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Abstract

We compute the integrands of five-, six-, and seven-point correlation
functions of twenty-prime operators with general polarizations at the two-
loop order in N' = 4 super Yang-Mills theory. In addition, we compute
the integrand of the five-point function at three-loop order. Using the
operator product expansion, we extract the two-loop four-point function
of one Konishi operator and three twenty-prime operators. Two methods
were used for computing the integrands. The first method is based on
constructing an ansatz, and then numerically fitting for the coefficients
using the twistor-space reformulation of N' = 4 super Yang—Mills theory.
The second method is based on the OPE decomposition. Only very few
correlator integrands for more than four points were known before. Our
results can be used to test conjectures, and to make progresses on the
integrability-based hexagonalization approach for correlation functions.
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1 Introduction

Correlation function of locals operators are among the most interesting physical observables
in a conformal gauge theory. In four-dimensional N’ = 4 supersymmetric Yang—Mills theory
(SYM), they are even more relevant, due to a rich structure of dualities between correlation
functions, scattering amplitudes, and null polygon Wilson loops [1-6].

A particularly important class of operators in N’ = 4 SYM are scalar single-trace half-BPS
operators. Their scaling dimensions and three-point functions are protected from quantum
corrections due to supersymmetry [7]. They appear to be the simplest operators in the
theory, yet their higher-point correlation functions encode a wealth of information about
more complex operators and observables via the operator product expansion, null limits etc.
Correlation functions of these operators have served as an essential laboratory for holography



and the development of computational methods since the early days of the AdS/CFT duality
(see [8] for a recent review). Their all-loop integrands are conjectured to take part in a hidden
ten-dimensional symmetry that extends the correlator /amplitude duality to Coulomb-branch
amplitudes [9,10]. Correlation functions of single-trace half-BPS operators are also most
amenable to the integrability-based hexagonalization approach [11-14], especially at higher
points and higher genus [15-18].

Despite their essential role, correlators of half-BPS operators beyond one-loop order have
only been computed for four points, with few exceptions [17-20]. For the further exploration
of new techniques, symmetries, and dualities, more perturbative data is highly needed. The
goal of this paper is to produce exactly such higher-point and higher-loop data. For half-BPS
operators of lowest charge (called 20" operators), it is possible to write a compact formula for
correlation functions for any number of operator insertions at tree and one-loop level. These
results are reviewed in Appendix A. The main result of this paper is the computation of the
integrand for the five-, six-, and seven-point function of 20" operators at two loops, as well
as the five-point function at three loops. In all cases, we are assuming general polarizations
for the external operators.

Perturbative computations are, in general, notoriously hard in quantum field theory. The
number of diagrams that have to be dealt with using standard methods grows factorially with
the loop order. Another issue is that symmetries of a given theory might not be manifest
within conventional approaches. Fortunately, there is a more efficient alternative in N' = 4
SYM that exploits the underlying symmetries of the theory. The paradigmatic example is
the computation of astoundingly high loop order integrands for four-point functions of half-
BPS operators [21,22]. This method takes advantage of the so-called Lagrangian insertion
procedure to relate the integrand of an /-loop correlation function of n operators with the
tree-level correlator of n + ¢ operators, where the additional ¢ operators are Lagrangian
insertions. The structure of these tree-level correlators is highly constrained for half-BPS
operators, and are given just by rational functions of the positions, which in turn makes it
possible to construct an ansatz for this object.! Then the problem boils down to fix the
coefficients in the ansatz.

For four-point correlation functions of half-BPS operators, it was possible to use consis-
tency conditions (i.e. a bootstrap approach) to completely determine the coefficients in the
ansatz up to high loop orders [24]. For five or more operators, this strategy is in general
more complicated (however it is simple at one-loop order, as we show below). We attempt
such a bootstrap approach, with success for five points at two-loop order, see Section 5.
One reason for the increased difficulty at higher points lies in our lack of understanding of
the consequences of superconformal Ward identities for more than four points. Notice that
these identities can be written in a very compact notation using superconformal invariants
as in [25,26].% Solving these superconformal Ward identities would also be very helpful in
the strong-coupling limit, as emphasized in [20].

Given this state of affairs, we take a different approach to compute the undetermined
coefficients in the ansatz, taking advantage of the reformulation of AV =4 SYM in twistor
space. The chiral part of correlation functions of stress-tensor multiplets can be computed
using a perturbative prescription based on twistor methods [27].% This prescription allows a

n [2,23], the Lagrangian insertion procedure together with super-Feynman rules was used to obtain
the integrand for five- and six-point functions of 20" operators at two loops, in the limit where consecutive
points are light-like separated and in a special polarization.

2A complete analysis of Gg 1, i.e. six-points at Grassmann degree 4, was performed in [25].

3Tt is not known in general how to reconstruct the full super-correlator from the knowledge of its chiral
part alone. For four-point functions, the procedure is described in [28]. For half-BPS operators of charge k,
one can use the composite operators of [29-31].



numerical treatment firstly applied in [32] to compute the four-loop non-planar integrand of
four 20’ operators. Notice that the integrand was known before (by using symmetries and
dynamical constraints) only up to four unknown coefficients multiplying four polynomials [21].
The same numerical method is used in this work for computing several new correlators.
In fact, it can be used in many more cases, and the main difficult at the moment is the
construction of an ansatz (basis of integrals) with not too many undetermined coefficients.
For computing correlation functions using the twistor methods of [27], it is necessary to
introduce an auxiliary twistor that breaks some of the symmetries at the intermediate stages
of the computation. Nevertheless, the resulting correlators are independent of the auxiliary
twistor, and this happens only after summing all Feynman diagrams. A different method of
computation that maintains all the symmetries manifests at all steps was proposed in [25],
see also [8] for a recent review. Namely, the chiral correlators transform covariantly under
the N/ = 4 superconformal transformations, see Section 3. Thus, it is possible to construct
superconformal invariants and multiply them by all possible polynomials, imposing S,
permutation symmetry. The result is a basis for the integrand, and many of the coefficients
can be fixed by imposing physical constraints. For example, the six-point tree-level correlator
could be computed by this procedure [25]. In this particular case, the correlator could be
completely fixed by Ward identities and the light-like limit. In this work, we only write
explicitly results which would correspond to particular fermionic components in such a basis
of invariants. Nevertheless, it would be great to understand the interplay between our results
and the invariants further and to look for simplifications, for example from Ward identities.*

The paper is organized as follows. Section 2 contains the ansatz for the basis of integrals
used for the numerical fitting. In Section 3, the twistor reformulation of N' = 4 SYM is
reviewed, in particular the perturbative prescription and the twistor-space Feynman rules.
Our results for the five-, six- and seven-points two-loop correlators as well as the five-point
three-loop correlator are given in Section 4. In Section 5, we describe a bootstrap approach,
and we fix the two-loop five-point function using it. We also analyze the OPE of the
integrated correlator, and extract the two-loop four-point function of one Konishi operator
and three 20’ operators from our data. We end the paper with a discussion in Section 6.
Additional details, some definitions and a review of some results in the literature appear in
several Appendices.

2 Ansatz
Correlation Functions. We are interested in correlation functions
[ee] 92 N
Gn = (0,0,...0,) =" ¢*G¥ with g7 = 2022 (2.1)
= 47
of local single-trace scalar half-BPS operators

where N, is the rank of the gauge group SU(N,),”> gvy is the Yang—Mills coupling constant,
¢; are the six scalar fields of N' = 4 SYM, and Y] are six-dimensional null polarization

4A conjecture about the role of the 10d symmetry of [10] for higher-point functions written in terms of
invariants was put forward in [8].

SWhether the gauge group is U(NN,) or SU(N,) does not make a difference for the correlators we consider
in this work. This is generally true when all external operators are half-BPS operators of charge two (20’
operators) [32].



vectors. Let us comment on the dependence on the number of colors N.: By absorbing a
factor of N, in the coupling g, we are anticipating the 't Hooft planar large-/N. limit, in
which all dependence on N, is contained in g. In the full finite- N, theory, the coefficients G¥
still have a non-homogeneous dependence on N., with subleading terms in 1/N, signifying
non-planar corrections. In all our computations, we make no assumption on planarity.
However, we still find that all terms G computed in this paper are homogeneous in N, i.e.
are free of non-planar corrections and only consist of the planar contribution. At one- and
two-loop order, this is understood, since we focus on correlators of lowest-charge operators
(20’ operators) whose dependence on N, is particularly simple, and because there are no
non-planar Feynman integrals at one- and two-loop order. At three loops, non-planar terms
may start contributing, but we find that they are absent in our results.

One way to compute loop corrections to correlation functions in perturbation theory is
via the Lagrangian insertion method. Here, the ¢-loop contribution is given by an integral
over the spacetime positions of ¢ insertions of the Lagrangian operator [33]

l
gQEQT(LE) = /(Hizl d4xn+i) Gg) )

GO = (O... 0Lt L) L;=L(z;), (2.3)

tree ’

where G¥) is the (n + £)-point correlator with ¢ insertions of the chiral on-shell Lagrangian
operator £, evaluated at leading order in perturbation theory.® For supersymmetric theories,
the Lagrangian insertion method was first introduced in [7]. It has played a key role in
the study of N/ = 4 SYM correlation functions, especially in constructing the four-point
integrand to high loop orders [3,21,22,24,27,32,33,35-39].

The correlators G\) are functions of both the operator positions z; and the polarization
vectors Y;. Due to the internal SO(6) invariance, G¥) (as well as G\)) are polynomials in the
basic invariants Y; - Y;. From the operator definition (2.2), it follows that the correlators are
homogeneous in each Y; with weight k;. Writing the invariants Y; - Y; in terms of propagator
factors V. v
dij = — .2 L x7 = (1, — 1), (2.4)

ij
ij

the tree-level (n + ¢)-point function can be unambiguously decomposed into a finite sum
G = Ckl...kng%za:<H1§i<an d?;j>f‘§£) (v5),  a={a;[1<i<j<n} (2:5)

Here, we have pulled out an overall constant prefactor Cy,. j, that depends on N, and the
charges k;. The explicit factor g arises from the Lagrangian insertions and is required for
consistency. The sum over a is a finite sum over polarization structures [];; d?;j that absorbs
all dependence on the polarization vectors Y;, such that the coefficient functions f*) only
depend on the coordinates x;.® The polarization structures that can occur in the sum over a
are constrained by the charges of the operators:

T
7

n
Foralli=1,...,n: k;= Z i (a;j = aji) . (2.6)
i#j=1
6This formula naively follows from differentiating the path integral expression for G, with respect to
the coupling constant. The effect of the differentiation on the coupling-dependent operators is canceled by
contact terms. The chiral on-shell Lagrangian is obtained from the full Lagrangian by applying equations of
motion. See e.g. [34] for a careful treatment.

"A similar decomposition for the loop correlators Qr(f) directly follows.

8The functions fc(f) in general may also carry a non-trivial dependence on N.. However, all examples
computed in this paper are free of subleading terms in 1/N., and therefore all dependence on N, can be
absorbed in the overall factor Cy, .



Coefficient Functions. FEach polarization structure is multiplied by a rational function
f9 of the n + ¢ positions ;. Due to Lorentz invariance, the functions f{* only depend on
squared distances :c?j.g We can further constrain their form by considering their singularity
structure, which is constrained by the operator product expansions (OPEs) among the
external half-BPS operators O; as well as the internal Lagrangian operators L. Since the
functions £\ constitute components of a tree-level correlation function (2.5), we only need
to consider the tree-level OPEs. Let us first consider the case of two external operators O;
and O;. In their tree-level OPE, all inverse powers of x?j originate in Wick contractions of
the constituent fields Y; - &(x;), and hence only occur in the combination di; = Y; - Y;/x3;.
The OPE therefore takes the form!®

O; x O~ > dfj X (regular) , (2.7)

0<k

where (regular) stands for terms of order O(zy;). This shows that all inverse powers of x;;
in the OPE are accompanied by numerators Y; - Y;. But all dependence of the correlation

function G, on the polarizations Y; is absorbed in the propagator products [] d?;j , hence the
coefficient functions f{) must be regular:
= 06),  1<ij<n. (2.8)

Next, consider the OPE between one external operator O; and one internal Lagrangian
operator £;. A basic analysis shows that it has the form!!

C
O % L~ 2220, + O(x77?). (2.9)
However, the coefficient of the leading singularity is proportional to the three-point function
Coro ~ (O;L0;), which vanishes since the two-point function (O,;0;) is protected. Hence
only the subleading term contributes: O; x L; ~ (’)(m[ﬁ) Finally the OPE of two Lagrangian

operators reads 2

The dominant contributions are contact terms proportional to §*(z;;). We only consider the
tree-level correlation function (2.5) for Lagrangians at distinct points, hence we can ignore

these terms and are only left with the subleading O(xi_jg) term.!?
fO T 0@@?),  1<i<n+l, n<j<n+fl. (2.11)

9The positions could also appear in invariant contractions é‘uym—l‘étl‘]”- 7z} with the totally antisymmetric
tensor €,,,,-. However, because of parity our results do not depend on these terms. Nevertheless, the twistor
action is chiral and these terms are generated at the integrand level but they are always total derivatives
because they follow from a topological term in the action, see the section 3 for details.

108ee [39] for a more detailed discussion of this OPE.

UTf there was a lower-dimension operator in the OPE, it would involve three or four contractions between O;
and L. The relevant term in the Lagrangian is tr([¢n, ¢mn][¢™, #™]), hence such contractions evaluate to zero.

127 simple explanation for the form of this OPE is as follows: The chiral Lagrangian £ ~ Q*O®) is a
superdescendant of the chiral primary O(?). The fact that Q£ = 0 without total derivatives implies that
the contact term proportional to §%(x;;) is also proportional to the chiral Lagrangian [34]. Moreover the
three-point functions (£L£LO) are invariant under a U(1)y “bonus symmetry” [7,40], under which Q has
charge +1. Thus O must be of the form Q8P for a chiral primary P, that is it must be part of a long
multiplet. The lowest-dimension long multiplet is the Konishi multiplet, in which case @ has dimension
2+ 8/2 = 6. Therefore all operators in the regular part of the £ x £ OPE have dimension at least six, which
means the divergence is at most 1/ xfj We thank Paul Heslop for clarifying this point.

BThese contact terms however play an important role for the consistency of the Lagrangian insertion
method [34,35,37].



Combining the two constraints (2.8) and (2.11), the rational functions f,, when written as
single fractions, take the form

PO
fO=——o —  I={(j5)|1<i<n+lin<j<n+{i<j}, (2.12)
Mger i

where the numerators P) are polynomials in the squared distances 1:12] The degree of these

polynomials in the various z; is fixed by the conformal weights of the various operators: The
external BPS operators O; have conformal weights k;, and the Lagrangian £ has conformal
weight 4. Hence also the correlator (G, has these weights in the respective points x;. The
squared distances x?j have conformal weights —1 at points z; and z;, the products Hd?;j
have weights k; at all external points, and the denominator factor in (2.12) has weights ¢
at external points, and weights n + ¢ — 1 at internal points. It follows that P{) must have
conformal weights —¢ at all external points, and conformal weights 5 —n — ¢ at all internal
points. Hence for all external points ¢, the total degree in all xfj, j # i must be ¢, whereas
for all internal points 7, the total degree in all x?j, J # i must be (n+/¢—5).

