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1 Introduction

In the last years, there has been tremendous progress in our understanding of N' = 4 Super
Yang-Mills (SYM) theory in the planar limit primarily based on two different approaches,
namely the on-shell methods of modern quantum field theory and integrability techniques;
see [1, 2] and [3] for respective reviews. The former set of ideas and techniques has been
successfully applied to the perturbative study of on-shell scattering amplitudes of elemen-
tary states. On the other hand, integrability-based methods, which rely on exploiting all
the symmetries of the theory, have proven to be very powerful in particular in calculat-
ing the spectrum of anomalous dimensions of gauge-invariant local composite operators.
Though some of the integrable structures have also appeared in the study of scattering
amplitudes, the overlap between both approaches has been rather limited.

Along with scattering amplitudes and correlation functions, another very interesting
quantity in a quantum field theory is the form factor, which forms a bridge between the
previously mentioned on-shell amplitudes and off-shell correlation functions. For a given
gauge-invariant local composite operator O(x) in a quantum field theory, the form factor
Fo is defined as the overlap of the off-shell state created by O from the vacuum |0) at the



spacetime point x with an on-shell n-particle state |1,...,n).! It can be Fourier transformed
to momentum space, where the operator O carries a momentum ¢ with ¢? # 0, yielding

Fo(l,...,n;q) = /d4a:eimq(l,...,n|(9(m)\0>. (1.1)

This quantity will be our focus of attention for this paper as it is a perfect candidate to
study the theory using both the on-shell and integrability techniques.

In =4 SYM theory, form factors have been first studied more than thirty years
back [4], and have received increasing attention of late, both at weak coupling [5-21] and
at strong coupling [22-24] via the AdS/CFT correspondence. They can be calculated
using many of the successful on-shell techniques that were developed in the context of
amplitudes. In particular, BCFW [25, 26] and MHYV [27] recursion relations can be applied
to construct form factors at tree level [5, 7] and the resulting expressions can also be
interpreted in terms of the volume of polytopes [18]. Form factors have also been studied at
loop level using generalised unitarity [28-30] not just for the simplest BPS operator and its
generalisations [5, 11, 17] but also for non-protected operators like the Konishi operator [20],
the operators in the SU(2) sector [21], and even completely generic operators [19]. All these
recent developments have shown that simplicity does exist also for form factors if one studies
them using the language of modern on-shell techniques.

However, not all of the interesting features of scattering amplitudes in N'=4 SYM
theory have a counterpart for form factors yet. A novel way of studying scattering am-
plitudes has been proposed in [31] using so-called on-shell diagrams, which are bipartite
graphs built out of two kinds of trivalent on-shell vertices and encode the information of
the scattering process using fully on-shell data. Moreover, each such scattering process is
related to an integral over a Grafimannian manifold. In fact, it has been conjectured that
all leading singularities of the scattering amplitudes of N'=4 SYM theory as well as the
tree-level scattering amplitudes can be obtained from an integral on a Grafimannian [32-
34]. So far, there has been no direct analogue of this geometric picture of scattering for
the case of form factors. One of the goals of this paper is to provide such a formulation,
starting with certain tree-level form factors.

Very little is known about the role of integrability in form factors of N =4 SYM
theory.? For amplitudes as well as for correlation functions, integrability manifests itself
in the appearance of an integrable spin chain at weak coupling. In the spectral problem,
single-trace operators are mapped to spin-chain eigenstates and the dilatation operator to
the spin-chain Hamiltonian, see [3]. This integrable Hamiltonian belongs to a whole fam-
ily of commuting operators which also include the corresponding transfer matrices. This
family can be diagonalised simultaneously using Bethe ansatz methods. More recently, a
somewhat different spin chain was discovered in the study of amplitudes in N'=4 SYM
theory [35-42]. It was pointed out in [43] that the superconformal symmetry and the

'As for amplitudes, the on-shell state is specified by the momenta, helicities and flavours of the n
elementary particles.

2That is, at least at weak coupling. For an application of integrability to form factors at strong coupling,
see [23, 24].



newly discovered dual superconformal symmetry [44] combine into an infinite-dimensional
Yangian symmetry, which yields the underlying integrable spin-chain picture [35, 36]. Am-
plitudes at tree level are invariant under this Yangian symmetry.

Recently, it was proposed that the problem of computing the dilatation operator, i.e.
the Hamiltonian of the integrable spin chain, in N' =4 SYM theory can be re-cast in
a compact form using generalised unitarity methods with form factors being the main
ingredients [19-21].3 In fact, a special class of form factors called minimal form factors,
with the number of external fields n equal to the number of fields in the corresponding
composite operator, realises this spin-chain picture of the spectral problem in the language
of on-shell super fields used for amplitudes [19].

Naively, due to the nature of form factors and also motivated by the results mentioned
above, we would expect to obtain a relation between the integrable spin chain of the spec-
tral problem and the one that appeared in the study of tree-level scattering amplitudes.
Indeed, in this paper, we will show that form factors are special states of the latter in-
tegrable spin chain, namely eigenstates of the transfer matrix built from the monodromy
that yields the Yangian generators studied in the context of amplitudes, provided that the
corresponding composite operator is an eigenstate of the former integrable spin chain. This
implies enhanced symmetries for the form factors, analogous to the Yangian symmetry of
scattering amplitudes.

This paper is structured as follows. In the remainder of this section, we discuss the
stress-tensor super multiplet and its super form factors, which we will be studying in
most of the rest of the paper. In section 2, we briefly review various ideas within the
framework of on-shell techniques for scattering amplitudes, like on-shell diagrams, their
construction via BCFW recursion relations and inverse soft limits as well as a Gramannian
integral representation, and present the corresponding extensions of these ideas for the
case of form factors. Our constructions rely on the use of the integrability inspired R-
operator techniques and the association of a permutation to each on-shell graph as it was
done for the scattering amplitudes. To allow for a pedagogical presentation, we restrict
ourselves to the MHYV level in this section. Next, in section 3, we further extend the
techniques of the previous section in order to study similar form factors but at the NMHV
and higher N*MHV level. We also present some lower-point form factors as examples
and conjecture a general Gralmannian integral formulation for tree-level form factors. In
section 4, we investigate the role of integrability for tree-level form factors using the spin-
chain monodromy matrix. Specifically, we show that all form factors of the chiral stress-
tensor multiplet are annihilated by the transfer matrix given by its super trace. We also
study the action of this transfer matrix on the minimal form factors of general operators
as well as on on-shell diagrams involving them. Finally, in section 5, we conclude with a
summary of our results and an outlook about future directions.

Note added. On the day of submission, the paper [48] appeared, which has some overlap
with this article.

3For the calculation of the dilatation operator from on-shell methods via correlation functions, see [13,
20, 45-47].



Form factors of the stress-tensor super multiplet. In most of this paper, we focus
on the form factors of the chiral part of the stress-tensor super multiplet, which are the most
widely studied ones. Using A/ = 4 harmonic superspace [49], this part of the stress-tensor
super multiplet can be written as

T(:Ev 0+) = tr(¢++¢++) Tt (9+)4£7 (1'2)

W =

/ —a’ . . —a' . .
where 03¢ = 02u}?, 05¢ = 02w with projectors u}® and u,*. The indices a, o’ and

+ correspond to SU(2) x SU(2)" x U(1) € SU(4), see [7, 18, 50] for details and further
references. The lowest component in T'(z,07) is the scalar operator tr(¢™T¢™") with
ot = %eabuj“ugbquB , whereas its highest component is the chiral part of the on-shell
Lagrangian L.

The super form factor of this super multiplet is defined as

Forx(l,.n;q,77) = /d4:c A4t et =05 " (1 | T(x,01)|0), (1.3)

where =% is the supermomentum of the multiplet and k denotes the (supersymmetric
extension of the) MHV degree. For the minimal MHV degree k = 2, the form factor of

T(z,0") reads [7):

34 (P)o(@*1)d*(Q7)

Fro(l,...,n;q,7") = , 1.4
na2l 4 = 9y98) - (1 n) () (1.4)
where
n 5 n n
P=Y XNAi—-q, QT => NS, Q@ =) N -1 (1.5)
=1 =1 =1
with QT = wi*QA, Q™™ = ;' QA and ite = i it i~ = uy* it

Note that throughout this paper we will be treating colour-ordered tree-level form
factors and amplitudes. Hence, we will not indicate this at each expression individually.

2 The MHYV case

In this section, we demonstrate that many of the recent successful techniques that were
developed for scattering amplitudes can also be applied to MHV form factors, namely
on-shell diagrams, deformations, R operators and a (deformed) Grafimannian integral
representation.

2.1 On-shell diagrams, inverse soft limits, BCFW bridges and permutations

On-shell diagrams. On-shell diagrams have proven to be a useful tool in the construc-
tion of scattering amplitudes. They are built from two different elements, namely the

4The projectors @ are related to the w’s by conjugation.
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(a) Square move. (b) Merge/unmerge move for black vertices.

Figure 1. Moves connecting equivalent on-shell diagrams. Similarly to the case for black vertices,
the merge/unmerge move also exists for white vertices.

three-point MHV amplitude A3 2 and the three-point MHV amplitude Ajs ;:

1
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All scattering amplitudes can be built from BCFW recursion relations [25, 26], which can
be depicted as [31]

An,k = Z

n/ n// k/ k//
n'4+n’'=n+2
k' +k"=k+1

where the BCFW bridge attached at positions 1 and 2 implements the BCFW shift.® Hence,
they can also be encoded in on-shell diagrams. Similarly to the construction via BCFW
recursion relations, the on-shell diagram encoding an amplitude is not unique. Equivalent
on-shell diagrams can be transformed into each other via the so-called square move and
merge/unmerge move, which are depicted in figure 1 and can be applied to any subdiagram
of a given on-shell diagram.

In order to construct form factors via BCFW recursion relations, the minimal form
factor is required as an additional building block. Hence, it is also required to extend
on-shell graphs to the construction of form factors. We depict the minimal form factor of

5Note that in this work we use the parity flipped version of the BCFW bridge used in [31], i.e. the
opposite assignment of the black and white vertices in the BCFW bridge.



T as

)K = F22(1,2) = 0 (M1 + dods — )6 (Mff + Naify )8 Nafiy + Aoy —77)
o 1)) -

(2.3)
We can then use the construction of the form factors of T' via BCFW recursion rela-
tions [5, 7], which we depict as

(2.4)

Jrn,k: Z

n/ n// k,/ k//
n'+n''=n+2
k' +k"=k+1

Inverse soft limit. The MHYV form factors F, » can also be constructed from the minimal
form factors via the so-called inverse soft limit [51-53] similarly to MHV amplitudes [54].
In total, two types of inverse soft limits exist, which either preserve the MHV degree or
increase it by one unit. In terms of on-shell diagrams, the k-preserving inverse soft limit
amounts to recursively adding the structure

M (2.5)

For the four-point amplitude A4 o, this construction starts at the three-point amplitude

to two adjacent legs of the diagram.

