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ABSTRACT: We use on-shell methods to study the non-supersymmetric and supersymmet-
ric low-energy S-matrix on a probe D3-brane, including both the 1-loop contributions of
massless states as well as the effects of higher-derivative operators. Our results include: (1)
A derivation of the duality invariance of Born-Infeld electrodynamics as the dimensional ox-
idation of the group of spatial rotations transverse to a probe M2-brane; this is done using a
novel implementation of subtracted on-shell recursion. (2) The first explicit loop-level BCJ
double-copy in a non-gravitational model, namely the calculation of the 4-point self-dual
amplitude of non-supersymmetric Born-Infeld. (3) From previous results for n-point self-
dual 1-loop BI amplitudes and the conjectured dimension-shifting relations in Yang-Mills,
we obtain an explicit all-multiplicity, at all orders in €, expression for the 1-loop integrand of
the MHV sector of NV =4 DBI. (4) For all n > 4, the explicitly integrated duality-violating
1-loop amplitudes (self-dual and next-to-self-dual in pure BI as well as MHV in N' = 4 DBI)
are shown to be removable at O(e?) by adding finite local counterterms; we propose that
this may be true more generally at 1-loop order. (5) We find that in non-supersymmetric
Born-Infeld, not all finite local counterterms needed to restore electromagnetic duality
can be constructed using the double-copy with higher-derivative corrections, suggesting
a fundamental tension between electromagnetic duality and color-kinematics duality at
loop-level. Finally we comment on oxidation of duality symmetries in supergravity and the
parallels it has to the M2-brane to D3-brane oxidation demonstrated in this paper.
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1 Introduction

Electromagnetic (EM) duality is a continuous, global symmetry of certain models con-
taining abelian gauge fields in d = 4. On-shell, the charge eigenstates of the symmetry
coincide with the helicity eigenstates of a massless spin-1 field (and also potentially addi-
tional states), and as such give a concrete realization of chiral symmetry for spin > 1/2. The
primary consequences of such a symmetry for the physically observable S-matrix elements
are selection rules, or on-shell Ward identities, of the form

An(vT oyt v ) =0 for ny #n_, (1.1)
NN
ny n_
where we are using the common convention that helicity states are labelled with all particles
outgoing.

Off-shell the meaning of electromagnetic duality is more subtle. In the standard man-
ifestly Lorentz-covariant formulation, the off-shell action for an abelian gauge field is con-
structed using field operators A*(x) that are not in one-to-one correspondence with physical
states. It is perhaps not surprising that as a consequence, there is no off-shell symmetry of
the action for which the selection rule (1.1) is the conservation of the associated Noether
charge. There is however, a corresponding symmetry of the classical equations of mo-
tion. In the simplest case of duality-invariant non-linear electrodynamics, the equations of
motion consist of a Bianchi identity constraint and an Euler-Lagrange equation,

0" =0, 0,GM(F| =0, where Gw[F]=2.25
OF

(1.2)

IThis notion of EM duality is related to, but not exactly the same as, the Montonen-Olive S-duality
of N' = 4 super Yang-Mills theory [1]; S-duality is necessarily a discrete symmetry since it acts on the
quantized charge lattice. In the zero-coupling limit, gym — 0, the charged states decouple and the sym-
metry is enhanced to the continuous SO(2) duality symmetry of free Maxwell theory. The electromagnetic
duality considered in this paper is of the continuous kind, without charged states, but with non-linear
self-interactions of the gauge field which preserve the duality symmetry.



Given any solution F),,, we can generate a one-parameter family of solutions by a so-called
duality rotation
Fl — cos(0)F, + sin(0)G ., [F], (1.3)

if and only if the model satisfies a non-linear, on-shell constraint known as the Gaillard-
Zumino condition [2]

FF*™ + G, [FIG*™[F] =0. (1.4)

The connection between duality invariance of the equations of motion and the con-
servation of a chiral charge (1.1) in the on-shell scattering amplitudes, is perhaps not
widely known. At tree-level, the connection was demonstrated for classically duality in-
variant models of non-linear electrodynamics in [3], generalizing earlier demonstrations in
the context of the non-supersymmetric Born-Infeld (BI) model [4]. More generally, the
conservation of a chiral charge is an empirical fact about tree-level scattering amplitudes
in a wide variety of classically duality-invariant models, including models of extended su-
pergravity [5].

The goal of this paper is to improve our understanding of duality invariance, in the
form of the selection rule (1.1), using modern on-shell methods. This includes a novel
understanding of why such a symmetry may, in certain classes of models, be present.
Using D-brane worldvolume EFTs as theoretical laboratories in which to make explicit
calculations, we see from one perspective, using dimensional reduction/oxidation together
with subtracted on-shell recursion, that such a symmetry emerges naturally. Contrarily,
from the perspective of the BCJ double-copy construction [6-§],

(Born-Infeld with A’ SUSY) (1.5)

U(N) x U(N)

= (U(N) Yang-Mills with A" SUSY ) @ ( 0

Nonlinear Sigma Model),
at both tree- and loop-level, the appearance of such symmetries is an unexplained miracle.
Specifically, amplitudes in YM theory do not satisfy a non-abelian analogue of the selection
rule (1.1), so for example any odd-point YM amplitude and any MHV amplitude with more
than 4 particles have to give zero upon being double-copied with NLSM amplitudes. Such
cancellations do indeed happen, as is necessary for the double-construction to work, but it
is an emergent rather than a manifest property.

In the non-supersymmetric case of (1.5), we analyze the higher-derivative corrections
to both Yang-Mills (YM) and the nonlinear sigma model (xPT) and find that the double-
copy by itself is not sufficient to guarantee duality invariance. The result is a mysterious
subset of higher-derivative corrections, which are neither completely duality-preserving nor
completely general.

A further goal of this paper, building on earlier work by the same authors [9], is to im-
prove our understanding of electromagnetic duality in the context of quantum corrections.
That the duality rotation (1.3) is only a symmetry of the classical equations of motion,
and not the off-shell action, might lead us to suspect that the selection rule (1.1) is only
valid at tree-level. This conclusion is complicated by the fact that there exist alterna-
tive, non-manifestly Lorentz-covariant, formulations of duality invariant models which do



realize duality rotations off-shell [10, 11]. It is an interesting and important problem to
determine if classically duality-invariant models can be quantized (at least perturbatively)
in a way that preserves both the selection rule (1.1) and Lorentz invariance, or if there
is an anomaly which requires breaking the former to preserve the latter. We address this
question by explicit calculation in the context of the worldvolume EFT of a probe D3-
brane, described by the abelian N' = 4 Dirac-Born-Infeld (DBI) model. A central result
is that we obtain an explicit, all-multiplicity expression for the 1-loop integrand of the
MHYV sector of N'= 4 DBI in dimensional regularization at all orders in €. For n > 4 the
resulting manifestly Lorentz-invariant expressions, integrated in d = 4 — 2¢ up to O(e"),
are shown to be cancelled by N = 4 invariant finite local counterterms, and hence there is
no duality anomaly in this sector. From previous results obtained by the present authors
in the self-dual (all-plus) and next-to-self-dual (one-minus) sectors of non-supersymmetric
Born-Infeld [9], together with the above general analysis of the higher-derivative double-
copy, we demonstrate that the requisite finite counterterms cannot always be constructed
as a KLT product. This may indicate that there exists no loop-level regularization scheme
that respects both electromagnetic duality and color-kinematics duality, suggesting a deep
conflict between these two physical principles.

Below we give a brief review of the physics of probe D-brane worldvolume EFTs, with
emphasis on the manifestation of physical properties in the S-matrix. This is followed by
a more detailed overview of the structure and key results of the present paper.

1.1 Review of D3-brane worldvolume EFTs

The models we consider in this paper describe the low-energy dynamics of the massless
excitations of a probe D3-brane with up to AN/ = 4 linear supersymmetry, embedded in a
D-dimensional bulk Minkowski spacetime. The effective field theory on the 4d worldvolume
takes the form of a U(1) gauge theory with nonlinear self-interactions, coupled to Ny Weyl
fermions and Nj real scalars. The bosonic part of the leading-order (DBI) effective action
for a probe Dp-brane has the form

Sppl X!, Fun) = Ty / @ [~det (1, + K20, X10,X + kE,,),  k=2md/,  (L6)

where I =1,2,..., Ny, with Ny =D —p—1and Tp, ~ 1/a’. The complete x-symmetric
action including fermionic degrees-of-freedom for p = 3 is given explicitly in [12]. In this
paper we take an on-shell perspective, so rather than calculating scattering amplitudes
directly from the action (1.6), we begin with the physical properties we expect of the
model, and use these to bootstrap physical S-matrix elements. The massless degrees of
freedom and their symmetries have a direct physical interpretation:

e The world-volume photon ¥ describes the motion of the endpoints of open strings
ending on the D3-brane [13]. The associated classical equations of motion are invari-
ant under a duality rotation (1.3), so as discussed above the photon helicity states
carry a conserved chiral charge Q[y*] = #1. If the external momenta are restricted
to a 3d subspace, then a particular linear polarization is identified with the scalar



modulus of a D2-brane in a T-dual frame. The associated enhanced low-energy theo-
rem is sufficient to bootstrap the entire tree-level S-matrix of the non-supersymmetric
Born-Infeld model [14].

e The Ny Weyl fermions wf are Goldstone fermions arising from (potentially partial)
spontaneous supersymmetry breaking. All of the fermions are identical and transform
together in the fundamental representation of U(/Ny). The broken supersymmetry
is non-linearly realized in the effective action [12], and consequently the on-shell
scattering amplitudes satisfy an Adler-zero type low-energy theorem

AR ({p). o1} ) 5% 0 (1)) (L.7)

For the special case Ny = 1, Ny = 0, the spectrum consists of a single N' = 1
vector multiplet and the scattering amplitudes satisfy the associated N' = 1 on-shell
supersymmetry Ward identities. Together with the low-energy theorem (1.7) this can
be used to prove that the amplitudes of the bosonic truncation (non-supersymmetric
Born-Infeld) satisfy a multi-chiral low-energy theorem [14], sufficient to bootstrap the
tree-level S-matrix.

e The N scalar fields X are spacetime Goldstone bosons, or moduli, arising from the
spontaneous breaking of the underlying D-dimensional Poincaré symmetry

ISO(D —1,1) — ISO(3,1) x SO(D — 4). (1.8)

Naturally, the scalar fields transform in the vector representation of SO(D —4). The
spontaneously broken spacetime symmetries are non-linearly realized in the effective
action (1.6) with the scattering amplitudes satisfying an enhanced Adler-zero low-
energy theorem [15]

AP ({phxee ) B2 0 (1) (1.9)

The problem of constructing a model that satisfies all of the above properties is vastly
over-constrained, and it is remarkable that any solution exists. A complete formula for
the tree-level S-matrix of the bosonic truncation (1.6), valid in d-dimensions, was found in
the CHY formalism [8]. Recently, a beautiful CHY formula based on polarized scattering
equations, appeared for the complete tree-level S-matrix of the A/ = 4 probe D3-brane
(Ny =4 and Ny = 6), as well as similar formulae for the 6d parent theories describing probe
N = (1,1) D5- and N = (2,0) M5-branes [16]. Such higher-dimensional constructions have
recently been used to obtain 1-loop integrands for the D3-brane theory in dimensional
regularization [17].

The existence of various U(1) charges requires that any non-zero amplitude contains an
even number of states of a given spin. It is therefore consistent to consider truncations to
the purely scalar (p-brane) sector as well as the purely fermionic (Akulov-Volkov or Gold-
stino) sector. Using the above vanishing low-energy theorems, it was shown in [15, 18-21]
that we can bootstrap the leading-order contribution to the tree-level S-matrix, including
in the former case, a finite number of higher-derivative or Galileon contributions [22].



The CHY construction [8] has revealed the surprising fact that the well-known field
theory KLT formula [6], relating Yang-Mills and Einstein gravity, can also be used to con-
struct Dp-brane world-volume EFTs. The generalization of the double-copy relation (1.5)
takes the schematic form

(BI ® Ny fermions ® N Scalars) = (YM @ Ny fermions ® N, scalars) ® xPT, (1.10)

where @ in the Yang-Mills theory on the right-hand-side indicates whatever couplings be-
tween the gluons and massless adjoint fermions and scalars (including Yukawa and scalar
potentials) are required to satisfy color-kinematics duality [7]. In this construction, the du-
ality symmetry of the Born-Infeld photon is completely obscured since there is no analogue
in the non-abelian Yang-Mills theory. Conceptually the double-copy paints an interesting
picture of the massless degrees-of-freedom on the Dp-brane. The pions of xyPT are Gold-
stone modes of a spontaneously broken internal symmetry, which combine through the
double-copy with the scalar fields of the Yang-Mills theory to form the spacetime Gold-
stone modes of the Dp-brane. Similarly, the pions combine with the adjoint fermions of
the Yang-Mills theory to form Goldstone fermions. The Born-Infeld photon itself has no
known interpretation as a Goldstone mode, but through the double-copy we see that it is
the combination of a Goldstone scalar pion and a non-abelian gauge boson.

1.2 Outline of this paper

In section 2 we prove a theorem stating that at leading order in the derivative expansion, the
existence of a global U(1) symmetry in the 3d reduction of a model of non-linear electrody-
namics is a necessary and sufficient condition for the existence of a duality symmetry in 4d.
As a corollary, the U(1) symmetry of the probe M2-brane world-volume EFT corresponding
to the rotation of a pair of transverse dimensions ozidizes to the duality symmetry of the
D3-brane, giving a novel inductive proof of the latter using subtracted on-shell recursion.

In section 3 we present an explicit test of the loop-level BCJ double-copy conjecture.
We use known color-kinematics duality satisfying BCJ numerators from the self-dual 1-loop
4-point (i.e. all-plus) sector of pure Yang-Mills together with generic BCJ numerators for
xPT to construct a conjectured representation for the self-dual 1-loop 4-point integrand of
the pure Born-Infeld amplitude. The result is found to agree precisely with recent results
obtained using unitarity methods.

In section 4 we review the results of [9]. Explicit, all-multiplicity expressions are given
for the 1-loop integrand of the self-dual and next-to-self-dual sectors of pure Born-Infeld.
At 4-point we present the explicit results for the local counterterms needed to restore
electromagnetic duality symmetry in the sense of setting the 1-loop self-dual BI amplitude
AP (+ 4 44) to zero.

In section 5 we present a conjectured explicit form of the 1-loop, MHV, integrand of
N = 4 Dirac-Born-Infeld. This result is obtained by combining the conjectured dimension-
shifting relation between the integrands of self-dual and maximally supersymmetric Yang-
Mills with the loop-level BCJ double-copy. At n = 4 the (cut-constructible part of the)
expression is shown to precisely match the result expected from unitarity cuts, and at



n = 6 the expression agrees with recent calculations using dimensional reduction of M5-
brane tree-amplitudes.