Correlators of 20" Operators. For 20" operators, the charge is £k = 2. In this case,
there are only few possible terms (Y-structures) in the sum over a in equation (2.5). Up to
permutations of the external points, the only possibilities for the five-point function are

a2 =2, ass=ay =a35 =1, allothera;; =0, (2.13)
which we call the 2 X 3 component, and
Q12 = Q93 = A34 = Q45 = 415 = 1, all other a;; =0, (2.14)

which we call the 5 component. We will label the functions f, multiplying the respective
propagator products as fox3 = fog and f5. All other possible configurations a are obtained
from (2.13,2.14) by permutations of the five external points. By invariance of G%) under such
permutations, the component functions fo3 and f5 uniquely determine all other component
functions f,. In other words, the five-point correlator of 20" operators can be written as

Géé) et 022222 92€<d%2 d34d45d53 f2(§) (IZQJ) + d12d23d34d45d51 fég) (IZQJ)>S5 ) (215)

where (-) s, denotes averaging over permutations of the five external points. Similarly, the
six-point and seven-point functions can be written as

G = Co.o g (dlo &3y A3 fioh () + Ay diadisdsades 33 (a7) (2.16)
+ d12d23d31 d45d56d64 f3(§) ($?J) + d12d23d34d45d56d61 fég) (xzzj)>s6 )
G(f) = 02“2 g2£<d%2 d§4 d56d67d75 fz(%(xf]) + d%g d34d45d56d67d73 f2(? (x?])

+ digdyady1 disdsederdns fii) (23) + dizdaadudisdssdsadn f17 (23)) -

For the correlators computed in this paper, we find

N2 1

Co2 = g yamat

(2.17)

Some words on the notation: For a correlator of a general number n of 20" operators, all
possible polarization structures [] d?;j take the form of a set of polygons, where each vertex

6



(=2 (=3 (= =2 =2

P 64 3286 P 2435 P, 4170 P, 68255
pY 66 3576 P 4637 P 21709 P 205851
PO 935 6873 }3%; 2435 f%é% 10808 f%%% 197580
PO 572 137506 P 6143 }%% 48419 f%% 547435
PO 173 32701 - Pg(%) 21153 Pg(:g 17474
PO 657 174074 }%% 11264 f%% 232772

P9 68453 P 205851

P9 818180

Table 1: Numbers of independent coefficients in various ansatz polynomials Py) that
enter the correlator (2.5) via (2.12). (The double occurence of 2435 is not a typo.) See
also Table 5 for further reduced ansatz sizes.

represents one 20’ operator, and each edge represents a propagator d;;. A polarization is
therefore uniquely specified by a monotonically increasing set of integers

s
(r17r27"'7rs)7 i Sri+17 Zri =n, (218)
=1

where s is the number of polygons, and r; is the size of the ¢’th polygon. As can be seen
in (2.16), we label the corresponding coefficent functions f, = f,,. .. by these sequences. By
convention, the first | operators populate the first polygon, the next r, operators populate
the second polygon, and so on.

Graph Counting. To complete the construction of the ansatz, it remains to find the most
general polynomials Pc(f) in (2.12) for the various Y-structures a. By mapping each factor azfj
to an edge between vertices ¢ and j, we can identify each monomial in :r;?j with a multi-graph
(i.e. a graph that admits “parallel” edges between the same vertices ¢ and j). Finding the
most general polynomials hence amounts to listing all multi-graphs with n external vertices
with valency ¢, and ¢ internal valencies with valency n + ¢ — 5, and taking a general linear
combination of the corresponding monomials.

Here, we can make use of permutation symmetry: Each propagator structure [J;; d?;j
typically is invariant under a residual group K, C S, of permutations of the external points
{1,...,n}. By the total S, permutation symmetry of the full correlator G*), the respective
component polynomial P, must also respect that residual permutation symmetry. We
can thus symmetrize the ansatz polynomial from the beginning, reducing the number of
undetermined coefficients.

For the correlators of 20" operators, we list the numbers of independent terms for
the various polynomials in Table 1. For more details on the construction of these ansatz
polynomials, see Appendix B.

Gram Identities. An n-point correlation function in a four-dimensional Lorentz-invariant
theory has 4n — 10 kinematical degrees of freedom. On the other hand, there are n(n —1)/2
different squared distances x7;. Hence the x7; must satisfy some non-trivial relations. One
way to construct such relations is as follows.



Py BY Py PP Py RY pPyyop) B PP By B

29 29 29 29 463 463 463 463 22 22
10 6 7 5 59 55 49 9 6
13 7 9 199 241 199 239 177 154

) 7 81 102 81 115 103 91

— =
— = =
(G2 BN BN @)

Table 2: Statistics of Gram determinant relations at various stages. First row: Numbers
of 7 x 7 minors of X, up to permutations of integration labels. Second row: Numbers
of relations that remain after canonicalizing each relation over K, permutations. Third
row: Numbers of relations after saturating the weights by multiplying with all possible
monomials and canonicalizing each term over K, permutations. Last row: Final
numbers of linearly independent relations that can be used to reduce the manifestly
Kg-symmetric ansétze for the polynomials Py).

Points z* in Minkowski space R!3 can be identified with null rays X € R?* X2 = 0,
tX = X [41], for example via

X = (%(1—|—[E2),ZL‘M,%(1—[L’2)) : (2.19)

The fundamental two-point Lorentz invariants can then be written as x?j x X; - X;. Now
consider the matrix

X = [Xij]z;r:ep Xij = {O e (2.20)

Ty £

Then X;; o< X; - X;. In six dimensions, at most six vectors X; can be linearly independent,
hence all 7 x 7 minors of X must be zero. This introduces non-linear relations among
the fundamental invariants z7; called Gram determinant relations. These relations are
obviously polynomial. However, by multiplying each Gram determinant relation with
suitable monomials,'* we obtain non-trivial linear relations among the various terms in
the ansitze for the polynomials P{Y). These relations can be used to reduce the number of
undetermined coefficients in the anséitze for P,

Concretely, we construct the independent Gram relations as follows: First, we list all 7x 7
minors of the matrix X. There are p(p + 1)/2 such minors, where p = Binomial(n + ¢, 7).
Next, we canonicalize each of these minors over S, permutations of x,1,...,Z,s, thereby
identifying expressions that only differ by permutations of the ¢ integration labels. The
numbers of minors that remain for (n,?¢) = (5,2),(6,2),(7,2),(5,3) are (1,29,463,22), as
shown in the first row of Table 2. Each of these expressions is a non-trivial polynomial in :1322]-
that evaluates to zero, by construction. To compare to our ansatz polynomials for P, we
still need to symmetrize over the respective permutations K, of external points, and we need
to saturate the weights of the relations. We do this in three steps. First, we canonicalize
each relation over the permutation group K,. This reduces the numbers of relations to the
second row in Table 2. Next, we saturate the weights to ¢ for the external points and to
(n+ ¢ —15) for the integration points by multiplying each relation with all possible monomials
that yield the desired weights.!® Finally, we expand the weight-completed relations and
canonicalize each term over the permutations K, of external points. Some relations become

Finding all suitable monomials for a given polynomial relation is another exercise in graph enumeration.

15For some relations, this is not possible. For example, one Gram determinant relation at (n,¢) = (6,2)
has weight deficits —1 in 7 and —3 in xg. Obviously, there is no monomial in x?j with such weights. We
drop relations whose weights cannot be saturated by monomials.



manifestly zero, others become identical to each other. The resulting numbers of relations
are listed in the third row of Table 2. Not all of these relations are linearly independent. To
find the ambiguity in our ansatz polynomials, we need to pick a linearly independent set.
The sizes of the maximal linearly independent sets are listed in the last row of Table 2.

The sizes of these ambiguities might not seem big compared to the numbers of terms in
the ansitze listed in Table 1. However, when matching these ansétze to data by comparison
at many numerical points x;, any ambiguity easily leads to very “unnatural” solutions, with
arbitrary numerical coefficients. Having a good handle on the ambiguities is essential to
resolve, or even better avoid, such “arbitrary” solutions.

3 Twistors

In this section, we briefly review the reformulation of N' =4 SYM in supertwistor space
and the procedure for computing the correlation functions of the chiral stress-tensor super-
multiplet using this formalism. In addition, we explain the numerical methods used for the
computations. The Feynman rules in twistor space depend on the choice of an auxiliary
supertwistor, however the final results for the correlators are independent of the choice of
this auxiliary supertwistor and they can be expressed in terms of A/ = 4 superconformal
invariants. These invariants are discussed in [25,26] and we also briefly review then here.

3.1 Computing correlation functions using twistors

The relevant superspace for studying N' = 4 SYM has sixteen odd variables #°*, %,
with a = 1,...,4 and a,& = 1,2. The stress-tensor supermultiplet is a short half-BPS
supermultiplet and it depends on only eight of the odd variables, four chiral and four anti-
chiral variables [42]. In what follows, we are mostly interested in its chiral part, i.e. all the
anti-chiral variables 6_3‘ are going to be set to zero. In order to describe this supermultiplet,
it is convenient to introduce the so called harmonic variables

SU(4)
SU(2) x SU(2) x U(1)’

— / . .
u? = (uf® u;®), parametrizing

(3.1)

with b, b’ = 1,2 being fundamental representation indices of the SU(2), SU(2)’ respectively
and the + indicates the charge under the U(1) factor. The harmonic variables obey several
constraints due to the fact that they belong to SU(4), see [27] for example. Using these
variables and their complex conjugates u, we can decompose the odd variables as follows

0% =0 uty, + 0, uty (3.2)
where
05 =02 ul®, 0" = 00w, (3.3)

and similarly for 92‘ The odd variables defined above are useful for writing down an expansion
of the stress-tensor supermultiplet ’7A'(w, 0,0, u) keeping the SU(4) symmetry manifest. The
bottom state of the supermultiplet is the operator Qg (z, u), which is annihilated by the
following eight supersymmetries (and also by all the superconformal generators)

Q% Oy (z,u) = (QT)* - Ogy(z,u) =0, with Q% =u",Q%, (Q7)*" =u"Q*".
(3.4)
Then the supermultiplet is given by

7A'(x, 0,0,u) = exp (9&%@1& + éﬁa,();“/) - Oggr (,u) (3.5)

9



In particular, its chiral part 7 (z,0%,u) only depends on the four §° variables of (3.3).
We have schematically

T(x,0%,u) = T(x,0,0,u) = O () + ...+ (01)L(x), (3.6)

and in the expansion above only the relevant terms for this work were written down. The
top operator L£(z) is the chiral on-shell Lagrangian and the bottom one is the 20’ operator
given by

O-H—-H— (ZE) — Tr(¢++¢++) , with ¢++ — ¢abu+hug-c€bc, (37)

a

with €y the usual antisymmetric tensor with €5 = 1 and ¢® = —¢"® are combinations of the
six real scalar fields ®! of AV =4 SYM. Usually the length two half-BPS operator is written
in terms of 6d null polarization vectors Y7 in the form below, see (2.2),

O; = tr[(V; - d(x:))], Y- Y;=0, (3.8)

and the scalar propagator was given in (2.4). The connection between the two descriptions
is made easily by choosing a convenient parametrization for the harmonic variables and their
complex conjugates as the one in [27]

ulj_a = ( g» y;) ’ Ub_u/ = (Oa 511,’) ’ 7j+u. = (55’ 0) ) ﬂb—a’ = (_ys’7 0) : (39)

We have for the propagator in the representation (3.7)

]_ abe ]_ ’ y2
(@7 T3 ™) o =€ ur) F (un)f Pean (u2)  (un) P €r X == (12) o (12)§ < =52, (3.10)
T12 T12 T12

where we have used

Yo = — (o) (o) /2, (yi2)h = ()% — (12)% . vf = Yo" e - (3.11)

Notice that in this notation the null condition (3.8) is automatic. In this work, we are
interested in computing both the components ;" = 0 and (9;)4 of the correlation functions

&, = (T(1)...T(n)), with T()=T(z:0F u), (3.12)

for several values of n. Notice that for 6;" = 0 for all 4, we have

G, =G, =(0,0,...0,). (3.13)

+_
0;"=0

Despite the fact that we are interested in correlation functions of twenty prime operators
O;, the components with (9;7)4 of &,, are useful for computing loop corrections via the
Lagrangian insertion method (see the previous section for a complete discussion; in this
section we have an additional 07 integration when compared with similar formulas of (2.3))

D = / gd i 05 B (3.14)

The correlation function &, in (3.12) admits an expansion in 6%°* of the form

Q5n = gn+gn;1 +---+gn;n7 (315)
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where by definition G, has Grassmann degree 4k and the other orders in 6 are zero by
symmetry. Moreover, the correlators transform covariantly under the N = 4 superconformal
transformations. Consider the following combination of sixteen generators

(- Q) =eQs,  (£:5)=£"" S, (3.16)
Note that the generators above form a commuting subalgebra
{Q.5}={Q.Q}={5.5} =0. (3.17)
It is possible to show that the variables transform as [42]
br o< @ Sut o 60 o 62, (3.18)

and
20t 5 00 = o0t 4 (€20 4 afYELuft = ele@HED bt (3.19)

Inspecting the transformations above, we see that the value § = 0 is left unchanged and
only the #°" transforms. Therefore the sixteen transformation parameters {e?,£%} can be
used to set for example (for any « and b)

gort = 9obr — gobt = gt — . (3.20)
Thus, the expansion (3.15) in fact truncates for these choice
G, =Gn+ G+t +Gnna- (3.21)

A special case is n = 4 which implies that all the §;"’s can be set to zero in this case.
Because the set of fermionic generators considered above commute among themselves and
are nilpotent, it is possible to define the following set of invariants Z,,x, see [8,25,206]

In;k:(xa Y, 9+) = nggjn,k-‘rél(xa Y, 9+) = /dE dg jn,k+4(x7 Y, é+) ) (322)

with J,x(x,y,0%) completely unconstrained, 0+ was defined in (3.19) and €, £2 are the
fermionic parameters of the transformations appearing in that formula. As before the second
index k indicates that the object has Grassmann degree 4k and the fermionic generators
remove sixteen ;s in all possible ways (not necessary the ones in (3.20), but that particular
case is among the resulting terms). Notice that the fermionic generators annihilates z and y
because of (3.18).

The components of the correlation functions can then be expanded as follows

G (2,9,07) = > (Zun); (2,9, 07) i () (3.23)

i

It is non-trivial that the functions f,.i(x) do not depend on the polarizations y’s.
However, this follows from considering the behaviour of the correlators under inversion. All
the dependency on the y’s will come from the invariants which also depend on the positions
x. The sum over ¢ goes thorough all the independent invariants. It is not easy to count this
number precisely apart from extremal cases. In addition under an arbitrary permutation o
of the points (x4, ys,0) = (Zo4, Yoi, 05;), the functions satisfy

o1

fn;k;i(‘rly e axn) = fn;k;mi(‘rala s 7xa-n) . (324)
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As mentioned in the Introduction, it will be nice to write our results in the form (3.23).

In [27], a procedure for computing &,, using supertwistor tecniques were described and we

are going to perform the calculations using the numerical version of it firstly used in [32].

The procedure uses the twistor N' =4 SYM action given in [43,44]. Supertwistors Z4 lives

in the complex projective supespace CP3* and they are parametrized as (x* are fermionic
coordinates)

ZA= (7" x"), with Z' =\, pu%). (3.25)

and Z! are bosonic twistors. A spacetime point %’ corresponds to a line in bosonic twistor
space, more precisely, the relation of these twistor variables with the N = 4 superspace
variables when all the 0%’s are zero is given by the following incidence relations!®

p =iz g, X = 0"\, . (3.26)

For computing correlation functions perturbatively we need both an expression for
the superfield 7 (x,0",u) and the Feynman rules in twistor space. We only summarize
the formulas here and we refer the reader to [27] for details and derivations. The chiral
stress-tensor supermultiplet 7 (x, 07, u) in this language is given by

T(2,0%,u) = / d*0™ Ly (2, 6) (3.27)

where Liy(z, 6) is the interaction Lagrangian in twistor space. This follows as a consequence
of the Lagrangian insertion procedure. The interaction term Ly (x,#) in a particular gauge
is a sum of infinitely many terms containing the one-form superfield A(Z; )

A(Z12) = a(Z12) + X"Va(Z12) + ;Xaxb%b(zm)
(3.28)

+ ;eabcdx“xbxcw’d(Zl,z) - Leabcdx“xbxcxda’(%,z) :
In the formula above, the fields a(Z; 3) and a’(Z; 2) are the two helicity gluons, ¢,(Z;2) and
Y'%(Z, 2) are the gluinos and ¢4, (7 2) are the six scalars. The bosonic twistors Z o = {Z1, Z2}
are two independent twistors parametrizing a line given by the spacetime point where the
fields are defined. Since Liy(x,6) has terms with arbitrary many superfields A(Z;2), a
general order perturbative calculation of the correlation functions can have in principle
vertices with arbitrary valences. Given a set of operators T (i) at space-time positions z’
determining lines in twistor space parametrized by two independent twistors Z; 1, Z; o, the
Feynman rules in the so called axial gauge are summarised below. This gauge choice is
defined by the vanishing of the superfield A(Z;5) of (3.28) in the direction of an auxiliary
twistor Z,. It is possible to take the fermionic part of Z, to zero without losing generality.
The bosonic part of it will be denoted by Z,. Of course, any correlation function result is
expected to be independent of the Z, choice. Notice that the individual diagrams depend on
the value of Z, and this breaks the manifest A/ = 4 superconformal invariance at intermediate
steps, however there are cancellations among the graphs, see [27].

