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ABSTRACT: We consider constraints on higher-dimensional operators for supersymmetric
effective field theories. In four dimensions with maximal supersymmetry and SU(4) R-
symmetry, we demonstrate that the coefficients of abelian operators F" with MHV helicity
configurations must satisfy a recursion relation, and are completely determined by that
of F*. As the F* coefficient is known to be one-loop exact, this allows us to derive exact
coefficients for all such operators. We also argue that the results are consistent with the
SL(2,Z) duality symmetry. Breaking SU(4) to Sp(4), in anticipation for the Coulomb
branch effective action, we again find an infinite class of operators whose coefficients are
determined exactly. We also consider three-dimensional N' = 8 as well as six-dimensional
N =(2,0),(1,0) and (1,1) theories. In all cases, we demonstrate that the coefficient of
dimension-six operator must be proportional to the square of that of dimension-four.
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1 Introduction and motivations

The dynamics of the lower energy effective theory are encoded in the coefficients of higher-
dimensional operators, which corresponds to polynomial expansions of constant field
strengths and derivative expansions thereof. In principle these coefficients can be obtained
by integrating away the massive degrees of freedom in the path integral. However this
is difficult to preform exactly, and moreover the underlying Lagrangian may not even be
known. On the other hand it is long known that supersymmetry imposes non-trivial con-
straints, and in some cases, the coefficients can be determined exactly. Early examples for
four-dimensional supersymmetric gauge theories are the work of Dine and Seiberg [1], which
determines four derivative terms (include F*) exactly by using half-maximal supersymme-
try and conformal symmetry. Maximal supersymmetry without conformal symmetry can
also determine four derivative terms in one dimension [2], three dimensions [3] as well as
theories with finite N [4]. Furthermore, for ' = 4 quantum mechanics, one can show that
the coefficient of six-derivative terms are completely determined by that of four deriva-
tives [5]. Supersymmetry has also been extensively used to study higher derivative terms
in the effective actions of maximal supersymmetric gravity theories with many interesting
exact results have been obtained [6-12].



The difficulty in going beyond six-derivative terms stems from the complication of
determining the necessary deformations to the SUSY transformations, as well as ambigu-
ities associated with field redefinitions in the effective action. On the other hand, similar
difficulty was encountered in determining of local counter terms for supergravity theo-
ries. There an alternative approach was developed by considering on-shell matrix elements
associated with the local operator [13]. The advantage of this approach is that SUSY
is linearly realized regardless of the multiplicity [14], where the information of nonlinear
transformation rules, as well as the non-linear gauge symmetries, are encoded in the lo-
cality constraints for the matrix elements, i.e. that they can only have physical poles and
the residues must factorize into lower-point matrix elements. Such an approach was re-
cently extended to effective gravitational theories with maximal supersymmetry in diverse
dimensions [15, 16], as well as gauge theories [17, 18].

In four dimensions, a possible non-renormalization theorem for abelian F™ was conjec-
tured in [19]. In particular, explicit perturbative computations at two loops (the one-loop
contribution to F® vanishes) showed that the coefficient of F© coincides with the effective
action of a single D3-brane in the AdS5 x S° background.! Motivated by the AdS/CFT
duality of A” = 4 SYM and IIB string theory in AdSs x S° [21], it was argued that this
coefficient for F% is two-loop exact. This is in agreement with the analysis of [22] where
it was shown that the coefficient of F'® must be proportional to the square of that of F*,
which is one loop exact. It was further conjectured in [19] that for more general operator
F?42_ there is one and only one particular Lorentz structure for each F2*2 which should
have a “protected” coefficient and receive contributions only from the [-th loop order.?

In this paper, in a remarkable simple way we will prove the above conjectured non-
renormalization theorems, and make it precise which particular part of the operator F2/*2
is protected. In particular, the field strength F),, can be separated into (1,0) and (0, 1)
representation of SL(2,C), corresponding to self-dual and anti self-dual field strengths re-
spectively, which we will denote as Fy and F_. Thus a general operator (F)? may be
separated into a sum of operators of the form (F_)?(F,)?? with p+ ¢ = k, and we denote
its coefficient as ¢f? where the subscript 0 indicates that it has no derivative in contract
to the operator D™ F". We will prove that the coefficients of so-called maximally helicity
violating (MHV) operators (F_)2(F)?? (as well as their parity conjugate (F)?(F_)?9) are
given by:3

et =t ()" (1.1)

i.e. they are determined in terms of that of the four-point operator (F_)?(F,)%. As the

'Recently it was conjectured [20] that the effective action of a single D3-brane in the AdSs x S°
background with one flux gives the full effective action of N' = 4 SYM with SU(2) gauge group in the
Coulomb branch.

2This particular part of F2*2 was conjectured to match onto the corresponding structure in the expan-
sion of Dirac-Born-Infeld (DBI) action [19]. As we will see that this statement is not precisely correct since
only the so-called “MHV” parts of DBI action are protected, while all the non-MHYV operators are expected
to receive all order corrections.

3In this paper, the coefficients are defined up to an over all g% in front of the action. Thus the
Y M

coefficient of F* is —1.



latter is known to be one-loop exact [1], this implies that the operator (F_)?(F )% receives
contribution at ¢ loops and is exact. Furthermore, as there are no instanton corrections to
c(l)’l, this result also predicts the absence of instanton corrections for these set of operators.
This is consistent with explicit one-instanton computations, which shows that such opera-
tors are absent in the one-instanton effective action [23]. This result is obtained by showing
that no AN/ = 4 supersymmetric local matrix elements with SU(4) R-symmetry exist for
such operators. This fact implies that the contribution of the local operator to the on-shell
matrix element must cancel against polynomial terms generated through factorization di-
agrams involving lower multiplicity operators. This sets up a recursive construction that
iteratively relates the coefficients of higher multiplicity operators to that of the leading
higher-dimensional operator.

On the Coulomb branch, the SU(4) R-symmetry is expected to be broken to Sp(4).
We also proceed to analyze classes of Sp(4) invariant operators. We find that similar to
MHYV operators, the coefficient of (F_)%(F;)%I¢, denoted as c(l)’q(¢>), is again completely
determined by the coefficient of (F_)?(F})%¢ and (F_)?(F.)*

() = q49™! (c})vl)q_l tl(g). (1.2)

The operator (F_)%(F,)?¢ is only generated at one loop, and since c(l)’1 is also one-loop
exact, eq. (1.2) yields the exact coefficient of (F_)%(F,)?%¢ on the Coulomb branch. A
similar statement is found for the operator (F_)?(F,)?¢™. We also explicitly compute
the coefficient of (F_)%(F,)?¢ and show that it is simply twice of that of (F_)?(Fy)2%.
This result combined with eq. (1.2), allows us to conclude that the exact effective action

= A\ (P2 (Fp)™
>0 () e 9

q=1

must contain:

where A = N x g%,,, and X? is the SO(6) invariant inner product of the six scalars. Note
that while this result coincides exactly with that of DBI action in AdS5 x S® background,
and it is valid for all N.

For more general non-MHV operators as well as any D™F" operators with m > 4,
there exists local supersymmetric matrix elements and hence their coefficients are not tied
to other lower-point operators. We believe that such operators generally receive all-loop
as well as instanton corrections. Indeed from an one-loop general computation in [19], one
can find that, unlike the MHV operators, all the non-MHV operators (F_)?P(F, )% start
to appear already at one loop. Furthermore, perturbative loop and instanton computation
shows that D*F* is not protected either [23].