In section 6, based on the observation that n-point amplitudes in the SD and NSD
sectors can be set to zero by appropriate choice of finite local counterterms, we present an
argument (though not proof) that indicates that there is no possible violation of electro-
magnetic duality at 1-loop in BI theory in any sector. In other words, that there exists a
scheme in which the electromagnetic duality U(1) symmetry is unbroken at 1-loop.

In section 7 we study the tree-level double-copy relation (1.5) with higher-derivative
terms. We present a general analysis at 4-point level. In particular we find that, per-
haps surprisingly, this does not allow us to construct, by BCJ double-copy, the finite local
counterterm needed to restore electromagnetic duality. This is a new curious conflict be-
tween electromagnetic duality at loop-level and the double-copy construction. The results
of the higher-derivative double-copy analysis are also compared to the o/-corrections from
string theory, both for the superstring and bosonic string.

In section 8 we discuss a few interesting open questions. We also discuss in quite some
detail duality symmetries in the context of pure 4d supergravity theories. This includes
their emergence in the double-copy, the effect of higher-derivative corrections, and the ideas
of possible oxidation of symmetries from 3d to 4d. The parallels, and contrasts, with EM
duality in Born-Infeld theories is emphasized.

The five appendices contain various technical details of the results presented in the
main text.

2 Dimensional oxidation: the D3-brane and M2-brane

We present the worldvolume reduction of the D3-brane action to the M2-brane action and
show how the latter has a manifest U(1) symmetry. The oxidation of this symmetry to
4d is very non-trivial, but nonetheless we prove that it is true in the leading order theory
using a novel recursion relation. Subsequently we examine higher-derivative corrections
and prove that there exist duality-violating operators in 4d that are not ruled out by the
3d U(1) symmetry.

2.1 World-volume analysis

It is well-known that in D dimensions, the compactification of a Dp-brane on a p —p’ torus
along its worldvolume directions is T-dual to a flat Dp’-brane, again in D dimensions.
This property is inherited by the low-energy effective theories on the branes. The p + 1-
dimensional vector boson states of the Dp-brane, polarized in the compact dimensions, are
physically identified with the additional p — p’ scalar moduli of the Dp’-brane. Since all
dimensions transverse to the world-volume are identical, the scalar moduli of the Dp-brane
realize a linear SO(D —p —1) symmetry, while after dimensional reduction this is enhanced
to SO(D —p’ —1).

A special case of this phenomenon occurs in the dimensional reduction of the D3-
brane. For simplicity we restrict the discussion to the truncation to the vector boson



sector described by pure Born-Infeld electrodynamics in R?,

SoalFu] = Tos [ doy/=det (g + bF) (2.1)

This action does not manifest any continuous global symmetries, but as described in the
introduction, this model has a hidden U(1) electromagnetic duality symmetry that leads
to the helicity selection rule (1.1). Following the above discussion, dimensional reduction
on a circle of vanishing radius gives the action of a D2-brane embedded in R?,

Spo[Fs X] = T / /= det (1, + K20, X0, X + kF) (2.2)

Since there is only a single scalar modulus, this action again does not manifest any con-
tinuous global symmetries. But, in fact this model has a hidden U(1) symmetry that
is revealed off-shell by changing variables via a Legendre transformation. To do so, the
implicit Bianchi identity constraint is replaced by an explicit Lagrange multiplier term [23]:

2
Sp2[Fpuw, X, Y] =Tpo /d333 l\/— det (N + k20, X0, X + kF,,) — %Ye’“’papFW

(2.3)
By integrating by parts in the final term, the roles of the fields F},, and Y as dynamical and
auxiliary, respectively, are interchanged. Integrating out F),, generates a dual representa-
tion of the D2-brane model parametrized in terms of a pair of scalar fields X and Y [23].
Remarkably, this new representation is precisely the (truncated) action of an M2-brane,

SM2 [X, Y] = T2 / dg.%'\/— det (n#l’ + k28HX8,,X + k28“Y81,Y) . (2.4)

The physics of the model (2.4) is that it describes the spontaneous breaking of spacetime
symmetry ISO(4,1) — ISO(2, 1) x SO(2), with the scalar brane-moduli X and Y identified
with the Goldstone modes of the broken transverse translation symmetries. The linearly
realized SO(2) symmetry is manifest in the action (2.4) as a rotation of the vector (X,Y)
and has the physical interpretation as an isometric rotation between the two non-compact
dimensions transverse to the membrane.

The physical significance of this observation is well-known [24, 25]. The non-truncated
version of this argument is a crucial test of the identification of the 10d embedding of
the probe D2-brane with the 11d embedding of the probe M2-brane [23]. In that case,
the D3-brane model has a manifest SO(6) symmetry acting as a rotation of the moduli
associated with the 6 transverse dimensions. Dimensional reduction and T-dualization
produces a D2-brane model with a manifest SO(7) symmetry acting on the 7 moduli.
Legendre transforming the 3d gauge boson produces a model with 8 moduli and a manifest
SO(8) symmetry, with the additional scalar identified with the spontaneous breaking of
translation invariance in the 11th, M-theory dimension.

In the truncated model, for the purposes of calculating scattering amplitudes it is more
convenient to form a single complex scalar field Z = (X +iY)/y/2 and rewrite the action
in the form

Swi2lZ, Z] = Taro / d%\/ —det (1 + k20(,20,)Z) . (2.5)



The manifest U(1) symmetry in (2.5) implies that the scattering amplitudes of this model
satisfy the selection rule

AM 7.2 7...2)=0 for ng#nj. (2.6)

ny nz

While the existence of the conserved U(1) charge of the M2-brane action (2.5) is com-
pletely obscured in the D2-brane action (2.2), obtained by standard dimensional reduction
from the D3-brane action (2.1), it is almost trivial at the level of the on-shell scattering
amplitudes. Since we are scattering massless Kaluza-Klein modes, the 3d tree-level scat-
tering amplitudes are insensitive to the radius of the compactified dimension and so are
formally equivalent to the 4d tree-level scattering amplitudes with the external momenta
restricted to an arbitrary 3d subspace. In the commonly used 4d spinor-helicity variables
this restriction can be efficiently made by making the replacement

[pla — (pla- (2.7)

Since the models only contain bosonic degrees of freedom, the resulting expressions con-
taining only angle-spinors can always be rewritten in terms of Mandelstam invariants: in
3d, si;j = (pi +p;)? = —(ij)?. All that remains is to relabel the on-shell states in a 3d
language as

v e— Z, Y Z. (2.8)

Using this dictionary, we find that the U(1) electromagnetic duality symmetry of the M2-
brane amplitudes follows as a mecessary consequence of the selection rule (1.1) of electro-
magnetic duality of the D3-brane tree amplitudes.

At the level of the amplitude selection rules (1.1) and (2.6), along with the dictio-
nary (2.7)—(2.8), it is clear that no special properties of Born-Infeld were used. Therefore
it implies the following general result:

Theorem 1. Given any 4d local model of non-linear electrodynamics S(uq)[Fw], we can
construct a 3d model of a complex scalar S(3q) [Z, Z] by dimensional reduction followed by
a Legendre transformation. If the 4d model has a U(1) electromagnetic duality symmetry
of the equations of motion, then the 3d model must have an off-shell U(1) symmetry of the
action.

The above argument includes the possibility of higher-derivative terms; at the level
of the amplitude selection rules, this is obvious. At the level of the action, the Legendre
transformation becomes the procedure of systematically integrating out the field strength.

The reverse of the above statement would be that the off-shell U(1) symmetry in 3d
is oxidized to a duality symmetry in 4d. This would be a more surprising and interesting
property. We are going to prove this converse statement for F"-theories:

Theorem 2. If the action Suq)[F.w] depends only on operators of the form F" and
Ssa)[Z, Z] has an off-shell U(1) symmetry, then the 4d model must have a U(1) elec-
tromagnetic duality symmetry.



This converse result is at first sight quite surprising. When a model is dimensionally
reduced we typically lose some information about the higher-dimensional physics. One
might expect the existence of 4d operators that violate the duality symmetry, but vanish
when reduced to 3d and are therefore not ruled out by the 3d symmetry. Indeed this does
happen, as we show in section 2.4, but this is delayed to higher orders in the derivative
expansion and is absent at the leading orders in the effective field theory. In the following
two subsections, we prove this oxidation statement.

In the context of the D3-brane, this argument explains (at least from one point of
view) the otherwise mysterious fact that the probe D3-brane preserves the continuous EM
duality symmetry of free Maxwell theory. This symmetry is the dimensional oxidation of
the linearly realized transverse isometries of the M2-brane. It is interesting to contrast this
result with the well-known argument that A" = 4 super Yang-Mills inherits the modular
symmetry SL(2,7) from the compactification to four-dimensions of the (2,0) SCFT on
the world-volume of an Mb5-brane stack [26]. That argument gives an M-theory based
geometric explanation of the discrete S-duality form of electromagnetic duality, but gives
no indication that it should enhance to a continuous symmetry in the abelian limit.

2.2 3d — 4d oxidation: contact terms

The models of non-linear electrodynamics we are considering have the form
Scay[Fuw) = / dz £(X,Y), X = F,F", Y = F, F". (2.9)

In 4d this form of the Lagrangian is completely general at leading-order in the derivative
expansion; using the Cayley-Hamilton theorem it is straightforward to show that general
operators of the form Tr[F"™] can be reduced to functions of the invariants X and Y.
Furthermore, we assume that in the weak field limit, the Lagrangian admits a low-energy
EFT expansion with the leading order term given by the standard Maxwell Lagrangian

1 1
Staa Fo] = / dz {—X+L<2>(X,Y)+...+ O Y)Y 4., (210

4 A4 Adk—4

where £(*) is a homogeneous polynomial of degree k. Simple dimensional analysis then gives
that tree-level scattering amplitudes with n external photons are homogeneous rational
functions of spinor-helicity variables A, (t|i),|i]) = t*™A,, (|i), |i]). Alternatively, stripping
off the overall factor of A~2"*4 the remaining kinematic part of the amplitude must have
mass dimension n.

Consider the dimensional reduction of S(4q)[Fuv] to S(z¢)[Z, Z], as in Theorem 2 of sec-
tion 2.1. Suppose the 3d amplitudes conserve a global U(1) charge (2.6). We want to prove
that the 4d amplitudes must then conserve the duality charge (1.1). The dictionary (2.8)
makes it clear that any U(1)-conserving amplitude in 3d lifts to a 4d duality-conserving
amplitude. What remains to be shown is that there are no 4d duality-violating amplitudes
that vanish upon restriction of the external momenta to a 3d subspace.

There can be no odd-point amplitudes in a theory with only F" interactions, so the
lowest multiplicity we need to consider is 4-point. As the lowest-point amplitudes, they



cannot have any kinematic singularities, hence they must be polynomial functions of spinor-
helicity variables. The most general ansatze for these amplitudes consistent with locality,
Bose symmetry, mass dimension and little group constraints are

As(1F 25 3% 4F) = ay ([12)° [34° + [13]° [24° + [14)° [23)%)

As(15 27 37 47) = a ((12)%(34)2 + (13)2(24)2 + (14)%(23)?) ,
As(15 25 37 47) = Ay(15 2737 47) = 0. (2.11)

Reducing the non-zero amplitudes to 3d gives

A(1F 235 4E) 2 0y (2442 402, (2.12)
which is non-vanishing unless ax. = 0. So we establish that for n = 4, the existence of a
U(1) symmetry after dimensional reduction to 3d requires duality conservation in the 4d
model (2.9).

At higher multiplicity, we examine the factorization properties of duality-violating 4d
amplitudes. Consider an n-point amplitude where the number of positive helicity states
ny does not equal the number of negative helicity states n_ # n4. On a factorization pole,
an amplitude splits into Ay and Ag such that

ni—i—nf:mr—i—l,

2.13
nt4nf=n_+1. (2.13)

It is clear that Aj, and Ag cannot both be duality-preserving amplitudes since nﬁ + nf #*
n’ + n® by assumption. Thus, at least one of Az, and Ag must be duality-violating.

Since the 4-point duality-violating amplitudes vanish, this then means that any 6-point
duality-violating amplitude must be local, i.e. it must arise from a local contact term of
the form F%. By dimensional analysis, little group scaling, and Bose symmetry, the only
possible options are (focusing on the mostly-plus sectors)

YUY Y Y Y Y

+otatgtrta—) —
As(1F 23T 4 5767) =0,

Ae(1F 23 35 45 57 67) = B (56)2 ([12)° [34)” + perms ) .

Ae(1F 2% 3% 4F 57 67) = By ([12)° [34)” [56]° + perms) ,

In 3d kinematics, the non-zero matrix elements become sums of products of Mandelstam
variables squared and as such there can be no cancellations; they must be non-vanishing.
This means that there are no 4d local, or — by the factorization argument above — non-
local, duality-violating 6-point amplitudes that are not ruled out by the 3d U(1) symmetry.

Given that electromagnetic duality is preserved at 6-point order, the 8-point duality-
violating amplitudes must be polynomial. The structure observed at 4-point and 6-point
for the local contact terms continues at higher point, so the 8-point local duality-violating
amplitudes do not vanish in 3d and are therefore also ruled out by the 3d U(1) symmetry,
and so on.
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A derivation of Theorem 2 naturally lends itself to an inductive argument on the
number of particles. In the next section we introduce a new on-shell recursion relation that
allows us to prove at all multiplicities that the 3d U(1) symmetry implies 4d electromagnetic
duality in F™-type theories.