A3 2 and can be depicted as

2
2
A ; o0
1 3
4
Similarly, the three-point form factor F32 can be constructed from the minimal form factor
Fa2 ast

A, | o

1 9 1 2
3

5The result of this construction can easily be seen to agree with the one obtained from the BCFW
recursion relation (2.4) with a shift in the legs 3 and 1.



Figure 2. Rotation move for on-shell diagrams involving the minimal form factor. An analogous
move exists for the inverse combination of black and white vertices.

Note that the diagram in (2.7) is not invariant under a cyclical relabelling of the on-
shell legs 1, 2 and 3, although the expression it is encoding is. Hence, we have to add
an equivalence move for on-shell graphs that involve the minimal form factor, which can
also be applied to any subgraph of a given on-shell graph. We call it rotation move and
depict it in figure 2. Together with the equivalence moves for amplitudes shown in figure 1,
the rotation move guarantees the cyclic invariance of all on-shell diagrams of MHV form
factors. This is similar to the situation for scattering amplitudes. By itself, also the
on-shell diagram (2.6) for the four-point MHV amplitude is not cyclically invariant. Its
cyclic invariance has to be imposed in the form of the square move. However, this suffices
to guarantee the cyclic invariance of all other MHV amplitudes when combined with the
merge/unmerge move.

Finally, note that we can also construct N™*MHYV amplitudes and form factors via
the inverse soft limit by adding the k-increasing structure

M (2.8)

to two adjacent legs of the diagram. The resulting on-shell diagrams are related to those
of MHV type by exchanging the black and white vertices.”

Permutations. For amplitudes, it is possible to associate a permutation

to every on-shell graph by starting at some external particle ¢ and turning right at every
black vertex and left at every white vertex [31]:

1 1
A —0=(312), A —0=(2,3,1). (2.10)
37 72 3

"In fact, all N*MHV scattering amplitudes and form factors of T' can be constructed via the inverse soft
limit using both (2.5) and (2.8) [54]. In the case of non-extremal k, however, the position and order of

adding these structures becomes important.
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Figure 3. Constructing the on-shell diagram of As 5 via permutations and BCFW bridges.

If the path ends on particle 7, set o(i) = j.° We can extend this to form factor on-shell
graphs by the prescription to turn back at every minimal form factor:

2%1 —o=(1,2). (2.11)

As both MHV amplitudes and MHV form factors can be constructed by k-preserving
inverse soft limits, we find that their on-shell graphs encode the same permutation, namely

MHYV : oc=(3,...,n,1,2). (2.12)

Construction via BCFW bridges and permutations. Using the permutation, a
corresponding on-shell graph for general tree-level amplitudes can be constructed in a
systematic way as follows [31].”  First, the permutation is decomposed into a chain of
transpositions of minimal length, where the multiplication of permutations corresponds
to the right action, i.e. o1 <oy = (02(01(1)),...,02(01(n))). In this paper, we use only
adjacent transpositions. Second, each transposition (i, j) is interpreted as a BCFW bridge

|

J 1

connecting the legs ¢ and j. Third, these BCFW bridges are applied to an empty diagram
composed of n lines that start in corresponding vacua,'? but in the inverse order compared
to the multiplication in the chain of transpositions; this means that the rightmost trans-
position corresponds to the BCFW bridge that is applied first to the vacua.'' Fourth, the
vacua, the edges starting at the vacua and every vertex that is connected to less then three
edges is removed to obtain an on-shell diagram. This construction is illustrated for A3 5 in
figure 3.

The on-shell diagrams of the MHV form factors can be systematically constructed via
BCFW bridges using essentially the same construction as in the amplitude case. The only

8In contrast to [31], we are using ordinary permutations instead of decorated permutations here; see the
discussion below.

9We use the graphical notation of [40].

1We will give further meaning to these vacua below; they are the same as the “lollipop” diagrams of [31].
Note that the kind of the different vacua, i.e. + or —, is imposed by hand following the prescription of [40]
and not given by the permutations, which are not decorated in this work.

"The inverse order follows from our choice of BCFW bridge.



(3,1,2) =(2,3)<(1,2) — —

3 2 1 2
Figure 4. Constructing the on-shell diagram of F3 5 via permutations and BCFW bridges.

+ +
(3,4,1,2) = (2,3)<(3,4)<(1,2) < (2,3) — — 4
1
2
4 3 2 1 3
Figure 5. Constructing the on-shell diagram of F, 5 via permutations and BCFW bridges.
(3,4,5,1,2) = (2,3) < (3,4) < (4,5) < (1,2) < (2,3) < (3,4) —
» © ©
)
-
4 1
2
5 4 3 2 1 3

Figure 6. Constructing the on-shell diagram of F5 o via permutations and BCFW bridges.

difference to the amplitude case, where only one-site amplitude vacua appear, is that the
minimal form factor occurs as a vacuum at positions n and n — 1. This construction is
illustrated in figures 4, 5 and 6.

2.2 Deformed form factors and R operators

We can now introduce deformations of the form factors and construct these deformed form
factors in analogy to the amplitude case [35, 37, 39-42, 55]. For amplitudes, a sequence
of BCFW bridges can be translated into a chain of R operators that acting on a suitable
vacuum state produce a deformed version of the amplitude, or rather some BCFW term
of it. In this section, we will use the R operators primarily as means to obtain analytic
expressions for the form factors, in particular representations in terms of GrafSimannian
integrals. However, the R-operator formalism is based on the spin-chain picture of integra-
bility and we will use this fact in section 4 to show that form factors are well defined states
in the integrable model and posses enhanced symmetry properties. There, we will also give
further details concerning the definition and the properties of the R operators and discuss
the integrability-preserving deformations.



The R operators [35] can be defined by their action on general functions f of the
kinematic data,'?

Rij (u) £ (Niy Xy iy gy Mgy il) = /Oicjuf()\i — adj, Ay 7li, Mgy A + ek iy + o). (2.14)
Here, the parameter u will eventually correspond to a (integrability-preserving) deformation
of the physical form factor. Moreover, the vacua that occurred in the previous discussion
are given by

+ —
| =6 =0%(\N), | =67 =8%2(\)0* () . (2.15)

i i
There are two types of them, reflecting the different possible MHV degrees of the final
expression.
Let us consider the three-particle MHV amplitude As s in figure 3 as example. The
sequence of transpositions (2,3) < (1,2) translates into

54(2?:1 )‘i:\i)54(2?=1 )‘iﬁ;r)54(2?=1 )‘iﬁi_)
(12)1-u23 (23)1-us1 (31) L-wr2 ’

Ros(uz2)Ria(us1 )0y 05 05 = (2.16)
where u; are parameters associated to deformations of the local central charges (see sec-
tion 4) and

U5 = Uy — Uy - (2.17)

The undeformed three-particle MHV amplitude A3 s is recovered in the limit u; — 0.

The previous discussion suggests that we can use essentially the same construction for
the three-particle MHV form factor; the only diagrammatic difference is the substitution
of the minimal form factor for the vacua at sites 2 and 3, cf. figure 4. Using the minimal
form factor (2.3), which we label by the two sites it occupies, we find that the same chain
of R operators produces a deformed version of the three-point MHV form factor:'?

0T Ak — )0 (S M) Ay = 77)
<12>1—u23 (23>I—U31 <31>1—U12 .

Ras(ug2)Raz(us1)d] Fa2(2,3) =

(2.18)
In the limit of vanishing deformation parameters, this reduces to (1.4) with n = 3.
Since all n-point MHV form factors can be obtained by iterated inverse soft limits, this
construction generalises to all n, in particular to the further examples shown in figures 5
and 6. The result is

S (3 Nihi — )8 (g i )5 (07 Ny — )
[T, Gt 1) e !

Fna2(l,...,n) = (2.19)
which reduces to (1.4) in the limit of vanishing deformation parameters.

Instead of performing the construction of (2.19) via R operators explicitly, we will now
use the R operators to obtain a Gralmannian integral representation that is valid for all n
and evaluates to (2.19).

12Note that we extend the usual definition to harmonic superspace.
13Here and in what follows, we will ignore phases that also appear in the amplitude case.

~10 -



2.3 A (deformed) GraBBmannian integral representation for the MHV form
factor

The minimal form factor (2.3) can be rewritten in a form that closely resembles the
vacua (2.15) used in the construction via R operators:

Foa(1,2) = 62(0)5*(11)5° (ha) 5% (112) = 635 (2.20)

Here, we have absorbed the off-shell (super) momentum of the operator into modified
kinematic variables for the on-shell states,

~ ~ 2|q o 2|y~
)\1:)\1_<| ) ﬂ1—771_ ’ ) ﬂi—_,rh?

(21) (21) (221)
s (g . (I Sp ‘
A= — =, iy =Ty — o, My =1 -

<1 > 2 2 <12> 2 2

Note that this expression looks exactly like d; 6, , though with twisted kinematics X and 0
that contain the information about the off-shell (super) momentum insertion.

Using this form of the minimal form factor, we can apply the same sequence of R
operators as in (2.18) to obtain, before integration,

F32(1,2,3) = Raos(us2)Raa(us1)d] 633

do do ~ -
= [ ot [ e $1C,02) 97 (Clon, ) 1) (O, 02) ),

(2.22)
where the super spinor helicity variables 2 and 3 are twisted as in (2.20) while 1 is untwisted.
The matrices C and C* are orthogonal to each other, i.e. C(C+)T = 0, and given by

10
Clar, az) = (O(‘)l . 1) . Clan,a) = (1 —u alag) . (2.23)

Their products with the external super spinor helicity variables are defined as

3 3 3
(C-NF=D_Crd,  (C-D)f =) _Cui, (CH- 0= _CrA",  (2.24)
=1

i=1 i=1

where I = 1,...,kand J =1,...,n — k. We can also write (2.22) in a GL(2) invariant
way, as an integral over the Grafmannian G(2,3):

d>c 4 3\ 58 S\ 20~ L
F32(1,2,3) = / (12T (23) o (311 SYC-N) B (C-p) s (CH-N),  (2.25)
where (i j) denotes the minor of C' that is built from the columns ¢ and j. This is precisely
the (deformed) Gramannian integral for the three-point MHV amplitude [41, 42] with the
twisted kinematics accounting for the operator insertion.