The Feynman rules are the following. If the lines ¢ and j are connected by a propagator,
the graph is multiplied by the factor (yzzj / x?j)éaiaﬂ‘ where the delta function is a color delta
function. The m-valence vertex connecting the line ¢ to the lines jq, ..., 7, is given by

Vi = 0

17--~7j7n

Te(T™ ... T, (3.29)

17--~7j7n

16The relations are more complicated when ég‘ # 0. They can be found for example in [45,46].
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where T are U(N,) generators'” and

i _ A0 P00 0) + Aijy)0* ({0 ) + Aigy) - 0% (00 057) + Aig,)
Rj1j2~~jk - 2 , (3.30)
(2m) (03j1013:)(0i2 i) - - - {0350z
with (s ZoZ1 )
o =€ D ZanZinZsa) and (0i0j) = €apoi 0} . (3.31)
Finally, each diagram is multiplied by an explicit factor
2
Gy \"
= .32
(4#2) ’ (3:32)

where p = P—V, with P the total number of propagators and V' the total number of vertices
of the diagram.!®
In the formulas above
Ay = [o585°) + (036" (w3 - (3.33)
The matrix (y;;)% was defined in (3.11). Its inverse appearing above satisfies (yigl)g ()% = o5
and (yij);/(yigl)g' = 65. The four bracket is defined as

(2125 7374) = €1y 2129 25 78 . (3.34)
In particular, using the parametrization of a bosonic twistor given in (3.25), one has
<Z,L'71Z,L'72Zj71Zj72> = (Eaﬁ)\z"a)\iﬂ)(E’Yé)\j’»y)\j’(;) x?j . (335)

In this work, we are going to perform the twistor calculations using a Lorentzian signature
metric. For the setups where the external points are not in a lower than 4d dimensional
subspace, terms of the form e**?(x;),(x;),(xx),(z1), can be nonzero. In the twistor refor-
mulation of A" = 4 SYM, the action has the total derivative term iF'F where F w is the field
strength and F, w its dual. The term i F” F can potentially generate e terms to the integrands,
however the integrated correlator is insensitive to these contributions because they are
produced by a total derivative term. Using a Lorentzian metric, the € terms appear as an
imaginary contribution to the correlation functions and they can be isolated numerically.'
It is also possible to numerically bootstrap the € terms by writing a basis of integrals and
performing a numerical fitting, see [32] for an example. In this work, we are going to consider
only the real part of the numerical results for the correlation functions obtained by the
twistor method.

In order to compute loop corrections for the n-point functions G, of 20" operators, we
are going to use the formula (3.14). At ¢-loops, we need to compute G, at order 4¢ on the
0;7s for i > n. The diagrams contributing for this case contain n + ¢ vertices (lines in twistor
space) and n + 2¢ propagators. This follows from the Feynman rules described above, as the
n-valence vertex with n > 2 contributes with 2(n — 2) 6’s, see (3.30). It then follows that the
diagram is of order 6*. The correlator G, of n 20’ operators and ¢ Lagrangian insertions is

1"Tn this paper we are going to consider only planar correlation functions and for this case the U(N,) and
SU(N.) groups give the same results. This is also true in general when all the half-BPS external operators
have length two [32].

18From the definition of R (3.30), one can see that, with this definition of p, the diagram is of order .

19These terms also change sign when some of the (z;), — —(2;),. So even using Euclidean signature it is
possible to isolate these kind of contributions by taking special combinations of points.
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degree_sequence # Graphs

2,2,2,2,2,2,2,6] 1
2,2,2,2,2,2,3, 5] 7
2,2,2,2,2,2, 4, 4] 9
2,2,2,2,2,3,3,4] 31
2,2,2,2,3,3,3,3 28

Y

Table 3: There are in total 76 six-point two-loop skeleton graphs (some of them are
disconnected). At this loop order, it is necessary 8 vertices (length of the sequence of
numbers) and 10 propagators (half the sum of the numbers). The command in Sage is
graphs(8, degree_sequence = (...)), with (...) replaced by an entry of the table. The
graphs can be transformed in a list of adjacency matrices and saved in a file .txt.

extracted by setting 0 = 0 for i < n, which projects to the [T, (6;")* component, whose

coefficient is the desired correlator. Collecting powers of 27 and gyy, and doing the color
algebra, one finds that every diagram contains an overall factor

2 2
NC 1 (gYMN ) . ug _ 02“2 g2€ (336)
(2m)2n 2\ 42 (27)2n+2t

This is exactly the overall prefactor (2.17).

For the connected part of the correlator only connected diagrams are important because
it is possible to show that disconnected twistors diagrams contribute only to lower point
correlators. Notice that (3.30) implies that two operators can only be connected by one
propagator otherwise the factor R§ Lj..j vanishes as it is antisymmetric. Moreover, all the
vertices must have valence greater than two. It is possible to generate all the necessary
skeleton graphs very efficiently using SAGEMATH [47]. For example, all the six-point two-loop
skeleton graphs can be generated by using the code of table 3.

Using the skeleton graphs and the Feynmann rules it is possible to generate all the graphs.
The total number increases fast with the number of points n and loops [ and it is hard even
for the simplest cases to do any analytical simplification. Thus we have evaluated all the
graphs numerically. A great simplification is that even numerically it is possible to select a
particular polarization from the beginning which project out many permutations and graphs.
The vertices R’ contain the factors of (y;;" )¢ inside the A%, see (3.33), and in principle

J12--Jk g
these factors can change the factors of y” coming from the propagators. However, the factors

(y;;")¢ multiply a 6;" or a 6 and because we are only interested in the contributions with
0 = 0 for i < n the R-charge coming from the external propagators are never cancelled.

For example, in the case of five- and six-point functions, it is possible to select the
operator polarizations in such way that only the cyclic contribution (yiy3s ... y3), or any
other disconnected contribution, is non vanishing. This is not true for n > 6 points. The
operators for the cyclic case are given in [48] and they read for the five points as

01 :TI‘(XX), 02 :TI'(XY/>, 03 :TI'(ZY), 04 :TI'(ZZ>, 05 :TI'(ZX),
(3.37)
where the bar means complex conjugation and the fields {X,Y, Z} are defined in terms of
the real scalars ¢! as

1
X= @ 4itt), Yo (@ i), 2= (@ id). (339

&\H
E\H
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For the six-point case, one has,
O] =Tr(XX), 0O)=Tr(XY), 0Of=Tr(YY),
O, =Te(2Y), O,=Tr(Z2), Of=Tr(ZX).

These polarisations can be reproduced by selecting particular values for the matrices
(y;)§ appearing in the definitions of the harmonic variables in (3.9). Defining the function

(3.39)

y'(a,b,c,d) =aej +bep+ces +des, (3.40)

with e;; the 2 x 2 matrices with the only nonzero component at the position {i,j} with
value 1. The cyclic six points polarisations, for example, can be taken to be

(yl)g’ = y/(la 0,0, O) ) (y2)g’ = @/(0, 0,1, 1) ) (y3)g’ = y/(oa 1,0, O) )
(94); = y,(oaoalao) ) (yS)g’ = y/(1707_171)7 (yﬁ)g’ = y/(071a171/2)
The explicit polarizations that we used in our computation are given in Section 4.1 below.
Finally, the numerical results for the correlators obtained with the twistors were fitted
against the ansatz of integrals described in section 2. The positions of the operators were

generated randomly and the number of equations were always greater than the number of
unknowns coefficients in the basis.

(3.41)

4 Results

4.1 Method

Strategy. We fix the free coefficients in the ansatz polynomials P\*) constructed in Section 2
by matching the ansatz correlators (2.15,2.16) against the (n + £)-point tree correlator
computed from twistors (Section 3) on many numerical points (z;,y;). The numerical data
points provide a linear system for the free coefficients in the ansatz that we solve numerically.
The solution is not unique due to non-trivial Gram determinant relations among the various
terms in the ansatz. However, at least at two loops, we notice that once we restrict the
ansitze for the component functions f{* to a certain set of conformal integrals, all ambiguity
is removed, and the solution becomes unique.

Computational Aspects. In the computation of the data points and finding the solution
for the ansatz parameters, there are two main bottlenecks:

o The symbolic algebra of Grassmann-odd variables 6; in the twistor computation,
especially when the number of contributing twistor diagrams becomes large,

« Solving large and dense numerical linear systems.

For the first point, we could boost the performance by representing homogeneous polynomials
in a finite number of Grassmann-odd variables as component vectors. Multiplication of two
or more homogeneous polynomials can then be implemented by precomputed numerical
tensors, such that the computation becomes completely numerical. With this and some other
optimizations as well as parallelization, we could compute a few thousand data points per
day on a 48-core machine.

The second point is somewhat more essential: Our method inevitably produces large and
completely dense linear systems, whose coefficients are either high-precision floats, or large
rationals. Solving such systems is a hard computational problem. Using MATHEMATICA’S
Nsolve, we could solve such systems up to size ~10000, but would run out of memory
beyond that, even on a machine with 256 GB memory.
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Yas Y; Y5 Yriin Yo Yoo Yo

(=2 557 1790 221910 21154 21154 24502 18688
¢=3 73380 167430

Table 4: The numbers of twistor graphs that contribute to the two- and three-loop
correlators for the various choices of polarizations.

Polarizations. In order to contain the sizes of the linear systems, as well as the numbers
of graphs that contribute to the twistor computation, we identify a few numerical choices for
the polarizations Y;, 1 <17 < n + /¢ that set all but a few of the polarization structures [] d?;j
to zero. For each polarization choice, we then evaluate the ansatz and compute the twistor
correlator for many numerical values of the coordinates x;, 1 <i < n + £. At five points, we
use the following two polarizations:

—1 0 1 1 0 —i -1 0 1 1 0 —i
1 0 1 1 0 i 1 0 1 1 0 —i
Yos=| 0 -1 1 0 —-i —il, Y;=| 1 -1 3 31 i i]|, (4.1)
0 -1 1 0 1 —1 0 -1 2 21 -1 O
0 —-1/3 2 2i —-i/3 0 2 =3 2 4 -1 0

where we collected the external Y;, 1 < < 5 into a vector Y .2 For the choice Yas, the only
non-zero polarization structure is

128

4.2 .92 92
3193405235

d%2d34d45d53 - (42)

hence we can use this polarization to determine the fo3 component function. For the choice
Y5, the only non-zero polarization structure is

—64
2.2 .92 .9 .9 >
T1oT23X34T Y575

d12d23d34d45d51 = (43)

hence we can use the polarization to determine the f; component function. We list the
numbers of twistor graphs that contribute to the two- and three-loop correlators for the

various choices of polarizations in Table 4. At six points, we use the relatively random

polarization
622 274 1101 624;  _ 272; 919

7 13 91 7 31 or!
0 -2 1 2i 0 —i
2 —4 6 61 21 4i
Ys = 171 333 . 1169:  281: | - (4.4)
-4 S 5 81 =51 e
—15 =12 —-30 i —14i —32i

280 —127 -3 761 —129i

With this polarization, all d;; are non-zero, so all component functions contribute. At two
loops, the total number of unknowns in the ansatz then is (see Table 1) 235+572+173+657 =
1637. A linear system of this size is still easily solvable. At seven points, we use four different

20Tn all cases, the polarizations of the integration points Yj, n +1 < i < n 4 £ is set to arbitrary fixed
values, such that all d;;, 1 <i <n,n+1<j <n+{ are non-zero.
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polarizations:

-1 0 1 i 0 —i -1 0 1 i 0 —i

1 -1 1 i —i 1 -1 1 i i —i

0 -1 1 0 —i —i 0 -1 1 0 —i —i
Y;i=(0 -1 1 0 1 —i], Y;i20=0 -1 1 0 i -, (4.5)

0 -1 22 i 0 0 2 2 20 —=2i 0

1 =20 i 0 -2 -1 -2 0 —-i 0 -2

1 0 1 i 0 —i 1 0 1 i 0 —i

-1 0 1 i 0 —i -1 0 1 i 0 —i

1 -1 1 i i i 1 -1 1 i i @ i

0 -1 1 0 —i —i o -1 1 0 —i i
Yr;o=|0 -1 1 0 i —ilf, Yrs=|1 -1 1 i i —i

-1 -2 14 L -3 3 10 8 1li —4i 6i

-1 -2 0 —i 0 =2i o - L 0 3 Y

11 3 3 i i 12 11 13 12i 13i 11i

For the first polarization Y7, the only non-zero polarization structures are

—256 256

; df2d§7d34d45d53 = , (4.6)

dg3d4215 d16d67d71 =

4.4 ,2 .2 .9 4.4 .2 .2 .9
T3 45T16Le7L71 T19T67X34T5T53

hence we can use this polarization to determine the 2435 coefficients of the fz(gé component
function. For the next polarization Y7 ; o, the only non-zero polarization structures are

—128 128
5 di2dozdsadysdsederdn =

44,92 2 2 .2.2 .92 .9 .9 9
T1oLg7 L34 L 5LE3 T1oX33X34 X 5L 56 L7 L7

Plugging in the known answer for the fyo3 component function, we can therefore use this
polarization to determine the 6143 coefficients of the f7(2) component function. For the
polarization Y75, the only contributing components are one fs3 function, one f; function,
and two fo5 functions. With the final polarization Y7 3, the contributing components are two
fao3 functions and one f3; function. We can thus use these polarizations to independently
determine the remaining components fo5 and f34.

4.2 Two-Loop Integrals

Up to two loops and seven points, we find that the correlators of 20’ operators can be
expressed in terms of the following conformally invariant integrals (see Figure 1):

4
Fl243 — o2 .2 d’xs
1 = T13To4 5 9 9 93
T15T25L35L 5
Bioz = 22,1202 / dhxy d*as B
123 = 419413423 9 92 9 2 2 92 9 - 123,231 »
(%4%4%4)%5(%5%53735)
1243 _ 2 2 2 d*xs d*ze
F5™ = xiya5,21, 55 55 o 5 3 — D2,
(351535253”45)3356(554655361’16)
B 9 9 9 d4fL’6d4[E7 _B
1,23,45 = T12T15T34 5 92 9\.2 /.2 2 2 — Di132541,
(%6%6%6)%7(1’17%7%7)

i dirg diay

_ 4 2
I 9534 = 1’25%4/ ) = 11125 3245 ,

2.2 .2 . 92N\.2 /(.92 92 9
(236736716726 ) g7 (123701773,
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H123,4567 A1,234,567

Figure 1: The complete set of conformal integrals that appear in the correlation
functions of 20’ operators for up to seven points and two loops, see (4.8). Black:
Propagators 1 /ZEZQJ Red dashed: Numerator factors xfj Further two-loop conformal
integrals are shown in Figure 2.
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Figure 2: Two-loop conformal integrals with up to seven external points that appear in
the ansétze as constructed in Section 2 but do not occur in the final two-loop correlation
functions of 20" operators. Unlike in Figure 1, numerator factors between external
points are not drawn.