We extend our analysis to theories in three dimensions and six dimensions. Unlike
four dimensions, the R-symmetry of these theories generically contains a U(1) subgroup
whose generator enforces uniform degree of Grassmann parameters for a given multiplicity,
and thus there exists no similar helicity categorization as in four dimensions. Instead,
we will only focus on dimension-six operators. We find that for the theory with maximal
N = 8 supersymmetry in three dimensions, there is no SUSY completion, and we deduce
that the coefficient of the dimension-six operator must be proportional to the square of



dimension-four operator in the theory. The precise coefficient can be read off from the three-
dimensional DBI action. This result applies to theories with SO(8) and SO(7) R-symmetry,
where the latter corresponds to that of SYM. Note that it is known that the dimension-
four operator receives perturbative and non-perturbative corrections [1, 3]. This result
immediately yields the corresponding corrections for the dimension-six operator. We find
the same conclusion for N’ = (2,0), ' = (1,0) and NV = (1, 1) theories in six dimensions.*

The paper is organized as follows: in section 2, we first introduce the general idea of
our approach, by studying the SUSY completion of the S-matrix elements associated with
the local operators of our interest, for particular class of operators we can make precise
statements which relate the coefficients of higher-point operators to that of lowest-point
operator. We begin with four-dimensional theories with maximal supersymmetry. We find
there is no SUSY completion for the S-matrix of the MHV operator (F_)?(F )% as well as
that of the SU(4) breaking operator (F_)%(F,)?¢, and thus lead to recursion relations for
the coefficients of these two classes of operators, with recursions given in equations (2.26)
and (2.49). We also comment that our findings are consistent with SL(2,Z) symmetry
of N = 4 SYM. We then move on to theories in other dimensions, unlike in the case
of four dimensions where one can classify the operators by their helicity configurations,
in three and six dimensions we only consider dimension-six operators. In section 3, we
study the S-matrix of the dimension-six operator in a three-dimensional theory with max-
imal supersymmetry. We again find such S-matrix cannot exist to be consistent with
N = 8 supersymmetry in three dimensions, and thus we conclude that the coefficient of
the dimension-six operator must be proportional to the square of the coefficient of the
dimension-four operator, and for the later the result is known perturbatively and non-
perturbatively. In section 4, we extend our analysis for theories in six dimensions with
various choices of supersymmetry: (2,0), (1,0) and (1,1). We find for all these cases, there
is no consistent supersymmetric S-matrix with right properties, and thus the same as the
three-dimensional case, the coefficients of dimension-six operators in these theories are all
determined by those of dimension-four operators. We finish the paper with conclusions
and remarks in section 5.

2 Four dimensions

In four dimensions, with the aid of spinor helicity formalism and helicity decomposition, it
is possible to determine the absence of local supersymmetric invariant matrix elements for
a large class of operators. Here we will follow the approach developed for counter terms of
N = 8 supergravity by Elvang, Freedman and Kiermaier [13]. The absence of local SUSY
matrix elements implies that factorization diagrams will produce local polynomials that
exactly cancels the corresponding bosonic operator. As the factorization diagram involves
lower multiplicity operators, SUSY fixes the coefficient of the operator in question in terms
of lower multiplicity ones. Thus the coefficient of any local operator that does not have
a corresponding local super-matrix element is fixed in terms of lower multiplicity ones,
perturbatively and non-perturbatively.

“The absence of local dimension-six operators for N’ = (2,0) was already noticed in [24].



2.1 Local SUSY invariants with maximal supersymmetry

We begin by identifying which operators’ matrix elements do not have local SUSY com-
pletion. The analysis is a two-step process:

e First construct the most general invariant respecting supersymmetry and R-symme-
try. This determines the polynomial dependence on the grassmann variables, up to
pure kinematic factors. The kinematic factors are fixed in terms of a few component
matrix elements, by projecting the latter out from the super-function. The number
of basis elements needed can be greatly reduced by employing permutation symmetry
for abelian theories we are considering. This yields the supersymmetric completion
of the basis component elements.

e Apply multi-line shifts [25] to probe the singularities of the super-function, which
generically have manifest poles. If one can show that the poles do not cancel for any
one of the component elements, then there exists no local SUSY completion.

We will briefly review the process using NV = 4 SU(4) R-symmetry as an example. Due
to the SU(4) R-symmetry, matrix elements must be of degree 4(k+2) polynomials in 7/,
which correspond to N¥MHYV elements.

MHYV matrix elements: we begin with the MHV case, for which the super-matrix

element that reproduces the correct component amplitude A, (—, —,+, -+ ,+) is written as:
*(Q)
A (— — 4 oe 4+ 2.1
ATL <12>4 TL( ) bl 9 b ) ) ( )

where the supercharge conservation is defined as

2 4
#@ - TTTT (S ). 22)
a=11=1 %
Here we use the standard spinor-helicity formalism,
P = AN (2.3)

and scalar products are given by

XXjeas = (id) s Niadjpe® = i), sij = ()il (2.4)

We will now check if all component amplitudes coming from the above is local. To test
locality, we will perform three-line shifts on legs 1,2 and n,®

N — )\% =\ + z¢;&€, with Z Cij\i =0. (25)

1=1,2n

This deforms the matrix element into a function of complex variable z, which allows one to
more readily study the pole structure of the function in question. Note that we’ve chosen

A particular solution for ¢;s that satisfy the last constraint, which is necessary for momentum conser-
vation, is given by ¢1 = [2n], c2 = [n1] and ¢, = [12].



the shift such that the (12) pole has been deformed, and since we expect no poles in A,, as
they are the matrix elements of some local bosonic operator, this ensures that all possible
singularities of the super-function has been detected.

Finally, let us project out a component amplitude that is not the original basis element,

say An(+,+,—,—,+, -+ ,+), which is given by
- 7 .
A +a+7_)_7+7"'7+ = 7=z A _7_)+7'”)+7 2.6
o )= S5 ) 26)

and we have done a three-line shift on legs n, 1 and 2. The question at hand is whether or not
the fourth power pole may be cancelled by deformed spinor brackets in A, (—, =, +,---, +).
This can be determined by the mass dimension of the operator in question.

Let us first consider abelian F™ operators. In four dimensions, one can write the field
strength as:

Fuw = F i 55 = €ap(F4) 45 T €45(F-)agp (2.7)

where F_ and F; are the self-dual and anti-self-dual field strengths respectively. In this lan-
guage an F" operator can be decomposed into a sum of polynomials of the form (F? )p(F_%_)q
with p + ¢ = n/2, and F?,F? indicates their SL(2,C) indices are contracted. Note that
here, the separation into F; and F_ is simply due to irreducible representations of SL(2,C)
and thus holds as an off-shell statement. Of course when on-shell, they naturally settle
into positive and negative helicity states respectively.

For MHYV due to its helicity configuration as well as the mass-dimension constraint, the
basis element in eq. (2.6) must have 2 A\1’s, 2 A9’s, and 2 N\ie’s for k # 1,2. In other words,
we can only have 2 spinor brackets in the numerator, and thus is not sufficient to cancel
the fourth order pole. Thus MHV local matriz elements do not exist for F™ operators for
n > 4. For n = 4, we have shifted numerator in (34), and momentum conservation allows
cancellation to yield a local polynomial.

Next let’s consider D?PF™ operators, again for the case of MHYV, it requires 2 A;’s,
2 X\o’s, and 2 \’s for k # 1,2, but now with 2p additional pairs of |7)[j| where j can be
arbitrary legs. This implies 2 4+ p spinor brackets, and thus can only cancel the poles if
p > 1,i.e. D?F" operators do not have a SUSY local completion for MHV matrix elements.
Let us see if D*FS exists. Now the requirement is that

An(_a ) +a +, +a +)
(12)4

(2.8)

to be local. This implies that it must be (here perm indicates permutation in {3,4,5,6})
([12]%[34]%[56] + perm) (2.9)

All other possibilities are equivalent via Schouten identities. Thus in conclusion, we have
ruled out F™ and D?F™ matrix elements as having MHV local matrix elements, but the
S-matrix of D™F"™ with m > 4 has a valid SUSY completion.



NMHYV matrix elements: as discussed in [14], for an N*MHV matrix element, the
amplitude is given by

k
= nn 1 Z H (Z@ 1, za 2,(Za)3,(la)4 (210)
I

a=1

where I labels the distinct Young tableaux where the indices {(i4)1, (ia)2, (ia)3, (ia)4} for a
given a populates a row and are hence symmetrize while each column is antisymmetrized.
The function X is defined as:

ﬁ 77:2?4 [n_27 ’n,—3] + 7771?—2[”_37 ZA] + 777?—3[iA7 n_Q]

Ry (2.11)

(Xa) (1)1, (1a),(ia)s,(ia)s =

A=1

and c¢ys are component amplitudes with legs n—3, n—2, n—1, n taking helicity (4, +, —, —)

respectively, while the remaining legs are determined by the 4k set of indices {(iq)1,(%4)2,
(ia)Sv (ia)4}'

The important point is the presence of the fourth order pole (nn—1). To test whether
the singularity of this pole is a true singularity, we perform a three-line shift on legs
n—3, n—2, and n—1, such that (nn—1) — (nn/—\1> Next, we project out the component
matrix element A, (—,—, -+, +,+,+, —). Note that this component amplitude was chosen
such that we have plus helicity on legs n—3, n—2, and n—1. This is advantageous as
this isolates the shifted angle brackets to be completely contained in ¢y, which are the
component amplitudes.