We can generalise the above derivation to an arbitrary number of external on-
shell fields:

]:n 2 / 1—[ dzxnc 54(C . i) 58(0 . ﬂ) 52n—4(CL . )\) ‘ (2-26)

i 1 ZZ+1 1— Ui41 142

- 11 -



Here, the shifted kinematic variables can actually be at any two positions. One can easily
check that the sequence of R operators necessary to derive this expression does not contain
BCFW shifts that would spoil this simple dependence on the modified kinematics A, 7. It is
also trivial to check that this integral representation gives the correct result upon localising
the integration on the support of the delta functions: we simply take the (deformed) Parke-
Taylor formula and replace the kinematic variables, A\ — A, 7 — 7. Since the \’s are
not modified, the Park-Taylor prefactor is unaffected by this replacement, and the only
effects are shifts in the (super) momentum conserving delta functions, P — P — ¢ and
Q™ — Q= — . This follows from the identity

. e3(A2XY — AONT)
A — la® + X (XY — (il = AAY + APNS — ”MZ% Jﬂfﬂ (2.27)
(ji) (i7) (77)

=03

A&

)

and a similar identity for the 7’s. The above argument shows that (2.26) correctly repro-
duces (2.19) and in particular the undeformed result (1.4).

3 Beyond MHV

In the previous section, we have considered the simplest form factors, namely the MHV
form factors, to introduce many important concepts. In this section, we will see that
these concepts continue to apply beyond MHYV, although with some modifications. In
particular, we will conjecture a Gramannian integral representation for all form factors,
both in spinor helicity as well as in twistor and momentum twistor form, and provide
several non-trivial checks.

3.1 On-shell diagrams and R operators

Since all form factors can be constructed via BCFW recursion relations as shown in (2.4),
we can also directly associate on-shell diagrams to each BCFW term — completely inde-
pendent of the MHV degree k. One main difference between &k = 2 and k£ > 2 is that
all MHV form factors can be constructed via the inverse soft limit without regard to the
order and insertion positions, which directly gives the on-shell diagram. For k£ > 2 the
result of the BCFW construction, and hence the correct on-shell diagram, is less obvious.
A second main difference between k = 2 and k > 2 is that, both for amplitudes as well as
for form factors, there are several BCFW terms and hence on-shell diagrams which have
to be summed to obtain the complete expression. However, for amplitudes, they can be
combined into a single top-cell diagram, which corresponds to a top-dimensional integral
over the Graimannian and yields all required BCFW terms when taking suitable residues.
We will find in section 3.2 that we can define such top-dimensional integrals also for form
factors. However, we will see below that a sum of several top-cell diagrams will be required.

Likewise, it is always possible to construct a given on-shell graph by acting with a chain
of BCFW bridges on suitable vacua. Translating these BCFW bridges to R operators, we
can build deformed BCFW terms and top-cell diagrams for form factors as in section 2.2.
Hence, in order to construct GraBmannian integrals and R operator representations, the

- 12 —



(2,3,1)=(1,2)<(2,3) — —

3 2 1 2
Figure 7. Constructing the on-shell diagram of F3 3 via permutations and BCFW bridges.

first important step is to identify the corresponding top-cell diagrams. Let us look at

several examples first.

N™&MHYV. A special class of form factors beyond k = 2 is given by N™**MHYV, which
has k = n. For amplitudes, the corresponding case is MHV, which has k = n —2. Similarly
to MHV amplitudes, N"*>*MHYV form factors can be constructed via the inverse soft limit
without regard to the order and insertion points. Hence, the on-shell graph is immediate.
The permutation associated to these on-shell diagrams is

N™=*MHYV : c=Mm-1,n,1,2,...,n—2). (3.1)

In the construction via R operators, we now have n — 2 conjugate amplitude vacua J, on
the right of the minimal form factor instead of n — 2 amplitude vacua 61* on its left. In the
simplest case of n = k = 3, this is depicted in figure 7.

NMHYV. The first case that is truly beyond MHV is & = 3 for n > 4. For the case
of n = 4, the BCFW sums for all adjacent shifts are shown in figure 8. They have been
generated using (2.4). Applying the moves in figures 1 and 2, it is easy to see that

Ai = D(i42) mod 4 » Bi = C(i12) mod 4 - (3.2)

These BCFW terms can be obtained as residues from the sum of two different top-cell
diagrams. The first of these is shown in figure 9 together with its permutation and con-
struction via R operators; the second one can be obtained from it by a cyclic shift of
the external on-shell legs by two. Concretely, all vertical edges in the top-cell diagram in
figure 9 are removable. Deleting them, we obtain from left to right Cs, Ay, C5 and As.

Several remarks are in order. First, we do require more than one top-cell diagram
to generate all BCFW terms. Second, the top-cell diagram is not cyclically invariant,
and neither is the corresponding permutation. Instead, we (in principle) have to explicitly
consider all cyclic permutations of the top-cell diagram and the corresponding permutation.
Third, the permutation is not decomposed into a minimal number of transpositions.

It is possible to construct other cases with higher n, k in an analogous way.

N*MHYV and a relation to amplitude on-shell diagrams. We conclude this sub-
section with a general observation relating the on-shell diagrams of form factors with those
of amplitudes. In particular, this will lead to (a conjecture for) the form factor top-cell
diagrams at general n, k.
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AQ CQ
2 3 4 1
2 + + L4
3 4
! 4 1 4 3 ) 3 2

S
R

Ay By Cy Dy

Figure 8. BCFW terms of F, 3 for all adjacent shift. The i line stems from a shift in 4 and i + 1.

(4,2,3,1) =(1,2)<«(3,4)<(2,3)<(1,2) < (3,4) —
+ J—

4 3 2 1

Figure 9. Constructing the top-cell diagram of F, 3 via permutations and BCFW bridges. Note
that the decomposition of the permutation that produces the correct on-shell diagram is not minimal
in the amplitude sense.

We note that the n-point form factor shares interesting features with the (n+ 2)-point
amplitude. To begin with, the MHV degree k ranges from 2 to n in both cases. Moreover,
n + 2 is the expected number of kinematic dependencies if we consider that the off-shell
(super) momentum of the operator can be parametrised by two on-shell (super) momenta.

— 14 —



Finally, we have found that we can obtain the top-cell diagrams of 7, ;, from the top-
cell diagram of A, ;2 by applying moves until a box appears and replacing this box with
the minimal form factor. Graphically, this relation reads

n+1 n+ 2

where we have replaced the box at the legs n + 1 and n + 2 for the sake of concreteness.
This relation is valid for all form factors presented in this paper.

At the level of the BCFW terms, a respective relation can be seen to be true by con-
sidering the BCFW recursion relations (2.2) and (2.4). Note that for n = 2 the amplitude
on-shell diagram is nothing but a box and entirely replaced by the minimal form factor.
Constructing the amplitude A2 ) recursively via (2.2), we find that boxes can only occur
at the boundary of the on-shell diagram. Then constructing 7, ; recursively via (2.4), we
find that each term in (2.4) can be obtained by replacing one of the boxes in a term of the
construction of A, 4o by the minimal form factor. It would be interesting to prove this
relation also at the level of the top-cell diagram(s).

Using the relation (3.3) between F,, j, and A, 2, we can also relate the corresponding
permutations. By replacing the box by the minimal form factor, we can hide the corre-
sponding legs of the amplitude in the composite operator. At the level of permutations,
this connects the preimage of the hidden leg to its image. For A, 2, the permutation
corresponding to the top-cell diagram reads

Aptog o=(k+1,....n,n+1,n+21,2,... k). (3.4)
If we hide the legs n 4+ 1 and n 4 2, we obtain
Fnk - o=(k+1,....nk—1,k1,2,....k—2). (3.5)

Moreover, the top-cell diagram with the minimal form factor replaced by the open legs
n + 1 and n + 2 is characterised by

Fn i without Foo : c=(k+1,...;,n,n+2,n+1,1,2,... . k,k—1). (3.6)

The permutation ¢ allows us to directly generate this on-shell diagram e.g. using the
Mathematica package positroid.m [56].

Let us conclude with a comment about the role of the permutation for form factors.
As for scattering amplitudes, it is invariant under all equivalence moves. In contrast to
the case for tree-level scattering amplitudes, the permutation o for the complete form
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factor on-shell diagram requires a decomposition into more than the minimal number of
transpositions to construct the corresponding on-shell diagram via BCFW bridges as shown
above.' However, the modified permutation & can be directly used to obtain the on-shell
diagram with the minimal form factor replaced by the open legs n + 1 and n + 2. This is
similar to the situation for one-loop amplitudes, whose on-shell diagrams are also best not
constructed from their permutations but from the permutations of the corresponding higher
point amplitudes before taking the forward limit. It would be interesting to fully classify
the equivalence classes of form factor on-shell diagrams and find appropriate combinatorial
labels for them.

3.2 Graflmannian integrals for higher MHV degree

Having identified (a conjecture for) the general top-cell diagram, let us now turn to the
Grafimannian integral representation for form factors.

General considerations on the Gralmannian. The fundamental idea behind Graf}-
mannian integral representations of scattering amplitudes [31-33] is to express momentum
conservation in a geometric way.'> Regarding the external kinematic data as a pair of
two-planes A and X in n-dimensional space, momentum conservation is expressed as the
orthogonality of these planes:

A A=) A =0. (3.7)
=1

The GraBmannian representation linearises this constraint by introducing an auxiliary hy-
perplane C' € G(k,n) such that

(C-NF=)_Cud!=0 and (C*-N)5=D CpA'=0 = A-A=0, (38)
i=1 =1

where C* is the orthogonal complement of C fulfilling C(C*)T =0and I =1,...,k, J =
1,...,n—k. The Graimannian integral for scattering amplitudes integrates a holomorphic
form on G(k,n) on the support of these constraints.

As discussed in section 2.3, we can similarly geometrise momentum conservation for

form factors. Setting

—~
N
LS

ikzj\ka k‘=1,...,n, k#i,j, &:S\i—w, ijz:\j—

(3.9)

—
-~
.
-

for arbitrary ¢ and j, we can express momentum conservation as A - A = 0; cf. (2.27).
We also saw that in the MHV case a naive way of introducing an auxiliary Grafimannian
works. One can simply use the same Grafimannian and the same form as one would use for
the MHV amplitude with the same number of legs. It is clear, however, that this way of
linearising the geometrical constraint cannot work beyond MHV. For instance, the MHV

147t would be interesting to see whether the decomposition is minimal when adding further conditions
such as considering 1 and n to be non-adjacent for the purpose of the decomposition.

15Here, we focus on momentum for brevity. The same arguments apply to super momentum by replacing
X with 7.
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degree k ranges up to n for form factors, while for amplitudes it only ranges up to n — 2.
Since G(n,n) is just a point, a larger Gramannian is necessary for N™**MHV, but in fact
already starting from NMHV.