2.3 3d — 4d oxidation: subtracted recursion relations

We construct an inductive proof of Theorem 2 in section 2.1 based on a new version of
subtracted recursion relations that accesses information about how 4d amplitudes behave
when the external particles are restricted to a 3d subspace. Consider a set of n on-shell
external momenta subject to momentum conservation. Define the shift

Py = (1—2)p} + 2q}', (2.14)

subject to the usual constraints that the shifted momenta p are on-shell, ]5? = 0, and

satisfy momentum conservation for any value of z, i.e. for each ¢ we require
n
pi-qi:q?:O and Zqi:O. (2.15)
i=1
We choose the shift vectors ¢; to be normal to some unit space-like vector N*,

G -N=0. (2.16)

Then, at z = 1, the shifted momenta are projected onto the 3d subspace normal to N*:
PN “‘3:1 = 0. We implement this shift in terms of spinor-helicity brackets via the holo-
morphic shift

<5| =1 - 2)3| 4+ zai| N, |€] =i, for h; >0, (2.17)
(| = (], li] = (1 = 2)|i] + za;N|j), for h; <0, '

where N = N¥o, and a; are constants constrained by momentum conservation,

> aild[ilN 4+ Y a;iNi)(i| =0. (2.18)
i:h; >0 it h; <0
The shift (2.17) ensures that each shifted momentum is on-shell and the whole set of
momenta lie in a 3d subspace when z = 1. The latter follows from (h; > 0 case)

N - pil_, o« N*N"Tr(5,|i][ilo,) = N*N"[ilo,6,]i] = —N?[ii] = 0. (2.19)

z=

Naively, equations (2.15) and (2.16) place 3n + 4 constraints on the 4n components of
the ¢!"’s. However, the projection (2.16) means that momentum conservation in the N-
direction is automatic (i.e. the ¢;’s are 3d vectors), so the number of constraints is actually
3n 4+ 3. This gives n — 3 free parameters. Alternatively, this can be seen from the fact
that (2.18) places 3 constraints on the set of n parameters a; in (2.17). Thus the system
is under-constrained, and a shift can always be constructed for n > 4. In appendix A we
present an explicit solution for the a;.
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It was shown in [21] that under a linear holomorphic shift, such as (2.17), effective
field theory amplitudes scale as the following power of z,

n—2
4—n—v_2[9v]—zsiv (2.20)

when z is large. Here v is the valence of the lowest-point interaction, [g,] is the mass-
dimension of the coupling and s; are spins of the external states. For models of non-linear
electrodynamics (2.9), v =4, [g,] = —4 and s; = 1, and so

An(z) 77 20, (2.21)

This means that in a standard recursion relation based on a contour integral of A, (z)/z,
there is pole at infinity whose residue cannot be determined by factorization. This simply
reflects the fact that the action (2.9) contains an infinite number of independent, gauge-
invariant, local operators of the form F'™ that only begin to contribute to on-shell scattering
amplitudes at multiplicity > n. Since such contributions are completely independent of the
lower-valence operators, any attempt to derive on-shell recursion relations must fail unless
it incorporates additional physical information sufficient to pick out a unique model. In the
present context, the additional constraint we impose is the vanishing of duality-violating
amplitudes when external momenta are restricted to a 3d subspace. To do so, we employ
subtracted recursion relations based on a contour integral of A, (z)/z(1 — z). The key is to
avoid picking up a pole at z = 1.

Consider an n-point duality-violating 4d amplitude .4,,. By assumption of the 3d U(1)
symmetry, any 4d duality-violating amplitude must vanish when its momenta are restricted
to a 3d subspace; hence the shifted amplitude satisfies

Ap(z=1)=0. (2.22)

The unshifted amplitude can be retrieved via the contour integral

A, (0) = ]io ;;Zé”g) , (2.23)

where Cp is a small circular contour surrounding z = 0. The extra factor of (1 — z) does
not affect the residue at z = 0, nor does it introduce a pole in the integrand, precisely due
to the property (2.22).

Cauchy’s theorem is then used to re-express the integral (2.23) as a sum of residues
on poles away from the origin. Locality ensures that the only poles in a tree amplitude
correspond to factorization singularities. All poles occur at finite values of z where an
intermediate momentum P; = (1 —2)Pr + 2Qg goes on-shell,

PP =(1-2)2P? +2°Q3 +22(1 - 2)Pr- Q1 = (Pr — Qn)?*(z — 2L)(z = 2L),  (2.24)
and the residue on these poles is the factorized amplitude,

IEESOATL = Ar(2)Ar(2). (2.25)
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Thus the unshifted amplitude can be expressed as

A,(0) = 3 Res LDARC)

R - P (2.26)

Let us now use (2.26) to prove Theorem 2 from section 2.1 by induction. By the factor-
ization argument surrounding (2.13), any duality-violating amplitude in 4d factorizes into
sub-amplitudes A, and Ag of which at least one must also be duality-violating. If we as-
sume that all duality-violating amplitudes with fewer than n external states are zero, then
from the recursive formula (2.26) it follows that n-point duality-violating amplitudes must
likewise vanish. The recursion relations we derived are valid for n > 3, and since there are
no non-zero 3-point amplitudes for a self-interacting abelian gauge boson consistent with
Lorentz invariance and Bose symmetry, this serves as the basis of the induction, and the
result is proven.

2.4 Higher derivative corrections

Theorem 2, proven in the previous subsection, demonstrates that the global U(1) symmetry
of a 3d complex scalar obtained by dimensional reduction must oxidize to a duality sym-
metry in 4d F™-theories. This was restricted to leading-order in the derivative expansion.
Physically this means that we can only expect the oxidation to hold in the deep infrared,
where terms with the smallest number of derivatives dominate. A natural question concerns
extending this theorem to operators of the form 9% F™ with k # 0.

The recursion relation approach developed in the previous subsection is no longer valid
at higher-derivative order, so we proceed by analyzing the matrix elements of operators
O?*F™ at low-multiplicity. For each operator 9**F™ and each helicity assignment, we
construct all possible linearly independent matrix elements allowed by mass-dimension,
little group scaling, and Bose symmetry; the count is shown in table 1. We then test if any
linear combination of the (independent in 4d) matrix elements vanishes in 3d kinematics.
This tests if they escape the constraints of the 3d U(1) symmetry. Table 1 shows that
at multiplicity 4, there are no matrix elements that vanish in 3d, up to and including
16 derivative order. However, at 5-point and 6-point we do find such duality-violating
amplitudes that vanish in 3d. The light-gray-shaded cells are those for which such duality-
violating matrix elements exist. For example in the MHV sector of 9% F°, there are a total
of 11 independent matrix elements and a 2-parameter family of these vanish in 3d.

We now discuss a more systematic way to construct duality-violating, yet 3d U(1)-
compatible, matrix elements. The simplest construction of a 4d matrix element that van-
ishes in 3d kinematics involves a Levi-Civita tensor. For example, for n > 5 consider the
scalar matrix element

€(1,2,3,4) = eupop P3D5P] - (2.27)
For n = 5, this is the matrix element of the Wess-Zumino-Witten (WZW) term and by
momentum conservation it is fully antisymmetric in all five momenta.

Suppose we construct a polynomial in the spinor-helicity brackets that has little-group
scaling corresponding to five external photons with helicities + + + — — and is antisym-
metric in any exchanges of identical particles. The lowest dimension polynomial with these
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Helicity Sector sp | NSD | MEV
Operator
F* 1 0
0% F? 1 1
O*F? 1 0
o0 F4 1 1
o8 F4 2 1
oVt 1 1
o2 F4 2 1
F> 0 0 0
O%F> 0 0 0
O F? 0 1 1
00 F® 0 2 5
OBFd 1| 13(1) | 11 (2)
F6 1 0 1
0% F® 1 2 2
0*F6 3 4 12
QOF© — | 15(2) | 30 (5)

Table 1. The table shows the number of linearly independent 4d matrix elements of the given
operator in the SD (self-dual = all-plus), NSD (next-to-self-dual = one minus), and MHV sectors.
For 4-point, the MHV amplitudes (dark gray) conserve duality, but for completeness we include
the count. No linear combinations of possible matrix elements vanish in 3d, except for operators in
helicity sectors corresponding to the (light gray) shaded cells of the 98F5 and 9°F® operators. In
each shaded cell, the number in parenthesis is the number of linearly independent matrix elements
that do vanish when restricted to 3d kinematics. The “—
SD sector of the 9°F% operator.

” indicates that we have not studied the

properties has mass-dimension 9 and there are in fact two such independent polynomials.
Upon multiplication of these two polynomials with (2.27), we obtain two spinor helicity
polynomials of mass-dimension 13, with little-group scaling of photons in the MHV sector,
and Bose symmetry in identical particles. They are therefore matrix elements of operators
of the schematic form 9%F? involving contractions with a single Levi-Civita tensor. The
Levi-Civita ensures that the matrix elements vanish in 3d. These 2 matrix elements are
the ones listed in the gray-shaded box for 9®F® in the MHV sector and we explicitly match
them to the ones found by the general analysis of linear combinations of 11 independent
MHYV matrix elements possible for any 9%F operator (see table 1). Similarly for the NSD
(one minus) sector of 3 F®: the matrix element that vanishes in 3d is exactly the product of
the WZW polynomial (2.27) and the unique spinor bracket polynomial of mass-dimension
9 with little group scaling of photons with helicity + + + + —, and full antisymmetry in
identical states.

Since duality-violating amplitudes associated with operators of the form 9™F* are
excluded for m < 12, any 6-point duality-violating amplitude must be polynomial in the
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spinor brackets and correspond to matrix elements of an operator of the form 9?* F6. MHV
matrix elements that vanish in 3d can then be constructed by multiplying € (1,2, 3,4) with a
polynomial with MHV (++++ ——) little group scaling that is antisymmetric in {1,2, 3,4}
and symmetric in {5,6}. The lowest dimension of such a polynomial is 8 and it is unique.
The result is a matrix element of an operator of the form 9°F%. To construct the NSD
matrix element that vanishes in 3d, take

€(1,2,3,4,5) = €(1,2,3,4) — €(1,2,3,5) + €(1,2,4,5) — € (1,3,4,5) + €(2,3,4,5), (2.28)

that is antisymmetric in labels {1, -- ,5} and multiply it with the unique dimension-8 NSD
(+ + + + +—) polynomial antisymmetric in identical helicity states. This construction is
included in the 0% F% matrix elements that we find to vanish in 3d in table 1, although not
all matrix elements reported there can be obtained using this method.

Another construction at 5-point is to multiply 5-point photon matrix elements (with
proper Bose symmetry) with the quintic Galileon term,

€(1,2,3,4) . (2.29)

By the results in table 1, the lowest dimension 5-point matrix element arises from 9*F?>.
When multiplied by the matrix element of the 8-derivative quintic Galileon term, we get a
matrix element of 9'2F5 that is guaranteed to vanish in 3d.

The point here is the existence of 4d duality-violating matrix elements that, since they
vanish in 3d, are not excluded by the 3d U(1) symmetry. We note that at low multiplicities,
the duality violation is delayed until quite high order; the lowest order example given here
is 12-derivative at 6-point (compared with the 6-derivative leading BI term F9).

In the context of string theory, the Born-Infeld action (2.1) describes the leading-order
in o/-contribution to the dynamics of the D3-brane. Matching to the world-sheet calculation
of the open-string S-matrix, there is an infinite set of sub-leading corrections (the first ones
calculated originally in [27]). By dimensional analysis, the sub-leading o/-contributions to
a given amplitude correspond to derivative corrections to the effective action of the form
92k F™. A reasonable question to ask is whether, when dimensionally reduced to 3d, these
sub-leading corrections are consistent with the M2-brane picture and preserve the hidden
U(1) symmetry. This is the question we have examined here in the generic context of higher
derivative corrections. Whether the particular duality-violating operators we present here
are in fact produced in string theory (or if they are compatible with supersymmetry) is a
question beyond the scope of this paper.

3 Loop amplitudes from BCJ double-copy

The double-copy of Yang-Mills and chiral perturbation theory (xPT) was shown to result
in Born-Infeld theory at tree-level [8], using the CHY formalism [28-30]. BI tree amplitudes
can be constructed either via the KLT relations or the BCJ double-copy. The former is
used in the context of higher-derivative corrections in section 7. In this section, we begin
with the BCJ construction of the 4-point tree amplitude and then use loop-level BCJ to
construct the integrand for the self-dual 1-loop 4-point amplitude.

~15 —



3.1 Tree-level BCJ double-copy of BI

At 4-point, the BCJ form of a tree amplitude can be written as

c n c n
As(1234) = 1342 11342 n 1423 1423’ (3.1)
t U
where we use the convention for the Mandelstam invariants
s=p1+p): t=@+ps)?  u=(p1+ps) (3.2)
and the BCJ color tensors are defined as
cijkl = faiajbfakalb . (33)

The Jacobi identity c1234 + c1423 + ¢1342 = 0 has been used here to eliminate the term with
color factor cje34. The numerator factors n;ji; can be written in terms of color-ordered
amplitudes as

Nn1342 = —t ./44[1 34 2] and N1423 = U ./44[1 23 4] . (3.4)

For our specific application, we use the ordered tree-level amplitudes for Yang-Mills and
xPT

12]%(34)2 1

AM1It 2t 3747 = —g%Mw, AT 1234] = St (3.5)

su 2
Using (3.4), the BCJ numerators take the form
[12]2(34)* [12]2(34)?
Mk = gvm S , nitss = —gvm S )
PT 1 PT
a4 = —Ftu, NY4ag = ﬁtu. (3.6)
s ™

Together with nis34 = 0, these sets of BCJ numerators satisfy the kinematic Jacobi identity
n1234 + 11342 +n1423 = 0. The BCJ double-copy, at tree-level and at 4-point takes the form

1 [nd., nP n o n ndo.n
Af®B(1,2,3,4) _ = [ 12348 1234 1342t 1342 1423u 1423 , (3.7)

where \ is some arbitrary constant with [A\] = 1.2 The tree-amplitudes of BI are given as
the double-copy

o 1 [pYM xPT  yM  xPT
AB! (1+ 2t3—4 ):)\2[ 1342t 1342 | 1423u 1423
1 [1[ 45 [12)%(34)2 1 1 o [122(34)2) /1
:vL@W-5;<‘f@ﬂiﬂm-é;<ﬁ@
— g%’M [12]2<34>2 (3 8)
RYE | |

*From the equivalence between the tree-level BCJ double-copy and the KLT formula [7], together with
the interpretation of the KLT kernel as the inverse of a matrix of bi-adjoint scalar amplitudes [30] we find
that X has a physical interpretation as the ¢* coupling constant.
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Comparing this to the well-known result for the 4-point tree amplitude in Born-Infeld

o 1
AP (17237 47) = Lr127(34)%, (3.9)
we see that the BCJ double-copy indeed gives the correct result when the couplings are
related as
S _ 11
A2f2  A* Tps’

(3.10)

We use this in the following loop-calculations.

3.2 1-loop 4-point self-dual amplitude as a double-copy

For loop amplitudes, the BCJ construction is conjectured to be valid at the level of the
integrand [31]. In this section we use it to construct the 1-loop 4-point BI integrand of the
self-dual sector.

The strategy is as follows: we construct the xPT 4-point 1-loop integrand directly
using unitarity to ensure that it satisfies all cuts. In that expression we then replace the
1-loop color-factors by the color-kinematic duality-obeying numerator factors for the self-
dual 4-point 1-loop YM amplitude obtained previously in [32] in the FDH scheme [33].
This conjecturally gives the self-dual 1-loop BI integrand. We integrate the expression to
show that the integrated result agrees exactly with (4.1) obtained by different techniques
in [9] and appendix C.

YM self-dual 1-loop 4-point integrand. The calculation is simplified significantly by
the fact that there exists a representation of the self-dual 4-point 1-loop YM numerators
where only the box-numerators are non-vanishing [32]; specifically these box numerators

take the form

530 = 2atae o () (3.11)

where gy is the Yang-Mills coupling and p? = [2,, is the square of the momentum in the
—2¢ extra dimensions, [* = lffl] +1",.. The external state momenta p;, i = 1,2, 3,4, are
assumed to be on-shell and strictly 4d. The self-dual 1-loop amplitude of YM then takes
the form

—2¢ box) (box
4> 65234)7@5234)(5)

YM (1+ o+ a+ 4+ —
-A4 (19 29 39 49) _/(27T)4—25 L2(z —p2)2(l — po —p3)2(l +p1)2

+(2e3)+B3<4).