For NMHV D?F"™ operators, we must have 6 \;s and (n—3) \;s, with additional p
angle and square brackets respectively. Thus besides p = 0, we will in principle have
enough angle brackets to cancel the fourth order pole. However, for p = 0, the matrix
element is proportional to 3 angle brackets constructed from the three negative helicity
legs, and vanishes under permutation symmetry. One might wonder if other component
operators can have non-zero matrix elements, and thus we would have a non-local SUSY
element. In appendix B, we will show that using permutation symmetry, we can express
all possible components in terms of that of F™ for n = 6, and thus if the S-matrix of F°
vanishes, so must each the whole super-matrix element. Thus there exists no local super-
matrix elements for NMHV with mass-dimensions n, at least for n = 6. For any non-zero
p’s, there can be NMHV local amplitudes. For example, an explicit form of local SUSY
completion of D?F% was given in [13]. Beyond NMHV, in general there will be sufficient
number of angle brackets to cancel the higher order poles.

It is intriguing to see what conclusions one can draw with reduced supersymmetry.
Such scenario may arise if one considers corrections due to BPS objects. For N' = 2 and
N =1, the on-shell degrees of freedom are encapsulated in two distinct superfields, ®, ¥,
which contains the positive and negative helicity vector respectively [26]. Thus there are

distinct WM super-matrix elements for N2MHV configuration. For MHV, the
super-matrix element that contains m(—, —,+,--- ,+) for I’ can be written as:
*M(Q)
A — Ap(—, =+, +), 2.12



where N' = 1, 2. Following the previous analysis we can see that local super-matrix elements
can exists for ' = 1,2. For example, one has:

N =2: 64(Q) ([34]*[56]* - - - [nn—1]*+perm)

N =1: §%(Q)(12) ([34]*[56]*- - - [nn—1]*+perm) . (2.13)
Note that for N' = 1 the super-matrix element is anti-symmetric in 1,2. This is valid since
VU is fermionic for NV = 1.
2.2 Implications for non-renormalization theorems

We now consider the implications of the above results for the higher dimensional operators
in an effective theory with A/ = 4 supersymmetry and SU(4) R-symmetry. In the constant
back ground approximation, we can write an effective Lagrangian as:

F2) (F2 D2m F2) (F2)

_ a Did ..

Lo = Z % (M?2)2(+a—D) Z Z (M?2)2(+ra-D+m +- (2.14)
p,q=1 m=1p,q=1

where --- indicate its possible SUSY completions and M is some UV cut-off. In general

there are no constraints on ch;’, and in the process of integrating away the massive degrees
of freedom, they can receive all-loop perturbative as well as non-perturbative contributions.
As we have seen, N’ = 4 supersymmetry with SU(4) R-symmetry tells us that local matrix
elements for MHV. helicity configurations do not exists for F'™ operators. Note that the
lack of MHV local supersymmetric matrix element implies that the MHV amplitude is
simply zero. This is because for an abelian U(1) theory, the MHV amplitude cannot have
any factorization poles. Thus the only possibility is a local polynomial which we’ve just
shown to not exist.

Furthermore, this also relates the coefficients of higher-point operators c(l)’p to lower-
point ones. For example at six points two F* operators must generate exactly the same
local polynomial as (F_)?(F,)*, and thus the coefficient of the latter must be the opposite
of the coefficient of this polynomial. This is indeed exemplified by the DBI action as
discussed in [27, 28]. We will show that this will allow us to determine the exact coefficient
for MHV operators with arbitrary multiplicity.

In the Feynman-"t Hooft gauge, the distinct field strengths contract as

i(PaiPgs + PByPag)

(F_)aﬂ(F_),yg — ’L'(GCWE/B(; —+ Gagfg,y) , (F"")o'c,é’(F—)’YfS — — p2 , (2.15)

and the Feynman rules for (2n)-point MHV operator c(l]’"fl(F_)z[(F‘F)Q]"_1 in the effective
Lagrangian eq. (2.14) is

+ . . .
t FanaBons 1020 Wiing i (Wi oWy - - - W2n—3,20—2 + permutation in n;)
1 o ©
- — 9n _ 1,p—1
Gnfn Vo, = 2™(n — 1)lc )
. . . pu— 1
d1 1 wmi»mj -

(2.16)



where it is understood that the free indices are to be contracted with external line factors
of the field strength, i.e. )\f‘)\f and 5\?5\53 .

Let us consider the six-point matrix element with (F; - F; ) (F," - F;7)(F,}; - F,F). From
the Feynman rules one can deduce that only diagrams where legs (k, [) and (m, n) sit
at the same vertex respectively will contribute. Thus the counting amounts to how many
ways one can distribute the pairs of plus helicity field strength across a graph. At six-point
we have:

(2N)% 1™

——
/

(2.17)

(Z"U4)2 * (2’&)

where in the above diagram the red line are with the external field strength F's, and
the thick black line represents the contraction of two vertices. In this example, one learns
that: (1) each quartic diagram with negative helicities contracted with each other yields
a polynomial identical to a term in (F_)2(F,)*. (2) Each contraction yields a factor of 2i
from propagator. (3) The 2! factor in eq. (2.17) is the number of ways the plus helicity
pairs can be distributed across the diagram. Thus the coefficient of vg must be the opposite
of this counting.

In fact, it will be convenient to blow up the six-point vertex as a factorization diagram

3

with a “wrong sign” propagator:

(2.18)

ivg = (ivg)?x (=21) % (2!) |

where the grey line represents the contraction between two vertices which gives a factor —2i
in matrix elements (in contrast to the factor 27 represented by the black line in eq. (2.17)).
We will see that the notation of black and grey lines for contractions will be useful in
proving general case. We can study 8-point matrix element to understand the general
pattern between the vertex coefficients. In the 8-point case, diagrammatically, we have

3!
_l’_

(2.19)



We can use eq. (2.18) to express six-point vertex as two four-point vertices joined by a

grey line

(3!)<§>¢—| I I j_+(3!)<?)i‘ I I I J7 + dvg = 0. (2:20)

One can see that the coefficient of 8-point vertex is related to join three four point vertices
with at least one black line and at most two black lines. The combinatorial factor in each
diagram is exactly the number of ways one can have to join the four-point vertices with
a given number of black and grey lines. Moreover, we know the black line gives a factor
2¢ and the grey line gives —2i, so we can replace n black lines by n grey lines with an
additional factors (—1)", this yields

(31) % l(—n2 ( g ) + (1) ( f )]z I I I J7 4 dvg =0. (2.21)

<n>(—1)"+<n_1>(—1)”1.--+<1>(—1)=—1, (2.22)

ivg = (31)x z'—l | i (2.23)

thus we have

which is similar to the result of six-point vertex coefficient and can be considered as three
four-point vertices joined by two grey lines. In general case, for a 2n-point vertex coefficient,
we can divide all the diagrams into (n — 2) categories of diagrams with 1,...,7,...,(n—2)
contractions with black lines. Moreover, because we can recast all vertices into four-point
vertices with contractions by grey lines, a category with j contractions by black lines
contributes

J S————

contractions contractions
by black lines by grey lines

(n—1)! (” - 2) (o @i (20 (2.24)

The sum of all categories again forms a binomial expansion like the one in eq. (2.21), and
we have
vy = (n — 1)(dvg)" 1 (=2i)" 2, (2.25)

or p
et =t ()" (2.26)

So we completely determine the coefficient cé’q in terms of c[l)’l. If explicit form for c[l)’1 is
known, we then have precise formula for any c(l)’q.
This is precisely the case for /=4 SYM in four dimensions. It was discussed in [19],

where the F'* operator is generated at one loop with 0(1)’1 = —ﬁ, and is non-renormalized

,10,



through all loops as well as non-perturbatively. Thus combined with the above analysis, it
gives the exact coefficient for Cé’q for the effective action of ' =4 SYM on the Coulomb

branch:
> A\ (F)2(F. )%
>0 (5mp) e @.21)

where X is the t'Hooft coupling NgZ,, and N correspond to SU(N). Note that this result is
valid for any N, and is perturbatively and non-perturbatively exact. This is consistent with

explicit computations with one-instanton corrections [23], the results show that indeed all
the MHV operators (F_)?(F, )% are absent in the one-instanton effective action. The above
result also tells us that (F_)?(F,)?? is only generated at g-loop, with only planar sectors
contributing, and do not receive any higher-loop corrections. In the following we will argue
that the result is consistent with the known SL(2,Z) duality symmetry of N' =4 SYM.