2 2 g4 74
2 2 L7 d 6 d" 7 — A
( = 43,254,145 5

A = 22,220
12,345 = L3435 5 2.2 .2 ,92N\.2 (.2 .92 .92 9
351655363”463556)5567(55371’4795575’527)
d4l’7d43’}8
2,2 90N\, 2 (.2 .2 2\
x17x27$37)x78<x48x58%8)
13 diary dirg

_ 2 2 2
Bi123 456 25’31337469525/(

_ 2.2 2 _
1T 23,456 = 1‘461‘13%5/( 2 12 72, ) 72 (125727 27 s = 1531 4561 »
To7T372717)L78\T18T 48T 5368
2.2 14 4
_ 2 2 2 TogTs; d w7 d g 5 o | A1234567
A14723,56 = T13%14% 46 5 2 2 2392792 92 2 2~  L1aTlys 5 9 )
(21725725,777) 135 (T3 U5 T8 15 Li6Ty7 |7 44

3, d*xs d*z
x%sxgsxgs)x?sg(Iigxggl’%gx%g) ’
2.2 4 4
A1 234567 = x%3x%6xi7/ 7 3 3;29x258 dzxgczi x;; 2 2"
(213735735045 ) 139 (21929 U9 T79)

_ 2 92 2
11193 4567 2132737359‘546/(

(4.8)

Here, I and F, are the one-loop and two-loop ladder integrals, B are double-box integrals,
IT are penta-box (pentaladder) integrals, and A are double-penta integrals. Additional
conformal integrals that do appear in the ansitze, but whose coefficients are set to zero in the
actual functions f{*) are shown in Figure 2. The integrals that do contribute to the functions
f2) can be characterized as follows: Either they are products of one-loop box integrals F1,
or they have one propagator factor 1/z7,, ., and at most one numerator factor z7; per
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P2 59 P 974 rPE, 724 P, 3948

rP® 60 P2 1850 P2 3666 P 10370
P2 160 P 974 P2 1886 P2 11138
PO 400 P® 2457 P 7781 P 25812
Pz(;é) 17 PP 3500 P& 1116
PO s PY 1919 P 11996
- P? 10793 P2 10370

P 37083

Table 5: Numbers of independent coefficients in the two-loop ansatz polynomials P,g2)
after excluding classes of integrals that do not appear for n = 5,6,7. As can be seen by
comparing to Table 1, the numbers are greatly reduced, especially for n = 8, 9.

integration point j € {n + 1,n + 2}. Conversely, the integrals that do not contribute fall
into three classes:

o Products of one-loop integrals that include numerator factors,

e Two-loop integrals with two or more numerator factors connecting to the same integra-
tion point,

« Two-loop integrals that include loop-loop numerator factors x2 +1ni2- (All examples in
Figure 2 are of this type.)

The fact that such integrals do not contribute is an observation for which we do not have a
direct derivation at this point. What we can say is that excluding all these integrals completely
removes all Gram-relation ambiguity. In other words, there is no linear combination of
Gram relations that is free of these excluded integrals. This means that the ansatz is free
of redundant parameters, i.e. all coefficients can be uniquely fixed by matching to data or
any other type of constraints. Moreover, and perhaps even more importantly for future
bootstraps, the sizes of the ansatz polynomials greatly reduce by dropping these integrals,
especially at higher points, see Table 5.

4.3 Two-Loop Results

Five Points. We can express the final answers for the two-loop component functions f{?)
in terms of the conformal integrals (4.8). Pulling out the overall prefactor (3.36) from the
twistor result, we find

U
fz(? =12 <2<1 - » Z )Bl,23,45 + 4U1U3(B3,14,25 - B3,12,45) — Bias
3Us

+ 2015 4512 — 2uqugll3 1495 + (1 — 2

151945 + Asq 125
UUg

u1(2 + uyuz — usty) 1234 171235 1324
5 Fiom By + 2F5°7 +
UsU5 U9

U1u3

OEP — FP)) | (49)
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where (-),, means the average over permutations in the symmetry group Ks3 = Sy x S3 of
the respective propagator structure. The second (“cyclic”) component function is given by

2y —4 —1/u 4 —2uy —1/u
éz) =10 <(4 + 2= / 5>Bl,23,45 + ( : [ - 2) Bi24,35
U U3 U3 Us
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1
+ 2( - U3U5> B o534 + 2<1 + )H1,23,45 + 2(ug — 1 — uoua) 111 2435

Ul U2 Uy
2(1 — ugug —u 14+ uwougy —u
( 2ty — Uz) 11 95,34 + $H1,34,25 — Q12345
us us
1 —24+1 4(1 —
L (U1U4 +1/uy Ny — Qs + 2> Fl2plass | ( U2>F21234
U9 Us U2

+ <U2 + urusz — 1)F21243 — 2<'LL1 + 2u2u5)F21253 — 211,1U4F21254 + B123> s (410)
5

where (-). means averaging over the symmetry group K5 = Dj of dihedral permutations. In
both expressions, we have used the five-point cross ratios defined in (C.2).

The above expressions are not unique due to the existence of Gram relations among the
terms in the ansétze for the component functions f,. At five points and two loops, there
is one Gram determinant relation (see Table 2). After reducing over permutations of the
integration points {xg, 27}, the relation has 442 terms. Further reducing each term over
the permutation symmetry group Kss (K5), the number of terms in the relation reduces to
64 (66). However, the relation unavoidably includes a conformal integral that is not in the
list (4.8), namely

(4.11)

/ dre dxy x2,
1363673603656 L1737 03 L3757
Excluding this integral makes the expressions above unique.

We find that the two component functions f2(§) and fém can be written in terms of the
following four monomials:

1 2 .2 2 9 2 92 9 2 2 .2 2 92 2 92 9
1234567 = T16L17L26L27L34L35L g5 1234567 — L16L17L25L27L34L36Lys5 »

3 _ 2.2 4 .2 2 2 4 4 4.2 2 2
1234567 — T15T16L27L34T36L 45 » 1234567 — T17L26L34T35% 45 - (4.12)

This compares with four different polynomials that appear in the three loop four point
function of 20" operators [21]. Multiplying with the common denominator as in (2.12),

29 2.2 2.2 92 2 2 2 2 2 92 2
Pé ) = L16L17L26L27L36L37La6La7L56L57L6T fc(L ), (4.13)
we find that the coefficient of the 2 x 3 polarization d2,dzsdssdys is given by
4 3 1 2 2 2 3
Py = [2Q1345672 — Qi3as267 — 2Gi3as627 T Q1346725 + 31354627 T Uizseazr — 21364257

2 2 3 1 4 1
+ 4G3364527 T 20647325 T 203164572 — 443412567 T 243419567 — 33412756

+ 445019756 — 23612507 — 2(1?436275} + perm, (4.14)

while the coefficient of the cyclic polarization disdazdssdysdys reads

Ps = 21934567 — Gia3as67 + Dasaser — Giasaser T Dasacs — 2diasaest + Tiasaers + Dassast
- 2Q%243567 - Q?243567 - 2Q%243657 + 4Q%246357 - Q%263547 + 2(1%324657 - Qf324657
+ 2q?324675 - q%342567 + q%345267 - 2q%346257 + q?362475 - q%362547 - Q%362574 + CI?423657
— 203 123675 + Tro3azsr T Uesasar — Dissszar — 205643257 T Brssast + 28136457 + Barasser
— 203146357 + 2Ua31657 — Y2136 — 2iaseast — Lisoeast — 2(]%423756} +perm. (4.15)

The permutations in these equations are given by the elements of S; that leave each
polarization structure fixed.
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Six Points. At six points, there are four independent component functions, as can be seen
n (2.16). The simplest of them reads

2) _ 43 <u1u3u5B 4 utuzusUy F1234F1256> 116

22 U BT dugueUs 222 (4.16)
where (-),,, means the average over permutations in the symmetry group Koy = Sz X
(S x Sy x Sy) that stabilizes the propagator structure, i.e. the pairings (1,2), (3,4), (5,6)
of external points. The remaining component functions are presented in Appendix D. We
express the functions in terms of the six-point cross ratios (C.4).

Seven Points. At seven points, there are again four independent component functions (2.16),
the simplest of them being

(2)
923 = 48 ( 211234U2456 B123 456 + U1256U2643 B125 346

1234 11256 1257 173456
Fui243Ur256 U562 0 L7 A Uiarsusaes P17 FY >223- (4.17)

At seven points, we use the general cross ratios (C.1). As before, (-),,, means averaging over
the permutation group Kaoz = (S X (52 X S3)) x Sz that stabilizes the propagator structure
d3,d2,ds6dgrds7 which multiplies the function fae3. The remaining three component functions
are given in Appendix D.

Any Multiplicity. We present some (very preliminary and yet incomplete) guesses for
the component functions f2(72,2_2 and f?) for any multiplicity n in Appendix D.2.

4.4 Three-Loop Results

The ansatze for 2(3) and f5(3) contain of 139 different conformal integrals. Each integral
appears with various permutations of the external (and internal) points. We can organize
the answers as follows:

139

9<2 S ) o 0 =30(X X 1) (4.18)
i=1o0€m; 23 i=1o€m
Here, ]Z»(f,) are three-loop conformal integrals

Ii(fr) = ]i(g) ($01,$027 Togy Loy, was) ) (419)

the occurring permutations o of integral I; are collected in the set 7;, and the coefficients
cg.; are rational functions of the five conformal cross ratios. As before, (-),5 and (-), denotes
averaging over the permutation symmetry groups Ss X Sz and Dy respectively. The sets
m; contain between one and eleven permutations with non-vanishing ¢ ;. The first 18
integrals {Ii(g) | 1 <14 < 18} are products of one-loop and two-loop integrals,?! the remaining
{Ii(g) | 19 < i < 139} are genuine three-loop integrals. For example:

2.,.2.2 .2 9
22wl rix
. 12213215223 L77
Ig5,(12345) = /dxb’ dur ds P22 g2 2 2 2 2 2 2 5 3 ) (4.20)
16L17L18T27L28T37 L33 T4 L7 L57L 68

21Besides the one- and two-loop integrals that appear in the two-loop correlators (see (4.8) and Figure 1),
these products include one further two-loop integral, which features an external point that only appears in
the numerator, namely: [ dxg doy 225/ (235036236056 208:03705,2%,).
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Ca3.65 = o Cs5 = —2UsUs,

31245 _ _§ 31245 _ o 4 z . 2ugus
23,65 9 5,65 " w
Al52 _ 3 n L wug

2O Quy 2uy

with all other ¢ 55 = 0. Here, we use the five-point conformal cross ratios defined in (C.2).

All integral expressions —71'(3) and rational coefficients ¢, ; are provided in the attached file

results.m. The numbers of various terms in the answers (4.18) are as follows:*?

number of: f2(§’) féB)
occuring integrals IZ-(?’) 107 94
nON-Zero C; » 388 445 (4.21)
terms in expanded expression inside (...) in (4.18) 1320 1223
terms in fully expanded expression in (4.18) 13840 11725

The representation (4.18) is not unique: Some linear combinations of terms in the ansétze
for £ and f{¥ vanish due to Gram determinant relations (see Table 2).2* Hence not all
free coefficients in the ansatze are independent. Indeed, we find that matching against the
twistor data leaves 103 parameters in fég) unfixed. Similarly, 91 parameters in f53) remain
unfixed. We verified that this remaining freedom indeed amounts to adding Gram relations.
We use this freedom to minimize the number of non-zero g, ; in the answer, and to make their
rational coefficients as simple as possible, by setting the remaining coefficients to particular
values (effectively adding terms that sum to zero).

4.5 Guide to the Results File

All our results for the correlators of 20’ operators are collected in the attached MATHEMATICA
file results.m. The file includes comments alongside every definition. In the file, the two-loop
integrals (4.8) are defined as follows (see the definition of intDef):

F1[1,2,3,4] = F}**, YY[1,2,3] = By
F2[1,2,3,4] = [, LL[1,2,3,4,5] = Bja3us
BB[1,2,3,4,5,6] = Bis3.456
PP[1,2,5,3,4] = IT) 9534, QQ[1,2,3,4,5] = Ajpa4s
PB[1,2,3,4,5,6] = II; 23456 , DP[1,4,2,3,5,6] = Aj40356
PB7[1,2,3,4,5,6,7] = Il1934567, DP7[1,2,3,4,5,6,7] = A 234567, (4.22)

After loading the file with <<"results.m", the results can be accessed through the following
symbols:

answer52A: The two-loop five point component functions f{?). Here, the component a is
specified by choosing a = A € {23,5}. The answers are written in terms of conformal

220f the 139 integrals in the ansitze, 28 do not occur in either answer.
23There might be further linear relations after integration, which we do not take into account here.
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integrals (4.22) and cross ratios (C.1). Each term in the expressions is canonicalized
over the respective permutation group K,, that is the answers are identical to the
expressions inside (-) in (4.9) and (4.10) (including the numerical prefactors).

answer62A: The same for six points, that is A € {222,24,33,6}. The answers are identical
to the expressions inside (-) in (4.16), (D.1), (D.2), and (D.3).

answer72A: The same for seven points, that is A € {223, 25,34,7}. The answers are identical
to the expressions inside (-) in (4.17), (D.4), (D.5), and (D.6).

integrandN2A: The fully expanded two-loop integrand of the component function f{2),
where all integrands of conformal integrals as well as cross ratios are expanded in
terms of squared distances x?j = x[i,j], and the symmetrization (average) over the
permutation group K, has been carried out. Here, N € {5,6,7}, and A as above.
The expressions are not explicitly symmetrized with respect to permutations of the
integration points {z,1,Z,12}. Calling

integrandN2A // Map[symmetrizeInt[N,2]]

generates a manifestly symmetric expression (i.e. the correct tree-level correlator
component of N 20’ operators and two Lagrangian operators).

I13def [6,7,8]: A replacement rule that defines the 139 conformal integrals that contribute
to the five-point three-loop function.

cIAdef: A list with the non-zero coefficients cf ; that enter the three-loop component function
£ in (4.18), where a = A € {23,5}. The coefficients are expressed in terms of the
five-point cross ratios (C.2).

answerb53A: The expressions inside the brackets (-) in (4.18), including the numerical prefac-
tors, where A € {23,5}. The coefficients are expressed in terms of cross ratios (C.2),

the integrals Ii(f;) are left as abstract symbols.

answerb53Ax: The same as answer534A, but with the integrals (or rather their integrands) as
well as the cross ratios expanded in terms of squared distances x?j =x[i,j].

integrand53A: The integrands of the component functions f(*) (4.18), @ = A € {23,5},
completely expanded in terms of squared distances, and with the symmetrization
(average) over the symmetry group K, carried out. Not symmetrized over permutations
of the integration points {zs, x7,23}. As in the two-loop case,

integrand53A // Map[symmetrizelInt[5,3]]
achieves that symmetrization.

All expressions answerN2A, N € {5,6, 7} are written in terms of the general cross ratios (C.1).
To convert all cross ratios in the five- and six-point expressions to the basis cross ratios (C.2)
and (C.4), one can use the following code:

{answer5223, answer525} /. u4Tox /. xToBGV5
{answer62222, answer6224, answer6233, answer626} /. ud4Tox /. xToBGV6
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5 OPE limit and other constraints

In section 2 we have described in detail the construction of an ansatz for higher point (n > 5)
correlation functions of twenty prime operators at two and three loops. The undetermined
coefficients in the ansatz can be fixed, in principle, in two different ways. One is based on a
twistor reformulation of N'= 4 SYM action, following the same strategy that was applied
successfully in [32]. This was the approach of section 3. The other is based on imposing
OPE and susy constraints on the ansatz. This is the direct generalization of the four point
bootstrap [21] and it is the approach we shall pursue in this section. The end result of
this analysis is that we are able to fix the two loop five point correlator and we are able to
considerably reduce the number of undetermined coefficients of the six point at two loops.
One advantage of this approach is that it can be applied with small differences to correlators
of operators with higher R-charges.

In a second part we will do an OPE analysis of some of the correlation function just
obtained and thus providing new OPE data at two loops. More concretely we give the
two loop four point function involving one Konishi operator in the [0,2,0] and three 20’
operators.