(3.12)
The expression (3.11) is symmetric under permutation of the external states, so the box
coefficients of all three independent box diagrams of the 1-loop 4-point amplitude are the

b b b
same: ”5332) = ngﬁé) = ngﬁz). The color factors® are

b
052(3)2) - fa1b1b4 fazbzbl fa3b352 fa4b4b3 ) (3'13)

3We work in conventions where [t*,t°] = if**°t° and Tr [t“tb] =67,
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along with the permutations (2 <+ 3) and (3 > 4) (which on the r.h.s. acts on the a-
subscripts only). We check the validity of the representation (3.12) by computing the

maximal cuts, e.g.

o J/1;
= hlpe T (3.14)
N
2y ly Lk?’g+

Here we are using the supersymmetric trick (C.9) to replace the gluon in the loop with a
complex scalar with 4d mass u? = I2,,.. On the cut, the integrand gives

Clit1234 [IYM (1+ ot 3+ 4+)] = 2 Alree (1; () (—z4)$) Alee (2; (I2) (—lﬁa)

9 “g9 29 *g
(3.15)
x ALree (3;— (I3)g (_52)5) Aree (4; (l4)g (—lg)g) ;

where the factor of 2 accounts for the fact that the complex scalar can run in both directions.

The scalar-scalar-gluon amplitude is

[1]¢lg)
(1g)

where |¢) is an arbitrary spinor. The normalization in (3.16) is fixed by the 3-gluon
amplitude via the SUSY Ward identities in the massless limit ¢2 = ¢’ 2 50.
It is convenient to choose

A< (1 £y 65) = ~igynt foraga, (3.16)

1) = 12), la2) = 1), lagz) = [4), lqa) = [3), (3.17)

in which case the cut (3.15) gives

box [1|11p2l1]1)[3l3pal3|3)
Cuti234 [IYM (1; 2535 4;)} = 5224)2 YM (12)2(34)?

2 [12][34]
(12)(34)°

box
= o) 2 g (1)

(3.18)
where in the second step we use special 3-particle kinematics to show that [1|l1p2l1]1) %
[3|l3pals|3) = —(12)[12]u? and similarly for the other angle-square brackets. Thus we see
from (3.18) that the product of tree-amplitudes (3.15) indeed reproduces the YM numerator
factor (3.11) of [32].

xPT 1-loop 4-point integrand. Next, we compute the yPT 1-loop 4-point integrand.

(box)

We then replace its color factors ¢ by the YM numerators to construct the 1-loop BI

self-dual amplitude at 4-point order. The color-dressed xPT tree amplitudes can be written

. 2
-AZ ee(lal 2(12 3a3 4(14) = ﬁ |:fa1a4bfa2a3b (pl : p3) + falagbfa2a4b (pl . p4)} . (319)
T
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The s-channel cut of the 1-loop amplitude

a p1 P4 a
R ,' \‘ .7
. \ K ~.
Phs A S
e S R ~g-.
- 2 Sen- 3 ~
a2 p (—1 p ag
li =1+ 3p12

gives

Airee(lal 24y (—=11)b, (12)b2),4§fee (Baz das (—12)p, (11)p,)
4

T

% {fb2a4b4fb1a3b4( —p3 - 12) + fb2a3b4fb1a4b4( — P4 l2)}

|:fa1b2b3fa2b1b3< —P1- ll) + falblbgfa2b2b3 (pl : l2):|

4 [0).¢ ]- 4 [0).4 1
= chiﬂ) [ —(p1-D(p2-1) + 882} + chgz;z) [(Pl “D(p12- 1) + 882} - (3:20)

To obtain the last line we expanded out the product, identified the box color-
factors (3.13) in terms of the structure constants, and then performed some simplifications.
Terms linear in the loop-momentum [ were dropped since they integrate to zero.

Including the propagators, this gives the s-channel contribution to the integrand. The
t- and u-channels can be obtained by simple permutations of the external momentum labels,
so the full integrand is

(box) 2 _(pl ) l)(pIQ : l) + %32
1234 71 ) 2
Iz (l — %Pm) (l + %pm)
n C%g (p1 'l)(p122 1) + §5°
1
Iz (l - %pm) (l + %pm)

We could proceed to extract the box numerator factors for xPT, but it is a lot simpler to

T (Vs 205 Bas 4ass 1 1?) = (c (3.21)

2>+(2<—>3)+(2H4).

directly use the form (3.21) in the double-copy.

BI self-dual 1-loop 4-point integrand and amplitude. We obtain the self-dual loop-
integrand for BI theory via the BCJ double-copy by replacing the box-color factors in (3.21)
by the YM numerators (3.11). Since these are symmetric in the external labels, we have

(o9, L by 200 (20B4] (202 2gvy (12734

2\2
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This results in significant simplifications, in particular all dependence on the 4d part of the
loop-momentum in the numerator cancels. We are left with

241131 <1a1 245 3a3 4ay; Ly /ﬂ) = Z}PT (1a1 245 3as 4as3 1, :U2> (3.23)
(1)
(l - %P12>2 (l + %Pm)

where we used the identification (3.10). The loop integral can be evaluated using the

c(box) _y \—4p (box) YM

= 24

5 +(2<3)+ (2 4),

dimension-shifting technique of [34]. The details of this are given in appendix B. Using
equation (B.11) with p = 2, we find

/ 22 (42)? o o1 - G)F(—2 +e)T2(3 —¢) e —is?
(4m)'=2 (1 = 5p12)2(1 + gp12)?  (4m)2 I'(6 — 2e¢) - 96072
(3.24)
which finally gives
ATOP (13 23 87 4F) = oo (L2341 + 131248 + [14°123%) + Oe).
(3.25)

In this and subsequent formulae we suppress the A-dependent prefactor, this can be easily
restored by dimensional analysis. The result (3.25) agrees exactly with the result obtained
by generalized unitarity in [9] and offers an interesting different path to exploring BI at
loop-level.

4 1-loop SD and NSD amplitudes from unitarity

We briefly review results from [9] for the all-multiplicity self-dual and next-to-self-dual
1-loop amplitudes of pure Born-Infeld theory.

4.1 4-point and counterterm
The self-dual amplitude (3.25) was derived in [9] and can also be computed directly from
Feynman rules (see appendix C). The next-to-self-dual 4-point amplitude vanishes [9]

AP B 24 3 40) = 0+ O(e) . (4.1)

The vanishing of AL BI(l;r 2131 47) is easy to understand: the amplitude has to be
local, but little group scaling, Bose symmetry, and dimensional analysis show that there is
no such possible local matrix element.

The non-vanishing of Ai'IOOp Bl(lfyr 2437 4%), given in (3.25), indicates a potential vio-
lation of EM duality at loop-order. However, there is a local operator 9*F* that generates
this matrix element. We can construct this operator explicitly by using the spinorized form
of the field strengths to make direct contact with the matrix elements in spinor helicity

formalism. Define

1 . 1 2
Fy = S(F™ 4 iF")0, Fo= (P —iF")5,, (42)
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with o = %(a“&” —o¥at), o = i(&”a” —g”ot) and F* = —%e””p"Fpg. Then the

Feynman rule for a positive/negative helicity external photon with momentum p is simply*
Fio & V2pllpl  and  Fo & V2[p)(p|. (4.3)

The 0*F* operator that cancels the loop-contribution (3.25) is

1 2
St Sp1+ s s / d*2 [(0uF1os) @ F2")] 4 hc. (4.4)
This then restores the duality symmetry at 4-point 1-loop order.

4.2 n-point

In a recent paper [9], we computed 1-loop amplitudes in the self-dual and next-to-self-dual
sectors for any number of external states, using a combination of powerful modern methods.
In the self-dual sector of pure BI, the 1-loop integrand is

TH( 2] oL p?) (15)
2)”

. (;)nl [12]2[34]2. .. [2n — 1, 2n)? (=n L P(2,3,...,2n),

im [(l - ¥ pj)2 + ;ﬂ}

where the P(2,3,...,2n) stands for all permutations of momentum labels 2,3,...,2n.
Using the integral (B.3), it was shown in [9] that (4.5) integrates to the local expression

BI4 1-loop + o0+ +
A (1525 ... 2nF)

i 1\ 1
_32772<_2) n(n+1)(n+2)(n +3)

n_ 2j 2w 2
x [[12]2[34]2...[271—1,271]2 ZZ%M( 3 pm) ( 3 pm) (4.6)

1<j k<l m=2i+1 m=2k+1

+P(2,3,... ,2n)] +0(e),

with
1 if all 4, 5, k, [ are different
il = 2 if exactly 2 of 4, j, k, [ are identical . (4.7)
4 ifi=kand j=1

It is straightforward to check that this result matches the results of the explicit calculations
for the case of n = 2 presented above.

4The reference spinors of the polarizations drop out because F, wv IS gauge invariant.
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In the next-to-self-dual sector, the 1-loop amplitudes in pure BI theory are
AGyt P (1 ok (20— 1)F 207

i (n—2) ( 1>"—1 [12]%...[2n — 3 2n — 2)%[2n — 1|pon—2 + pan—3|2n)*

T R2(ht2)! \ 2 $9n,2n—2,2n—3
n—2n—2 2j 2 2 2 a2 0 2 / 95 2
ST [ 3 n) [ 3 ) e (S) (Ze) g
i<j k<l m=2i+1 m=2k+1 i<j \m=1 m=1 )

i=1 k<l m=2k+1

n—2n—2 2i 2 2 2
m=1

+ local terms.

The local terms in this amplitude have been computed explicitly and can be found in
equations (4.24)—(4.27) in [9].

As shown in [9], the 1-loop next-to-self-dual + - - - +— amplitude (4.8) has simple poles
on which it factorizes into self-dual +--- + + amplitudes times a 4-point tree-level BI
amplitude, e.g.

Res Agy P (15 (20 — 1)7 2n7) (4.9)
p3=0

= ASt 5P (120 = 3)F (0p)F) x AP ((pyp); (20— 2)F (20— 1) (20)7) .

There are no other poles of any kind in amplitudes in the self-dual and next-to-self-dual
sectors. Therefore, if local counterterms are chosen to set all 1-loop self-dual amplitudes
to zero, then the next-to-self-dual 1-loop amplitudes are also local and can therefore be
removed by local finite counterterms as well. This means that there is no violation of EM
duality at the 1-loop level in the self-dual and next-to-self-dual sectors.

5 Supersymmetric (D)BI and MHV amplitudes at 1-loop

We present supersymmetric extensions of BI theory and derive the U(1) EM duality charges
of the states in the supermultiplets. We then use the result from section 4 for the self-dual
1-loop integrand of pure BI theory to construct a conjectured expression for the MHV 1-
loop integrand of A" = 4 DBI using the dimension-shifting relation of [34]. This integrates
to a local polynomial expression for the MHV 1-loop amplitudes in N' = 4 DBI that agrees
at n = 4,6 with known results.

5.1 Supersymmetric Born-Infeld

Consider Born-Infeld theory supersymmetrically coupled to Ny Weyl fermions and N,
complex scalars. We have

N =1BI Ny=1 and N; =0,
N =2 DBI: Ny=2 and N, =1, (5.1)
N =4 DBI: Ny =4 and N;=3.
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The scalars of the A" = 2 and N = 4 supermultiplets are Dirac-Born-Infeld scalars, hence
the switch of name from supersymmetric BI theory to the more commonly used supersym-
metric DBIL

As we have discussed, 4d pure non-supersymmetric Bl has electromagnetic duality
symmetry that acts as a U(1) symmetry on the on-shell photon states. In supersymmetric
BI, this becomes a U(1)r symmetry. Suppose the supercharge changes the charge by r,
then if the highest weight state in the multiplet has helicity h and charge ¢

1
5) =1 ... 652

UDr: ¢ q—r q—2r

state: |h) |h—

CPT conjugate states must have opposite charges. In particular, if the multiplet is CPT
self-conjugate, as is the case for the N' = 4 vector multiplet, then we must have —q = q—4r,
i.e. r = q/2. With ¢ = 1, as in pure BI, this fixes the U(1)g charges of the multiplet to be

state: 1) [5) 10) |~ 5) |~1)
2 2 (5.3)

which means that the U(1)g-charges coincide with the helicity labels. In addition, the
N = 4 theory admits an SU(4)r symmetry under which the vectors are singlets; so the
non-abelian R-symmetry is not an electromagnetic duality symmetry.

When applied to N' = 4 SYM, one can exclude the existence of a U(1)g: the reason
is that the cubic gluon interactions give rise to non-vanishing 3-particle amplitudes with
helicities ++ — and — — +. This requires the vector charge, and hence all the other U(1)g
charges, to vanish.’

In N' = 4 DBI, the U(1)g is allowed; there are for example no cubic interactions to
forbid it. The existence of the U(1)g was noted in a CHY formulation of the N' =4 DBI
amplitudes in [16].

In the supersymmetric theories (5.1), the Ward identities associated with the conserva-
tion of the U(1)g charge are, for the special case of amplitudes with only external photons,
exactly the same as (1.1). Since self-dual and next-to-self dual amplitudes vanish in any
supersymmetric theory, independent of the existence of a duality symmetry, the simplest
class of potentially non-trivially duality-violating amplitudes are therefore the MHV sector
starting at 6-point. Hence we now turn to study the MHV amplitudes.

