

[16] N. Arkani-Hamed, F. Cachazo, C. Cheung and J. Kaplan, “A Duality For The S Matriz”,
JHEP 1003, 020 (2010), larxiv:0907.5418.

[17] L. Mason and D. Skinner, “Dual Superconformal Invariance, Momentum Twistors and Grassmannians”,
JHEP 0911, 045 (2009), larxiv:0909.0250.

[18] J. Drummond and L. Ferro, “Yangians, Grassmannians and T-duality”, |JHEP 1007, 027 (2010),
arxiv:1001.3348.

[19] J. Drummond and L. Ferro, “The Yangian origin of the Grassmannian integral”, |[JHEP 1012, 010 (2010),
arxiv:1002.4622.

[20] G. Korchemsky and E. Sokatchev, “Superconformal invariants for scattering amplitudes in N=4 SYM
theory”, Nucl.Phys. B839, 377 (2010), larxiv:1002.4625.

[21] N. Arkani-Hamed, J. L. Bourjaily, F. Cachazo, S. Caron-Huot and J. Trnka, “The All-Loop Integrand For
Scattering Amplitudes in Planar N=4 SYM”,|JHEP 1101, 041 (2011), larxiv:1008.2958.

[22] N. Arkani-Hamed, J. L. Bourjaily, F. Cachazo and J. Truka, “Local Integrals for Planar Scattering
Amplitudes”, | JHEP 1206, 125 (2012), larxiv:1012.6032.

[23] N. Arkani-Hamed, J. L. Bourjaily, F. Cachazo, A. B. Goncharov, A. Postnikov et al., “Scattering
Amplitudes and the Positive Grassmannian”, larxiv:1212.5605.

[24] B. 1. Zwiebel, “From Scattering Amplitudes to the Dilatation Generator in N=4 SYM”,
J.Phys. A45, 115401 (2012), larxiv:1111.0083.

[25] L. D. Faddeev, “How Algebraic Bethe Ansatz works for integrable model”, hep-th/9605187, in:
“Relativistic gravitation and gravitational radiation”, ed.: J.-A. Marck and J.-P. Lasota, Cambridge
University Press (1997), Cambridge.

[26] L. F. Alday, J. M. Henn, J. Plefka and T. Schuster, “Scattering into the fifth dimension of N = 4 super
Yang-Mills”, JHEP 1001, 077 (2010), larxiv:0908.0684.

[27] J. M. Henn, S. G. Naculich, H. J. Schnitzer and M. Spradlin, “Higgs-regularized three-loop four-gluon
amplitude in N=4 SYM: exponentiation and Regge limits”, JHEP 1004, 038 (2010), larxiv:1001.1358. e
J. M. Henn, S. G. Naculich, H. J. Schnitzer and M. Spradlin, “More loops and legs in Higgs-regulated N=4
SYM amplitudes”, | JHEP 1008, 002 (2010), larxiv:1004.5381. e A. E. Lipstein and L. Mason, “From dlogs
to dilogs; the super Yang-Mills MHV amplitude revisited”, larxiv:1307.1443.

[28] J. L. Bourjaily, S. Caron-Huot and J. Trnka, “Dual-Conformal Regularization of Infrared Loop Divergences
and the Chiral Box Ezpansion”, larxiv:1303.4734.

[29] A. Hodges, “Twistor Diagrams and Feynman Diagrams”, Cambridge University Press (1990).

[30] P. P. Kulish, N. Yu. Reshetikhin and E. K. Sklyanin, “Yang-Bazter equation and representation theory: I”,
Lett. Math. Phys. 5, 393 (1981).

[31] V. G. Drinfel’d, “Hopf algebras and the quantum Yang-Baxter equation”, Sov. Math. Dokl. 32, 254 (1985). e
V. G. Drinfel’d, “Quantum groups”, J. Math. Sci. 41, 898 (1988). e V. Drinfeld, “A New realization of
Yangians and quantized affine algebras”, Sov.Math.Dokl. 36, 212 (1988).

[32] N. Beisert and M. Staudacher, “The N = 4 SYM Integrable Super Spin Chain”,
Nucl. Phys. B670, 439 (2003), hep-th/0307042.