The different range of MHV degrees already suggests that the correct Grafimannian is
G(k,n+2); this also fits nicely with the observation (3.3) as well as with the general fact that
an off-shell momentum can be parametrised by two on-shell ones. Indeed, instead of (3.9),
we can define new kinematic variables as a pair of two-planes in an (n + 2)-dimensional
space as

=
I
&
-~
1

\.H
3

n+1 gA ) n+2 §B )
el el G10)
= (€ €a)” =7 (€aéB)’

where £4 and £p are arbitrary non-collinear reference spinors. Momentum conservation

=1
Il
3/2
~.
Il

=
3
>

is then expressed as A - A = 0. As shown in (2 27), the two additional on-shell momenta
indeed encode the off-shell momentum: )\n+1)\n+1 + )\n+2)\n+2 —¢q. Analogously, we can
define fermionic variables

cn, i, =0, e, =0,
i N (31 A (N O (3.11)
B =l = heeo T At T T ey 2 T T ey

which encode the off-shell super momentum as Ani17,, 1 + Antofl, 0 = —7 . Super-
momentum conservation can then be written as A -7 = 0.

We can now linearise the constraint imposed by (super) momentum conservation by
requiring C’ ; =0,C"-j=0and C'" - A =0 with C’ € G(k,n +2).

From on-shell graphs to Gralmannian integrals. To show that form factors can be
written as integrals over the GraBmannian G(k, n+2), we break the corresponding diagram
into two pieces: the minimal form factor (2.20) and a purely on-shell piece with n + 2 legs
for which a Grafimannian integral representation is known. We then glue these two pieces
together, i.e. we perform the on-shell phase space integration. We start by discussing this
procedure in a general form that can be applied to any diagram; then, we will look at some
low-point examples to see how the explicit form for top-cell diagrams looks like.

The on-shell piece that will be glued with the minimal form factor can be written
as [31]

1= [0 Q0 g o) e s ok ) (3.12)
(05} Ay

where the matrix C' depends on the «;’s, C' = C(a;) € G(k,n+2) and m is the dimension
of the corresponding cell in the Gramannian. Gluing the minimal form factor to the legs
n 4+ 1 and n + 2 corresponds to calculating

n+2 2 2
42\ d i\ or
/ H (VolGL ]d > 5n+1n+2‘)\_)_)\ I(1,...,n+2), (3.13)
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where 07 was defined in (2.20) and the signs of the corresponding \’s are inverted since
the two particles are ingoing with respect to §%. We can perform the A and 7 integration
using the delta functions of the minimal form factor (2.20); this replaces

- (n+2|q ~_ (n+ 2y~ _
Al = — - —_— -0
ntl (n+2n+1)’ Mt (n+2n+1)’ M1 ’
B (3.14)
i (n+1n+2)’ 'nt2 (n41n+2)" 2 '
To remove the GL(1)? redundancy in the remaining ) integrations, we parametrise
A1 =E€a— BB, Ant2 =€p — B26a, (3.15)

where £4 and £p are two arbitrary but linearly independent reference spinors, which will
be identified with the ones in (3.10). With this, (n+1 n+2) = (5182 — 1)(p £a) and the
replacement (3.14) becomes

N 1 (¢Blg B2 (€alg
Ant1 = B1B2—1 (£B €a) * BiB2 —1 (€a &B)
__ 1 (€I~ B2 (Ealy
Tt B a1 (65 €a) | Biba— 1 (€4 €p)

AR N 7\ R S (319
" BBy —1 (€a€p) | BB —1 (€5 €a)]
- 1 (€alv™ B (Bl
e BB 1 (a &5) | BuPa—1 (€5 a)
At the same time, the measure transforms to
A2\ 41 Ay
T ToraEy (6 6aen &) [ dBias,. (317)

Applying the substitutions in (3.16), we can write (3.13) as

dai  day, dBi1dpBe
a am (1= B152)?

> 5k><2(0/(04i7ﬁi) . /\) 5k><4(c/(ai;ﬂi> g) 5(n+27k)><2(cu_(odi?ﬂi) é)? (3.18)

Ir = (€4 €B)(EB €A>/

where we recombined the columns of the matrix C such that they form the coefficients of
the kinematic data ), 7] defined in (3.10) and (3.11). This new matrix C' = (Cf -+~ C’,.)
depends both on the «;’s as well as the f;’s. Its first n columns coincide with those of C
and the last two columns are given respectively by

, 1

B1
———Cha, o = ———Ch
1= " +2 1 — p1p2

/ 1 52
— C, ———Cpt1.
T BBe 1— 1532 (;119)

Hence, also the first n columns of C't coincide with those of C*+ and the last two

41+ 42+

columns are

Olhy = Chy — BeCilyy,  Clhy =Clh,— BICH,. (3.20)
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The factor of (1—3132)? in (3.18) is a Jacobian from reorganising the C-+ -\ delta functions,
which we can write as

k
5(n+27k)><2(cd_ . A) _ H /dsz 5(n+2)><2 ()\z _ pLCLi) ’ (321)
K=1
where p% with K =1,...,k is a set of auxiliary variables. For the delta functions corre-

sponding to the columns n + 1 and n + 2, we have
2 Ant1 — PLCL n41)02 (Ant2 — pLOL nt2)

— 52()\n+1 — pLC}/ nd+1 — ﬁl()\n—i-Q - pLC}J n+2))

5% (Ant2 — pLCL naa — Bo(Ant1 — pLCY i1))

(3.22)

= (1—611ﬂ2)252()\"+1 ~prCy n+1)52(én+2 - pLCp n+2) -

The above shows that diagrams contributing to the form factor can be expressed
naturally as some Grafimannian integrals. Of course, it remains to find some general
expression for the form that is to be integrated over the support of the delta functions.
For this we will look at some concrete examples first; although the gluing procedure works
for any on-shell diagram, we will from now on focus on top-cell diagrams based on the
conjectured relation with the amplitude diagrams in section 3.1.

MHYV revisited. In this section, we will show that the general procedure outlined in
the last section reduces to the results from section 2 for MHV degree k = 2. This will also
give us a first idea of how the form of the G(k,n + 2) GraBmannian integral looks like in
the general case.

Consider the C’ matrix in the standard gauge fixing,

o (1 0cy - c’1n+2> ’ (3.23)

/ /
01cys -+ Copyo

and kinematic data A, é, 711 with the off-shell information encoded at positions n + 1 and
n+2. Compared to the G(2,n) integral given in (2.26), we have four additional integrations
as well as four additional bosonic delta functions §(C"* - \) involving the (n + 1)™ and
(n 4 2)t" rows of C’. If we choose the reference spinors &4, £p such that &4 = Ang1 = A2

and {p = Apy2 = A1, these four additional delta functions impose
— A1 AT — G A+ =0, ~Cnpa A = o AT AT =0, (3.24)

Upon integrating out these delta functions, we obtain a Jacobian (12)~2 which cancels the
prefactor in the general expression (3.18), and the C’ matrix is set to

C' = (1 0clg - €1y 0 1) . (3.25)

01chy -+ ch, 10
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4 )

10 —ag — _
I= ) o= (37 57 47 27 1) ) C = 0 ) Q20 (6731 )
3 1 0 1 Qs Q30 0

2

Figure 10. On-shell sub-diagram I obtained by removing the minimal form factor from the on-shell
diagram of F3 o shown in figure 4, corresponding permutation ¢ and C' matrix.

&=(3,4,6,52,1),

O = 10 —a3 —as — asas —Ozﬁ(ag + azas) —ag
01 QY (e 78 7% 40506 0 ’

Figure 11. On-shell sub-diagram I obtained by removing the minimal form factor from the on-shell
diagram of F, 2 shown in figure 5, corresponding permutation ¢ and C' matrix.

By defining C as C” without the last two columns, the delta functions are now identical to
the ones in (2.26),

54 C N 88(C ) o et N (3.26)

with the twisted kinematics at position 1 and 2, as in (2.21).

We now have to check whether the form obtained by the gluing procedure yields the
same form as in section 2 after this integration. We have performed the gluing explicitly
for the MHV form factors with up to six external particles. The on-shell subdiagrams
obtained by removing the minimal form factor from the on-shell diagrams, the correspond-
ing permutations ¢ as well as the C' matrices obtained from the Mathematica package
positroid.m [56] are shown in figures 10 and 11 for 3 and 4 points, respectively. We in-
variably found that after changing from edge variables «;, 81, 82 to canonically gauge-fixed

ci;j variables, the integral could be written in the following form:'6

2(n+2) vt V(1 =YV)! N
d C ( ) 54(01_ )\) 68(C/Q) 52n(C/L_é)’

(64 €p)° Vol[GL(2)] (12)(23)--- (n+1n+2)(n+21) -
(3.27)

where
_ (nn+1)(n+21)
Y= (nn+2)(n+11)° (3:28)

1Note that we have ignored overall signs in the gluing procedure since the sign of residues expressed in
edge variables is not readily determined. See [57] for an elaborate algorithm that determines these signs,
though.
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4 )

1 azag 00
1= , c=(5,4,1,3,2), C=]1001a0
3 1 as 0 0 01

2

Figure 12. On-shell sub-diagram I obtained by removing the minimal form factor from the on-shell
diagram of F3 3 shown in figure 7, corresponding permutation ¢ and C' matrix.

We checked up to n = 6 that, after integrating out the four additional delta functions as
in (3.24), the form reduces to one from section 2.3:

Y(1-Y)! . 1
(12)(23) -+ (n n+1)(n+1n+2)(n+21)| , (12)(23) -+~ (n=1n)(n1)| ,

(3.29)

Three-point NMHV. The simplest NMHV form factor is F33. Diagrammatically, it
can be obtained from a k-increasing inverse soft limit of the minimal form factor. Using the
general gluing procedure outlined above, we find after a change of variables the following
Grafimannian integral representation:

a5’ Y(1-Y)! ' 5 - /
(€4 85" Vol[GL(3)] (123)(234)(345)(451)(512) 0°(C7- 1) (- D EHC™ ), (3.30)
where (234)(512)
Y = (235)a12) (3.31)

and the off-shell (super) momentum is encoded in the on-shell variables at position 4 and
5; cf. (3.10).
Let us now evaluate the Gramann integral (3.30). After gauge fixing, the matrix
C’ reads
100¢d), ds
C'=1010c, |- (3.32)
001 chy chy

We can solve for ¢}, and c}; with i = 1,2, 3 by contracting the terms inside 6%(C” - \) with
Aq and As. This yields

/ [5] (€lqld] p 4] (EBlald]

(3.33)

4= "as) 2 0 BT T ¢

where we have used (3.10) in the second step. Inserting (3.33) into §*(C"*-)), we obtain the
momentum-conserving delta function contracted with A4 and §5. Undoing this contraction
yields a Jacobian of [45])%, which, together with the Jacobian [45]7® from the previous

contraction with \4 and ég,, gives [45] 117

"Note that we have dropped the double underscore in the notation for the spinor brackets.
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I= . &=1(4,6,5,1,3,2),

3 2

las+a4 0 —asag —asazag 0
cC=10 1 0 —a3 —q30g  —oq
0 0 1l as+ar asog 0

Figure 13. On-shell sub-diagram I obtained by removing the minimal form factor from the top-cell
diagram of F4 3 shown in figure 9, corresponding permutation ¢ and C' matrix.