5.2 All-multiplicity 1-loop MHV amplitudes in N' = 4 DBI

In this section we present a conjecture for the all-multiplicity 1-loop integrand of the MHV
sector of N =4 DBl in d = 4 —2¢. As we argue, the expression we write down follows from
combining two well-known conjectures, the dimension-shifting relation between self-dual

5A parallel argument can be used to prove that there can be no U(1) R-symmetry of A = 8 supergravity
due to the graviton 3-particle self-interactions. See section 8.2.
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and maximally supersymmetric Yang-Mills [34], and the 1-loop version of the BCJ double-
copy [31] applied to Born-Infeld models (1.10). At n = 4 and n = 6, where alternative
explicit results are available for comparison, we find exact agreement.
It was conjectured in [34] that the 1-loop MHV integrand of N =4 SYM is related to
the 1-loop self-dual integrand of pure YM theory as:%
V!
TN=ASYM (ot ) = 2%13)2131“(1*? el ). (5.4)

The relation was proven for n < 6 and evidence was provided for its validity at any

multiplicity [34]. We can write the 1-loop integrand for self-dual Yang-Mills in BCJ form
cinM(1T2t ot u?)
d; ’

M2t p?) = Z

7

(5.5)

where the sum over ¢ is taken over all trivalent 1-loop graphs with ¢; and d; the cor-
responding color factors and denominators respectively. If the 1-loop BCJ conjecture is
correct, then we can always find a so-called generalized gauge in which the numerators
satisfy kinematic Jacobi relations [31]

MMM =0 = cg+eg+a=0 (5.6)
If we assume that such numerators exist then we can define
V=1 SYM(prat i L ) = 2%53; M2 T ). (5.7)
Then, further assuming the dimension-shifting relation (5.4), it follows that
N:4SYM(1+-~Z'_--~j_---n+;l,,u2)

TN=ASYM(+ o L ) :Zci”i

%

d;

(5.8)
The objects (5.7) are BCJ numerators for N' = 4 super Yang-Mills in some generalized
gauge. Furthermore, since they are constructed by multiplying by an overall factor, these
numerators must also satisfy the kinematic Jacobi relation (5.6). If the loop-level BCJ
conjecture is correct then we can generate an expression for the MHV 1-loop integrand of
N = 4 DBI by replacing the color factors ¢; in (5.8) with BCJ numerators of xPT (in any
generalized gauge). This gives the following relation

= - . 1)
TN=ADBI ot T ) = 2<(Mg)217]?1(1+2+---n+;l,u2). (5.9)

Using the explicit all-multiplicity expression for the self-dual integrand (4.5), we then

use (5.9) to conjecture the following all-multiplicity expression for the 1-loop integrand in
the MHV sector of N/ = 4 DBI

Ty OB (2t oL ) (5.10)
1\" 2\n—2
= (=5) ) 02 a1 2 e
i1 {(Z_Z?Z:lpj) +M2]

+P (2,3, ,2n).

6Since finishing this paper, a proof of this conjecture has been presented by Britto, Jehu, and Orta [35].
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The 1-loop double-copy construction was tested successfully at 4-point for the self-dual
amplitude in section 3.2. When the result (3.23) for ZP! (1#2;“3;“41;;1,/12) is applied
in (5.9), we obtain the 4-point MHV 1-loop integrand

_ - 1
TV (1528354530 00%) = S 127 (34)* (S Talpiz] + £ Talpis] + w’Talpua] ), (5.11)

where 75 is a scalar bubble integrand, whose integral I» in 4 — 2¢ dimensions is given
in (B.11). Thus in the small-e expansion we find
Aldoop N =4 DB+ o 3— =) _ %[12]%34)2 [3212(3) L) + UZIQ(U)} L O(e). (5.12)
The amplitude is UV divergent, and it is in fact the only MHV amplitude of (D)BI that
has non-vanishing 4d cuts. Unitarity requires that these cuts factor into physical tree-
amplitudes. Even though the complete integrand (5.10) is scheme-dependent, the values
of these 4d cuts are not, and therefore give a non-trivial check on the proposal (5.9). In
the following subsection we verify explicitly that the cut-constructible part of the 4-point
MHYV amplitude, constructed from the known tree-amplitudes, agrees exactly with (5.12).
For n > 2, i.e. for 6-point and higher, the integrand vanishes as u — 0, hence it has
vanishing 4d cuts. Using the integral (B.9) derived in appendix B, we integrate (5.10) for
n > 2 to find the rational local expression

1-loop N'=4 DBI [ 4o+ . . +
AT (1727...%...‘77...2717)

I G VA (2%
- 167227(n —1)(n —2)

(5.13)

(M2 [2n = 1,20)* + P (2,3, ,2n) ) + O(e).

In the following we compare the 4-point MHV 1-loop result (5.12) with the prediction from
unitarity and discuss the associated divergence and infinite local counterterm. We also
compare our prediction for the 6-point MHV 1-loop amplitude (5.13) with explicit results
obtained in [17] using the dimensional reduction of M5-brane tree-amplitudes. We find
complete agreement in both cases.

5.3 1-loop MHYV in BI with A/-fold SUSY and counterterms

4-point. Consider a Born-Infeld model with NV, vectors coupled supersymmetrically to
Ny Weyl fermions and Ny complex scalars. The 4-point MHV amplitude in this model has
non-vanishing 4d cuts and it is therefore fairly straightforward to calculate from unitarity.
We include the details for the calculation in appendix C.4. The result is

1-loo o N, N, Nf N,
A4 p(l’tQjY_s’Y 4’Y ) = [12]2<34>2 [232[2(3)+ (5+20+30> (tQIQ(t)+UQIQ<U)):|
[N (e N MY o)
=B | T+ 5y gy ) ()| +0(). (5.14)

For N, = 1 and Ny = Ny = 0 we obtain the pure Born-Infeld MHV amplitude. The
N =1,2,4 results are likewise obtained by setting N, = 1 and using (5.1). In particular,
N, =1, Ny = 4, and N = 3, reproduces the N' = 4 DBI result (5.12), a non-trivial test
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of the conjectured relation (5.9). The 4-point MHV 1-loop amplitude of N' = 4 DBI was
calculated previously by Shmakova [36] with the same result (5.12).

In order to absorb the 1/e divergence in the 4-point MHV amplitudes, it follows from
simple power-counting that we need a local counterterm of the form 0*F?. Little group
scaling, Bose symmetry, and dimensional analysis show that there are two independent
local matrix elements, so there are two independent 9*F* operators on-shell. The general
counterterm amplitude takes the form

AF (152837 47) = a[12]7(34)%s” + b[12]%(34)* (1> + u?) , (5.15)
where a and b are constants. With particular choices of a and b, we can cancel the UV
divergence for all choices of Ny and V.

Imposing N' = 4 supersymmetry, the matrix element (5.15) must satisfy the super-

symmetry Ward identity

4
b1+ ot a— 4=y — D210 set 1t o at 4
AS (1T 2737 47) = 3 A (1425 35 40), (5.16)
which requires
as? + bt +bu? = bs® +at> + b’ = (a—b)(s*—t?) =0. (5.17)

So this is possible only if @ = b. In other words, there is only one 0*F* counterterm
compatible with A/ = 4 supersymmetry. Thus, in N/ = 4 DBI, the UV divergence must
be proportional to s? + t2 + u?, exactly as it is in (5.12). The counterterms associated
with (5.15) are easy to construct using spinorized fields (4.2) and external line Feynman
rules (4.3). We find

Tr(0, Fy 0MF ) Tr(9, F- 0" F_) — 4[12]%(34)% 52,

Lo (5.18)
Tr(0,F 10, F ) Tr(0MF_ 0" F_) —» 2[12]>(34)2 (2 + u?)

where the trace refers to the spinor indices, i.e. Tr(9,F0"F}) = 0,(F4), 0" (Fy)p. Lin-
ear combinations of these two operators cancel the 1/e divergence in the 1-loop ampli-
tude (5.14).

For the V' = 4 supersymmetric case, the counterterm takes a particularly recognizable
form in terms of the 8-rank tg-tensor known from the open string amplitude. Specifically,

(tS)mV1M2V2AL3V3u4V4 D, FH11 8BFM2V2 O FH3vs b prrava
= 2Tr(8MF+8“F+)Tr(8VF_8”F_) + 4Tr(8uF+8VF+)Tr(8“F_aVF_) (5.19)
— 8[12)%(34)? (s* + t* + u?),

giving the N = 4 supersymmetric matrix element (5.12).7

"The (ts)(OF)* operator presented in [36] has a different index contraction that produces matrix elements
with the wrong helicity structure.
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6-point. The 6-point 1-loop MHV amplitude of N’ = 4 DBI was recently calculated from
explicit CHY formulae for M5-brane tree-amplitudes using two methods [17]. First, by
dimensionally reducing the forward limit of 8-point M5-brane tree-amplitudes, and second,
using generalized unitarity by imposing consistency with the Mb5-brane tree-amplitudes on
6d cuts. Their result agrees with (5.13) for n = 3 (6-particle scattering) up to a convention
dependent phase factor. It was also noted in [17] that the general form of the kinematic
polynomial in (5.13) is the only possible one compatible with the requirements of power
counting, little group scaling, and supersymmetry. Our result (5.13) is an exact expression
for the 1-loop MHV amplitude of /' = 4 DBI, including its normalization, using the
conjectured relation (5.9).

The expression (5.10) for the integrand has a curious structure if we try to interpret
it in terms of Feynman diagrams. Each term in the sum over permutations corresponds
to an n-gon loop diagram (where the total multiplicity is 2n), with no contributions from
k-gon loops with k£ < m. In our derivation this is a consequence of the fact that the non-
supersymmetric SD integrands calculated in [9] likewise have only n-gon contributions.
Naively this appears to be in conflict with the results of [17] where the existence of non-
zero contact terms for the M5-brane tree amplitudes will give rise to diagrams with lower
k-gon topology when glued together to form a loop. Whether or not an actual conflict exists
is difficult to assess without an explicit calculation since such lower k-gon contributions can
always be “blown-up” to an n-gon by multiplying and dividing by appropriate propagator
factors. We would therefore need the complete contribution to the integrand to assess if
it can be algebraically manipulated into the form (5.10). Moreover, it is not completely
clear that (5.10) and the results of [17] need to agree at all orders in € since they are calcu-
lated using different dimensional regularization schemes. The result (5.10) is constructed
from the requirement that the d-dimensional cuts agree with the D5-brane tree amplitudes
when d = 6 since they are constructed as a double-copy from Yang-Mills. The expressions
obtained in [17] are constructed from the requirement that the d-dimensional cuts agree
with the Mb5-brane tree amplitudes when d = 6. These two approaches therefore make use
of two different regularization schemes that both preserve N' = 4 supersymmetry, and it is
not clear that beyond O(e”) they should agree. Nonetheless, since we do find explicit agree-
ment for 6-particle scattering, it is possible that they do in fact coincide, and it would be
interesting to extend the analysis of [17] to 8-particle scattering and beyond to explore this.

Finally, the self-dual and next-to-self-dual sectors vanish in the presence of any amount
of supersymmetry, hence the MHV amplitudes present the first potentially duality-violating
sector in N' = 4 DBI. For multiplicities beyond 4-point, the MHV result (5.13) has the
important feature that it is completely local and therefore it can be removed by the addition
of a finite local counterterm. Thus the MHV duality-violating A/ = 4 DBI amplitudes can
be set to zero, providing yet another piece of evidence that electromagnetic duality may
be preserved at 1-loop.
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6 Rational loop amplitudes and finite counterterms

Given the explicit results (4.6) and (4.8) for the SD and NSD duality-violating 1-loop
amplitudes in pure BI theory and the MHV 1-loop amplitudes (5.13) of A/ = 4 DBI, there
is a clear motivation to attempt a general proof that duality violation at 1-loop is always
removable by adding an appropriate set of finite local counterterms.

As we discuss in more detail below, at 1-loop, all duality-violating amplitudes are
purely rational functions of spinor-helicity brackets. The problem of determining whether-
or-not such rational functions are removable by adding higher-derivative (duality-violating)
local operators to the classical action can be rephrased as the problem of whether their
kinematic singularity structure resembles that of a tree-level scattering amplitude; we refer
to such amplitudes as tree-like. Explicitly, we define tree-like to mean that the rational
1-loop amplitudes A,, have two important properties:

o Factorization: if it is possible to find lower multiplicity on-shell amplitudes A,,, and
Ap, with np, +ng = n+ 2 that can be glued together into an expression of the form

> A (oo Px) Ang (=P, ), (6.1)
X

where we sum over all physical states X, X denotes a state with CP conjugate
quantum numbers, and the remaining n external states coincide with those of A,
then A,, must contain a (simple) pole at P¥ = 0 with this expression as its residue.

e Locality: the rational amplitude A,, contains no additional spurious singularities.

These properties are guaranteed to hold for any expression constructed using Feynman
rules derived from a local, Lorentz-invariant Lagrangian of a unitary model. This includes
both the genuine tree-level approximation to S-matrix elements as well as the contributions
from higher-derivative counterterms equivalent in A counting to 1-loop order in the EFT.
As a consequence, if the purely rational 1-loop amplitudes are not tree-like, then no choice
of finite local counterterms can cancel them. It is not a priori obvious what the singularity
structure of rational loop amplitudes should be.

An illustrative example of a non-tree-like rational amplitude is provided by the 1-loop
self-dual Yang-Mills amplitude at n =4 [37]

AEM {1+ o+ g+ 4+} _ i [12][34]

97979 "9 ] 7 9672 (12)(34) (6:2)

Such an expression has complex multi-collinear singularity when [1) o [2) o |3) o [4)
that does not correspond to a physical factorization singularity, and hence this expression
is non-tree-like. The physical interpretation of this result is that such an amplitude is
scheme-independent, and cannot be removed by the addition of local counterterms to the
Yang-Mills action.

To make the problem explicit we briefly review the discussion of [38]. Consider the
representation of the d = 4 — 2¢ dimensional loop integrand constructed using Feynman
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rules. This is a sum over terms of the form

NUaQi]
I+ q)* (4 q2)?. .. (L +aq)?

(6.3)

where g; are region momenta. We consider only 1PI contributions since singularities arising
from propagators which do not contain [ in the chopped off parts are not relevant for the
discussion. Hence the Feynman numerator N[I] is a polynomial in both [ and ¢;. We split
the numerator into two pieces

N[l = NO[@ + ND[1), (6.4)

where NOU[I] = 0 as € — 0. The N(!) part may generate a contribution (which in [38] is
called Rs) from €/e cancellations against UV and IR divergences. Since this integrand is
1PI, the UV contributions from N() are always polynomial. The remaining contribution
(called Ry in [38]) arises from the rational parts of the triangle and box master scalar inte-
grals generated by tensor reduction of the N(©) part of the numerator. One perspective on
this is given by old-fashioned Passarino-Veltman reduction [39]. Intermediate steps in the
reduction of tensor integrals generates Gram determinant factors in the region momenta
which in general contain spurious singularities. The general form of such rational contri-
butions is quite complicated and not known explicitly in general. What is known is that
they are not always tree-like, even in the case where the amplitudes are purely rational.

The pure Bl results (4.6) and (4.8) and the MHV result (5.13) in N = 4 DBI show that
these duality-violating 1-loop contributions are tree-like and can be set to zero by finite
local counterterms. That expressions like (6.2) arise in the self-dual sector of Yang-Mills
(and also Einstein gravity [40]) but not at 1-loop in Born-Infeld, as far as we know, could be
taken as a hint that there is an essential difference between these models which is responsible
for the absence of non-tree-like rational terms in the latter. A clue as to what this might be
comes from the analysis in [41] of the factorization properties of QCD amplitudes. There,
an argument was given (which assumed QCD-like power counting, though perhaps not in an
essential way) that IR finite 1PI integrals do not generate spurious singularities. If such an
argument can be extended to integrals with Born-Infeld-like power counting, then it would
imply that all duality-violating 1-loop amplitudes are tree-like rational functions. Here the
essential property that distinguishes Born-Infeld from Yang-Mills or Einstein Gravity is the
absence of 3-particle interactions that generate Feynman integrals with soft or collinear IR
divergences at 1-loop.