2.3 Modular invariance

We have shown that maximal supersymmetry completely fixes the coefficient of F* MHV
operators. An interesting question is whether or not this is consistent with the SL(2,7)
duality symmetry. This question can be made more precise by considering that these co-
efficients exactly coincide with DBI, which is known to be duality invariant [29]. On the
other hand, there is strong evidence to believe that the complete effective action on the
Coulomb branch will contain additional terms beyond that of DBI. For example, an explicit
computation has shown evidence for all-loop renormalization for N2MHV (F_)*(F,)* op-
erators [30, 31]. The question then becomes whether or not such deformations are allowed
under the constraint of exact coefficients for MHV operators and duality symmetry. Here
we will demonstrate the answer is positive.

0

The SL(2,Z) duality transformations acts on the complexified coupling 7 = 5-+

4T .

i
. Iym
T1 + 172, as,
_oertb
ct+d’
where a,b,c,d € Z and ad — bec = 1. The field strength F},,, together with its dual GH =
i0L/6F),, form an SL(2, Z) doublet, namely

(£)-6)16)

where * denotes the Hodge dual. To study duality transformation of actions, it is useful

(2.28)

to identify covariant objects under SL(2,Z). For example, the gauge coupling 75 transforms

nicely as:
T2

N . 2.30

27 er+d)(cr + d) (2:30)

For the field strengths, one can define the following linear combinations that are duality
covariant:

1 1
Ft=—(F—-xG), F =_—(F—x*G 2.31
(P =), (FF =4G), (231)
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such that under eq. (2.29), it transforms as
Fr = (er+d)Ft, F = (cr+d)F . (2.32)

If we take the limit where the theory becomes non-interacting, i.e. all higher dimension
operators are set to zero, then F* defined above are simply self-dual and anti-self-dual
field strengths, F*. Thus under SL(2,Z) transformations, F* transforms covariantly at
this order.

For the interacting case, the covariant field strengths (F*, F~) can contain both self-
dual and anti-self dual field strengths. They can be separated into SL(2,C) irreducible
representations:

(F sy = F)ag + (F s [01(FF)? +b2(F7)?] + -
(Fag) = 0+ (F ) g [00(FT)? +02(F7)? 4o - (2.33)

where b;s are coefficients determined by 0S/0F_. Now while duality symmetry rotates
between (F *)( ) and (]—"*)( aj)> One can re-express the transformation as a non-linear
redefinition of the field strength. In particular, the negative field strength would trans-

form as:
F~ = 7F +aF (FT)? ... (2.34)

The important point is that under the duality transformation, the number of negative
field strengths cannot decrease. Thus MHV operators only receives contribution from itself
under duality transformation and is completely isolated from all the N*MHV operators.
Thus from the MHV operators point of view, any deformation of the N¥MHV operators
do not participate in the duality transformation of eq. (2.27).

2.4 Sp(4) invariants

On the Coulomb branch, prior to integrating away the massive modes, the R-symmetry of
the theory is broken down from SU(4) to Sp(4). After integrating away the massive modes,
we expect terms in the effective action that carries this SU(4) breaking fingerprint. Thus
in this section we proceed and analyze general Sp(4) invariants.

Sp(4) generators Gy can be obtained from linear combination of SU(4) ones G 7 as

Grs =G Q) (2.35)
where Qp; is the Sp(4) metric. For us we will choose
Q3 = —Q31 = -1, Qog=—Qyp=-1 (2.36)
all other entries are zero. As a result we have the following 10 generators,

G =G1 4+ Gy3, Goz=—-Go' + G331, Gzy=—-G3%2—Gy!
Gun =Gy~ G2 Giz=-G1'+G33 Gu=-G?+Gy*
G =G1 2, Gop = G4, Gsz = —G1?, Gu = —G4?. (2.37)

— 12 —



Let’s consider the solution to SUSY Ward identity with Sp(4) symmetry. First of all from
eq. (2.37) we see that the set of generators (G11,G33,G13), and (Gag, Gaq, G24) forms an
SU(2)xSU(2) subgroup, while the remaining generators mixes the two. Thus we expect to
write an Sp(4) invariant as a linear combination of the two SU(2) invariants.

The first possible SU(4) breaking term is at five points. Let’s consider the minimum
solution to these generators. Generally the superamplitude can be written as,

n
Ay =8Q)Ps, Pa= Y qynin +prminl (2.38)
ik l=1

the subscript in P» indicates it’s degree 2 polynomial in ns. The vanishing under (G11, G33)
and (Gaz, Gaa) requires us to set ¢;; to be symmetric in 4, j and py; to be symmetric in k, I
Invariance under (G19 requires

GraAn = 0°(Q) (qijmin; + pamint) = 0 (2.39)

Z7‘77 7l:1

This tells us that g;; = pr;. The same solution satisfies the remaining three generators,
hence we arrive at:

n
Py="" gij(nin} +ninj) (2.40)
ij=1

Following [14], the SUSY constraint imposed by Q% = Y, S\f‘anA tells us that

(mi n—3 n—Z)I(mj n—3 n—2)3 + (mz n—3 n_z)g(mj n—3 n—2)4
A, = qij0°(Q)—"== = L T , (2.41)
' Z ? (n—1n)in—3,n—2?
where
(Min—-3n—2)1 = [n=3,n=2]nir + [n=2, |31 + [i, n=3]np—21 (2.42)

From the helicity weight, we can see that

qij = An({i,j},-f—,-i-,—,—) (2.43)

where all unmarked legs are all of positive helicity gluons. Thus the total basis amplitudes
contains a total of (n—4)(n—3)/2 of them. These are the minimal SU(4) breaking elements,
whose bosonic component contain two minus helicity photons one scalar and arbitrary
number of positive helicity photons.

For simplicity let’s define

(mi,n73,n72)1(mj,n73,nf2)3 + (mi,n73,n72)2(mj,n73,n72)4

Y, =
W [n—3,n—2]?

(2.44)

These will be the building blocks to generate general SU(4) breaking Sp(4) invariants.
These will in general have degree 8 + 2k in ns with k € Z7, and we will refer them as
N> MHV matrix-elements. Let’s consider some examples.
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At five-point, we only need 1 and that is A, (¢, +,+,—, —) that originates from the
operator ¢F*, the amplitude would be [23]2(45)2. Thus the superamplitude is just

(m123)1(m123)3+ (Mm123)2(mMm123)4
(45)

As = 3°(Q) (2.45)

Beyond five-point, one can have multiple factor of Ys. For example, at six-point a new
solution to the Sp(4) SUSY Ward identity would be as follows:

6%(Q)qijk
= — DY Y
./46 Z <TL—1’I’L>4 i,j L1k
1<i<j<2
1<I<k<2

The coefficient ¢;;; is symmetric in (4, j) and (I, k) while antisymmetric in (¢,[) and (j, k).

We have
1, ]
Qijlk = AG ({ I ‘]Z; } y = _> (246)

The total basis amplitude is now 3 for six-point.