Inserting the solutions (3.33) into (3.30) and applying the Schouten identity, we find

e Y(l *Y)_l oy - /
(€a €B>2/V01[GL(3)] (123)(234)(345) (451)(512) 56(0 é) 512(0 Q) 54(CJ_ é)
(q2)2 19/ ~1  ~\ o4 3
:mé (C' )6 <;pi_Q>7 (3.34)

which agrees with the result of [7].

Note that the cyclic invariance of the form factor is not manifest in (3.30). The final
expression (3.34) obtained from its evaluation, however, is manifestly invariant under cyclic
relabelling of the legs 1, 2 and 3, as can be seen from (3.33).

Four-point NMHYV. As discussed in subsection 3.1, the four-point NMHYV form factor
is the first example of a form factor for which it appears natural to combine different BCFW
terms diagrammatically into a top-cell diagram with additional edges. Note that the gluing
procedure outlined in the beginning of this subsection together with the connection (3.3)
will indeed generally lead to a top-dimensional integral over the Gramannian G(k,n + 2).

From the general expression (3.18) and the on-shell diagram and C' matrix shown in
figure 13, we obtain a result that can be written in the following form:

d3><60/

(éa €B)° VolGLE) Quz 65(C"-2)62(C" - 7) 85(C™ - )) (3.35)
e (1-v) (345)(612)
Y(1-Y)" 345)(612

s = (123)(234)(345)(456)(561)(612) ’ Y= (346)(512) - (3:36)

Gluing the same diagram at legs 2 and 3 and relabelling to obtain the other top-cell
diagram, we find with the same A, A, 7] as for the first diagram:

d3><60/
<§A §B>2/VO1[GL(3)] <Q4,3

>> §8(C’- X §(C - 7)) S (C ). (3.37)

123456 AN
R
341256
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Conjecture for all n,k. Based on the (conjectured) relation (3.3) between the top-
cell diagrams of amplitudes and form factors for generic n,k,'® we have computed the
Grafimannian integrals for all form factor top-cell diagrams up to six points, with the
minimal form factor glued at positions n 4+ 1 and n + 2. The on-shell diagrams that need
to be glued in this case are labelled by the permutation given in (3.6). We have invariably
found the following representation:

2 dkx(n+2)cl 2xkovt N\ sdxk =\ §2X(n42—k) (L
(€4 &) W Qng o (C é)é (& 'Q)fs (c é)a (3.38)

where

Qg = (1 k)2 k+1)--- (n---k‘:S)(n—i—l---k:—2)(n+2---k:—1) ’

(n—k+2---nn+1)(n+21---k-1)
(n—k+2---nn+2)(n+11---k—1)

and the off-shell data is encoded in the kinematical variables at the position n+1 and n+2
as in (3.10).' In general, up to n copies of this form have to be considered, which arise
from cyclic shifts in the labels 1 to n.

We will present further checks for this conjecture in the next subsection.

Note on deformations In contrast to the MHV form factors considered in section 2, we
did not employ the method of R operators for more general form factors and hence we have
so far not included deformations in the GraBmannian for N¥MHV as counterpart to what
was done for amplitudes in [41, 42]. The reason we preferred a direct gluing procedure is
that it immediately leads to a top-dimensional integral over the Grafimannian. The method
of R operators, while still applicable, will in general result in a Graimannian integral with
some of the delta functions already integrated out. Nevertheless, a general expression for
the deformed top-dimensional form could be obtained in this way; we leave this for future
work.

3.3 Twistor and momentum twistor Gra3mannians

Next, let us transform the previously obtained Gramannian integral representation from
spinor helicity to twistor and momentum twistor variables. Throughout this subsection,
all kinematic variables are defined as in (3.10) and (3.11). In order to facilitate notation,
we will hence drop the double underscore from all spinor (and twistor) brackets.

Twistor space. Given the Grafimannian integral (3.38) in momentum space, we can
transform it to twistor space in analogy to what was done in the amplitude case in [32].

8 Above, we have explicitly checked that this conjecture leads to the correct result for k =2, k =n =3
and k =n — 1 = 3. Further checks will be given below.

19The quotient Y always corresponds to the product $1 82 from the gluing procedure (3.18) and thus the
factor Y(1 —Y) ™" always cancels a factor of [8182(1 — B182)] " that arise when the consecutive minors are
translated into edge variables a;, $1 and B2 and that is not present in (3.18).
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The super twistor space we use here corresponds to our special choice of spinor helicity
variables (3.10) and (3.11) and is given by the set of all super twistors

>

Wi = (i, Xi> 1) » (3.40)

where [i; is related to \; via Witten’s half Fourier transformation [58]

°— /dz)\j exp(—ifij Aja) ® - (3.41)

Via (3.41), the prefactor in (3.38) can be written as

I

2 _
(64 tp)” = <aén+1 Ofin 2

(3.42)
The delta function §2*("+2=F)(C"L . \) can be written as in (3.21). Applying (3.41) to this
representation and performing the integrals over \; via the delta functions, we find

k nt2 k
1 [ @orcenp (=130 3 piChios) =*(C" ), (3.43)
K=1 j=1L=1
Hence, we can write (3.38) as

o o 5 / dkx(n+2)cl

)" | oAy ek 6HC W), 3.44
Flins1 Oinga’ ) VollGLm) S O (@W) (3.44)

where 2,  is given in (3.39).

It would be interesting to further investigate the structure of this expression; we leave
this for future work. Instead, we will now transform the Grafimannian integral to mo-
mentum twistor space, which will in particular facilitate the explicit calculation of some
example form factors.

Momentum twistor space. Next, we transform our result to momentum twistor space
following the strategy of [34, 59].

In order to introduce the momentum twistor variables Z; = (A, i,1:) [60] corre-
sponding to our choice of variables (3.10) and (3.11), we define the dual (super) momenta
Yi (’191) Via,20
)\zﬁz =19; — 191‘_;,_1 . (345)

Nidi = Yi — it

Note that we base the dual (super) momenta on the closed contour obtained by adding
Pn+1 and p,o instead of the periodic contour as done in [7, 18]; cf. figure 14. Then, we
define y; and n; via the incidence relations

i = Aiyi = Aiyir1, i = A0 = Aidiga (3.46)

20We use the definitions of [59], which coincide with the ones of [7] but differ from the ones of [18] by a
global sign and a cyclic relabelling.
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Figure 14. Momenta and dual momenta in the case of form factors, shown for n = 4. In contrast
to the case of amplitudes, the n on-shell momenta do not add up to zero but to the off-shell
momentum ¢ of the operator. Hence, the contour is not closed but periodic. In order to obtain a
closed contour, two on-shell momenta p,4+1 and p,42 can be inserted between any y; and y;+1 of
the periodic contour. Two different choices are shown in shaded frames.

Inverting these relations, we have

_ <i+1’i>g¢71 + (ii—1

~—

i1 + (i—li+ 1)y

N =

- =1 (i i+1) :

(i1l + (G 1)mign + (- Lit 1), (3.47)
= (i—1d)(iit1) :

We start the transformation of the Grafmannian integral from momentum space us-
ing the representation of §2*("*2=k)(C*L . )\) as (3.21). We can use part of the GL(k)

redundancy to fix
0---010
= ) 3.48
P (0 200 1) (3.48)

As a consequence, the delta functions in (3.21) fix the last two rows of C as

/ 1
Ckfli _éi )

Chi =\ (3.49)

Then, (3.38) becomes

(€a €6)%5' (A 1) %A+ 1) / e (0 1) D ()
£ 202 [ NOIGL(k —2) x Ty_g] ~ ™F = ’

(3.50)
where the integral and the delta functions contain only the first & — 2 rows of C’. The shift

symmetry T;_o acts on these k — 2 rows as
Ol — Ol +muM +ro ), I=1,...,k—2, (3.51)

with r17, ror arbitrary. According to [59], (3.47) leads to

n+2 n+2 n+2 n+2

ZC}Z’&:_ZD”@’ ZC}Z@Z’:—ZDHQZ‘, Izl,...,k—2, (352)
i=1 i=1 i=1 i=1
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where the matrix D is defined via

Dy — (1i+1)C g + (i—10)Ch 1y + (i+1i-1)CF, 553
Z (i—1iY(iit1) : :

Next, we rewrite the minors of C’ in terms of minors of D. In [59], it was found that the
consecutive minors are related as

(Cl...CL) =—(12) -+ (k—1K)(Ds...Dyy) (3.54)

and its natural extension via cyclic shifts. However, we do also need non-consecutive
minors, as can be seen from (3.39). For these, we find

(C1...ChiCrpy) = —(12) - (k=2k—1)(k=1k+1)(D2. .. Dj1)

—(12) - (k—2k—1)(kk+1)(Ds... Dy2Dy), (5.55)
(C1C5... Chyy) = —(13)(34) -+ (k k+1)(Ds... Dy)

—(12)(34) -+ (kk+1)(D2Dy ... D).

Using (3.54), the product of consecutive minors in (3.39) becomes

(1 k)or - (n42-- k=D = (=1)"P2((12) - (n+21)* 11 k)p--- (n+2-- - k—1)p.