At present the statement:
no 3-point interactions + no 4d cuts = tree-like rational amplitudes

remains a conjecture, but if proven it implies that all duality-violating 1-loop amplitudes
in Born-Infeld can be completely cancelled by adding an appropriate set of finite local
counterterms. To make the argument explicit, consider a 2-particle 4d cut of a 1-loop
amplitude in Born-Infeld:
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Here hy; and ho are the helicities of the on-shell photons exchanged across the cut. Let
the number of external positive and negative helicity photons on the l.h.s. of the cut be
nf and similarly on the r.h.s., nﬁ. Because each tree sub-amplitude satisfies the duality

constraints (1.1), we have
nz:nz—hl—hg, and nE:nﬁ—i—hl—i—hg. (6.5)

Hence for the overall amplitude

+

nt=nf+nk=n; +np=n". (6.6)

This means that the 4d cut can only be non-zero when the 1-loop amplitude obeys the
constraint n™ = n~ of duality. Any triple and quadruple 4d cuts must necessarily obey
the same constraint, since they are further restrictions of the 2-particle 4d cuts. Thus any
duality-violating 1-loop amplitude of Born-Infeld has vanishing 4d cuts and therefore must
be purely rational.

We now argue that any duality-violating 1-loop amplitude in BI theory can be set to
zero by finite local counterterms assuming that this class of amplitudes have only standard
factorizations into an on-shell tree amplitude and an on-shell 1-loop amplitude, i.e. that
they are tree-like. Consider first the 1-loop self-dual amplitude. Any factorization channel
has vanishing residue since the tree amplitude on the r.h.s. is necessarily duality-violating
and therefore vanishes:

(6.7)

Because there are no factorization channels, the self-dual amplitude must be polynomial.

Given tree-level duality, the 1-loop amplitudes with only a single negative helicity pho-
ton A, (—+---+) factorize on simple poles into an (n — 2)-point 1-loop self-dual amplitude
Ap_o(+---+) and a 4-point tree amplitude Ay(+ + ——):
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The explicit expressions (4.6) and (4.8) for ALP(4 + ... +) and ALP(— + ... 4)
precisely have the above structure. In particular, the SD 1-loop amplitude (4.6) is poly-
nomial and the NSD 1-loop amplitude (4.8) has precisely the factorization poles (6.8) plus
polynomial terms.

This structure means that we can add local finite counterterms to the action so that
the self-dual and next-to-self-dual 1-loop amplitudes are set to zero. Here and below,
this means that the amplitudes vanish up to order O(e€) in dimensional regularization.
Henceforth, let us suppose this has been done, i.e.

AOP(+ 4 ) = O()  and  ATOP(— 4 4) = O(e) . (6.9)

Consider now the MHV amplitudes AL1°°P(— — ... 4). Electromagnetic duality of the
BI tree amplitudes dictate that any factorization must involve either the self-dual or the
next-to-self-dual 1-loop amplitudes; we write out the options explicitly

+ +

+
_|_Z
=
_|_

tree

(6.10)
Since we have set the r.h.s. 1-loop amplitudes to zero (6.9), there can be no contribution

(at O(1)) to the MHV 1-loop amplitude with n > 4. It must therefore be polynomial and
we can set it to zero with the help of local finite counterterms, i.e. for n > 4

Aboop( 1) = O(e). (6.11)

The 4-point MHV amplitude was calculated explicitly in section 5 and as it has non-
vanishing 4d cuts, it is UV divergent.

It is clear that one can now proceed to check the factorization channels of the NMHV
1-loop amplitude and see that EM duality of the tree factor always requires the 1-loop sub-
amplitude to be SD, NSD, or MHV. Since they vanish to order O(e), the NMHV 1-loop
amplitude must be polynomial and we can proceed to set it to zero for n > 6,

A}L_IOOP(_ — =4 4) =0(e). (6.12)

For n = 6, this argument fails because the 1-loop NMHV amplitude has non-vanishing 4d
cuts and hence it is not a rational function.
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The argument extends in the obvious way to N¥MHYV until the point where the duality-
preserving amplitude with n™ = n~ is reached. The duality-conserving amplitudes have
non-vanishing 4d cuts and the factorization argument no longer applies.

In the presence of any amount of supersymmetry, this argument continues to hold. In
this case, (6.9) is modified to

AlooP(L 4 1)y =0 and  ALOP(— 4 ...4) =0, (6.13)

For the factorization of MHV amplitudes in (6.10), the r.h.s. 1-loop amplitudes vanish
again, this time to any order in € by (6.13). Thus the supersymmetric MHV amplitude can
be removed by adding a finite local counterterm. This prediction is explicitly verified by
the MHV 1-loop amplitudes (5.13) with n > 6 in /' = 4 DBI: they are indeed tree-like and
the duality-violation can be removed by finite local counterterms. The argument extends
as before to NFMHV until k = 5 — 2, which is the duality-preserving sector.

In conclusion, assuming that tree-like factorization of rational 1-loop amplitudes holds
in BI theory, there exists a scheme (i.e. a set of finite local counterterms) in which any
duality-violating 1-loop amplitudes vanish. If true, this means that EM duality can be
preserved at 1-loop order. As discussed in the Introduction, from one perspective this is
surprising, since EM duality is an on-shell symmetry of the equations of motion rather
than a traditional off-shell symmetry of the (covariant) action.

Moreover, this analysis made no use of special properties of Born-Infeld beyond EM
duality. It therefore applies to any 4d EM duality invariant model of nonlinear electrody-
namics, such as the infinitely many models of the form (2.9) which additionally satisfy the
Gaillard-Zumino condition (1.4).

7 Higher derivative corrections as a double-copy

The KLT relations [6] give closed-string tree amplitudes as sums of products of open-string
tree amplitudes. In the limit of infinite string tension (o — 0), these relations reduce to
field theory KLT relations that express (super)gravity tree amplitudes as sums of products
of tree amplitudes of two (not necessarily the same) gauge theories. In this section, we study
the field theory KLT relations in the context of the double-copy (1.5) of Yang-Mills theory
and yPT. In particular, we extend the double-copy relation to higher-derivative order with
the purpose of examining the double-copy construction of the infinite and finite countert-
erms discussed in this paper. We also compare our results with the string effective action.

7.1 KLT double-copy
The field theory KLT relation takes the form

ANEB =3 A o] S[alBAB (4], (7.1)
o,

where A and B are theories with color-structure subject to constraints that we review
below. The sum over a and [ label sets of (n — 3)! independent color orderings for the
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partial amplitudes.® The KLT kernel S[a|3] is order n — 3 in the Mandelstam variables in
the field theory limit, but has an all-order in o/ expression in string theory.

The amplitudes in the theories A and B must satisfy a number of non-trivial conditions
for (7.1) to hold; not all theories with color-structure can be double-copied. First of all,
the amplitudes in the right-hand side of (7.1) are color-ordered partial amplitudes. In the
context of our discussion here, this means that the full tree amplitudes admit an expansion
of the form

A,(12...n) = Z Tr (t%1t%2 . t%n=1t) A, [0, n], (7.2)

gESH_1
where S,_1 is the symmetric group of order n — 1. In addition, the partial amplitudes
must satisfy the following constraints, which reduces the number of independent partial
amplitudes to (n — 3)!. These additional relations are

e Cyclicity,
An[12...n] = A,[23...n1]=A,34...n12] =..., (7.3)

as should be evident from the cyclicity of the trace of gauge group generators in (7.2).
o Kleiss-Kuijf (KK) relations [42],
Au1820] = (—D)IF1 3 Au120]. (7.4)

ocawpT
where |3 is the length of 8 and « 1 37 is the shuffle product of « and 3 in reverse
order. The special case of a being the empty list is the reflection relations. When f
has length 1, (7.4) simply gives the U(1) decoupling identity.

o Fundamental Bern-Carrasco-Johansson (BCJ) identities [7],

nz_:l(Zi:sjn)An[12...i,n,i+1...n—1}:O. (7.5)
2

i=2 \j=

In the following, we restrict our study to 4-point amplitudes. For those the combined
KK and BCJ relations give

Au[1234] = £A4[1243] - §A4[1324] _ §A4[1342] _ 2,44[1423] _ A1432]. (7.6)

All other orderings are cyclic permutations of the ones given here. At 4-point, the explicit
form of the field theory KLT relation (7.1) can be written
1 1
AP (1234) = ——s A 12341 A7 [1243] = —E%Af[1234],4§[1234], (7.7)

using in the second step from the identities (7.6). Throughout this section we use the
dimensionful scale A in place of the physical couplings gym, A and fi, these can restored
straightforwardly at the end of the calculation.

We now turn to the study of higher-derivative corrections to the 4-point amplitudes of
BI theory from the double-copy.

8We use square brackets for the arguments of a partial color-ordered amplitude and round brackets for
the arguments of a full amplitude.

— 33 —



7.2 Higher-derivative corrections to Born-Infeld

To extend the field theory KLT construction to include higher-derivative corrections, one
must define what the double-copy means when higher-order terms are included. In a
top-down approach, one uses the string theory prescription with a’-corrections to both
the KLT kernel and the BCJ relations. In a bottom-up approach, one parametrizes all
possible higher-derivative corrections to the KLT kernel and BCJ relations and subject
them to consistency conditions. In either approach, We find that for the 4-point calculations
presented here, the absence of the first sub-leading correction means that we can work
with the uncorrected field theory relations (7.6) and (7.7) without any effect on the results
presented here.”

With this setup, let us now consider the leading order higher-derivative corrections to
the 4-point amplitudes of xPT and YM theory that satisfy the constraints of cyclicity, KK
relations, and uncorrected BCJ relations (7.6). Additionally, we impose locality, unitar-
ity, and the absence of higher-spin states in any factorization channels. The details are
presented in appendix E. We find:

o xPT (also obtained in [21]):

1
AFT[1234] = 1t (co b (22 )+ stu (’)(AS)) . (18)
. YM
YM - [12]2(34)2 /a4 a6 _s
AM[IT213747) = — ao+Ftu+Fstu+O(A ), (7.9)
YM L 1 [12P[3lpal4)? ;. bs _g
AM[1IT213T47) = U R— b0+Estu+(9(A )], (7.10)
~ 2 2 2 2 2 2
AYM[1 o34t = 222[12] [34]%s + [13]°[24]"¢ + [14]°[23]"w
sUu

+%t (2[4 + [132[2412 + [141°[23]7) + O(A®).. (7.11)

The leading contributions in AYM[172¥3%4+] and AYM[172+3%47], as well as the sub-
leading contribution of A} M[172+3747] were also calculated in [43]. An important feature
of these results is that contributions of order 1/A* are absent both in the YPT ampli-
tude (7.8) (where it is excluded by the BCJ constraints) and in the SD YM amplitude (7.11)
(where the one BCJ permissible term at this order has a pole corresponding to the exchange
of a massless spin-3 particle, hence we exclude it). Substituting the above results in the

9At higher-orders in the derivative expansion, one needs corrected versions of the BCJ relations and
KLT kernel.
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double-copy formula (7.7) gives the following results for the amplitudes of Born-Infeld,

APl (11213747 = _[12]Zf)4>2 (ao + % (2a0c4? + (@ — 2a0c4) tu) (7.12)
+ % (a6 + doce) stu + O(A—S)) ,
ABL(1T2t3t47) = —W\W (Bo + b/'{f (242 +u?) (7.13)
+ Wstu + O(A8)> ,
ABL(1Tot3tat) = —% ([1212[34]%s + [13]7[24)%¢ + [14]2[23]u) (7.14)
_ Eﬁt\#sm (2P (34 + 18P (241 + [14P[231%) + O(A~).

At the leading order O(A™*), only the duality-conserving MHV amplitude (7.12) is non-
zero and it matches the leading Born-Infeld amplitude if dg = —1. This illustrates the idea
of symmetry enhancement in the double-copy; we discuss this further in section 8.2.

The sub-leading contribution of the MHV amplitude (7.12) is at the same order, 1/A8,
as the 1-loop result of (5.14). In fact, with the choice ¢4y = 5= (% + ];[T{ + %) and

3272e
—ﬁ (% - g—g — %) the two results match. This means that the infinite coun-

terterm necessary for the cancellation of the 1-loop UV divergence of A4(17273747) can

ag =

be obtained from a double-copy construction.

The amplitudes of (7.13) and (7.14) have leading-order contributions O(A~°), which is
higher than the leading tree-level BI amplitude but lower than any possible 1-loop contri-
bution at O(A~®). The SD 4-point amplitude (7.13) has no contribution at order O(A~8).
This makes sense because there is no possible local finite operator at this order that can
give rise to a NSD amplitude. This is also why the 1-loop NSD amplitude (4.1) vanishes.

It is very interesting that the 1/AS-term is missing from the SD amplitude (7.14).
This stems from the lack of 1/A* contributions in (7.8) and (7.11), as well as the lack
of 1/A* terms in the corrected BCJ and KLT relations. However, such a 1/AS-term is
needed to restore EM duality by cancelling the non-zero result of the SD 1-loop 4-point
amplitude (3.25). Thus, the finite quartic counterterm, required to restore electromagnetic
duality at 1-loop level, cannot be obtained from a double-copy construction. We comment
further on the potential implications of this result in section 8.1.

Finally, let us briefly comment on 6-point. In the context of N'= 4 DBI, the 6-point
1-loop MHV amplitude of the n-point result (5.13) is polynomial and can be cancelled by
a finite local counterterm that we have explicitly constructed using the KLT double-copy
with higher-derivative corrections. This means that some counterterms needed to restore
electromagnetic duality can be constructed via the double-copy with higher-derivatives
while others cannot.
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7.3 Comparison with the string theory effective action

BI theory is the leading field-strength-dependent part of the open string effective action [13].
Higher-derivative corrections to this action have been obtained by considering the action
at finite o/, both in case of the bosonic open string [13] and the superstring [27]. We
now compare these results, with our construction of higher-derivative corrections to the BI
model via the KLT product in section 7.2. This is done with the identification A=2 = 27¢/.

Bosonic open string. The leading results at 4-point in the duality-violating sec-
tor, (7.13) and (7.14), with choice of the Wilson coefficients, e.g.
by =

and Gy = — (7.15)

1 1
2 3
agree with the bosonic open string action of [13].

For the MHV amplitude, the KLT construction gives no 1/A% term, so the leading

order correction is order 1/A8. This is consistent with the open string effective action [13].

Abelian Z-theory. Bosonic open string amplitudes have been constructed via the KLT
double-copy of abelian Z-theory and Yang-Mills with certain higher-derivative correc-
tions [44]. In order for this to be consistent with our construction in the previous section,
the 4-point amplitude in yPT with higher derivative corrections (7.8) must reduce to the
abelian Z-theory result [45]. This is indeed the case upon choosing
1 1 33
- - - =2 7.16

CTTy T TI2 T T6a8 (7.16)
Yang-Mills. Similarly, the 4-point Yang-Mills amplitudes (7.9), (7.10) and (7.11) are
found to agree with the corrected Yang-Mills amplitudes used in [44] when

g = —1 g = —1 by =1 bg =0 Go = —— g =—1. (7.17)

Thus the results in section 7.2 reduce to the KLT construction of bosonic string amplitudes
in [44] with a specific choice of free parameters.