We now look at whether or not there are local supersymmetric elements for
(F_)?(F)%1¢™. We fist consider N2MHV amplitudes. Note that since (F_)2(F*)%agm

m
2

have distinct mass-dimensions from (F_)?(F )% (1)) 2, they have distinct SUSY comple-
tions. Thus for (F_)?(F*)%¢ we have

An= Y q»MY (2.47)

KA o 4 3
1<i<n—4 (nn-1)

with n = 2¢ + 3. Let us again perform a three-line shift on n—2, n—1, and n—3. We
see that there is a fourth order pole in the denominator. Now let’s consider projecting
out A,(—, -+ ,¢(i),+,+,+,—), this choice ensures that all angle brackets coming out of
§%(Q) do not contain the shifted ones. Note that this choice is only possible for n > 5 with
N2MHV amplitudes. In such case, the only possible angle brackets stem from ¢;, which
is simply the component matrix element A, (--- ,$(i), +, +, —, —) for (F_)?(F*)%¢. This
will have exactly 2 angle brackets, and thus will not be sufficient to cancel all the poles.
For n = 5 it is straight forward to see from eq. (2.45) that the poles cannot be canceled.
Thus we conclude that there are no local A" = 4 SUSY completion for (F_)2(F*)%¢.
Note that the above result can be straightforwardly generalized to operators of
(F_)2(F*)24¢™. These simply correspond to matrix elements of the form

*(Q) s
m%,w-,im H Yii, - Yi,, (2.48)
a=1

where again the coefficients ¢;, ... ;,, are given by linear combinations of component am-

plitudes A, (-, ¢(i1), -+, d(im), +, +, —, —) of (F_)2(F1)22¢™. Since the latter still has
two angle brackets and cannot cancel against the fourth order pole, this implies that its
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coefficient will again be iteratively determined by (F_)2(F*+)2¢™, which in fact again is
one-loop exact [1] and can be obtained from eq. (2.50).

This proportionality can be easily fixed simply by considering the analogous diagrams
as in SU(4) case, with summing over all possible insertions of extra scalar lines at each
vertex. We will use c(l)’q(é) as an example. Beginning at seven points, we have two ways
to assign the scalar line to one of the two vertices. As a result, relative to the six-point
vertex in eq. (2.18), there is an additional factor 2 in the seven-point vertex. Furthermore
seven-point vertex can be viewed as a contraction of two four-point vertices with a overall
factor 2 which is the number of possible ways for the scalar insertion. The procedure
iteratively continues to higher-point vertices as what has been done before. In general,
(2n, + 3)-point diagrams (except for the diagram from contact term) can be categorized
into n, 4-point vertices with different numbers of contractions by black and grey lines and
one scalar line assigned to the one of the n, vertices. In other words, for each category of
(2n, + 3)-point diagrams, it produces n, number of scalar insertion diagrams. It turns out
there is an overall n, factor for every category from the scalar insertion and the remaining
contractions between 4-point vertices give the same result as in analysis of MHV matrix
element. With n, = (n — 3)/2, this implies that

b1(0) = g0 (1) (o). (2.49)

Since c(l)’1 is protected and unrenormalized, this implies that cé’q(¢) is completely deter-
mined by c(l)’l(gt), which turns out is also one-loop exact as we will see shortly.

It is known that four derivative terms in A = 4 SYM given in the following expression
is all-loop exact and does not receive any non-perturbative corrections [1],

A v
4p 74 ¥ ¥
Sy /d 0d 91n<A>ln<A) , (2.50)
with U and ¥ are written in a A = 2 superspace, schematically,
U=¢+VN0+F 0% +..., U=¢g+V2N0+F 0*+.... (2.51)

Now if we give a vev to the scalar field ¢ — v + ¢, and expand the action Sy to fifth order
we find the action contains,

F)3(F-)? F)2(F)? F)2(Fo)%¢
gon PP [P PG | (RMF)9) 052
v v v
From this simple expansion we find the relative coefficient between operator F*4 and F*¢
is simply —2, that is c(l)’l(¢) = —26(1)’1, thus is also one-loop exact. This is consistent with

expanding SO(6) invariant F*/| X X|? around a vev v. In the next section, we will explicitly
compute the one-loop contribution to cé’l(cf)) and cé’l from the amplitude point of view.

2.5 Explicit computation of F4¢ and D*F4¢

In this subsection, we will explicitly compute the one-loop coefficients for higher dimen-
sional operators for D™ F* and D™F*$. This is done by considering the one-loop am-
plitude with massive internal states, which can be obtain by dimensionally reducing the
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higher-dimensional integrand and identifying the extra dimension momenta to be the mass.
Expanding around the large mass limit then correspond to integrating away the massive
modes. In particular we will find that the ratio between F'* and F*¢, as well as D*F* and
DAF%¢, is —2.

The one-loop contribution to the operator F*¢ arises from the massive W boson mul-
tiplet circulating the loop, with one edge involving the massive multiplet coupling to the
scalar that gets a vev [32, 33]. The integrand of this amplitude can be obtained by con-
sidering the six-dimensional A' = (1,1) integrand and the extra dimensional momenta are
interpreted as the mass. More precisely,

2 2
2= (e<4D>) S, (p<4D>) —min,  m=Ali+ils, m=1Li—ils. (2.53)

The five-point color-ordered one-loop amplitude was computed in [34] and the abelian U(1)
amplitude is obtained by considering all possible distinguished permutations of external
legs (and choosing the external fields as six-dimensional gluons):

l
A :C“/d6€ £ + (perm 2.54
’ 0+ p1)*(C+ p1+p2)*(C + p1+ p2 + p3)*(€ — ps)? (perm) — (2.54)
with
102p3c44)[162; 364 5][5¢ # De
Oﬂ:F v3cta) 1a23c4,) e p10¥pap| >+(1<—>2)+(5<—>1,1<—>2)} (2.55)
834815

20340560 [142; 364 5|15e|oHpa|1, 1,253c44) 12364 556114 P15
N P b3cddBe) [1a2;3¢4,41[5e|0"p2(la)  (1a203c4a)(2;3¢4,5¢][Lalp2o”| >+(1<_>2)]
534 534

(263c445¢) [1a3:4 5¢][2; [prot pspa|la) n (1a3c4d5e)[2;3:4 j5¢][1; |p2ps ot p|2p)
534519 534512

Here we follow the convention for 6D spinor helicitiy formalism in [35]. The six-dimensional
null-momentum can be parameterized by the six dimensional spinors

PAB = MXBYe 1 Pap = A aah et (2.56)

where A, B are the SU*(4) Lorentz indices and a, @ are the SU(2) little group indicies. We
can express the six dimensional spinors in terms of massless four dimensional spinors as

M = “Duphe Ao L g = Dkt A , (2.57)

where u, i are the reference spinors. To cast down to (Fy_Fy_F3; Fyy¢s5), we choose

amplitude can be written as (with m = m)

> I5(1,2,3,4,5)(C - 0) = (m[12]7(34)%) Y I5(1,2,3,4,5), (2.58)
S5/(Z5><Z2) S5/(Z5><ZQ)
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where we sum over all distinct permutations by mod out cyclic symmetry Z5 and reflection
symmetry Zs, and I5(1,2,3,4,5) is the four-dimensional pentagon integral with massive
propagators,

die 1
15(1,2,3,4,5) = / @A (@ — m2)(L+ k)2 — m2)((C+ k1 + ka)2 — m?)

1
C (0= k)2 —m2) (0 — ks — k)2 —m?)’

(2.59)

here the loop momentum £ is in four dimensions now.

We integrate away the massive degrees of freedom by taking the large mass limit. In
practice, this correspond to setting all £ -k to zero in the propagators. In the leading order
of large mass limit,

d*e 1 1

I5(1,2,3,4,5) — / B =~ T T (2.60)

and thus we obtain the one-loop contribution to the operator

4] 1

S [12]%(34)*
2 12(47)2mS

(m[12]2<34>2) = —ZW7

(2.61)
where the 4!/2 arises from summing over permutations. We can compare this result with
one-loop contribution to F* operator, which is given by a box integral with massive prop-
agators,6
— s12514A7(1,2,3,4) > L(1,2,3,4), (2.62)
Sa/(ZaxZ3)

where the box integral I4(1,2,3,4) is defined as

die 1
14(1,2,3,4) = .
4(1,2,3,4) / (2m)4 (2 —m2)((L + k2)? = m2) (0 + ko + k3)? — m?2)((£ — k1)? — m?)
(2.63)
Here A'¢(1,2,3,4) is the four-point tree-level gluon amplitude, choose the helicity config-

uration as that of F'*¢ we discussed previously, we have
— 512514A7T(1,2,3,4) = (12)%[34]?. (2.64)

To the leading order, we obtain the one-loop contribution to the operator F*

3! d*¢ 1 _[12]%(34)2
2[12]2<34)2/ @ & w2l = omiam)? (2.65)

Thus we find indeed the one-loop coefficients of F*¢ and F* is simply different by a factor
of —2, and we know that the one-loop results are actually exact in all orders of coupling
constant.