(3.56)
For Y, we find using (3.55)
(k42 nntdontl 1l k-1
D(n—k+3---
_ (nnt1)(n—k+3---n)p (3.57)

(nn+2)(n—k+3---n)p + (n+1n+2)(n—k+3---n—1n+1)p
(n+21)(1---k—2)p
(n+11)(1---k—2)p + (n+1n+2)(n+22-- - k—2)p

The remaining steps in the derivation of [59] go through unchanged. First, we use the
Tj,—o shift symmetry to set C;; = C', = 0, which changes the measure as

(k—2)x (n42) (k—2)x (n)
d C g2 O (3.58)
Vol[GL(k — 2) X Tj_o] Vol[GL(k — 2)]
Then, we perform the change of integration variables from C’ to D, which yields
dk=2)x(n) oy (12) -+ (n+21)\"2 dkE=2x() p 250
Vol[GL(k —2)] < (12)2 ) Vol[GL(k —2)] (3:59)

Finally, we undo the gauge fixing of the first two columns of the C’ matrix, which yields
factors of

(12)8*(Dri M) (3.60)

for I =1,...,k—2. See [59] for details of these steps.
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The final expression we find is

d(k—2)><(n+2)D
P e 0 I S GO 0 ) B4 3.61
g ’Q/Vol[GL(k—Q)] ok (D-2), (361)
where
Q- (n1)(n+1n+2) Y(1-Y)!
" (nn+1)(n+21) (1---k—-2)(2---k=1)---(n---k=5)(n+1---k—4)(n+2---k—3)
(3.62)

and Y is given in (3.57).

A convenient choice of reference spinors. It turns out that one choice of reference
spinors &4, g is particularly convenient. If we set

5"4 = én—&—l =M\ ; §B = An+2 = ATLy (363)

the above momentum twistor GraBmannian integral for N¥MHV becomes

. d(k—2)><(n+2)D _}7(1 _ Y/)—l 54(k—2)|4(k—2)(D . Z) (3 64)
"2 I Nol[GL(k—2)] (1---k=2)--(n---k=5)(n+1---k—4)(n+2---k—3)"
with k+3 1o k=2

(n—k+3---n—1n+1)(n+22---k—2)"

Examples at MHV, NMHYV and NNMHYV. Let us look at some special cases of the
above GraBmannian integral representation. For k = 2, the matrix D is zero-dimensional
and all consecutive minors of D are 1 whereas all non-consecutive minors are 0. Hence, the
integral in (3.64) is zero-dimensional while the integrand is 1.2! Considering the prefactor
Fn,2, this is precisely the correct result.
For k = 3,

D= (dl dy - - dn+2) . (3.66)

The consecutive minors of D are equal to the single d; included in them and the non-

consecutive minors are equal to the d; that is alone on its side of the gap, cf. (3.55). Hence,
the GraBmannian integral (3.64) becomes

d1><(n+2)D 1 1 1
0 2/ s(D- 2). (3.67)

VOI[GL(l)] 1— % d1 < dn dn+1dn+2
10n

Note that in all of the examples considered in this subsection we will use the convenient
choice of reference spinors (3.63) to obtain compact expressions. We have explicitly checked
that our results are indeed independent of this choice.

The simplest example for kK =3 isn = 3:

d*5p 1 1

SN d1 21 + doZo + d3Zs + duZy + ds Zs5) .
F3,2 VOlGL(L)] 1 &% d1dsdydeds (121 + d2Z25 + d3 23 + ds 24 + d525) . (3.68)

2INote that, although Y is singular when inserting the above values for consecutive and non-consecutive
-y —(n—k4+3---n)(1---k—2)
1-Y ~ (n—kt3-n—1 ntl) (nt2 2+ k—2) — (n—k43---n) (1---k—2)

minors, the ratio is 1 in this case.
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We can use the GL(1) redundancy to fix ds = (1234), where the four-bracket is defined as
(ijkl) = det(Z;2;Z,Z1) = eapcpZi 27 Z¢ ZP (3.69)

with Z; = ()i, pti). The remaining four integration variables are then completely determined

by the delta function:

dy =(2345), dy=(3451), d3=(4512), dy4=(5123). (3.70)
Thus,
[12345]
(2345)(4512)

where the five-bracket is defined as

§4((i j k 1)nm + cyclic)

i jklm] = . 72
BTREm] = RN G R )k Em ) {Tmi ) (m i R) (8.72)
This result numerically agrees with the one found in [18].
For general n, the denominator of (3.67) has poles for
di=0, 1 =2,....n—1,n+1,n+2,
g Boitdniz o dnadnss iy didy (3.73)
dn ) n dl ) n—+ dn+2 ) n+ dn+1 :

In principle, one can consider (composite) residues of (3.67) for zero and non-zero values
of the d;. However, we find that it is sufficient to consider residues which are composed of
individual residues taken at zero.?? As in the amplitude case discussed in [59], these can be
characterised by the five d;’s with respect to which no residues are taken. In contrast to the
amplitude case, these have to include dy and d,,. We have to consider two cases. In the first
case, no residues are taken with respect to d,4+1 and d,42. The resulting expressions are

1

Res; = . TS i) [int+1ln+21n], (3.74)

(rvi et op2) (i el 2 1)

where i € {2,...,n — 1}. In the second case, at least one residue is taken with respect to
either d, 41 or dy42. The resulting expressions are

Res; i, = [ijk1n], (3.75)

where i,j,k € {2,...,n—1,n+1,n+2}.

An additional property of form factor top-cell diagrams arising here is that we have to
take the sum of more than one form. This can also be achieved by shifting the legs between
which the minimal form factor is glued-in from (n,1) to (n + s mod n,1+ s mod n), cf.
figure 14.

22This can also be understood from the corresponding on-shell diagrams.
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Numerically comparing with the results of [18], we find
B s=2 | Ra T2
Fi3 = Fa2(+Resz + Resa 35 + Res3™~ + Resg 35)
— =3 _ —
Fs,3 = Fs2(+Ress + Resg a6 + Res;?)’ﬁ + Res™ — Res2.3.4 (3.76)

- s=3 ——s=3 s=1
+ Resa 36 + Resg 47 — Resy 34 + Res;™ ),

where the superscript s specifies the shift. This also gives further support for the rela-
tion (3.3).

Finally, we look at the simplest example of k& = 4, namely n = 4. In this case, the
matrix D can be gauge-fixed to be

1 0 di3 dia dis dig
D= . 3.77
(0 1 dag doy das d26> (8.77)

The delta functions completely fix their entries to

_ (i456) (i356) . (i346) (i345)
BT T3456) T T T (3456) 7 T (3456) %6‘"+@456>’ (3.78)

where i = 1,2. Hence,?3

£ _ . (1345)(1346)(1356)(2346)(2356)(2456) [13456] [23456]
93 4)(1236)(3456)2((1246)(1345) + (1256)(3456))

We have successfully checked (components of this expression) against [7].

(3.79)

4 Integrability and form factors

After having already used the integrability-related R operators in section 2, we now study
the integrable structure of form factors in N/'=4 SYM theory more carefully. Apart from
linking integrability approaches from the spectral problem and the study of amplitudes,
this is also motivated by the search for symmetries.

We approach this problem by introducing the spin-chain monodromy matrix as it
appeared in the context of tree-level amplitudes [35, 36]. While the on-shell part of the form
factors, studied in the previous sections and built from the R operators (2.14), is Yangian
invariant, we find that this symmetry is broken by the insertion of the minimal form factor,
i.e. the off-shell part. However, the off-shell part can be interpreted as an eigenvector of the
corresponding transfer matrix. From this we show that all form factors of the chiral stress-
tensor super multiplet are annihilated by the corresponding transfer matrix.?* This is the
analogue of Yangian invariance for form factors. Finally, we show that the transfer matrix
acts diagonally on a given minimal form factor of a generic operator if the corresponding
operator renormalises multiplicatively, i.e. is an eigenstate of the integrable Hamiltonian
studied at one-loop order in the spectral problem. As a consequence, also certain planar
leading singularities of loop-level form factors of generic operators are eigenstates of the
transfer matrix.

ZNote that there is a subtle sign occurring in the evaluation of the momentum twistor Grafmannian
integral for F4 4, which is also present in the case of the corresponding amplitude Ag 4.
24For this particular super multiplet, the corresponding eigenvalue is zero.
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4.1 Spin chains and Yangian invariance

In the following, we introduce the spin chain that appeared in the context of tree-level
amplitudes [35, 36, 39, 40]. In the spin-chain language, the integrability construction is
naturally formulated using the complex Lie algebra gl(4|4) instead of psu(2,2|4).

The gl(4]4)-invariant Lax operator relevant for the construction of the integrable spin
chain naturally acts on the tensor product of two spaces and depends on the spectral
parameter u:

Li(u) =--F- = u+ (-1)FleAB 2854, (4.1)

i

where A = (a, &, A). We have introduced a graphical notation, usually used in the context
of vertex models, to depict the tensor structure of the Lax operator, see e.g. [36], and | - |
denotes the grading. While the auxiliary space is finite-dimensional with the generators
(eAB Jep = 5@4(5% and illustrated by the dashed horizontal line, the quantum space at site
7 is infinite-dimensional and is denoted by the vertical line. The corresponding generators
are realised in the Jordan-Schwinger form JAB = 34 pB using the Heisenberg pairs

0 0 o ~.
A e _ A _ & A - SA B (1Al s AB
T </\, 6)\‘5"81?‘)’ D <a/\a,A o7 > with  [27, p7] = (=1)"1677,
(4.2)

where [, -] denotes the graded commutator; see e.g. [37].

The spin-chain monodromy matrix is built from the n-fold tensor product of the Lax
operators (4.1) in the infinite-dimensional quantum space and matrix multiplication in
the auxiliary space. Graphically, multiplication from the left or the right in the auxiliary
space (quantum space) correspond to attaching vertices from left (bottom) or right (top).
We define

Ma(uy {vi}) = --p == f o= La(u = o) Lalu—v)Lalu—vr), (o)

with inhomogeneities v; that are local shifts of the spectral parameter wu.
For later purposes, we also introduce the corresponding transfer matrix, which is con-
structed from the monodromy matrix as the super trace over the auxiliary space:

777777777777777

T (u, {v;}) = %{{ = str My, (u, {v}). (4.4)
As a consequence of the Yang-Baxter equation, this transfer matrix is gl(4|4) invariant:

[T(u, {vi}), 2: J;“B} =0. (4.5)

Tree-level scattering amplitudes are Yangian invariant [43]. Instead of using Drin-
feld’s first realisation, this can be expressed as a set of eigenvalue equations involving the
monodromy matrix in (4.3), cf. [35, 36]:

My (u, {v;iH)AxTA. (4.6)
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While for the physical amplitude the inhomogeneities v; are zero, they can be set to non-zero
values to obtain deformations of the amplitude with non-vanishing central charges [37, 55].

From (4.6), it follows that the transfer matrix (4.4) acts diagonally on tree-level am-
plitudes yielding a vanishing eigenvalue. However, this condition is weaker than the set of
eigenvalue equations in (4.6).