5.1 Fixing the correlator at two loops

In the following we will study the OPE limit of correlation functions involving twenty prime
operators and some Lagrangian insertions

(Ox1, 1) -+ O, yn) L(Tg1) - L(Tnik)) = Gk (i Yr)- (5.1)

As mentioned in the previous sections these control the loop corrections to the correlation
functions of twenty prime operators, as an example the two loop correlator, G, o, is given by
integrating the one loop part of the correlator G, ; over z,.,. The advantage to do this is
that it is easier to analyse the analytic structure of the correlator and interpret it in terms
of OPE data. More concretely, the Inwu; (in the 2%, — 0 limit) is controlled by lower loop
information and thus can be used to fix the undetermined coefficients.

The ansatz of G5 1, G5 2 and Gg 1 up to one loop can be expressed in terms of a combination
of one loop four point ladder integrals as can be seen from the appendix E.3. Moreover,
these correlators should vanish once we impose the chiral algebra twist [49],%* 4.e. when the
positions ;... up to x, are placed in a two dimensional plane and polarizations yy,...,y,
are set to

vy = (vi — v;) (2 — 2)) (5.2)

with z; being a two dimensional complex coordinate system for the point x; (more explicitly
x3; = (2 — 2j)(% — %;)) and v; a generic parameter. This is not the unique polarization for
which the correlator vanishes, other one is the so-called Drukker-Plefka twist [51]

Yl =3 (5.3)

ij

These last two constraints are powerful enough to fix completely the tree level correlator
Gs1 and Gg1 without imposing any other constraint from the OPE (i.e. it fixes the one

24The result of [49] implies that the loop corrections of Gn,o should vanish. It is possible to argue that up
to two loops the integrand of G, o should also vanish in the chiral algebra twist and in fact we have verified
this from the twistor computation. This means that the Born level G, ;, for £ < 2 vanishes in this twist. For
this reason we also expect that the one loop correlators should also vanish and we have also verified this for
n = 5. The chiral algebra twist has been used to bootstrap higher point functions in [20,50].
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loop correction to G5 and Ggp). This is not the case for the one loop correction to these
correlators as they are not completely fixed by these twists nonetheless the number of
undetermined coefficients in the ansatz spelled out in section 2 is greatly reduced as can be
seen from these numbers

[y

g

(1) . 64+66=130 — 24 (5.4)
Gs

1
) . 2354-572+1734657=1637 — 327 (5.5)

)

)

One simple constraint to impose comes from the studying the leading term in Lorentzian
OPE between two 20’ operators. The operators have R-charge and so it is better to choose
wisely the polarization of the external operators to avoid having degeneracy in OPE. One
possible choice is given by this particular polarization

1 . . 1 . .

Y1 = ﬁ(1727a172a1a070)7 Yo = ﬁ(l7zaa27_za27070)a (56)
after taking one derivative in a; and as and setting them to zero. The effect of this is that
we are projecting into a channel where operators appearing at leading order in the OPE will
have the form

Te(ZD’Z) + ... (5.7)

where the ... represent different ways to distribute the derivatives. For simplicity we will
focus first in G5 ; and then generalize to higher points. The leading term in the OPE is just
the BPS operator Tr(Z?) and this reduces the number of unfixed coefficients to

G - 2419 (5.8)

since the four point function of twenty prime operators at two loops is known and should
match the leading term in the OPE limit of the five point function.

At subleading order in the OPE limit the operators with J = 2, ... start to contribute.
These operators are unprotected, i.e. their dimension depends nontrivially on the coupling
constant, and one consequence is that they will give rise to Inz%, terms in the OPE limit.
This new structure will allow to fix more undetermined coefficients in the ansatz. The
In terms come from the one loop conformal integrals reviewed in appendix E.3. This is
one of the reasons why we decided to analyzed the partially integrated correlators (5.1)
since it allows to extract the Inz?, divergences while dealing only with one loop integrals.
More importantly the coefficient of In is completely determined by lower loop data and the
light-cone conformal blocks?®
gl .19 > 6. (5.10)

)

Z5Here we have used the light-cone conformal blocks obtained in [6] for higher point functions. The formula
reads

C12k(I12 : 3z)']

(O(z1)...0(xp)) = Z 5, (A7) A [dt](Ok(x2 + tx12,2)O(x3) ... O(x0)) + . .. (5.9)

k (95%2)

Aty

where [dt] = I'(A + J)%, Oy (z, z) is a spin J operator with polarization vector z satisfying
=

2% = 0 and the ... represent subleading terms in the lightcone 2, — 0. The lower loop data in this case

can be read directly from the OPE of gg?f .
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The remaining constants were fixed by looking at the singlet R — charge channel, i.e. [0,0, 0],
in the (12) OPE. Here we have to be more cautious as there is degeneracy, i.e. more than
one operator with the same spin and dimension but luckily there is no degeneracy in the
leading order in this limit and so we can use the lower loop data from the Konishi operator
and also the stress tensor. We could have also use the correlator/amplitude duality to fix
some of the above coefficients.

One issue that prevents us to go to higher loops or points is that the number of terms
in the ansatz grows substantially. For this reason it is important to look at the ansatz and
check if some of the terms could be dropped based on some physical reasoning. This also
has the advantage that it can be applied to correlators with higher R-charge. In the ansatz
there are terms of the form

L2 .2 .92 .92
Y12Y15Y23Y34Y45 Lol y5L19T 45

2,2.2 .9 .9 .9, 92 9 9 95 9 9 9
T34L53L 5L 7205 L16L17L26L 27 L46 L a7 LE6L 5T

(5.11)

with two double propagators in the numerator. We have highlighted in red terms that need
to be generated by the interactions. One possible reason to eliminate these diagrams is that
they are not present in the four point function and notice the interaction only involves four
of the five points. We have also noticed that the result does not have the following diagram

2.9 .2 9 9 2.2 .2 .2 .2
Y12Y15Y23Y34Y 45 Ty5L16L24L 25T 37

2,2 ,.2.2 .2 92 2.9 92 9 95 o5 o5 9 9
L19X715L23L34L 45T 45 T17L26L27L36L46L47L56L57L 67

(5.12)

This one has five terms of z7; in the numerator and one possible reason to eliminate them is
that the interactions would not be able to generate so many terms in the numerator.

The same strategy can be applied to the correlator gé}f or in other words to the two
loop six point function of twenty prime operators. This time the ansatz of (2.12) can
produce diagrams where the interactions lead to six propagators in the numerator, which
at this loop order should not be possible. Eliminating these diagrams (as well as the two
double propagators mentioned in the gélf analysis), together with OPE constraints (leading
In Lorentzian OPE and leading Euclidean in the [0,2,0] channel) reduces the number of
undetermined coefficients (5.5) significantly

G\ 327 — 21. (5.13)

Imposing the constraints coming from other OPE channels like the singlet, did not fix
completely the ansatz.?® One use of this bootstrap exercise is to reduce both efficiently and
substantially the number of undetermined coefficients that go in the approach of the previous
section. This might be useful in the future at higher loops/points since generating data with
the twistor method becomes harder. Let us also point out the bootstrap method can also be
applied directly to correlation functions of operators with other R-charges.

5.2 OPE of integrated correlator

In the previous subsection we have analysed the OPE of partially integrated correlation
functions (where a subset of the Lagrangian insertions is not integrated over). While this
has proved useful to study part of the structure of the correlation function, in particular
to fix it, it does not provide all the information contained in this observable. The goal of
this subsection is decompose the five point function at two loop level in terms of lower point

26In principle we could use integrability data [52,53] for the non-In part of the correlator to fix more
coefficients of the ansatz.
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correlators. This will give access to new two loop four point functions with one non-BPS
operators. For simplicity we will be working at leading and subleading orders we are able to
extract the two loop OPE coefficients with two spinning operators and compare with a result
that has been previously computed [54-56] (see [52] for an integrability based computation).

We will take the Lorentzian OPE limit as in the last subsection (and then we take the
points to approach each other and keep the first three nontrivial orders). This method has
been applied for five point functions at weak and strong coupling [5,6,20]. One of the technical
difficulties is that the correlation function is expressed in terms of conformal integrals that
have not been computed before. To overcome (at least partially) this problem we will use
the method of asymptotic expansions [57-60] to these higher point integrals. The expansions
of the integrals together with the higher point lightcone conformal blocks [5,6,20,61] allows
us to read off the following OPE data:

(Tr(ZX)(21) Te(ZX)(22)O (3, y3) - .- Ows, ys)) = (Tr(Z%)O(w3, y3)O (w4, ya) O35, ys5))

+ (descendant) + (Tr(D?Z*)O(z3, y3)O(z4, Y1) O(5,y5)) + . .. (5.14)
where the ... represent subleading operators and the correlator involving the Konishi is
given by

Rl

2
(3334) 2
x5

(Tr(D*Z%)O(x5, y3) O (34, y1) O(25,y5)) = (225)2 < /2 (23

Z Vigi Vigs Al (ug, ua)  (5.15)

with V; jp = = Lt e : ik is a typical polarization structure (where z? = 0 is a polarization
J

vector) that usually appears in spinning correlators. The coefficients, A, in this decomposition

are finite functions of the cross ratios and have a perturbative expansion in the coupling g

(recall that this information is contained in the two loop five point function)

AZ(U3,U4) = ZngAi(U3,U4) (5.16)
k=0

3 1
Ag (U3, 'LL4) = Ilal’o + IQCLZO -+ 130,3’0 + bl’()(@(l))Q + b270¢(1) + Z Z cl-7j708u3+j1i + do (517)

i=1 j—O

Aj(ug,ug) = Liayy + Zragy + Izas; + b1,1(45 ) + bo, oW 4 Z Z Cij10uy,, Li + dy (5.18)

zl]O

Ag(u3, U4) = Ilal,g —+ 1.20/272 + Iga,g,g + bl,l(@ ) + b2 2925(1 + Z Z Ci g, 2 U3+ I —+ d2 (519)

=1 75=0

where the coefficients a; ;, b; 1, ¢; j, and d; are given in the appendix E.2 and the integrals Z;
are just the two loop ladders and are defined in appendix E. We have omitted the terms
with k& < 2 because they can be read from tree level and one loop five point functions.

6 Discussion

We have used numerically the twistor reformulation of A" =4 SYM to completely fix the two-
loop five-, six- and seven-point correlation functions and the three-loop five-point correlator
of twenty prime operators with arbitrary polarizations. It is possible to generate numerical
data for even higher-points and higher loops by isolating sets of polarizations and keeping a
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reasonable number of twistor diagrams. However the ansatz as described in Section 2 for
those cases has still too many undetermined coefficients for a fitting.

However, we found that the two-loop five-, six-, and seven-point correlator of 20’ operators
can be expressed in terms of a restricted set of conformal integrals, see (4.8) and Figure 1.
All integrals that contribute have a propagator connecting the two integration points, and at
most one numerator factor per integration point. Beyond seven points, there is only one
further integral of this type:

2 2

A — 22 52 2 dg dr19 71 1975 9 .

1234,5678 = L23-67-V48 2 .2 .2 .2 .2 2 2 2 2
T19TL29X39T 49 L9 10 L5,10T6,10L7,1078,10

If the pattern of contributing integrals that we observe for n < 7 continues to higher points,
then all two-loop correlation functions of 20" operators should be expressible in terms of
the integrals in Figure 1 and the above eight-point integral. If true, this puts an extension
of our results to eight points within reach, since it substantially reduces the numbers of
undetermined coefficients in the ansatz (see Table 5). Of course it is also possible that the
absence of other conformal integrals is a low-n artefact and does not continue to higher
points. It would be nice to understand more systematically which kinds of integrals can
contribute at higher points (and at higher loops, where the data is much more limited).

With the fresh new data obtained in this paper, we have made some initial steps towards
bootstrapping the integrand of correlation functions with five or more half-BPS operators.
An obvious next step in this bootstrap game is to explore correlation functions of operators
with different R-charge. This is essentially an uncharted territory and definitely deserves
further analysis, specially because one might wonder if there are hidden structures as there
are for four points [10, 14]. The twistor reformulation of N/ =4 SYM can also be very useful
for this generalization.

We have also studied the first non-trivial order in the light cone OPE of a five point
function and have obtained two loop four point function involving one Konishi operator in
the [0,2,0] and three 20" operators. It would be interesting to further develop this OPE
analysis to subleading terms in the OPE, higher point functions and higher loops. This
would be very important to probe the recently discovered dualities between three point
functions and null polygon hexagonal Wilson loops [5,6]. The main obstacle to achieve this
is the computation of five and six point conformal integrals (which in this paper we have
only computed in a limit). We hope to make progress on this in the future.

The four point function of 20’-operators was important to analyze many different physical
limits, such as the Regge or event shapes [62-64]. It would be very interesting to use our
recent data and extensions of it to study these physical observables with more points.

Another direction is the connection with integrability [11,12,65]. We have not managed
to find a closed expression for the n-point correlation functions at two-loop in this work.
However, it is possible to organize the results in terms of integrability contributions. At
two-loop and for a particular set of mirror cuts, the only contributions are strings and loops
of just one mirror particles. There are many relations between these objects involving several
particles with the same objects with lower number of particles, such as decoupling and
flipping. It is expected that all the necessary integrability contributions can be fixed. The
set of integrals appearing for the correlation functions of the twenty primes operators forms
also a basis of integrals for the correlators of other length-£ half-BPS operators. This follows
because increasing the bridge lengths kill possible diagrams. Thus fitting the basis against
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the power series produced by integrability in a line (the integrals are unknown outside the
line) should give the integrand for different correlators such as the dodecagon. The same
strings and loops can also be used to produce non-planar data.

In addition, notice that the twistor method for computing correlation functions was the
motivation for the proposal of the Correlahedron [26], which is a geometric object computing
the integrands of correlation functions of the stress-tensor multiplet. One of the properties
of this object is that it reduces to the “squared” Amplituhedron [66] when the light-like
limit is taken.?” The Correlahedron is a Grassmannian, and the external data are points in
chiral Minkowski space. However, there are still some open questions about the proposal.
An important one is concerning the volume form. The volume form for correlation functions
can be more complicated, having different kinds of singularities. All the known results
for correlation function integrands in the literature were shown to have an uplift to the
Correlahedron language. This includes the four-point functions up to ten loops [21,22], and
the six-point tree-level correlator mentioned above. We hope that our new data can help to
test the proposal further.
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A Tree-level and one-loop n-point functions

This Appendix is a review about the known results in the literature about tree-level and
one-loop n-point functions of length two half-BPS operators. At tree-level and general
polarizations, one has

_ (y%Q yrQLfln

5 -+ o
T12 Tn—1n

Gn

+ noncyclic permutations) + disconnected . (A.1)
0

At one-loop, there are two ways of obtaining the results. The first method is the
perturbative calculation of [19] and the second method uses integrability techniques [17].
The starting point of the integrability calculation is to consider all tree-level diagrams. The
perturbative corrections are obtained by adding the so called mirror particle contributions.
The relevant tree-level diagrams for integrability are the connected ones.?® Considering the
sphere, the cyclic graphs divide it into two faces and form a polygon with 2n edges for n
operators (each operator has a small size). At one-loop for length two half-BPS operators
the mirror particles in different faces do not interact and the correlator is the product of

2TThe proposed “squared” Amplituhedron is also a Grassmannian, but with fewer constraints [26] than
the original Amplituhedron.

28The disconnected diagrams can in principle contribute to the integrability calculation because of the
stratification procedure (which is a prescription for treating the boundary graphs of the moduli space) in
hexagonalization. However in [17], it was argued that these contributions vanish at one-loop. At the moment,
it is not known if they contribute to higher-loop correlators.
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the value of the two polygons. At two-loop this factorization breaks down and there are
strings and loops of mirror particles connecting the inside face with the outside face. From
integrability, one has

1,12 '+1x12+1 j yi2 '+1yi2+1 j
pOlngH(l, ey 2n) = Z m Zi’j = %, Oéi’j = # y <A2)
[ii-+1],[j,5+1): Liit1T541,5 Yii+1Yj+1,5
non—consecutive edges
where - -
m(z,a) =2 EFA D pr, 5, (A3)
and ] ]
FO(z,2) = (2 Lis(2) — 2Lia(2) + log(22) log ( — )) , (A4)
z2—Z -z

which is the box integral.