5The computations on F* and D*F* were obtained together with Massimo Bianchi, Francisco Morales
and Gaberiele Travaglini [23].
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We can also obtain the one-loop contributions to operators D™F* and D™F*¢ by
expanding the corresponding box and pentagon integrals to higher orders in k;. It is easy
to see any odd order in k; vanishes due to the integration ¢. The first non-trivial case is
to the second order in k;, which corresponds to operators D?F* and D?F*¢. We find the
results for both operators vanish on-shell, since they both are proportional to ), ;sij = 0.
We then further expand to the fourth order in k;, after the integration over ¢, we find for
D*F* the result is given by

. 1
1<J
while for D*F4¢ it is
. 1
1<j

Thus indeed the same as the case of F* and F*¢, we find the one-loop coefficients of D*F*
and D*F*¢ differ by a factor of —2, although now generally they receive higher-loop as
well as instanton corrections.

3 Three dimensions

In three dimensions, the little group is Zs, and thus we only have bosons and fermions.
Here we will again consider supersymmetry constraints on higher-dimensional operators,
in particular six-derivative terms. We will consider three cases, N' = 8 with SO(8) and
SO(7) R-symmetry, where the latter correspond to that of SYM, and the N' =6 SO(6) of
Chern-Simons matter theories. As we will demonstrate, the coefficient of the dimension 6
operator (9¢)% will again be completely determined by that of (9¢)*, for N > 6.

Since now all bosonic states are equivalent to scalars, there is no corresponding helicity
categorization. The on-shell representation of N/ = even supersymmetry is furnished by
breaking SO(N) to U(N/2). Thus we introduce n’ as fundamentals of U(N/2), and
represent the SO(N') generators as

1
R =y'y’, Ry =00 — 565, Riy=0,0,. (3.1)

Due to the fact that the R-symmetry generators that are part of SO(N)/U(N/2) are non-
linear, solutions to their constraints are rather involved. For N'=8 theories, the on-shell
degrees of freedom are encoded in a single scalar superfield. In the case where only SO(7)
is present, the R-symmetry generators are [36]:

1 1
RY = pln? + 5e”KLanKanL, R'y=n'0,, — ZameanK , (3.2)
where now I = 1,--- ,4. For N = 6, it is contained in a scalar and a fermionic superfield,

® and VU respectively, with their degrees of freedom contained as,

® = ¢* +nlvr +nindrs + 3,
U =t +nlor+nlndry+ 2oy (3.3)
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Note that due to the constant 3 for the U(1) generator in eq. (3.1), for N = 6, the matrix
element must be of even multiplicity.
We now consider the possible local dimension-six matrix elements. For maximal N' = 8,

we have:”

6 (Q"Neanon (afafuafafs + perm) = 6 (@A), (3.4)

This ansatz manifestly vanishes under the multiplicative SUSY generator as well as having
the correct permutation invariance symmetry. It is required to be degree 12 in the 7s,
due to the U(1) generator RL. It is rather non-trivial to check that it vanishes under the
multiplicative R-symmetry generators. To simplify our task, we will follow [37] and project
the fermionic variables n; on a convenient basis.

We begin by introducing the following n/2-set of bosonic n-dimensional objects

ey (35)
where a =1,2,---,(n —4)/2 and the new variables satisfies
:cf‘)\:xai-xf:x;byazo, x;r'mb_zéab, y* AP =B (3.6)

The inner products in the above represent summing over all external leg labels, i.e. A- A =
> Aidi . At six points, an explicit solution to 2t is given as:

o _cuklk)
Z 2v2/pias
Fiein ik
rF = Eieyn k) i,j,k € even. (3.7)

2\/5\/ p%237

The explicit form of y® is irrelevant as we will show that SUSY invariance dictate that the

1,7,k € odd

amplitude must be independent of it.
The aim of introducing these variables is to separate the fermionic variables into pieces
which vanish under the presence of &V (Q*7) = &V (> A¢n!) . Defining:

agt=cqnl, yol=y2ql, (3:8)
we see that
(n—4)/2
771-1 _ Z ((xi)jaa—,l + (xi);a;r,1> + s ()\?Y’B’I _ yszﬁ,I> (3.9)
a=1

and thus the last term would be the degree of freedom that is projected out by & Q).
Now let’s consider the constraint imposed by SUSY. The vanishing under the generator
Q! is achieved in the usual way of requiring the amplitude to be of the form:

Ap =N (QYF(N;, ot veoly. (3.10)

"Other invariants such as (qfanBaqlcaq:% + perm) are related to the ansatz after permutation due to
Schouten identities and super-momentum conservation.
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The vanishing under Q% = A\* - 9/9n! the implies

0 0 0 )F 9 p_o, (3.11)

0
AN =\t —— - a -
on! <x Oat! T a1 Tty oy el oYy el

thus one concludes that F is independent of Y/ . Finally, the non-linear R-symmetry
generators now take the form:

_ 0 17,
R = Z adloar”l) Ry = Z P (3.12)
a a 3au 8aa

Thus constraints from SUSY and R-symmetry tells us that the six-point matrix element
must take the form:

As = 0% (Q1) (3 (®) Fr (V) + 8% (@7) - (V) - (3.13)

Thus our task is to show that when re-expressing eq. (3.4) in terms of the new fermionic
basis using eq. (3.9), it must take the form of eq. (3.13). However straight forward substi-
tution would result in h(\,7) to contain terms proportional to Y™ with m < 4, which is
forbidden under the full SO(8) symmetry. Thus one concludes that there are no dimension-
six local matrix elements, and this implies that the cg must be proportional to 2, where ¢,
is the coefficient of the dimension n operator. We finally comment that the procedure of
introducing nice variables a® should be very useful for higher-point analysis, for the case
of six-point amplitude, one can actually simply test the validity of the SUSY generator
AaOpa, and this is the approach we will take the amplitudes in 6D.

A similar analysis applies to N/ = 8 SYM with SO(7). Note that the SU(4) part
of SO(7) allows the six-point matrix element to be of degree 8, 12, and 16 in n’s. For
degree 8, mass dimension 6 would require the local matrix element to have the form
§®)(Q)(s;; + perm) which vanishes through momentum conservation. The lack of de-
gree 8 matrix element also implies the same fate for degree 16, since the two are related
via Fourier transform in 7. Finally the generator R’/ would then act solely on the degree
! 77;] and ), 8771_1877{ vanishes separately,

12 matrix element which can only vanish if )" n;

for which the former possibility is already ruled out from the previous analysis. Thus we
can conclude that for N'= 8 SYM, one the effective theory on the Coulomb branch again
requires cg to be proportional to c3.