4.2 Form factors of the chiral stress-tensor multiplet

Next, we study the action of the monodromy matrix (4.3) on more general form factor
expressions F of the chiral stress-tensor multiplet, which we define as

F =Riyjy(21)  Ripj (2m) Foo(k — 1,k) (4.7)
with

Foolk —1,k) =067 -6, Faolk—1,k) 65y -0, - (4.8)
They are constructed from a chain of R operators acting on a vacuum state that is composed
of the amplitude vacua 57;+ , 0; as well as the minimal form factor (2.20). The R operators
and amplitude vacua correspond to the on-shell part of the diagram, with the minimal form
factor cut out. The number m of R operators depends on the diagram under consideration.
Moreover, the R operators have to be chosen in such a way that the corresponding diagram

25 This generalises the construction we used in section 2 (see e.g. (2.18) and

is planar.
figures 4, 5, 9), and is another way of writing the gluing of diagrams that was performed in
section 3. Note that these objects correspond to any planar on-shell diagram containing an
insertion of the minimal form factor, including top-cell diagrams, individual BCFW terms,

factorisation channels etc.

On-shell part. It was discussed in [35, 39, 40] that tree-level scattering amplitudes can
be constructed via the method of R operators which naturally include the inhomogeneities
v; as deformations of the local central charges [37].2 These operators, defined by their
action on functions of the kinematic data in (2.14), can be formally written as

dOé — D
Ry (u) = H _ / el (4.9)

The operator R can be seen as one of two basic building blocks for Yangian invariants. It
satisfies the Yang-Baxter equation

Rij(uj - uz)ﬁj(uj)ﬁl(uz) = Ej(uz)ﬁz(uj)Rw(uj - Uz) N (4.10)

%5In particular, we assume that for each operator Ri; the indices satisfy ¢ < j; this corresponds to the
chosen convention for the BCFW shifts.
26Gee also [36], where Yangian invariants were constructed using Bethe ansatz methods.
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with the Lax operators defined in (4.1). This equation can be depicted as

S

The other basic building blocks are the vacuum states J; = §%(\;) and 6; = 62(N)84(;)
introduced in (2.15). They satisfy

Li(u)d=(u—-1) 14", Li(u)d;, =u 16, , (4.12)
which can be depicted as
F A = =
b-=@-1) | k- =u | . (4.13)

The properties (4.10) and (4.12) guarantee that an appropriate combination of R operators
with a suitable choice of inhomogeneities acting on the tensor product of vacuum states
(5Z-+ and ¢; is Yangian invariant [35, 39, 40]; the required choice of inhomogeneities will be
discussed in the following. However, further below we will also see that Yangian invariance
is broken by the insertion of the minimal form factor.

As discussed in [35, 39, 40], the monodromy matrix (4.3) satisfies certain exchange
relations with a chain of R operators. As a consequence of (4.10), one finds

M(u, {vi}) Riyji (21) - - Rigjon (2m) = Riji (21) - - Rigjn (2m) M(u {vg(i)}), (414)

where M(u, {vy(;)}) denotes the monodromy matrix in (4.3) with the inhomogeneity at
site ¢ permuted such that v; is replaced by vs(;). Here, o is the permutation associated to
the on-shell diagram and can be read off as discussed in section 2.1. The inhomogeneities

v; and the spectral parameters z; have to satisfy the relations
20 = VUry(ig) — Vry(hp) with Ty = (il,j1)<1~--<1(ig,jg), L= 1,...,m, (4.15)

see [35, 39, 40].2” The inhomogeneities v; associated to the ith external leg, i.e. to site i,
are related to the central charges ¢; via [3§]

Ci = Vi — Vg(j) - (4.16)

Therefore, for a planar on-shell diagram with valid deformations, we can commute the
monodromy matrix through the chain of R operators in (4.7) using (4.14):

M (u, {0 ) F = Riyjy (21) - Ripjon (2m) Mun(u, {vo(y}) Foo(k — 1K) (4.17)

Since the Lax operators act diagonally on the vacua (4.12), we can eliminate all Lax
operators that do not act on the minimal form factor. We end up with the monodromy
matrix

MQ(U, {va(i)}) = Ek(u - Ua(k))»ck—l(u - Ua(k—l)) (4.18)

2TRecall that m denotes the number of R operators.

~32 -



A ws AL C T

[ BCFW bridges ] B [ BCFW bridges ] [ BCFW bridges ]
n 1 n - 1

Figure 15. Action of the monodromy on F, 2.

n—1--- n—1 -

of length two acting on the minimal form factor F2(k — 1, k) at sites k — 1 and k:

Mn(uv {va(i)}> ]:372(]{ -1 k)
4 + B _ (4.19)
= f(u7 {Uo(i)}) 61 e 6k—2 [MQ(uv {va(i)})‘F?,Q(k - 17 k) ] 6k+1 6n )
where
k—2 n
fu, {vo}) = [J(w—voiy = 1) ] (u—v00))- (4.20)
i=1 j=k+1

As we will discuss below, this significant difference to tree-level amplitudes breaks the
Yangian invariance. However, as we will also see, some of the integrable structure remains.

Using the graphical language introduced earlier, we depict the formulas discussed above
for the case of F;, 2 in figure 15. The left picture in figure 15 represents the monodromy
matrix (4.3) acting on the chain of R operators (BCFW bridges) as introduced in (2.14)
and (4.9) contracted with the minimal form factor (2.3) and the corresponding vacua (2.15).
n (4.17), we commuted the monodromy matrix through the chain of R operators (BCFW
bridges) as shown in the middle picture. The action of the Lax operators on the delta
functions of the on-shell vacua was discussed in (4.12). As in (4.19), we end up with a
monodromy matrix of length two acting only on the minimal form factor as shown in the
right picture of figure 15.

Minimal form factor. One can explicitly check that the minimal from factor is not
an eigenstate of the length-two monodromy matrix (4.3), and thus not Yangian invariant,
cf. (4.6). This can be seen since, for example, the momentum-like generators do not contain
the off-shell momentum ¢. Acting on the minimal form factor, this produces

(M1 M—1 + MeAe)0* Nem1 M—1 + Mede — @), (4.21)

which does not vanish, as would be required for Yangian invariance in the sense of (4.6).
However, as we will show, the minimal form factor is annihilated by the graded sum of the
Yangian generators on the diagonal of the monodromy matrix, i.e. the transfer matrix (4.4),
for equal inhomogeneities:

T2(u —v) = str Ly (v — Vo)) Lr—1(t — Vo(k—1)) 5 with  vy(p—1) = Vo) =v.  (4.22)
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This can be seen as follows. First, note that we can look at the action of the transfer
matrix (4.22) on a single component of F3 5 due to its gl(4]|4) invariance (4.5). We take as
an example the component

T i () (P (4.23)

which corresponds to the minimal form factor of the operator tr(¢™+¢*™) in (1.2) with
outgoing scalars label by & — 1 and k. Note that the transfer matrix does not depend on
~~. Second, one can check that the transfer matrix annihilates the momentum-conserving
delta functions,

7§(u — 0)54()\15\1 + )\25\2 — q) =0, (4.24)

and thus acts only on the product of 7’s, yielding

Ta(u — o)y 2 i g
A B B 42 41 =42
= ((U_U_l)(mk P 1+33kpk)+( )l ka 1L 1pkxk)77k e =0.

(4.25)
This shows that the minimal form factor is an eigenstate of the transfer matrix with
eigenvalue zero, i.e.

Ta(u —v)Fa2=0. (4.26)

Moreover, due to the fact that the monodromy matrix, and therefore also the transfer
matrix, commutes through the chain of R operators as discussed above (4.14), the same
statement applies to any planar on-shell diagram with an insertion of the minimal form

factor (4.7):
To(u, {vi}) F =0, (4.27)

with the constraints on the inhomogeneities given in (4.22). As for amplitudes, the whole ar-
gument is in particular valid for vanishing inhomogeneities, i.e. for undeformed form factors:

TnFnk =0. (4.28)

Note the similarity to the Yangian invariance condition of scattering amplitudes (4.6):
taking the super trace for them shows that they are also eigenstates of the transfer matrix
with eigenvalue zero. Equation (4.27) implies that form factors, although not Yangian
invariant, are still annihilated by a certain combination of the Yangian generators.

4.3 (eneric operators

In the previous section, we have shown that form factors of the stress-tensor super multiplet
can be interpreted as eigenvectors of the transfer matrix (4.4) with vanishing eigenvalue.
In the following, we want to extend this to all operators. We will study the action of the
homogeneous transfer matrix on the minimal form factors of generic single-trace operators,
and find that they too are eigenvectors provided that the single-trace operators are chosen
as eigenvectors of the spectral problem. Combining this with an R-operator construction
similar to the one in the previous section, it follows that all planar on-shell diagrams that
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include these minimal form factors are also eigenstates of the transfer matrix. In general,
these objects should correspond to leading singularities of loop-level form factors. For the
purposes of the following discussion it will be convenient to work in components and, in
contrast to the rest of this article, we do not employ harmonic superspace variables here.

Generic operators in A/ =4 SYM theory can be conveniently represented via two sets of
bosonic oscillators af; and bf; and one set of fermionic oscillators dT? acting on a suitable
vacuum [61, 62]. The oscillators in this oscillator picture transform under psu(2,2[4) in
the same way as the super spinor helicity variables Af, 5\20‘ and 77;4 and the algebras are
formally the same if one identifies

al® & A%, bi® & A7, alt <,

P P P (4.29)
oy bia o Oia= vz, diar0ia=——5;
aro Oh 4T gxa THATTTIAT Gaa

)

Ao 8@',04 =

see [63] for a detailed comparison of these representations.

In [64], this identification was used to connect the one-loop dilatation operator to the
tree-level four-point scattering amplitude based on symmetry considerations. The field-
theoretic quantities behind such an identification in the composite operators are actually
form factors. Concretely, it was shown in [19] via an explicit Feynman diagram calcula-
tion that the colour-ordered minimal tree-level super form factors of generic single-trace
operators O can be obtained from their representation in the oscillator picture as

L al® - Ao
For(l,...,Liq) =L&" [ > Xdi—q| [O]bl* w55 |, (4.30)
i=1 dft —

where L is the number of fields in the single-trace operator which has been translated
according to (4.29).

Due to the gl(4]|4)-invariance of the transfer matrix (4.5), it commutes with any func-
tion f (Zle JAB). This in particular implies that it commutes with the momentum-
conserving delta function in (4.30), which becomes clear after rewriting

L
4 (Z )\ij\i - q) = /d4w e%i(ZiL:l Aidi—q)w (4.31)
i=1

and recalling that Jia‘"‘ = )\Za;\f‘ Thus, the transfer matrix only acts on the operator
translated into spinor helicity variables. Translating the spinor helicity variables in the
transfer matrix 7 to oscillators using (4.29) yields

fo
87l,ou )\? — Qja,

Disas A& = byg, bzd . (4.32)
ai,A7 ﬁ? — di,A’ dIA

T(u) =strLp(u)---Li(u) with Li(u) = L;(u)

We obtain the relation

To(u)Fo,L = Fr,wo,L (4.33)
where
al® - Ao
Fr,wo,r = Lo* Z/\ i —q | [(Tr(w)O)| bis 5 3é (4.34)
di* =

— 35 —



Having expressed the action of the transfer matrix 7 on the minimal form factor Fo .
in terms of the transfer matrix Ty, cf. (4.33), we will now argue that Ty, acts diagonally
on O, i.e.