Superstring. The SD and NSD sectors vanish in any supersymmetric context, so at
4-point we only have the MHV sector to compare with. Furthermore, supersymmetry
constrains the YM amplitude (7.9), such that a4 = 0. This term in the amplitude comes
from the F3 correction of YM, which is only allowed in the absence of supersymmetry. At
the leading orders, the Born-Infeld MHV amplitude of (7.12) agrees with the superstring
MHYV amplitude [27] for the choice

1 1
i = —— =, 7.18
do = —3 4= g6 (7.18)
There is no contribution at order o/ ~ A7,

In [45, 46], it was shown that the superstring amplitudes can be calculated as the KLT
product of Yang-Mills theory and Z-theory. This too can be mapped onto the construction

in section 7.2 with a particular choice of Wilson coefficients.
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8 Discussion

In this paper we have discussed various aspects the physics of the hidden electromagnetic
duality symmetry of D3-brane worldvolume effective field theories. In particular, our focus
has been on analyzing the consequences of such a symmetry for the physically observable
S-matrix elements at sub-leading order in the EFT expansion. These sub-leading contri-
butions are of two kinds: first, loop-level contributions from massless degrees-of-freedom
present in the IR and, second, higher-derivative tree-level, or o’ corrections, from integrat-
ing out massive states in the UV completion. Our work represents a first investigation of
electromagnetic duality symmetry in this context and there are many avenues for further
exploration. Here we first outline a number of open questions and then comment on simi-
lar duality symmetries in supergravity, both with respect to the double-copy and ideas of
oxidation of symmetries from 3d to 4d.

8.1 Open questions

Loop-level BCJ double-copy. In section 3.2 we presented the first explicit example of
a loop-level BCJ double-copy for a non-gravitational model. Using known color-kinematics
duality satisfying numerators for self-dual Yang-Mills at 4-point, together with simple but
non-color-kinematics duality manifesting numerators of yPT, we found that the result
precisely matches the known self-dual Born-Infeld amplitude (4.6) at all orders in the
e-expansion. Since the loop-level double-copy [31] remains a conjecture, this successful
matching can be taken as evidence that it extends to 1-loop in non-gravitational examples
such as Bl = YM ® yPT. It would be useful to have further examples, beyond 4-point
and beyond 1-loop. Some of the relevant color-kinematics duality satisfying self-dual Yang-
Mills numerators are known [47] but are quite complicated. A potentially simpler approach
would be to construct color-kinematics duality satisfying numerators for yPT and form a
double-copy with a simpler BCJ representation of the Yang-Mills amplitudes.

1-loop dimension-shifting relation. Using the mysterious dimension-shifting relation
between 1-loop integrands of self-dual Yang-Mills and the MHV sector of N' = 4 super
Yang-Mills together with the loop-level BCJ double-copy we have conjectured a represen-
tation of the integrand for the MHV sector of 1-loop N/ = 4 DBI (5.10) at all multiplicities.
At n = 4 the UV divergent result matches the physical amplitude we obtained from 4d
cuts (and previously calculated in [36]) and for n = 6 it agrees exactly with expressions re-
cently derived from the dimensional reduction of M5-brane tree amplitudes in the forward
limit [17]. At higher-multiplicity our expression remains a conjecture, and it is important
to verify its validity. With only even-point amplitudes and its lack of IR divergences at 1-
loop, it is even possible that this simpler example could provide insight into the mechanism
behind the dimension-shifting relations.

IR behavior and tree-like 1-loop amplitudes. In section 6 we presented a conjec-
ture, motivated by the analysis of 1-loop amplitudes in QCD [41], that the absence of IR
divergent Feynman integrals (as a consequence of the absence of 3-particle interactions)
implies that purely rational 1-loop amplitudes in Born-Infeld are “tree-like” (in the sense
defined in section 6). As we showed in section 6, if this conjecture is true, then in a 4d the-
ory with classical electromagnetic duality, the 1-loop rational duality-violating amplitudes
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can always be cancelled by adding finite local counterterms. Our explicit all-multiplicity
results for the 1-loop SD and NSD amplitudes of pure BI theory and the MHV sector of
N = 4 DBI are evidence of the conjecture. If this limited conjecture is proven, an under-
standing of the structure of duality-violating amplitudes at 2-loops and beyond remains
lacking. The status of electromagnetic duality symmetries of interacting quantum field
theories at all-orders of perturbation theory is generally unknown.

Color-kinematics vs. electromagnetic duality? Finally, in section 7.2 we have con-
structed the leading higher-derivative operators of Yang-Mills and xPT compatible with
the tree-level KLT product. Contrary to the leading-order result, we find that generic
double-copy constructible, higher-derivative operators do not conserve the duality charge.
This is not surprising, duality invariance of the double-copy is not manifest at leading-order
and is one of many examples of an unexpected symmetry enhancement through the double-
copy. It would be interesting if there was some better understanding of which Yang-Mills
higher-derivative corrections lead to enhanced symmetries and which do not, and if there
was some formulation of the double-copy that made this feature manifest.

In some sense the result of the higher-derivative double-copy analysis is the worst
of both worlds. The double-copy does not automatically generate duality satisfying am-
plitudes beyond leading-order, but neither does it generate all possible higher-derivative
corrections to Born-Infeld. In particular, the matrix element corresponding to the finite
local counterterm (4.4) needed to restore duality invariance at 4-point in the self-dual sec-
tor of pure Born-Infeld cannot be generated. This suggests a potential tension between
electromagnetic duality and color-kinematics duality at loop-level.

The central problem is whether or not there exists a regularization scheme that is
compatible with both notions of duality. At present, the only known explicit examples of
the loop-level BCJ double-copy make use of dimensional regularization and it is unclear if
this is a strict requirement. Since electromagnetic duality is only a symmetry in exactly
4d, we would expect that it is broken in a generic dimensional scheme. If the duality
symmetry is non-anomalous at loop-level then there are two logical possibilities: first, that
there exists a special dimensional regularization scheme which preserves the symmetry
or second, that electromagnetic duality must be restored by including additional finite
counterterm contributions, some of which may not be obtained via a double copy. Since
there is presently no known duality preserving dimensional regularization scheme we will
turn to an analysis of finite counterterms produced via the double-copy.

For example, if we were to calculate a 2-loop amplitude, the 4-point self-dual amplitude
must receive contributions from diagrams with an effective 1-loop topology and a single
insertion of the counterterm (4.4) of the form:

+ +
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If the loop-level BCJ double-copy generates the complete loop amplitude it must include
such contributions to the integrand. Here we find a problem. On any of the non-vanishing
4d cuts of this integrand, one half of the cut must be the local matrix element of the
counterterm (4.4) that we know cannot be generated as a tree-level BCJ double-copy. It
is not clear that the existence of color-kinematics duality satisfying loop-level numerators
strictly implies the existence of color-kinematics duality satisfying tree-level numerators on
each cut. So this observation can at most be taken as indicative of a potential obstruction,
rather than a firm argument. If such counterterm diagrams cannot be generated by loop-
level BCJ double-copy, and must be added to the amplitude by hand, then the advantages
of the loop-level double-copy as a calculational tool are diminished. The calculation of the
complete amplitude at L-loops requires a non-double-copy construction of an L — 1-loop
integrand with a counterterm insertion.

Conceptually this suggests two distinct definitions of Born-Infeld at the quantum level.
One which is defined by the BCJ double-copy at all-loops but violates electromagnetic
duality beginning at 1-loop, and another which is not a BCJ double-copy beyond tree-level
but satisfies the selection rule (1.1) at all loop orders. At this stage such a dichotomy is
just speculation with some supporting evidence. We do not even know if the double-copy
construction is generally valid at higher-loops in Born-Infeld, or if we can continue to restore
duality symmetry by adding further counterterms. As a further note, let us point out that
the 6-point MHV amplitude A/ = 4 DBI can be set to zero by a finite local counterterm
that we can in fact produce in a KLT-construction with higher-derivative corrections. It is
not known if supersymmetry plays a role in this context. These questions clearly deserve
further detailed study.

8.2 Supergravity: double-copy and symmetry oxidation

Supergravity with extended supersymmetry is an important class of models in which duality
symmetries play a significant role. We review briefly how non-abelian R-symmetry in pure
supergravity theories can be understood as duality symmetry, how it emerges as a symmetry
enhancement in the double-copy of gauge theories, the partial breaking of duality-symmetry
by higher-derivative terms, and we comment on the proposed oxidation of 3d symmetries
to 4d supergravity.

Duality symmetry in 4d supergravity. The 4d super Poincaré algebra with A su-
percharges admits a maximal R-symmetry extension locally of the form SU(N)gr x U(1)g,
which may or may not be realized in a given interacting model. In 4d extended supergrav-
ity, the graviton supermultiplet contains massless vector bosons, graviphotons |y*). The
positive helicity states |[yT) transform in an (J;[ ) dimensional representation of SU(N)g
while the negative helicity states |y~) transform in the complex conjugate representation.
Even if the full SU(N)g symmetry is realized in observables, it may not be manifest in
the action. This depends on whether the SU(N) g representation is real or complex. In
the former case it may lift to an off-shell symmetry acting on the field strength tensors. In
the latter case, only the restriction to a real representation of a subgroup can possibly be
realized off-shell and the remaining symmetries are seen only as duality invariance of the
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equations of motion. Explicitly, for pure 4d supergravities, the graviphotons are in real
representations for A = 2,4 and complex representations for N' = 5,6, 8.

Due to its self-interactions, the graviton cannot carry U(1)r charge. Therefore if ¢ is
the U(1)g charge of the supercharges Q, a state schematically of the form QF|h*?) has
U(1)r charge kq. By CPT, the charges of the negative helicity multiplet must have the
opposite signs of those for the positive helicity multiplet. If ¢ is non-zero, the graviphoton
must be charged under the U(1)g, but such a symmetry is not possible off-shell at the
level of the action. Hence, if present, the U(1)g must act in pure supergravity as a duality
symmetry.

N = 8 supergravity has a single CPT self-conjugate multiplet. The U(1)gr charge
of the state |h=2) = Q8|h?) is 8¢, and since the graviton must be uncharged it must be
that ¢ = 0. Hence, N' = 8 supergravity cannot have a U(1)z duality symmetry and its
maximal R-symmetry group is SU(8)g. As the graviphotons transform non-trivially under
SU(8) R, only an SO(8)r subgroup can be realized off-shell and the rest of the group acts
as a non-abelian duality symmetry.

Duality symmetry in the double-copy. The S-matrix of N/ = 8 supergravity can be
obtained as the double-copy

(N = 8 supergravity) = (N = 4 super Yang-Mills) ® (N = 4 super Yang-Mills). (8.1)

In N = 4 super Yang-Mills, the vectors (gluons) are uncharged, so the SU(4)g is not an
electromagnetic duality symmetry, but a regular global symmetry realized off-shell. In the
double-copy (8.1), the Lh.s. directly inherits the SU(4) g x SU(4) g R-symmetry under which
the graviphotons of the N' = 8 supermultiplet are charged. The KLT relations enhance
SU(4)r x SU(4)g to the SU(8) R-symmetry of the N' = 8 supergravity tree amplitudes.

The 70 scalars of N' = 8 supergravity are Goldstone modes of the spontaneous breaking
of Er7(7) to SU(8)g. There are no states in the N' =4 SYM spectrum that have vanishing
soft limits, and generically the individual terms in the KLT relations have O(1) soft limits.
However, in the KLT sum, a cancellation takes place to ensure the vanishing soft limits of
the Goldstone bosons. This is an example of a more general pattern: the double-copy of
two states with soft behavior 1 and o9 respectively results in a state with soft behavior
o > 014+09+1. This illustrates another type of symmetry enhancement in the double-copy.

Generic higher-derivative corrections to N/ = 8 supergravity need not respect the
SU(8)g. In tree-level string theory on T, the presence of the dilaton in the o/-corrections
breaks the SU(8) to SU(4)g x SU(4) g, for example through operators such as o3¢~ R?.
The SU(4)g x SU(4) R is a global symmetry of the tree-level closed string amplitudes with
exclusively massless external states; open string amplitudes with 4d massless N’ = 4 states
have SU(4) g symmetry and the closed string tree amplitudes inherit SU(4)r x SU(4) g via
KLT [48].1% Note that this group with its 30 generators is larger than the 28-dimensional
SO(8)r C SU(8) R that can be realized off-shell.

%The global symmetry SU(4) g x SU(4) g is absent in the higher-genus superstring amplitudes (as expected
in a theory of quantum gravity).
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The existence of the SU(4)r x SU(4)r global symmetry in the 4d closed string tree
amplitudes has an interesting origin. The 4d o/-corrections explicitly break Er(7y to the
SO(6,6) of the T6. The spontaneous breaking of SO(6,6) to SU(4)r x SU(4)r produces
36 Goldstone bosons and these are exactly the scalars that in the double-copy are arise
from the 6 x 6 SYM scalars in the 4d massless spectrum of the open string. For these 36
Goldstone scalars, the enhancement of the soft limits from O(1) to vanishing takes place
in KLT, but it does not happen for the dilaton and axion (obtained from the double-copy
of opposite helicity gluons) or the remaining 32 scalars (from the double-copy of opposite
helicity gluinos). This has been verified by explicit calculations [48].

The two types of double-copy symmetry enhancements discussed here are in direct par-
allel with those studied in this paper for Born-Infeld theory. In the double-copy (1.5) of N =
4 DBI from N/ = 4 SYM times xPT, the U(1) g electromagnetic duality symmetry is emer-
gent and so are the enhanced O(p?) and O(|p)) soft limits of the DBI scalars and Akulov-
Volkov fermions respectively. That the double-copy provides these symmetry enhance-
ments may appear like magic but given that the low-energy theories in these cases have
these symmetries, it is also just a necessary condition for the double-copy to work at all.
With regard to higher-derivative corrections, we have seen that the double-copy generically
gives duality-violating operators, however, the particular operator needed to restore duality
invariance at 4-point 1-loop order in BI theory cannot be produced by the double-copy.

There are other cases of emergent symmetries in double-copy constructions. In the
double-copy

(gravity @ dilaton @ axion) = YM ® YM (8.2)

the dilaton has an emergent Zo dilaton parity, which has no analogue in Yang-Mills. From
one perspective this can be seen as an inherited property of the SU(8)z symmetry in the
truncation of N/ = 8 supergravity to gravity plus the dilaton-axion.