It was argued in [1], and computed explicitly in [3, 38, 39], that the four derivative term
of the effective action for A/ = 8 SYM receives one-loop and non-perturbative instanton
corrections. Our result then implies that the dimension-six operator receives perturba-
tive contribution only at two loops. While the one-instanton corrections come from the
cross terms of one-loop and one-instanton contributions (and the perturbation around the
one-instanton background) of dimension-four operator. More generally, the n-instanton
contributions to the operator come from the cross terms with k& and [-instanton contribu-
tions of the dimension-four operator, with k& + [ = n (0-instanton contribution means the
perturbative one-loop contribution.).
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4 Six dimensions

Here we consider six-dimensional theories with sixteen as well as eight supercharges. This
includes the N' = (2,0) and N = (1,0) theories of self-dual two forms, and the N" = (1, 1)
SYM theory. The on-shell kinematic variables are [40]:

pA B =2NE L pap = Naad B, A Maa =0, (4.1)

where A, B are fundamental SO(1,5)~SU*(4) Lorentz indices, whilst (a,a) are SO(4)~
SU(2)xSU(2) indices. The self-dual two-form and three-form field strengths are written as
(explicit decomposition in terms of SU(4) irrep is given in appendix A):

Fu ~F4p =X Nap, Hf,, ~HAP) =\, 4N\, 7. (4.2)

Here, H ;:,p indicates it satisfies the self-duality condition H,,, = %GWWTUH oTY,

Supersymmetry is implemented by introducing the following Grassmann-odd vari-
ables [41]:
N = (17 1)7 (na’ﬁd)v N = (270)7 (nal)' (43)

Here, (14,7) and (nl) with I = 1,2, carries charge (+,0) and (0,+) under the Cartans of
SU(2)xSU(2) and Sp(4) R-symmetry respectively. As a result, the sixteen supercharges
are given as:

. 9 - . - 9
_ +A —A =+ -\ _ aA aA . ~a .
N=@1), (@™ Q Ahw%)—<A7mA &kan,M%m),

0
N = (270)’ <Q+1A7 Q]_A> = <)‘aA77£7 )\aAanaI> . (44)

Similar to three dimensions, the R-symmetry generators involve both linear and bi-
linear operators in the 7’s. The generators of SU(2)xSU(2) for the NV = (1, 1) theory is
given as:

(Z i Mia Z 771?87]?7 Z 87]?8,”&) ® (n— 1) (4.5)

whilst the Sp(4) generators for N' = (2,0) are given as:

(St Sty X o, (hs)

where the first and the last generator are that of Sp(2)xSp(2) subgroup.

4.1 SUSY completions of dimension-six operators

We now consider the possible supersymmetric completion of the on-shell matrix elements
H% and FS. The superfield expansion for the vector and the tensor multiplet is given as [42]:

N=0,1): ®n,7) = ¢+ X+ & (1) + Xai® + g anafi® + a(n)*7
+ 0" ()% + Y na () + 0" (n)*(7)?
N=(20: on)=¢+xil+orm™ InD +ban“n) + xInlntns + 16,  (4.7)
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(1) — 1 _ab

where (1?) = g€ nind. Since the two-form by, and the vector g% sits in the middle of

the multiplet, an ansatz for dimension-six operators are given as:

N =(2,0): & (QAI) (<Q{Q2IQ§IQ4J> + perm) (4.8)

where q;“ = Mapl and (¢l q21¢] q15) = eapcpai abq§ 7 ¢l First of all, note that since
the latter is anti-symmetric under the exchange of any two ¢;s, the ansatz for N' = (2,0) is
actually zero. Thus for N' = (2,0), any local dimension-six operator must be cancelled by
the factorization diagrams of two dimension-four operators, thus requiring cg ~ c3. This
result was also found in [16].

For the N' = (1,1) case, we have an ansatz that are parametrized by one degrees of
freedom.

N=(11): QY (Q5) (¢i'dadddip + a1¢i'G2aq Gop + perm ) . (4.9)

Other seemingly different terms are actually related to these two listed above via super-
momentum conservation. For instance (qf‘qNQAqu Gsp+perm) can be recast into (qf‘dg AqQB QB
+perm), while (¢{'G24¢PGop + perm) can be expressed in terms of (¢i'GaaqPGop + perm).
Moreover, (q{'Gaaq¥Gsp + perm) is a linear combination of (¢f'Gaaqddop + perm) and
(¢'G24¢PGop + perm). By applying the supersymmetry generator >, Af - a%i, one can
find the ansatz does not satisfy the supersymmetry constraint. Then we conclude there is
no SUSY completion of local dimension-six operator for N = (1, 1).

For the half-maximal SUSY, we again consider the tensor multiplet, where now the
degrees of freedom are encoded in two fermionic superfields transforming as a doublet under
the chiral SU(2) little group [43]. It turns out that for (1,0) supersymmetry there is only
one possible independent ansatz that we can write down,

N =(1,0): 6 (Q*) ({q14212)(3456) + perm) , (4.10)

where now the permutation is summing over all antisymmetrization of external legs, this is
due to the fermionic property of the superfield. Like the case of (1, 1) one may consider other
possible terms, such as (q1¢234)(1256) + perm, (g1¢213)(2456) + perm or (q1134)(g2256) +
perm, in fact they are not independent of the one we have considered in (4.10). Again
we check the validity of the operator by acting with the SUSY generator ), )\f‘ - Op;, We
find that the ansatz is not annihilated by the generator. Thus it is ruled out by the (1,0)
supersymmetry, which then requires that the the coefficient of the dimension-six operator
is proportional to the square of that of the dimension-four operators.

5 Conclusions

In this paper, we apply the approach of scattering amplitudes to study how supersymmetry
can constrain the effective actions of theories in various dimensions. In a simple but very
efficient way, we derive non-renormalization theorems for four-dimensional theory with six-
teen supercharges, it includes a particular class of abelian operators with respecting SU(4)
R-symmetry, (F_)?(F,)?™, or those operators break SU(4) to Sp(4), (F_)?(F,)*"¢™. We
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find the coefficients of all these operators are completely determined by the corresponding
lowest irrelevant operators, (F_)?(F;)? and (F_)%(F;)%¢™. Using the known fact that
operators (F_)2(F,)? and (F_)?(F,)?¢ are one-loop exact, and do not receive any non-
perturbative instanton corrections, we thus conclude the same for the (F_)2(Fy)%? and
(F_)%(F})%¢ that they must be g-loop exact.

We further extend our analysis to theories in other dimensions, including maximally
supersymmetric theories in three dimensions, as well as theories in six dimensions with
various choices of supersymmetries: (2,0), (1,0) and (1,1). We find there are similar non-
renormalization theorems, which relate the coefficients of dimension-six operators HS for
(2,0) and (1,0) or FS for (1,1) to those of dimension-four operators.

The fact that we can give precise coefficients for an infinite set of operators in four
dimensions, is largely due to the ability to organize our operators in terms of helicities, at
the same time half of the SUSY generators are linearly realized. For higher dimensions in
principle one can also choose to use representations organized in terms of a U(1) subgroup
of the little group. However, in such representation, the SUSY charges are given as linear
combinations of derivative and multiplicative generators. This results in SUSY invariants
that contain different degree of Grassmann polynomials, which are difficult to analyze. One
can instead use R-symmetry decomposition instead much like the z% variables introduced
in three-dimensions [37]. Explicit solutions for these projection variables at higher points
may reveal new protected sectors.

It would be very interesting to extend our analysis for the SYM effective action in
a non-abelian background F,,. In the non-abelian case, now one needs to consider non-
vanishing commutator [F, F'], and take in account the fact that [D, D] ~ F. Since scattering
amplitudes are free of the redefinition of fields, so our approach should have the advantage
to study the effective actions with non-abelian gauge groups as well.
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A Convention

Our convention for spinor helicity formalism in four and six dimensions is summarised in

the following.

Four dimensions. The definition of o-matrices are

(Uu)ad = (17 5:) ) (5-“)&& = (17 _5:) ) (Al)
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where

o)) () (D) e
0 1 10 v 0 0 -1

The o-matrices follow the completeness relation, with the metric n =diag(+, —, —, —),

] L) w

which can be used to convert Lorentz four-vector indices to bi-spinor indices. As a result,
one can show

g g g g
. .—;wp>\< #) ( V> < P) ( >\> = i( e e
€ . . =€ = 1\ €qb€cd€ i €Ei - €da€bc€ €~)
,bb,cé,dd . . ab=cd™da b bed/
aa e \/§ ad \/5 bb \/§ cé \@ dd ave av-e

(A.4)
where €9123 = 1, ¢!2 = €12 = ¢y = —€j5 = 1. Self- and anti-self-duality conditions for a
tensor f can be expressed in spinor indices,
_ Lt ,dd
Saaph = i§faa,bb,ce,ddfcc ) (A.5)

where the solutions to the equation with the plus and minus signs correspond to self-dual
and anti-self-dual tensors, respectively. In general, a self-dual tensor can be written as

Faaph = €abSapy (A.6)

where the two indices in s is symmetric. The anti-self-dual tensor can be obtained by
interchanging the dotted and undotted indices.