Tr(u)O =t(u)O, (4.35)
if the state corresponding to the operator O is an eigenstate of the spin-chain Hamiltonian
H, i.e. the one-loop dilatation operator of N'=4 SYM theory. Here, t(u) is a polynomial
in the spectral parameter u.2® While the particular transfer matrix T'(u) does not contain
the spin-chain Hamiltonian H, it is commonly used to diagonalise the commuting family of
operators [65]. Here, we show that for v; = 0 the transfer matrix T'(u) commutes with H
using a criterion by Sutherland [66] and therefore belongs to the same family of commuting
operators, see also [67]. This is a consequence of the Yang-Baxter equation

Ri7i+1(u)Li (U + U,)Li+1(u,) =L, (U,)LZ (U + U,)Ri,iJrl (u) (436)

studied in [37] where the harmonic R matrix R was derived, see also [36]. The expansion
of the harmonic R matrix contains the Hamiltonian density #;;+1 at first order in the
spectral parameter R, ;11(u) = Piip1(L+uMtiip1 + ...), see e.g. [67] as well as [37, 68]
where this relation was discussed in relation to N'=4 SYM theory. Taking the derivative
of (4.36) with respect to u and subsequently multiplying with the permutation operator
Pi i+1, we obtain

[Hii+1, Li(u)Lig1 (0)] = Li(u') — L1 (u'). (4.37)

As a consequence, one finds that the Hamiltonian commutes with the transfer matrix
L
H,T(u)] =0, with H=) Hi, (4.38)
i=1

where periodic boundary conditions Hy, 41 = Hp,1 are imposed.

Just as for the minimal form factor of the chiral stress-tensor multiplet in section 4.2,
we can glue planar on-shell diagrams to the minimal form factor (4.30) using R operators,
cf. (4.14). By construction, this part is Yangian invariant and the monodromy matrix can
be commuted through the chain of R operators as shown in (4.17). The commutation
relations for the transfer matrix built from that monodromy matrix follow immediately
after taking the trace in the auxiliary space, see the first step in figure 16. Using (4.33),
we find

ﬁl(u) ]:-(9,71 = f(u)j:TLO,na (4'39)
where f(u) denotes the factors arising from the action of the Lax operators on the vacuum,
see (4.12). Finally, from the argument presented above, we find that these generalisations
of (4.7) are eigenstates of the transfer matrix T,

Ta(w) Fou = f(w)Fryon = fu)t(u) Fon., (4.40)

if the operator satisfies the eigenvalue equation (4.35). This generalises the corresponding

identity (4.27) for the stress-tensor super multiplet and can be denoted graphically as

shown in figure 16.%°

28In the framework of the Bethe ansatz, the eigenvalues t(u) can be parametrised by the Bethe roots.
2Tn fact, the intermediate state in figure 16 depicts the generalisation of the right hand side of (4.19) to
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on-shell part

Figure 16. Action of the transfer matrix on an on-shell diagram with an insertion of the minimal
form factor of the operator O.

Note that ]:"Qn does not necessarily correspond to a tree-level form factor of the com-
posite operator O. However, at least some of the on-shell diagrams correspond to leading
singularities of loop-level form factors. It would be interesting to see whether general tree-
level form factors are eigenstates of the transfer matrix, and whether the identities (4.39)
for leading singularities are hints of similar integrability properties at loop level.

5 Conclusion and outlook

In this paper, we have extended many concepts that were developed in the context of the
purely on-shell amplitudes to the partially off-shell form factors, focussing on the tree-level
form factors of the chiral part of the stress-tensor multiplet as an example.

We have shown that on-shell diagrams can be used to characterise form factors by
including the minimal form factor as a further building block in addition to the three-
point MHV and MHV amplitudes. Apart from the equivalence moves for amplitudes, this
requires a rotation move that reflects the cyclic invariance of the three-point form factors.
Moreover, we can extend the concept of a top-cell diagram to form factors. Whereas one
top-cell diagram suffices for amplitudes, we require several ones for form factors. We have
given a conjecture for the top-cell diagrams for all numbers of on-shell particles n and MHV
degree k, which is based on a relation to the amplitude case. We have explicitly checked
this conjecture against the known results for all n at MHV level, up to five external points
in the NMHYV sector and for the simplest example at NNMHV.

Moreover, we have rewritten the previously obtained expressions into the form of a
(deformed) Grafimannian integral. As we use two on-shell momenta to parametrise the
off-shell momentum of the composite operator, it in general involves the Grafimannian
G(k,n+2), where n is the number of external on-shell states. This construction geometrises
the (super) momentum conservation and is based on gluing the minimal form factor to the
rest of the on-shell diagram. We have obtained the Grafimannian integral in spinor helicity
as well as twistor and momentum twistor variables. As can be seen from (3.39) and (3.38),
there are significant differences between the Gramannian integral formulas for scattering
amplitudes and form factors. The form in the case of scattering amplitudes is expressed in
terms of consecutive cyclic minors labelled by the external particles. The gluing procedure

the transfer matrix, which coincides with the intermediate step in (4.40) via (4.33).
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for form factors, however, results in a form that contains minors involving non-consecutive
labels as well. Moreover, we use two fictitious on-shell particles to parametrise the off-
shell momentum of the operator and hence the minors of the form factor Grafimannian
are labelled not just by physical external particles but by two additional ones and it seems
generally not possible to disentangle these ones from the rest.

Introducing a central-charge deformation to form factors, we could construct them via
R operators in analogy to the amplitude case. While amplitudes are Yangian invariant
and hence eigenvectors of the monodromy matrix, the behaviour of general n-point form
factors when acting with the monodromy matrix is entirely determined by its residual
action on the minimal form factor and hence the corresponding Yangian, see figure 15. In
order to obtain an eigenvalue equation for the form factor, we have taken the super trace
of the homogeneous monodromy matrix, which yields the homogeneous transfer matrix.
In particular, we find that the minimal form factor of the stress-tensor super multiplet
is annihilated by this transfer matrix, which contains a subset of the Yangian generators.
This equation is shown in (4.28). Our construction of the n-point tree-level form factors
of the chiral part of the stress-tensor multiplet via the integrability-inspired method of R
operators shows that they satisfy (4.28) as well. Furthermore, we have shown that the
minimal form factors of all operators can be interpreted as eigenstates of the homogeneous
transfer matrix and established a connection between the integrable structure of the spin
chain that appeared in the spectral problem and the one that appeared in the study of tree-
level amplitudes. Finally, we have argued that the minimal form factor of generic operators
can always be dressed with a chain of R operators without spoiling the eigenvalue equation
with respect to the transfer matrix, see (4.39). The resulting objects can be interpreted as
leading singularities of loop-level form factors.

The results discussed in this work open up very interesting directions of future research.
Our construction of the form factor top-cell diagram uses the corresponding diagram from
scattering amplitudes with a box replaced with the minimal form factor, see (3.3). This
construction has worked in all our examples and can be proven for individual BCFW terms,
but it is desirable to have a general proof that the conjectures (3.3) and (3.38), (3.39) for
the top-cell diagrams and the corresponding Grafmannian integrals for all N*MHV form
factors indeed produce all possible BCFW terms.

As mentioned earlier, we have tested our Grafimannian formula with known results
based on case studies. For the examples we have checked, we could determine the com-
bination of the residues which gives the correct tree-level form factors, but it would be
very interesting to find a general prediction of a contour which gives the right combina-
tion. For the scattering amplitudes, such a contour was determined by the twistor string
theory formulation of scattering amplitudes [69-71], which leads to the question whether
form factors also have an interpretation in terms of an underlying twistor string theory.
The presence of non-consecutive minors as well as the fact that we have multiple top-cell
diagrams makes the classification of residues a more formidable problem.

So far, a deeper understanding of the geometry of the Grafimannian formulation is
missing. In particular, it would be interesting to see whether the form in (3.38) follows
from a modified notion of positivity.
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Another fruitful direction to pursue would be to extend our result to loop level and
to obtain a “formfactorhedron” as a counterpart to the amplituhedron [72]. It is known
that even for planar form factors at two-loop level we need Feynman diagrams that are
non-planar after removing the minimal form factor. It will be interesting to see how such
apparent non-planarity for loop-level form factor plays a role in the on-shell diagrams and
Grafmannian formulation.?® Moreover, there has been very interesting progress in study-
ing loop-level correlation functions in A'=4 SYM theory using the Lagrangian insertion
techniques [78] and it may be interesting to understand a similar picture for form factors at
loop level, or to investigate whether the minimal form factor insertions even have a direct
interpretation within this framework.

While we have focused on the form factor of the chiral part of the stress-tensor super
multiplet in first half of this paper, we are convinced that our results can be extended to gen-
eral operators; in particular to operators that are non-protected and have a length L > 3.

We expect that the minimal form factor allows for deformations consistent with the
deformation introduced through the R operators. The resulting eigenvalue equation for the
inhomogeneous transfer matrix suggest that any given on-shell diagram with an insertion
of a deformed minimal form factor is fully characterised by the inhomogeneities and Bethe
roots and as such can be determined using Bethe ansatz methods along the lines of [36].
Hopefully, this will yield a uniform description of the observables of planar N'=4 SYM
theory as an integrable model at weak coupling and beyond, see also the recent and very
promising approach in [79, 80]. Constructing the form factors as solutions to (4.39) at
loop level should in particular yield an integrability-based approach to the eigenvalues

31 While the eigenvalues can be obtained to

and eigenvectors of the dilatation operator.
very high loop orders via integrability, the corresponding eigenvectors are only known to
one-loop order for generic operators.

Going beyond form factors, it would be very interesting to glue the on-shell diagrams
of form factors together to obtain on-shell diagrams for correlations functions, which are
purely off-shell objects. The results of [13] suggest that this is meaningful at least at the
level of leading singularities.

Finally, it would be interesting to extend our results to other theories. In particular,
both form factors [82-85] as well as (deformed) on-shell diagrams and Gralmannians [41,
86, 87] were already studied in ABJM theory [88] and could be combined as was done in

this paper for N' =4 SYM theory.
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