[33] N. Beisert, “The Complete One-Loop Dilatation Operator of N = 4 Super Yang-Mills Theory”,
Nucl. Phys. B676, 3 (2004), hep-th/0307015.

[34] V. V. Bazhanov, R. Frassek, T. Lukowski, C. Meneghelli and M. Staudacher, “Bazter @Q-Operators and
Representations of Yangians”, Nucl.Phys. B850, 148 (2011), larxiv:1010.3699.

[35] M. Giinaydin and N. Marcus, “The Spectrum of the S° Compactification of the Chiral N' = 2, D = 10
Supergravity and the Unitary Supermultiplets of U(2, 2/4)”, Class. Quant. Grav. 2, L11 (1985).

48


http://dx.doi.org/10.1007/JHEP03(2010)020
http://arxiv.org/abs/0907.5418
http://dx.doi.org/10.1088/1126-6708/2009/11/045
http://arxiv.org/abs/0909.0250
http://dx.doi.org/10.1007/JHEP07(2010)027
http://arxiv.org/abs/1001.3348
http://dx.doi.org/10.1007/JHEP12(2010)010
http://arxiv.org/abs/1002.4622
http://dx.doi.org/10.1016/j.nuclphysb.2010.05.022
http://arxiv.org/abs/1002.4625
http://dx.doi.org/10.1007/JHEP01(2011)041
http://arxiv.org/abs/1008.2958
http://dx.doi.org/10.1007/JHEP06(2012)125
http://arxiv.org/abs/1012.6032
http://arxiv.org/abs/1212.5605
http://dx.doi.org/10.1088/1751-8113/45/11/115401
http://arxiv.org/abs/1111.0083
http://arxiv.org/abs/hep-th/9605187
http://dx.doi.org/10.1007/JHEP01(2010)077
http://arxiv.org/abs/0908.0684
http://dx.doi.org/10.1007/JHEP04(2010)038
http://arxiv.org/abs/1001.1358
http://dx.doi.org/10.1007/JHEP08(2010)002
http://arxiv.org/abs/1004.5381
http://arxiv.org/abs/1307.1443
http://arxiv.org/abs/1303.4734
http://dx.doi.org/10.1007/BF01247086
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.015
http://arxiv.org/abs/hep-th/0307042
http://dx.doi.org/10.1016/j.nuclphysb.2003.10.019
http://arxiv.org/abs/hep-th/0307015
http://dx.doi.org/10.1016/j.nuclphysb.2011.04.006
http://arxiv.org/abs/1010.3699
http://dx.doi.org/10.1088/0264-9381/2/2/001

[36]
[37]

w

w
Ne)

=~
=)

~

R. Frassek, N. Kanning, Y. Ko and M. Staudacher, “to appear”.

E. Witten, “Perturbative gauge theory as a string theory in twistor space”,
Commun. Math. Phys. 252, 189 (2004), hep-th/0312171l

R. H. Boels, “On BCFW shifts of integrands and integrals”, | JHEP 1011, 113 (2010), larxiv:1008.3101.
A. Postnikov, “Total positivity, Grassmannians, and networks”, math/0609764.
S. Fomin and A. Zelevinsky, “Cluster algebras I: Foundations”, math/0104151.

L. Dolan, C. R. Nappi and E. Witten, “Yangian symmetry in D =4 superconformal Yang-Mills theory”,
hep-th/0401243, in: “Quantum Theory and Symmetries”, ed.: P. C. Argyres et al., World Scientific
(2004), Singapore.

G. 't Hooft and M. Veltman, “Regularization and Renormalization of Gauge Fields”,

Nucl.Phys. B44, 189 (1972). e C. Bollini and J. Giambiagi, “Dimensional Renormalization: The Number of
Dimensions as a Regularizing Parameter”, Nuovo Cim. B12, 20 (1972). e J. Ashmore, “A Method of Gauge
Invariant Regularization”, Lett.Nuovo Cim. 4, 289 (1972). e G. Cicuta and E. Montaldi, “Analytic
renormalization via continuous space dimension”, Lett.Nuovo Cim. 4, 329 (1972). e R. K. Ellis and

J. Sexton, “QCD Radiative Corrections to Parton Parton Scattering”, [Nucl.Phys. B269, 445 (1986). e

Z. Bern and D. A. Kosower, “The Computation of loop amplitudes in gauge theories”,

Nucl.Phys. B379, 451 (1992). e Z. Bern, A. De Freitas, L. J. Dixon and H. Wong, “Supersymmetric
reqularization, two loop QCD amplitudes and coupling shifts”, Phys.Rev. D66, 085002 (2002),
hep-ph/0202271.