Six dimensions. Here we follows the convention in [40]. The matrices ¥, ¥ satisfy
Clifford algebra

THESY 4 VSR = ot (A7)
and form a set of completeness relation as in four dimensions
SpSucp = —2eapcp,  BapSp” = 2 (0405 — 646F) |
(A.8)

SPABSCD — _9ABCD | gspsy = g

where = 0,1,...,6 are the SO(6) Lorentz indices and A, B,C,D = 1,2,3,4 are the
SU(4) spinor indices. One can use the completeness relation to obtain Levi-Civita tensor
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in spinor indices

€A1 A2,B1B2,C102,D1 D2, E1 B, F1 Fo
= TC€ALEsF1 F2€A3B1 BoC2€C1 D1 D2 By + €A1 B1B2C2€As Es 1 Fo €C1 D1 Do Er
+ €EAVE1F1Fo€A3B1BoCo€C1D1DoEy — €A1 B1BaC2€AE 1 Fy Fo€C1 D1 Do Es
+ €A By Fy €A B1 BoCL€Cy D1 Do By — €Ay B1ByCh €Ay Fy FR€Co Dy Do By
— €A\E 1 F1F2€A3B1BC1€Cy D1 Dy Es + €A1B1B2C1€ASE | F1 FR€Co D1 Do Eo
— €A1 A3 B2 €B1C1CoD2 €Dy E1 EaFy T €A1 A2 Bi Fo €BoC1Co Do €D By Eo Fy
+ €A1 A3 By F1€EB1C1CoD2€D1E1EoFy — €A1 A3 B1F1€BoC1C2D2€D1 E1 ExFy
+ €A1 A2 By €B1C1Co D1 €ED2 By EsFy — €A1 Ay By Fy€B2C1Co D1 €D2 By Eo Fy

— €A1 Ay BaFy €B1C1C2 D1 €Dy By Ea Fy + €A1 Ay By Fy €ByC1Co Dy €Dy By B - (A.9)
Then the (anti-)self-duality condition for a tensor H can be written in spinor indices

D1 Do, E1Eo,F1 F:
H 45,885,010, :i233|€A1A2,B1BQ7C1CQ,D1D27E1E27F1F2H 158 SIS, (A.10)

where the solution to the equation with plus and minus sign correspond to self-dual and
anti-self-dual tensors. The general form of self-dual field strength is

HA1A27B1B2,CICQ — hAngeA1B10102 _ hA2B1 6A13201CQ _ hAlBQGA2BlclcQ + hAlBl 6A2B20102

sf ’
(A.11)
and that of anti-self-dual field strength is
Al A CC
Ha;f 2,B1B2,C1C2 — hGH (EAlAgcheBlBQCQH o 6A1A202G€BlBQClH> , (A12)

where hap and hAP are symmetric tensors in A and B. Although H, ¢ and Hgp is not man-
ifestly antisymmetric in the pairs of indices {4;}, {B;}, {C;}, one can show the explicitly
antisymmetric property by the identities

€ABCDOR + €BopEOY + ecpEAdY + eppABOE 4+ €pancdh =0, (A.13)

and
eapope” M = A16[1 550657y , (A.14)

where the notation of antisymmetrization in indicies is defined as
1
Ty = > sen(0)Ta,, Any.. Ao, (A.15)
g
the sum here is for all permutations of indicies with the signature of permutation o.

B Solution to NMHYV six-point SUSY Ward identity

In this appendix we apply supersymmetric Ward identity to show that one can express full
NMHYV six-point superamplitude in terms of pure gluon amplitudes. First of all, as we

— 25 —



discussed the four-point superamplitude is completely determined by little group scaling

and its mass dimension, which is given by

Ay = 8(Q) (B.1)
where the supercharge Q4 = Dy /\?nZA. It is straightforward to check that it produces
the correct amplitude for (F_)?(F,)2. By projecting to the pure fermionic component, we
obtain

A (1,937, 03, 91) = (13)[24]s13, (B.2)
where we have specified the SU(4) R-symmetry indices. We find the superamplitude is
coincide with the four-point amplitude of Volkov-Akulov theory computed in [46]. Indeed
DBI action with N' = 4 supersymmetry completion contains Volkov-Akulov action.

Let us now consider the six-point NMHV amplitude, from supersymmetric Ward iden-
tity [14], the superamplitude can be expressed in terms of a basis with the coefficients being
component amplitudes,

As = A=+ 4+ ——) X1 + AQPY + + — =) X1

—

+ A(312334 ++— ) X2+ 1+ 2)), (B.3)

N | =

where the basis X1 is defined as

Min—3n—2;1Mjn—3n—2;2Mkn—3n—2;3Min—3n—2;4 g
X, = ) B4

with indices i, j, k and [ symmetrized, and m is defined as
migrsa = liflni + [kIni* + [kln;! (B.5)

Write it out explicitly for six points,

Ag = A(—+++ __)w +A(¢123¢4 L4 _)(53([13}774+- - )6([23]ma+- )
[34]4<56>4 [34]4<56>4
+%A(812834 L _)52([13]774 +[§4j2f52é>[33]n4 £o) N -

“...” denotes summing over cyclic permutations. From the above supersymmetric

where
Ward identity (SWI), we can project it to pure gluon amplitudes, and obtain following

linear equations

4 3
A4+ ++-—)= @A(— +++-——)+ D%‘ﬁ?’]Aw”%‘* ++--)
[13]2[23)?
WA(SHS34 ++--)
+(1+2)
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A(+++):E31A(+++)+ !

[14]*[24]?
2[34]4
+(1+2)
26)4
i
(16)%(26)2
2(56)4
+(1+2). (B.7)

A(812834 44— _)

(26)*(16)
(56)*

Al——+++-)= —+++-)- A"yt 4 4+ — —)

A(812534 44— _)

Since these three equations are independent, thus SWI allows one to solve A (234 4+ + —
—), A(s283 + + — —) and A(¥'9** + + — —) in terms gluon amplitudes! Thus since for
FS the NMHV amplitude A(+ + + — ——), we find all other component amplitudes vanish
as well. To be complete, the solution of above linear equations is given by

[24][34]°(16) A, + 1 23I34°(16)
[12][13][23](6]4 + 5[3] [14][24][12]{6[1 +- 2[4]

AW+ - ) =

[23][24](56)*
7610 (26)(6/1 + 2031611 + 2/4]
A4y - BPRIES) - 106) | | BaREses) - 10

[12][13][23](6|1 + 2|3] [12][14][24](6|1 + 2|4]
| +

o (1428 + [13)24) 56"
(16)(26)(6|1 + 2|3](6]1 + 2/4]
D [14)[34]%(26) [13)34(62)
AW ) = s - 28 )2 (61 + 24
113][14](56)?
761y 26) (611 + 203)(6/1 24 (B8)
where A1, Ay and Ag are defined as
4 4
A =A(+++)E))34A( +++)Eﬂ4A(+++),
4 4
A2:A(++—+——)—%34A( +++——)—E34A(+—++——),
4 4
Az =A(——+++-) - §§2§4A(— +4++—=) - §;2§4A(+ —++ ). (B.9)

we have checked that all the unphysical poles amplitudes solved in (B.8) cancel out. From
this result, we can also obtain six-point NMHV amplitude for A’ = 4 SUSY completion of
DBI action, whose gluon amplitude A(+++ — ——) is known [28], which can be computed,
for instance, using CSW rules [44],

(56)2[12]%(4/5 + 6/3]?

5124

At +4———) =

+ permutations , (B.10)
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where the permutations are summing over 1,2,3 and 4,5,6. We have checked that all the
unphysical poles in the amplitudes solved in (B.8) cancel out. Now, we plug the solutions
back to obtain the superamplitude in terms of pure gluon amplitudes only. We have checked
numerically the superamplitude we obtain produce all correct component amplitudes, in
particular it reproduces the single- and double-soft limits of DBI action [45] as well as that
of the Volkov-Akulov theory [46].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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