The final result for the one-loop correlators are the sum of two of these polygon factors
times the tree-level propagators of each tree-level graph. The calculation from integrability
follows from the two mirror particle contribution obtained in [16] and the flip relations
explored in [17] that enables one to obtain the contribution of a string with n interacting
mirror particles from strings with less particles. The result for the general polygon of (A.2)
also follows from an inductive argument. In order to compute the correlation functions of
operators with length bigger than two, it is also possible to use the formula for the polygons.
Similarly, each tree-level graph divides the surface into faces or polygons. However, the
number of tree-level graphs grow substantially with the length k& of the opertors involved. At
the moment, as far as we know there are no closed formula for general k£ even for the simplest
case of five operators. The function (A.3) depends on the R-charge cross-ratios o ; and it
can change the original propagator structure of a given tree-level graph. In addition, the
function F((z, ) of (A.4) satisfies several properties and many simplifications are expected
when all graphs are summed. Notice, that it is possible to generate several correlators with
different k’s using the expression for the polygons.

B Ansatz Construction

As explained in Section 2, by mapping each factor x?j to an edge between vertices ¢ and 7j,
we can identify each monomial in x?j with a multi-graph (i.e. a graph that admits “parallel”
edges between the same vertices ¢ and j). Finding the most general polynomials P{) hence
amounts to listing all multi-graphs with n external vertices with valency ¢, and ¢ internal
valencies with valency n+ /¢ — 5, and taking a general linear combination of the corresponding
monomials.

We split the construction of the ansatz for each polynomial P, into three steps. First, we
construct all admissible unlabeled graphs with n + ¢ vertices.?® Next, for each graph g, we
construct a set of inequivalent labelings of the external vertices. Each such labeling o will
correspond to one independent term in the ansatz that gets multiplied by an undetermined
coefficient ¢;,. Here, we make use of the permutation symmetry K, of the respective
propagator factor [J;; d?;j . Due to the total S,, permutation symmetry of the correlator,
also the polynomial P, must be invariant under the permutation group K,. Finally, we

29%For n = b5, all vertices have the same valency ¢, hence we need to explicitly distinguish different
partitionings of the vertex set into external and internal vertices.
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symmetrize each term over the residual symmetry group K, X Sy, where S, permutes the
integration vertices. Putting everything together, we arrive at

P =3 Y. Coo D Groo- (B.1)

g€l 0€Ka\Sn/Hy T€KaxSe

Here, I, is the set of all unlabeled multi-graphs with n vertices of valency ¢, and ¢ vertices
of valency n + ¢ — 5.3 For each graph g € I}, 4, we sum over the labelings (permutations)
o € K,\S,/H, of the n external points, where H, is the automorphism group of ¢, and
Kg is the symmetry group of the respective propagator factor [J;; d?;j . Each such labeling
produces one independent term, i.e. comes with one independent coefficient ¢, ,. At the end,
each independent term is symmetrized over permutations K, x S;.

We find the following numbers of different multi-graphs for various n and ¢, where

we distinguish internal from external vertices, but otherwise treat all vertices as identical

(unlabeled):

5ol Lol 7ol |Isol [Iool [Topl [Tuel  Ussl |Tos]
15 41 8 178 327 607 1051 429 4105

(B.2)

The residual permutation symmetry groups are as follows:

Ky3 = 55 x S3, Koo = S5 x (S x Sy x S3), Kooz = (52 x (S3 x 53)) x S,

Ks = D5, Koy = S5 x Dy, Kos = 59 x D5,
K33 =55 x (S5 % S3), Ksy = S3 X Dy,
KGIDG, K7:D7, <B3)

where Dy, is the dihedral group on k elements. According to the above procedure, the total
number R of independent terms (undetermined coefficients) in the ansatz for P{) is

RO =3 [Ka\S,/H,. (B.4)

a
gep’n,é

These are the numbers shown in Table 1.

C Kinematics

We define the general conformally invariant cross ratios:

2,.2 2,.2

T LTy 1

Wikl = —5 5 » Vijkl = ~5 5 - (C.1)
LikLj LTy

A collection of n points in four dimensions has 4n — 15 conformally invariant degrees of
freedom, and therefore as many independent cross ratios.

Five Points. At n =5, there are five independent cross ratios. A convenient choice is

Ui = Ui 4 1,i42,i44 5 1<i<5, (C.2)

30In practice, the graph vertices are always labeled. However, the initial labeling of g € I, ; is arbitrary
and not relevant.
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where the point labels are understood modulo 5. These are the same cross ratios used in [6].
One can express any conformally invariant combination of distances z;; in terms of the u; by
comparing expressions in a fixed conformal frame. For example, one can set x5 = oo and
x3, = 1. The relations (C.2) then imply

1 1 2 Ua2Us :L‘g _ Us $2 _ U3’U/5' (03)

4 4
uy Uytly uy wug T uguy

Six Points. At six points, there are nine independent cross ratios. As a basis, we choose
U = Ujiq1i42544, 1 <1<06 and Ui = Uijit2i43i45, 1<1<3, (C4)

where the point labels are understood modulo 6. These are the same cross ratios used in [5]
(see Figure 5 there). Again, one can go to a conformal frame where zg = oo and z%, = 1,

which fixes all remaining distances x?j, 1 <i,5 <5 in terms of the u; and U,.

Seven Points. At seven points, one can pick a basis of 14 multiplicatively independent cross
ratios. They will not be completely functionally independent, because seven points in four
dimensions have only 13 conformally invariant degrees of freedom. The 14 multiplicatively
independent cross ratios reduce to 13 degrees of freedom via a conformal Gram relation.3!
Nonetheless, any ratio of a:?j can be uniquely written as a ratio of 14 multiplicatively
independent cross ratios. One “nice” basis of 14 cross ratios appears to be:

{1257 |3 <j <6} U{uyr; |2<i<j<6}. (C.5)
Another potentially useful basis is (this is closer to the six-point set (C.4)):
Ui = Ui jq1iq2,i44, 10T and Ui = Uiiq2i43i46, 1<1<7, (C.6)

Again, one can go to a conformal frame where 27 = oo and z3, = 1, which fixes all remaining

distances xfj, 1 <i,5 <6 in terms of either of the two sets.

D Explicit Correlator Expressions

D.1 Correlator Components

Six Points. Besides (4.16), the remaining six-point two-loop component functions are
quoted in the following. The expressions are also included in the attached file results.m.

(2) _
f24 =4 —83123,456U1234U2456 + B134,256(2U1246 + 6u243U2365 — 2U1245U2563)

+ 8115 45,126 U1263 — 8113 54,126 U1263 + 111 34,256 (—8U1246 + SU1245U1652)
+ Av2,310,65(—2u1245 + dUi5a2) + A12,31,56(2U1246 — dU1642)
+ F11236F11245(—4U1243U1462 + 4u1953U1462
+ U1234U1263U1356 T SU1236U1254U1362 — U1246U1253U1462)
+ FPEP0 (—dugags + dunosstiases — 4U1243Usa56U3564)
— 8B3.12.45U1234 — 8Bs5 12 4601234 + 16 B3 14,26U1234 + B1 23 45(—8U1354 + S1453)
+ 8113 4512 — 8113 14,95U1245 + I1312,45(4 — 8Uia2s) + 435194

#1The seven-point conformal Gram relation takes the form det; ;(x7;) = 0, see the discussion below (2.20).
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1234 11236 1234
+ F720F 2% (dugoastnogs + Suioestiisae — 4duiagetiisen) + 24F5 " U043

— 4F2314ZU1243 -+ F21324(4 + 2U1243) + F21325(4 — 2u1253) — 4Blgg>24 )

3532,) = 36<B124,356(4U1245 + 2U1643 — 2U1243U2356 — 2U1645U2356 — 2U1642U2653)
+ H1,42,356(4U1356 + dueo3 — duies3 — 4“1325%653)
+ 111 24 356 (—4u1356 — 4u16a3 + 4ui653 + 4u1345U1653)
+ Avg.25,63(—2 — 2ui354 + 2u1453) + A14,25,36(—2u1456 + dui654)

1246 171345
+ F 7 F] (2U1264 + 2U1459 — 2U1453 + 2U1954U1364 + 2U1364U1452

(D.1)

— 41356101463 — U1364U1436U1452 T U1264U1426U1453 + U1256U1423U1462)

— 8B1,23,45U1354 + B1,24,35(4 + 4u1354 — 41423 + 4U1453)
+ By 24 56(—4u425 + 4uis24) + 4111 93 45 + 111 24 35(—4 + dugsas)

— 2 50 + Fy? "3 (—4 + 2u1430) + F32*(—2 + 6uiosy + 2u1452)>33 ;
2 3<31237456(_8 + 41436 + 16Us456 — 4U1432U2456 — 4U1536U2456)

+ Bioa356(—2 — 41245 — 21346 + 2U1643 — SU1243U2356

(D.2)

+ duyp45U2356 + Stosss + SUioalosss — 4Ui345U2653 — SU1642U2653)

+ 114 93,456 (16 — Su1436 — St1456 — 161654 + SU1435U1654)
+ 111 25,346
+ 11 32 456

(

(—4 + Buiss — 4uisse — duieas + Su1es3 — 4U1345U1653)

(—
+ 111 34256 (—8 — 8uias6 + 4ureaz + 4uies2 — 4U1245U1652)

(

(

(=

(=

16 + 8uy426 + St1456 + 16U1654 — SU1425U1654)

+ 11 36,245 (4 + 4u1245 — Su1265 — SUtsa2 + 4Uis62 + 4U1246U1562)
+ 114 43.956(8 + Sui256 — 4u1632 — durgs2 + du1235U1652)

+ A12,36.45(—4 + duies — 4urse2) + A12,36,54(4 — 164 + 4u1462)
+ A1a2356(—4 + 41436 — 4uress) + Aig23,65(—4u135 + Suis3s)
+ A1425,36(—2 + 21456 — 2U1654) + A1a,25,63 (401354 — 2U1453)

+ FPE0 (4 + Aoy + 2uia6s — dunses

— BU1064U2435 + 2U1462U2435 + 4U1364U2531 — 2U1463U2534)
1236 121245
+ F 7P F 7% (=4 — 6uyosa + 21263 — duioes — 4u1ser + 4Uiase

— 4u1964U1352 + 6U1254U1362 + 4U1256U1362 — 2U1263U1452 + 4U1256U1462

+ duy350U1462 — 2U1234U1263U1356 — OU1236U1254U1362 + 2U1246U1253U1462)

1245 111346
+ FIPF 7% (—4 — 4upos + 652 — duiass — 2U1463 + 2U1356U1463

+ 21256 U1462 T U1364U1436U1452 + U1264U1426U1453 — U1256U1423U1462)

+ By .93.45(20 — 16u1324 — 12u3354 + Sti1423 — 12U1453 + 8ui325U1453)
+ B123,46(16 + 16u1364 + 8u1423 — 8U1463 — SUi326U1463)

+ B1,23,56( 81503 — 4U1326U1563)

+ By 2436(—12 + 8uizaa — 4uises — a3 + Suiae3 — dU1326U1463)
+ B 25,34(—
+ B 25,36 (—4 + 4uises + 4uise3 — 4u1326U1563)

+ B1,26,34(8U1326 — Bui3ap + 4uiges — 20U1643 + 4U1324U1643)

+ 11} 93 45(8 + Sugazs) + 111,93 56(12 + dugszs — 4ugess)

4 + duyzes + 16U1345 + duis23 — Sui324U1543)
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+ 11 24.35(—8 — Suasas + Suasas) + 11125 30(—8 — Suazss + Suasss)
+ 111 9536 (—4 — 12ug356 + 4uaess) + 111,26,35(—8 — Suazes + Suases)
A 11 34,25 (—4 + 4uozs4 + 4uinsss) — 413456
+ F{P P9 (—8 — 8u9a3 + Burzan — Suizer + Auioagliises + 4uizaotiize)
+ F3?4(—16 + 16u13a2) + F5 > (=2 + 6uioss + 2u1430)
+ Fy?% (=4 4 12ug950 + 4uiase) + Fy "9 (=12 + 6ups62)
+ Fy 2 (=4 + dugogs + dugsn) + Fy 2% (4 — duiase — 20ui632)
(_

+ Fy % (=4 — dugpge + Aurean) — 8Fy P urass — 16F,* uigas + 43123>6 ' (D3)

As before, ()5, ()33, and (-)4 means averaging over the respective permutation symmetry
group K, see (B.3). The results are expressed in terms of the conformal integrals (4.8) and
general cross ratios (C.1). They can easily be converted to the independent basis (C.4) of
six-point cross ratios by expanding in x?j and setting zg = oo and z%, = 1 (see Section 4.5).

Seven Points. At seven points, the two-loop component functions besides (4.17) are as
follows. Again, all expressions are included in the attached file results.m.

2(?) — 1O<F11237F13456(—4U1273 — 4uya73uzaes + 4U1273Us564)

- 43123,456U1234U2456 + B134,256(2U1246 + 6u1243U2365 — 2“1245“2563)
- 43123,457U1237U2754 + H1,34,256<_4u1246 + 4U1245U1652)
+ 11} 34,967 (—4u1247 + duioastinrez) — 4113 56 1241243 + 4113 45 19701273
— 4115 54 127U1273 + 415 56 127U1273 + A12,34,65(—U1245 + 2U1542)
+ A12,314,56(2u1246 — dur6a2) + Ai12,34,76(—U1246 + 2U1642)
+ FIBTF2% (20194311479 + 4Uios3tia7a — 2Ui957U1472
+ U1234U1273U1357 + 3U1237U1254U1372 — U1247U1253U1472)
+ F11245F13456(—2Um54 + 2u1253U2346 — 2“1256“2643)
- 433,12,45U1234 - 4B3,12,47U1234 + 833,14,27U1234 + 31,23,45(—4U1354 + 4U1453)
+ 4115 4510 — 411514 95U1245 + 11319.45(2 — 4ura9s) + 2435 124

1234 141237 1234
+ Fyo0 20 (2uaga3uaars + Auiarstinzas — 2Ur247tasre) + 12557 U043

— 2F23142U1243 + F21324(2 + U1243) + F21325(2 — Uy253) — 23123> (D.4)

25’

f ?EZ) = 24<H 1452367 (4 — 2Ua365 — dUazea + 2U2364U3457)

+ I1415.2367(—4 + duigrs + durera + duases — duizratiases — 4U1675U2365)

+ A1,245,367(—2U1765 + 2“1546”1765)
+ Aq 245 637(—4 + dursar + duirss — duis34U1745)
+ Ay 495 637(2 — durs27 + 2u1523U1735)

+ A1,425,736(—2 + 4506 — 2U1523U1635)
+ F*T R (=2 4 2ui672 + 22163 + 312761354
+ Ut256U1374 — 4U1374UT652 T+ 2U1674U2364 — 2U1673U2463
— 2U1453U1675U2365 + 4U1354U1675U2465 — U1275U1354u2564)
+ 3124,356(4U1643 + duggse — 4ui243Ua356 — dUisa6U2356 + 4U1246U2653 — 4U1642U2653)

+ Bias 267(2 — w1957 + 2u1752 + 3Ui254U476 — 2U2674 + Uta56U2674 — 2U1652U2674)
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- 43124,567U1245U2567 + H1,24,356(4U1346 — 4uyzs — 4uieas + 4U1653)
+ 1T 49 356 (— 41326 + duasse + duieas — duaess) + 111,45 267(—4 + 4dur7e2)
+ 14,15 237(4uasra — 4usars + dtoars — 4usas3tosra)
+ I14 51 937(— 41742 — duogra + duizaotogra + duoars) + 4114 56,127U1274
— 4114 65 12701274 + A1a,25 37(—2U1457 + dUi754)
+ Ayso573(—4 — dunsss + duiass) + Avasors(duzes — 2u1423)
+ B2 BT (201954 + 2un954Uag7s — 2U1954Ua567U4675)
+ F11247F11345(+4U1274 + duigsy — duigss + duiasstinzra