W. Siegel, “Supersymmetric Dimensional Regularization via Dimensional Reduction”,
Phys. Lett. B84, 193 (1979).

C. G. Bollini, J. J. Giambiagi and A. Gonzales Dominguez, “Analytic reqularization and the divergences of
quantum field theories”, Nuovo Cimento 31, 550 (1964). e E. R. Speer, “Generalized Feynman Amplitudes”,
Journ. Math. Phys. 9, 1404 (1968).

L. F. Alday, J. Maldacena, A. Sever and P. Vieira, “Y-system for Scattering Amplitudes”,
J.Phys. A43, 485401 (2010), larxiv:1002.2459.

A. Sever, P. Vieira and T. Wang, “From Polygon Wilson Loops to Spin Chains and Back”,

JHEP 1212, 065 (2012), larxiv:1208.0841. e B. Basso, A. Sever and P. Vieira, “Space-time S-matriz and
Fluz-tube S-matrix at Finite Coupling”, larxiv:1303.1396. e B. Basso, A. Sever and P. Vieira, “Space-time
S-matriz and Flux tube S-matriz II. Extracting and Matching Data”, larxiv:1306.2058.

B. Keller, “Cluster algebras, quiver representations and triangulated categories”,larxiv:0807.1960.

J. Golden, A. B. Goncharov, M. Spradlin, C. Vergu and A. Volovich, “Motivic Amplitudes and Cluster
Coordinates”, larxiv:1305.1617.

49


http://dx.doi.org/10.1007/s00220-004-1187-3
http://arxiv.org/abs/hep-th/0312171
http://dx.doi.org/10.1007/JHEP11(2010)113
http://arxiv.org/abs/1008.3101
http://arxiv.org/abs/math/0609764
http://arxiv.org/abs/math/0104151
http://arxiv.org/abs/hep-th/0401243
http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://dx.doi.org/10.1016/0550-3213(86)90232-4
http://dx.doi.org/10.1016/0550-3213(92)90134-W
http://dx.doi.org/10.1103/PhysRevD.66.085002
http://arxiv.org/abs/hep-ph/0202271
http://dx.doi.org/10.1016/0370-2693(79)90282-X
http://dx.doi.org/10.1088/1751-8113/43/48/485401
http://arxiv.org/abs/1002.2459
http://dx.doi.org/10.1007/JHEP12(2012)065
http://arxiv.org/abs/1208.0841
http://arxiv.org/abs/1303.1396
http://arxiv.org/abs/1306.2058
http://arxiv.org/abs/0807.1960
http://arxiv.org/abs/1305.1617

	1 Introduction and Overview
	2 R-Matrices, Spin Chains, and Amplitudes
	2.1 Yang-Baxter Equation, R-Matrices, and Oscillator Realizations
	2.2 Harmonic Action Form of the R-Matrix and the 
	2.3 Graßmannian Form of the R-Matrix
	2.4 Deformations of the Four-Point Amplitude in  SYM

	3 Three-Point Harmonic R-Matrices
	3.1 Preliminary Remarks
	3.2 Bootstrap for Three-Point R-Matrices
	3.3 Four-Point R-Matrix Kernel from Building Blocks

	4 Deformation of Generic On-Shell Diagrams
	4.1 Preliminary Remarks
	4.2 Undeformed On-Shell Formalism
	4.3 Deformed On-Shell Formalism
	4.4 MHV -Point Example
	4.5 Moves and Reduction

	5 Symmetries of Deformations
	5.1 Preliminary Remarks
	5.2 Superconformal Symmetries
	5.3 Yangian Symmetries
	5.4 Generalized Yang-Baxter Equation

	6 Spectral Regularization of Loop Amplitudes
	7 Conclusions and Outlook
	A Fourier Transform of Super-Twistor Variables
	B Graßmannian Formula from Dual Diagrams
	C Modification of Yangian Generators for Invariance of Top Cells