— duyz7auiase + 4u1374U1452 — 4Ui357U14T3

— 2U1374U1437U1452 T+ 2U1274U1427U1453 + 2“1257“1423“1472)
- 8B1,23,45U1354 + 31,24,35(6U1354 — U423 + 4U1453)
+ By 24.36(—2u1364 — 2U1423 + 4U1326U1463) + B 2456 (—4u1425 + 4U1524)
+ By 4567(—2u1675 + 2uisa7U1675) + B 12,35 (42435 — duos34)
— 4By 12 56U1245 — 4Ba12,57U1245 + Ba1s 27(4U1245 — duoasy + duorss + duiraotiorss)
+ 4114 93,45 + 111 24,35(—4 + dugsas) + Iy 1506(—4 + duies2) + 4114 56,12
+ F21243(—4 + 2’LL1432) + F21245(—4 -+ 12U1254 + 4U1452>

— 2F21425U1254 + F21456(—4 + 2U1564) — 2F24152’LL1254> (D5)

34’

f7(2) = 7<H123,4567(4 + 4duggre — 4ugsrz — Buaers — 4usesa
— dugs76Usase + dUoersUsass — 4UarsUsess + SUasratizess 1 4Uge73Usess)
+ 1195 3467(—2 + 2u9376 + 2Uo475 — 2Us465 + 4Usses
+ 2u2374U3465 + 2U2675U3465 — dU2375U3564 — 2U2476U3564 — 2U2674U3564)
+ 11 127,3456(4U2365 — dugse3 — dunzeatizast + dUoae3Uzast — 4UoaesUzTsa + 4U2564U3754)
+ 11145 2367(—2u2365 — 22764 + 2U2364Usa57 + 2U2765Us457 — 2Una65Us754 + 2U2564U3754)
+ Aq 234,567(4 — durazr — duires + 4uiazetizes)
+ Ay 234.657(—4 + dugasr + duzss — duiazstirss) + Aisa7s6(4 — 2U1436 — 2U1654)
+ A1,256,347<2 — 21657 — 2U1746 + 2U1645U1756)
+ Aq 256.437(—2 + 2u1657 + 2U1736 — 2Ur635U1756) + A1.256.734(2 — U1436 — U1654)
+ Ay 304 567(—4 + duraor + duizes — durazeUizes) + Ais24.657(4 — 2U1407 — 2Ui754)
+ A 347,526 (—2 + 2u1627 + 2ur746 — 2Ur624U1746) + A1,347,625(2 — Urs27 — Ui7a5)
+ A1,423,567(4 — 2u1327 — 2U1763) + A1,437,526(2 — Uie27 — U1736)
+ F2 (201943 + 2uisrs + 4uiorstiasas — 4izratissas + 4Ui2a3tiisme
— du34ouisre — 4Uia73Ui645 + 2Ui372U1645 — 4U1243U1675
+ 2U1342U1675 + 2U1245U2536 + 2U1572U2536 — 2U1246U2635 — 2U1573U2635
+ dui974U1645U2435 — 4U1274U1546U2436 — 2U1374U1645U2534 + 4U1374U1546U2634)
+ FPO R (—3uy065 + wizra + 2unarstizes — GUiogstinzra — 2Uia75ti463
+ Ou1265U1473 — 2U1374U1562 T U1473U1562 — 2U1364U1572 T U1463U1572
+ U1263U2354 + U1372U2354 — U1264U2453 — U1375U2453
— U1463U1576U2356 + 2U1364U1576U2456 T 2U1276U1463U2653 — 2u1276U1364U2654)
+ Biag a56(—2 — 21436 + 21634 + 4Uoe54 + 2U1234U2456

— 2U1635U2456 + 4U1435U2654 — 2U1534U2654 — 2U1632U2654)
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+ Bioass6(—1 — 2u1245 — U346 + Ureas + dUoess — AU1243U2356

+ 2U1645U2356 + 4U1246U653 — 2U1345U2653 — 4U1642U2653)
+ Bioaser(—8 + 4ut2a6 + 4uisar + duieaz + Suares + 4Ui245U2s67

— duy247U2765 — dU1s46U2765 — 4“1742“2765)
+ Bi25,346(2 — 2u1452 — 4uasss + 2us643 + du1352U2346

+ 2u1654U2346 — OU1256U2643 — 2U1354U2643 — 2U165>2uz643)
+ 3125,347(—U1357 — U347 — U1754U2347 — U1257U2743

+ 2U1953U2347 + 2U1a57U2347 + 2U1354U743 — 2U1453U2743)
+ 11} 93.457(8 — duazy — 4uras7 — Sui7sa + du1435U1754)
+ 111 93 567(4 — durser — duazes) + 111 24 567(4 — duisar — 4uires + 4uisaetines)
+ H1,25,347 2u1347 — 2uy357 — 2U1743 + 2U1753)
+ 11} 26 347
+ 111 26 457
+ 11 32 457
+ 11} 32 567
+ 111 34,267
+ 11 34.567(4 — 4uis67 — 4ui765)
+ 11 37,245(2
+ 11} 37,956(2 — 2u1276 — 2U1652 + 2U1257U1672)

(

(

(=2 + 2u1347 + 2u1763 — 2U1346U1763)
(—
(—
(—
(—
(
(
(

+ I1; 42 567(—4 + 4uis27 + duizes — duise6tiizes)

(
(
(-
(
(—
(
(—
(—
(=
(—

2 + duygsr — 21467 — 2Ui754 + dUi764 — 2U1456U1764)
8 + duyg97 + 4uras7 + 8uirss — dUrao5Ui754)
4 + duyser + durres) + 111 34.256(—2 — Buiase + 2u16s2)

4 — 4967 + 2Ur742 + 2Ur762 — 2U1246U1762)

+ 2u945 — durars — dUisa + 2Urs72 + 2U1247U1572)

+ 111 43,956 (2 + 61256 — 2u1652)

+ 11 43,267(4 + 4ur267 — 2ur732 — 2U1762 + 2U1236U1762)
+ I1; 43 567(—4 + 4uise7 + dui7es)

+ 111 45,937(4 — 21937 — 2u1957 + dui732 + 2U1235U1752)
+ 111 45,267
+ 11} 47,956 (21256 — 2Ur276 — 2U1652 + 2U1672)
+ Ay2.37.45
+ Aia37,56

4 — duqae7 + 2u7se + 2ui762 — 2U1256U1762)

2 + 2uy975 — 2uis72) + A12,37,54(2 — 2u1274 + 2U1472)
2 4 2ui276 — 2ui672) + A12,37,65(2 — 21275 + 2Ui572)
+ Ary0357(—4 + durazr — duirsa) + Avaos75(4 — dugass + 4ugssa)
+ Aa9537(—1 + uras7 — Ur7sa) + A14,2573(2 + 2u1350 — 2U1453)
+ A so,73(—1 — Ur324 + Ur423)
+ FP T2 4+ dugars — duasrs + 2uiars — 2us7a — 4iaratisgss
— 2U1375U2435 + 2U1a72U2435 + 2U1275U2534 + AU1374U530 — 2Ur473U2534)
+ F11237F11245(—4 — 2uy253 — Guios4 + 2Ui273 — 2U1974 — 41372
+ duigsy — 2ui274U1352 + 6UL254U1372 + 2Ut257U1372 + 2U1243U1452
— 2uU1273U1452 + 2U1243U1472 — 2U1253U1472 + 2U1257U1472
+ duizsotiary — 2U1234U1273U1357 — OU1237U1254U 1372 + 2U1247u1253u1472)
+ FPPFPYT(—4 — duygsy + 6urgse — 2u1s3 — 2uiar — 2Unars
+ U1354U1432 + U1374U1432 + U1257U1472 + U1357U1473
+ U1374U1437U1452 + U1274U1427U1453 — U1257U1423U1472)
+ By 93.45(10 — 8uy324 — Bugsa + dura2s — 61453 + 4Ui325U1453)
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+ By 23.47(8 + 8uig7a + dura2s — Aunazs — 4uy327U1473)
+ B1,23,56(6 — 4u1305 — 6uizes — 6Uise3 + 4U1326U1563)
+ By 2357
+ By 2437

+ B 2456(4 — 4uiaos + 4uisa) + Bioasr(2 + duises — 2uia27Uis74)

4 + 4uyz95 + dursrs — 4“1327“1573) + 31,23,67(2 — 41306 — 4“1623)

6 + 4dui304 — 2u1374 — 2U1493 + dUia7s — 2U1327U1473)

(8
(
(-
(—
(
+ By 95 34(2u1325 + 61345 — 2U1324U1543)
+ Bi1,25,37(—2 + 2u1375 + 2u1523 — 2U1327U1573) + B1,25 47(—3 4 2U1574 — Ur427U1574)
+ B126,30(—2 + 2u1346 + 2U1623 — 2U1324U1643) + B1,26,37(—1 4 2u1673 — U1327U1673)
+ By 26.45(—
(
(
(
(
(-
(-

+ By 97 34(4uizor — duisar + 2ui793 — 10Ui743 + 2U1324U1743)

2 + 2496 + 8U1a56 + 2U1624 — AU1425U1654)

+ B12745(2 — 2u1457 — 6u17s4) + B1 ,34 56(3 61435 + 3U1436U1564)
+ 11} 93.45(4 4 4usass) + 111 23 56(6 + 2u2536 — 2ug635)
+ 111 23.67(6 4 2us9637 — 2ua736) + 111 24,35(—4 — duazas + 4uosas)
+ 11} 95 34(—4 — 4ugsss + dugass) + 111 25 36(—2 — Bugsse + 2uses3)
+ 11} 96.35(—4 — duases + Auases) + 11126 37(—2 — Guaser + 2uares3)
+ 11} 97,36(—4 — 4ugsre + dusers) + 111 34,25(—2 + 2ua354 + 2uoa53) — 2414567
+ PR (—4 — dunaas + Aunzas — duizrs + 2uiaartizrs + 2U1340U1372)
+ Fy 2 (=8 + 8uizar) + Fo 2 (=1 + Buiass + Unaze)
F21245( 4 4+ 12uy954 + 4uy452) + F1247( 6 — 6ui974 + Gug7o)
+ Fy P (=1 + Buizas + wisae) + Fy 2% (=2 + 2u256 + 2u1652)
+ F3?™(2 = 2uia37 — 10ui730) 4+ F3 2" (=2 — 2uq057 + 2ui752)

— AF}* U 967 — 16F5 ™ 743 + 23123>7, (D.6)

Again, (-)oe, ()3, and (-), means averaging over the respective permutation symmetry group
K, see (B.3). The results are expressed in terms of the conformal integrals (4.8) and general
cross ratios (C.1). To convert to a multiplicatively independent set of 14 cross ratios, one
can expand all Uw  in terms of xw, and then pick a conformal frame, for example by setting
17 = oo and 72, = 1, and solve for the remaining x?j in terms of a basis of 14 cross ratios,
for example (C.5) or (C.6).

D.2 Preliminary n-Point Guesses

Based on our explicit two-loop results for n = 5,6, 7, we have trled to guess general n-point
expressions for two classes of component functions, namely f2 _,and f?). These guesses
are very preliminary and yet incomplete. To fully determine these n-point functions will
require more input. Yet, at least a subset of terms is matched nicely by our guesses. The
(preliminary and incomplete) expression for the component functions f2(,272_2 is:

guess (2)

om2 = 4(n—2)x (D.7)
1324 1325 1234 1 1324 3142 1 771325

<—Bl23 + F577 + 7+ OFy ™ gz + 5 By 7 uagas — By uaoa3 — 5 F5 7 uaas3

— 2B312.45U1234 — 28312 4nU1234 + 48314201231 + B1 23 45(—2U1354 + 2055 + 20,,>6U1453)
+ 11319045 + 2013 4512 — 2115 14 05U1245 — 201312 4511425 + As5,124

1234 2123n
+ F20F 2" (Ug243U1903 + 2U1903U1342 — U124nU1302)
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+ 97126

[_83123,456U1234u2456 + 8113 45,120 U12n3 — 8113 54,120 U12n3
— 8111 34,256 (U1246 — U1245U1652) — 2012.34.65(U1245 — 2U1542)

12,n—3,n—2 113456 123n 111245
- 4F F U12,n—2n—3 — 4F1 F1 U1243U14n2

123n 771245
+ ¢y (F1 F1 (U1234U12n3U135n + 3123, U1254U13n2 + 4U1253UT4R2 — U124nU1253U14n2)

+ 2B134,256(U1246 + 3U1243U2365 — U1245U2563) + 201234 56 (U1246 — 2“1642))} > ;
2n—2

where (- )2 .n_o eans averaging over the permutation group Ky, 5 = Sgx Dy, of the external
1,.

labels (1,...,n), and
1 =
o =t =0 (D.8)
2 n="7.

With this expression, we find

guess (2)
f23 — J23 )

f24 = f2uess & + 16 <F1234F3456U1243U3564(1 - U3456)>24 )

guess (2)
25 = [3 +20 <—2B123,457u1237u2754 — 2113 56, 124U1243 + 2113 56 127U1273

1
+ I1; 34,967 (—2u1247 + 2U1246U1762) + A12,34,76(—5U1246 + U1642)
1237 21245 1245 123456
- F1 F1 U1257U1472 + F1 F1 (U1253U2346 - U1256U2643)

- 2F11237F13456U1273(1 + U365 — U3564)>25 : (D.9)

Similarly, our preliminary guess for the component f(? is (this still involves a lot of guess-
work):

fsuess (2) — 21 X
<3123 — Aippnn + 9345 (2 + 2u2435) + Th3405(—1 + Ugssa + Unassz)
+ ZZZS (H12k3k<_2 — 2Ugskp + 2uoprs) + Iiopsk(—2 — 2uogpr + 2“2%3))
+ ZZZG (U12{¢3k(1 — Ugspk — U2kk3) + [l123pk (3 + Uspse — Udek))
+ Biagas(—4u1324 + 21493 + Ons(—4u1354 4 2U1453 + U1325U1453) )

+ Bioasn(—2 — 2ui3p4 + 3U1ans — U132nU1403)

+ Biosan (4 + 4uizng + 21423 — 2Uran3 — 2U1320U14n3) + Biansa(2u132, — 2U1na3)

n—1
+ Zk{) Biospr (—3uigks — 3uizre + 2u130kUires) + Biaspn (—2U1n23) + BiansnUinns

—+ F1234( 4 + 4U1342) + F212nn( 2U12nn) + F212n3(1 — U123n — 5“17132)
+ F212nn( 1 + ulan + ulnnZ) + F212nn( 1- ulQrm + ulnﬂQ)

+ F11234F1123n(—2 — 2U1243 + 2U1342 + Ur3n2(—2 + Ui24n + U1342))
+ di <F213"4(—4u1n43) + F21245(—1 + 3U1254 + u1452))

+ On>6 |:F1123nF11245(—U12n4(1 + U1352) + U150 (U13n2 + U1an2))
+ F{PP PP A5 (=2 — 2uigno — Burasa(1 + (=1 4 u1230)Ui3n2)

+ 2u1450 — Ur9n3(—1 + Ur234U135n + Uras2) + U124nU1253U14n2 + 2U1352U1402)
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+ FPP P (—uga5s + %u125nu14n2 + %u135nu14n3>
+ FPPP P S (=1 — wposs + %U1452 + iu13n4ul43nu1452
+ iU12n4U142nU1453 - %u125nu1423u14n2 - %U14n3)
+ FPP R (1 = ugsng — 2u1204U2435)
+ F{PA RS (g3 + %U14n5 + %u14n2U2435 + U13paU2534 — %U14n3U2534)
+ 5B12345 + Bioasn(—1 + 2u1304 + Ui3p4 — U1423 — U14n3)

+ 31253n(—1 + U13n5 — U132nU15n3) + Bionsa(—2U134n + u1n23 — 3Up43 + U1324U1143)

n-2 12kk 124n 3
E vy b — 2+ Bugop + §Uf1kl<:2) + Fy (—3 + §d2U14n2 — 3d5u12n4)
1 1 1
+ B124356(—§ — U245 — FU1346 T FU1643 — 2U1243U2356 T U1645U2356 T 2U2653

+ 2U71246U2653 — U1345U2653 — 2“1642162653)
n k—3

+2. Z( 1JJ2kk —1 — Burope + trrr2) + Hljj2kk(+1 + 3uiokk — ulka))
k= 6] 3

+ Z {Z 1jjk:kn - Hljjkkn)(+2 - 2U1kk+n - 2u1ni§+k>

+ Hukkkn 2 = 2Unppn — 2Uypjy + 2u1kkku1nkk)

+ Hllc%kn 24 2uikon + 22Uy, — 20Uy ig)

+ Hlekkn Wigkn = Upgfn, — Winkk + ulnklg)

AT g0 (1 = g — Ujpo + Ui2kntyjy)
+ Iiopgkn
+ Hlkk2nn

I+ Ulkkn + Ulnnk — ulkkn“lnnk)

(
(-
(
o (U = Unoni = Unjiga T Unjino)
(
(=
(=1 + Luropn + Uinke — U12knU1nn2)
(

+ Higgonn (1 — Tt2p, — Uinge + ulQ[cnulnn2):|

+ Zk s <A123nkk( L+ Uionk — Uikn2) + Ar23nkn (1 — Ui2np + ulkn2))

+ Avgzszns (—1 + Urasn — Uinsa) + Araassnds(—1 + U143, — U1p3a)

+ A1g23ns (2d3 — dyuiazs + 2uis34) + A1425"3%(2d§ — dytiass + 2u1354)} >d'h dral
1hedra.

(D.10)

where (-), means averaging over the dihedral group K,, = D,, of external points, and we use
the shorthand notation

n=n—3, n=n—2, n=n—1, n=n+1 etc. (D.11)
as well as
0 m=5 1 6 0 n<6
n= n
di =<1 =6 dS = ds = - D.12
! " 2 {2 n="7 3 {1 n="7 ( )
2 n="7

With this expression, we find

uess (2
f5 — g (2)

Y

£ = g8 112 <Bl23,456(_2  thaze + Uzase(4 — Uiz — u1536))>6 ’
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f7(2) = guess( ) 114 <—§A14752773(1 + 1304 — U1423) + (12 five-point terms B, )

+ (4 six-point terms B, ) + (3 six-point terms Fj"Fj)
+ (12 seven-point terms A ) + (4 seven-point terms /7 )

+ (2 seven-point terms Fl"‘Fl'")> . (D.13)
7

E Integrals

E.1 Asymptotic expansions

The goal of this appendix is to explain/review the main idea behind the method of asymptotic
expansions that allows us to obtain the integrals in the correlators as a series expansion in
one cross ratio. This will be a simple extension of the analysis that has been done to four
point conformal integrals [58-60)].

A generic two loop finite conformal integral with at most six external points has the
following form

[ddl’g]
[:/ 2 176 2 Vag (2 \b;
w3s 1oy (237)% (25)

(E.1)

with 14+ 3, a; = d, 1+ 3, b; = d and [d%z] = dx7d%xs (higher powers of r2¢ do not appear
in our integrals since they are divergent). Without loss of generality it is possible to use
conformal symmetry to send one point to infinity, say x¢ (if the integral only has five point
then we send the point x; to infinity), and one point to zero, say x;. The method of
asymptotic expansions can be used to obtain a series expansion of an integral when one
variable is small, say 23 — 0. Within this method we are instructed to divide each integration
region in two parts, one where the integration variable is of the size of x5 and other where it
is much bigger.?? In each region it is possible to simplify the integrand by

2 _Z< C>( ] 2 T > T (E.2)

(xij)c n=o \ T (%2)0%

\{)vhelre (‘;) = % At two loops there are four different regions which we will denote
Y Lk

QAi+2 _bi+2 [ddxf] > i=0 x7+2 - 2:E :E7+~)nj*2+3i
]1 = Z H ( >< >/ 2 2 ( 8 b H aj+b +nj 2+nj+1

n1,...ng=04=1 Ti+3 T78 Hi:l( )

I — Z (—b2> H (—aHz) / [diz) (227 - 28 — 22)" (23:2 - Xy — xQ) 4 ﬁ (22 — 2 - w7)"i2
2 = ) —
ni=0 \ "4 /i1 \ T (w3) 1o tbatnatns [T2 ) (7)o joy (28;) (af)etno—
00 _ —b dd 2_9 . n(p2 9 . na
I, = Z a2 2 / . [ ;Cz] (23 5522 x7)" (3 _ $22 513.8) _— (E.3)
ny N T7g(wF)atartn (gg)otbatne [T2 4 (x3)% (25)%

ni,...n2=0

where I3 is obtained from I by a; <+ b;. The regions 1,4 are expressed in terms of two loops
integrals while the regions 2,3 are given by a product of two one integrals. But in all of

32Tn the asymptotic expansions method we are instructed to integrate over all space and shift the dimension
from 4 to d = 4 — 2¢ to regulate possible divergences in each region that should cancel when all contributions
are combined as we shall see.
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the regions the integrals have atmost 4 external points and thus are simpler. It is simple to
extract the leading (when they go to zero) dependence on w3:

I ~ (:L‘g)d—(1+a1+a2+b1+b2)7]2 ~ (x%)g—al—a27l4 ~ (xg)o‘ (E4)

The factors in the numerators of the integrals I, can be written as a combination of integrals
with open indices contracted with some external vectors. As an example take a two loop
integral depending on two vectors w3, x4 with 2 open indices®?

/ [ddl‘g] N H1p2

= x5 25Ty + 25 2 * T + 2522 Ty + 2 o Ty + 0112 (E.5)
D($3,$4)

where D is some denominator and 7; are scalar integrals that can be obtained by contracting

this equation with 25" x4, ... ) 2}? 6#1#2 and inverting this system of equations.

Example: 5-pt double pentaladder

One of the integrals that appear in the two loop five point function is the 5-pt double
pentaladder integral

I = / [d4$€] x%’?'x%S (E6)

TR0 5 T35 T3 0T T s T T35 T
that is obtained from (El) by setting a; = bl = b2 = a3z — a4 = b4 = a5 = b5 = ]_, g = b3 =
—1. Recall that we can send one point to infinity, say x5. Let us analyse all four regions for
this integral

- [dhxy] 23,22 (213 - w7 — 22)™ (224 - 17 — 22)"2(224 - T8 — TE)"3
L= )

wFrgusg(x3) i (a) e ad

ni,n2,n3=0

I, = i / [ddm] 953700:2),8(2@ Trg — T ) (2$7 T3 — $7) (21‘7 Tg — T )n3(2x7 Ty — I%)m
2 a3 (wg)Frmtna(p3) 2 (23) e

hm [l (A o = )

= () tm x3r3s (v2)* 2 ad,w;
d ﬂfg T5-X50 (208 - X9 — X
L=3 / 272187“( 872 = 25)" (E.7)
n1=0 L3707 T 5%

Some comments are in order here: I, does not contribute since the integral in 7 integrates
to zero (this is a scaleless integral [57]); the leading power of I; is (23)'72¢ and thus this
region is subleading compared to I3 and I;; the terms z2 in the numerator of I3 and z2 in
the numerator of I; can be dropped to leading order in z3 — 0. In the following we will
focus on the last two regions3*

1 X 2mtm ()1 —¢) [x30(1 — e+ ny+ny)  2x3-220(2— €+ ny + ny)

I; = _
P (ag)pd = (@)tm(ag)e I'(2 = 2¢+n1 +ny) I'(3 —2e+n1 +no)

33The generalization to more external vectors and more indices is straightfoward. This formula follows
just by the SO(d) symmetry of the system.
34We have used the one loop integral formula with numerators

@) @h)P  L@IBTd—a-B+J)  (ad)oh-3 +.. (E.8)

/ddxoxgl bt Ta+B—-9HrE —a+ )DL -B) ahr .. al

where the ... represent subleading terms in 23.



X (x2 . 554)711 / ddgﬁ( <— 2z - 1'7)( 1'7)”2

x3)2tnegs, ot
_ Z om / d*xrdixg (22 — 2ay - 27)12g (25 - 12)™ -
4 N 5 (23)5—4 2(p2\24n1 2 2 2 2 .
JJ n1=0 I?(IS) T37 X578 T%g

where we have scaled all points by 2" — |z3|z%". In practice we have to truncate upper limit
of the sum, which translates into evaluating the integral as expansion around x5 — 0. The
integrals in each region might have e divergences which should cancel, for each order in x5,
when all regions are combined. The leading term in xy — 0 comes from truncating both
sums to the n; = 0 and furthermore neglecting the x5 - x3 and x5 - x7 in the numerators of
both regions

1 I(e)?(1—¢) 1 diz;
I / E.10)
2T @ (@) 1@ -2 ) 2 (
1 [diz,] 22
I, — / 38 E.11
! (23)172¢ ) (2§)%a3;05,050% ( )

Notice that each integral is divergent but when we plug the values of the integrals and
combine them, the divergences disappear,® giving rise to

1 ~ ~ ~ ~ ~ ~ ~
1= (A (4us0us Iy — 400, Ts — 100, Ty + 41400, 1) + 2u5usdyy Iy + 4030, T (E.12)
— 4(U4 + 1)u38u3f2 —_ +4<1 — Uz — u4)(9u3f3 + u3u40u4f1 + (U4 — 1)“1218u4f1 + 4u3u48u4f2
+4(1 - U4)U48u4f2 — 8U48u4]~3 + 8U4¢(1)(2 —In (U1U4)) + 48§3 + (U3 — Uy + 1 + A)U4Il)

where A = \/(u4 — ug + 1)* — 4uy, we have used the conformal frame with x5 — oo, 22, = 1
and

T 4 4 4 4
T, = ]73 _ d $7d s A / [L’7d s A / $7d s (E13)

2,2 .92 92 2
A $17$18$37$38$47$48 $18I37$38$47$7s $17$18$37$4s$78

E.2 Coefficients of Konishi four point function

In the main text we have written down the expression for the two loop four point correlator
involving three 20’ operators and one konishi in terms of linear combination of conformal
integrals. The coefficients in this linear combination are given by
—(z-1
are = = )2(f3 ) (2427(5 — 1°22(27 — 1) — (2 — 1)(3(2(2(22(2(485* — 3607 + 169)
z
4+ 1087) — 7) — 1926) + 123) + 180) + 2°2(2(2(161 — 22(32(248% — 523) + 1028)) + 74)

+51) — 2°(2(2(2(22(2(62(16z — 277) + 3067) — 2126) + 647) + 552) — 417) + 108)

+ 23(2(2(2(2(2(5019 — 2z(2(24Z + 665) — 458)) — 10252) + 5208) — 1268) + 483) + 72)

+ 2%(2(2(2(2(2(2(2(276Z + 335) — 1223) + 1919) + 2370) — 4940) + 4983) — 1776) — 144)
— 22(2(2(2(2(42(2(332 — 53) + 138) + 1473) — 2068) + 75) + 2280) — 1152)
+32%(2(2(2(2(172 + 93) — 77) — 81) + 176) — 48)) (E.14)
ayy = 152223(2 —1)(z - 1)(4827(z — 1)22° — 22%(z — 1)2(2(2(7442% — 657z + 29) + 19)

35We have used integration by parts identities (IBPS) to reduce each three point integral to a sum of
master integrals that we have computed with the MAPLE package HYPERINT [67].
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+ 2z3<z(z(z(z(—(—(5z(1zz —79) — 114) + 1067) — 3251) + 1631) — 618) + 276) — 36)

+ 22%(2(2(900 — 2(2(42(9z — 8) + 469) + 1351)) + 24) — 360)

+32%(2(2(2(82 + 81) — 37) + 52) — 24))

a9 = V‘;?(z —1)(z — 1)(—22°(2(2(2(2(962% — 630z + 517) + 73) + 200) + 137) — 183)
+2427(z — 1)%2(22 + 1) — 225(2 — 1)(2(2(32(248% — 91) — 55) + 23) — 15)

+ 2*(2(2(2(22(2(32(51 — 162) + 284) — 883) + 1557) + 2635) — 1062) — 552)

+ 23(2(2(2(2(22 (5(722 —107) — 109) + 1047) — 5514) + 2385) — 456) + 576)

— 25) +496) + 687)) + 576) + 3(z — 1)2(5% + 88))

bio = Lf:c (2 — 1)(2 — 1)(2"2(62(2(2(32 — 10) + 12) — 6) + 1) + 28(32(2(9 — 2(2(42(5%

—9) +15) +3)) + 1)+ 1) + 32°(2(2(2(2(22(32(2 + 6) — 17) — 57) +42) — 5) +9) — 12)

— 24(2(2(2(2(32(52(4Z + 3) + 57) — 916) + 804) — 126) + 9) — 72)

+ 23(2(2(2(32(32(2(8Z — 1) + 14) — 268) + 916) — 171) — 45) — 60)

—32%(2(2(2(2(2(32(4% — 3) + 5) — 42) + 57) + 34) — 36) — 6)

+ 22(2(2(2(2(2(2 + 3) + 27) — 9) — 45) + 108) — 60) + 2*(2(2((z — 36)z + 72) — 60) + 18))
4c

bii=—1— —(z—1)(z = 1)(3627(z — 1)%2% + 2%(2 — 3(1 — 22)?2(5z*(22 — 1) — 1))

+ 23(22(2(32(92(42° + z + 8) — 268) + 608) + 57) — 12) + 32°(2(2(z(2(42(32(z + 5)

+1) = 133) + 72) — 5) +22) — 12) — 32*(2(2(2(2(2(62(6Z + 5) + 133) — 408) + 268) — 12)
+15) — 12) — 3222(2(2(2(2(42(32 + 1) + 5) — 12) — 19) + 72) — 12) + 322*((2(z + 22)
—15)2% +12) + 22°(2((z — 18)z + 18) — 6))

1_52(’:(z —1)(z—-1)("(z - 1)(122*(32 — 5) — 1) — 32%2%(2(2(3(z — 2)Z + 41) — 36)
)+ 2%(1 — 2(32(22(2(42(52 — 6) + 5) — 2) +3) + 8)) + 32°2(2(2(42(2(32(2 + 4) + 7)
—29) +19) + 6) + 23) — 2*(2(2(2(22(32(2(16Z + 5) + 58) — 433) + 347) + 123) + 60)
+12) + 2°2(2(2(2(32(42(5z + 1) + 19) — 347) + 250) + 108) + 60) — 22°((z — 1)2(2(2 + 9)
—60) — 60) + 2" + 2° — 12z%)

bio =

+48) +

where u; = 2%, usus = (1 — 2)(1 — 2), and ¢ = 16N? (N2 —1)/(z — 2)*. We provide the
other coefficients in an ancilliary file.

E.3 Simple one loop integrals

In the main text we have expressed the one loop correlator involving half-BPS operators and
the Lagrangian in terms of the following one loop conformal integrals

d*zox?
/ oo 5~ = 1123456, (E.15)
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4 232
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The first can be expressed in terms of linear combinations of one loop box integrals while
the second can be expressed in terms of the first once we notice that 22, = 39 a;2%)

1

5
l123456 = =~ 5 Z a;l; (E.17)
det 27, =

where I; are one loop box integrals where the position 7 is absent and a; are polynomials in
r%, with degree

degree 1 in 6 and ¢ and 2 for the other points (E.18)

for a;. These coefficients are highly constrained by symmetry (permutation of the points)
and the fact that the integral should reduce to the usual ladder in the limit x4 — x; with x;
being any of the external points in the denominator of the integral. For example we have

4 5
as = (ngjdeta:?j) -2 Zx%x?ﬁdetfimfk + Z x?5:17§6‘/;j (E.19)
i=1 itj=1

where Vip = 23, (22,22, + 23,23, — 23,23,) and the prime in the determinant means that
point x; has been removed.
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