A quite interesting case is that of A/ = 4 supergravity:

(N = 4 supergravity) = (N =4 SYM) ® YM. (8.3)

The two real scalars of N/ = 4 supergravity should be thought of as a dilaton-axion pair.
They live in the SU(1,1)/U(1)r coset and as such they are the two Goldstone bosons
of the breaking of SU(1,1) to U(1)g. The U(1)r emerges as a classical electromagnetic
duality symmetry in the double-copy construction. At loop-level, the U(1)g was said to be
anomalous [49], however, it was recently shown that the U(1)g-violation can be removed
by finite local counterterms [5], thus actually restoring the U(1)g. This is very relevant
for the study of the UV structure of N' = 4 supergravity. There is a clear parallel to the
possible removal of the BI and super-DBI electromagnetic duality violations at 1-loop level
studied in this paper.

For completeness, let us note that some recent discussions of S-duality in the context
of the double-copy can be found in [50, 51].

Dimensional oxidation in supergravity. In section 2 we proved that the 3d U(1)
symmetry of the 3d M2-brane theory oxidizes to electromagnetic U(1) symmetry of the 4d
D3-brane. It is interesting to consider the analogue of dimensional oxidation — or absence
thereof — in extended supergravity.
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In this context the notion of dimensional oxidation has a longer history [52-54]. As
noted above, N/ = 8 supergravity in 4d has a sector of 70 scalars forming a sigma model
on the coset space Er(7)/SU(8)g, with the additional 58 bosonic degrees-of-freedom trans-
forming in linear representations of SU(8)r. When dimensionally reduced to d = 3, all
128 bosonic degrees-of-freedom become sigma model scalars parametrizing the coset space
FEg(s)/SO(16) [52]. There have recently appeared constructions, based on light-cone su-
perspace, claiming that this enhanced symmetry oxidizes to d = 4 at the level of the
action [55]. Here we focus on a particular U(1) subgroup and its manifestation in the
physical S-matrix. The linearly realized SO(16) in d = 3 is rank 8, while the analogous lin-
early realized SU(8) in d = 4 is rank 7. There must therefore be an additional, conserved,
additive charge generated by dimensional reduction. Indeed, this has been demonstrated
explicitly using the CHY construction of the tree-level S-matrix of maximal supergravity;
only amplitudes in the helicity conserving sector are non-vanishing when the external mo-
menta are restricted to a 3d subspace [56]. This would-be U(1) symmetry would enhance
the SU(8) R-symmetry in d = 4 to U(8), analogously to the way the duality symmetry of
the D3-brane enhances the SU(4) to U(4). But this symmetry is clearly broken (helicity
non-conserving amplitudes in d = 4 are generically non-vanishing), so why do we have
oxidation in one case and not the other? In other words, why does the recursive argument
given in section 2 fail for N' = 8 supergravity?

Certainly the recursive part of the argument remains valid, n-point tree-level graviton

2=2n ynder a generic holomorphic all-line shift. The failure

scattering amplitudes scale as z
is in the base case of the induction. The lowest multiplicity amplitudes in gravity are

which are non-zero despite being in the helicity non-conserving sector. Unlike the duality-
violating 4-point amplitudes (2.11), such an amplitude vanishes when all of the momenta
are restricted to a 3d subspace [57]. If the would-be U(1) symmetry (together with the
rest of the Fg(g) symmetry) does indeed oxidize to d = 4 at the level of the action, then
its implications for the physical S-matrix must be more subtle than the strong form of
oxidation demonstrated for the D3-brane in section 2.
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A  Momentum shift for recursion relations

In this appendix we provide an explicit n > 6 solution of the complex momentum shift
presented in section 2.3. In the spinor-helicity formalism, the shift takes the form (2.17)
with n parameters a; subject to the momentum conservation constraint

> allilN + Y 4Nl = o. (A1)
i:hi>0 jihj<0
At first glance this is 4 independent constraints, but since it actually involves a projection
to a 3d subspace, momentum conservation in the N* direction is automatically satisfied.
We therefore have to solve for 3 of the a; in terms of the remaining n — 3. There are
many ways to do this and each gives different, perfectly valid, momentum shifts. In this
appendix, we present an explicit example of such a momentum shift.

For every duality-violating amplitude with n > 6 there must be at least 4 particles of
the same helicity.'! Without loss of generality we assume that the non-negative states have
momentum labels {12---ny}, with ny > 4. We then project the above matrix equation
onto spinor bases spanned by [1| and [2| on the left and N|3] and N|4] on the right, where
N=N #g,. For this, we need the following identity

[a| NN|b] = —[ab], (A.2)

which follows from the assumption that N* is a unit vector. The resulting system of
equations is then

~Yalili] - 3 aBIN)ING)
0 [23][21] 0  [43][41] a1 ZTL:+5 g:nn++1
0 [24][21] [34][31] © a| *gs ag[i4][i1] *jzg+laj[4|N|j>[1|N|j>
asii2 0 0 | fa| |- SedsliE- S aBNDRING)
i= Jj=n4

LAV ACY I B Py _jzéﬂaj [4|N1)[2IN]5)
(A.3)
This equation cannot be solved for aq,...,a4 since the matrix on the left-hand-side has

vanishing determinant. This is a consequence of the fact that only three of the momentum
conservation equations are linearly independent. So we can simply drop the last equation
and solve the simpler non-degenerate system

ny n
) =2 a[3][il] — X a;[3IN|5)[1|N]j)

al 0 0 23] =4 j=ni+1

n+ n
ay | = Wl[%] 0 0 —igai[zll][zl] _j:E+1aj[4|N‘j>[1‘N’j> . (A4)
a [24} 1 0 e . . L . .
3 23][13][34] [31][34] - 2@423}[@2] - Z+1 a;[3|N[5)[2|N17)

= j=n4

HEor amplitudes with n = 4,5 and fewer than 4 particles of the same helicity the steps to solve for
a1, a2, as are the same, but produce slightly different rational expressions.
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Since we want an all-line shift we choose ay, . .., a, to be any non-zero values. Importantly,
the resulting shift (2.17) is a rational function of the spinor brackets and therefore it is
relatively simple to implement, both analytically and numerically.

B Loop integrals in dimensional regularization
In this appendix, we present some useful 1-loop integrals in dimensional regularization.

B.1 Scalar n-gon in 4 + 2p — 2¢ dimensions

A well-known result is
44-2n—2€ . o
/ d L1 i T(=249 . B.1)
(2m)dt2n=2¢ [[2 4 A" (4)n 2= (n —1)!
Using this result with € — € = € +n — p gives

/ d4+2pr—2¢] 1 _ i '(—2+e+n—p) AP+2—n—c (B.2)
(2m)4+2p=2¢ [[2 4+ A" (4r)pt2—€ (n—1)!
This result can also be obtained from Peskin & Schroeder (A.44), but the form (B.2) is

directly useful for us.

B.2 n-gon with p powers of l2_26 in 4 — 2e¢ dimensions

For an n-gon diagram with massive momenta P; entering at each vertex, we now derive
the following result:

7@ _/ . (125)
n - —2€ i 2
(2m)t2 i (1= Z?:l P)

i F(p - E)F(n —2- b + 6) ! —n—e
R (- Jy oot o)A

(B.3)

where
n J 2
i<j k—it1

The dimension-shifting formula [58] gives

I'(p—e) d+2r=2€] 1
%) — (4r)P / . .
n ( 77) F(_f) (277)4+2p—26 :‘L:l (l . ]szl 37)2 (B 5)

Introducing Feynman parameters this can be rewritten as

D(p— ¢ 1 n d4+2p72€l 1
P = (477)17;1(9_6))(71—1)1 /0 dzy -+ dend (;x—l> / @n) %% (2 L A) (B.6)

where the compact from of A given in (B.4) was derived in appendix C of [9]. We evaluate

the [-integral using (B.2) to get

. T(p—el'(n—2—p+e) [! = e
O /d cedayd .~ 1) Apt2n— By
" I At | 2 B0

This completes the derivation of (B.3).
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When p = n — 2, the integral (B.3) is particularly simple and the Feynman parameter
integral can be carried out trivially:

=2 = a ’)276 F(” — 2 —or / day -+ - dwnd (Z i — 1) A
™

= F(fz”_‘jf o) (B.5)
) 1
= @R m-nm=z 0

i.e.

(-2 _ [ 4™ (125" i 1 )
W= | ey M (-2, 77 @Pe-Da-z 20 B9

Another integral we repeatedly use in this paper is the bubble integral

di—2¢] (l% )p
I(p) P2 :/ 2¢
> (P (2m)172¢ (1 — 3P)2(1 + 5 P)?

— T(Cp+ o) (B.10)
i p—e)l'(—p+e 9 p—e
= Pox(l — .
amz<  T(-¢ / o (Pro(1 )
In this simple case the Feynman integral can be evaluated exactly, giving
i T(p—e)l(— 2(1+p-—
Iép)(PZ) — ¢ (p 6) ( p+ 6) ( +p 6) (P2)p—e. (Bll)

(47)2—e I'(—e)'(2 + 2p — 2¢)
C Born-Infeld amplitudes

In this appendix, we calculate the 1-loop amplitudes with 4 external photons of pure
Born-Infeld, using a combination of supersymmetric decomposition, traditional Feynman-
diagrammatic methods, and generalized unitarity.

C.1 Tree-level amplitudes in BI and DBI

We are primarily interested in amplitudes in pure BI theory, however, we exploit computa-
tional tricks that use the supersymmetric completion of BI theory to supersymmetric DBI.
The bosonic part of the N/ = 4 DBI action truncated to one complex scalar (i.e. N' = 2
DBI) takes the form

Sps[Fuw, Z, Z] = A4/d4 \/ det 77,“, + A72F,, + A719,Z0,) ) (C.1)
The 4-scalar scattering processes are related by supersymmetry Ward identities
(12)? L (2
As(1727354;) = <23>2A4(1j 2,3, 45) = a2 (1F258747), (€2
to the 4-photon amplitude
Ag(1F 2337 47) = [12]7(34)%. (C.3)
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All other 4-particle amplitudes vanish at leading order (tree-level), including those that
violate the conservation of the duality charge (1.1):

Ag(15 2737 4%) = A (15 2737 47) = Au(15 2237 45) = 0. (C.4)

More generally, an n-particle process vanishes unless it involves an equal number of positive
and negative helicity photons (1.1).

C.2 Feynman rules

The vertex function of supersymmetric DBI with 2 external photons and 2 scalars is given
by
V*(p1, p2,p3, pa)
= —2i[ — piply (p1 - p2) — 5L (p1 - p2) + Phpl (p1 - p3) + b5 (p1 - pa) + DI (P2 - p3)
+ P (p2 - pa) — (p1 - pa)(p2 - p3)g™ — (p1 - p3)(p2 - pa)g™”]

—2i[ — p{ph(p3 - p1) + (p1 - p2)(p3 - P1)g""] - (C.5)
Notice that the 2 expressions in square brackets are individually gauge invariant and corre-
spond to the 2 independent (up to integration by parts and application of the equations of

motion) Lagrangian operators with the desired mass dimension and external states. The
polarization vectors in spinor-helicity variables are

wo_ @l e (il
T 2 g) 4 e V2ligi]’ (C6)

where ¢; are arbitrary reference spinors.
C.3 Duality-violating 1-loop 4-point amplitudes

For the computation of 1-loop 4-point amplitudes in the following, we are going to use a
combination of on-shell techniques and Feynman rules. The 4-vector Feynman rule (C.5) is
rather involved, but we can use a trick to calculate the duality-violating 1-loop amplitudes
using the (vector)?-(scalar)? vertex instead. The reason is that in any supersymmetrization
of BI theory, the + 4+ ++ and + + +— amplitudes (C.4) must vanish at any loop-order.
Thus, in /' = 1 BI theory, the contributions from the vector in the loop must cancel against
the contribution from the fermion, i.e.

N=1: A+ +++)+A(++++)=0. (C.7)
Similarly, in A/ = 2 BI theory we have
N=2:  A(+++£) + 24 (+ + +£) + AJ(+ + +£) = 0. (C.8)

Here the superscripts indicate contributions from a vector (V), Weyl fermion (F), or com-
plex scalar (S) running in the loop. It follows that the pure BI result must equal the result
from only scalars running in the loop:

AV (+ 4+ 4+£) = —AY (+ + +2) = AS(+ + +1). (C.9)

We exploit this in the following two subsections.
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Due to the form of the interaction, 0Z0ZFF, the general (vector)?-(scalar)? vertex
rule is proportional to two powers of the scalar-momenta, which we denote [7 and l5 in antic-
ipation of the loop-calculations below. The general Feynman rule is given in appendix C.2
and is gauge-invariant.

For later convenience, we write the vertex rules with on-shell photons and off-shell
scalars compactly, using the spinor-helicity formalism, as

V(1y,2y,liz,l27) = Viw(1y,2,) 11, (C.10)
where
. 1. (12 - o |12
V/W(l:y‘—’ 2;_) = _7“[12}277;11/ - 71u Tr(plaup2av +p10-1/p20-u) + QZu(p].NPQV + plupQu)
2°(12) (12)
Vi (13, 27) = i(2|5,[1)(2]5,|1]. (C.11)

Since there are no 3-point interactions in Bl theory, only bubble diagrams contribute to the
1-loop 4-point amplitudes. We use the following convenient parametrization of the loop

momenta
1 =1-— %K
D1 — D3
f\ /_-,\.\‘ /I
d ! (C.12)
« Texe- ~
P2 N P4
lh=-1-1K

where K# = pl'+p and similarly for other permutations of the external lines. The diagram
in (C.12) is given by the integral

145_/ dll V(14,24 11,12)V (34,4, =11, —12)

- d 2 2
(27) (+iK)*(1- 1K) ©13)
di WIyILIg

2 (14 5K (1 - 3K)7

= Vi (1y,2y) Vpa(3%4v)/ (
where the superscript S is used to denote that this integral corresponds to the s-channel
contribution. Since l1 =1 — %K and lp = —[ — %K , it is very useful to observe that
e integrals with odd powers of loop momentum [ vanish, and

 the photon-scalar vertices (C.11) have the property that

K"V, (14,2,) = K"V (14,2,) =0 for K" =pf +ph, (C.14)
and similarly for the 34-vertex since K* = p' + pi = —ph — pl.

This means that in the integral numerator we can replace I{'I5I715 by [M11P1°.
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In appendix D we use the Passarino-Veltman integral-reduction method to compute
the two tensor integrals that we need in this paper, namely

ddl 1Y 1
= K" — KFKY| I(K?), (C.15)
/<2w)d (+ 1K) -1iK)? Hd-1) { }
and
/ dil IM1V1P1° (C.16)
2m4 1+ 1K)*(1 - 1K)
= BT (d; Y |(K2)Zplryp?) — K2KRUK o) + 3KMKY KPR | L(K?).
Here I5 is the scalar-bubble integral defined as
d?i 1 i 1
L(K?) = / = { — 1og(K2)] +0(1). (C.17)
@2m? 14+ 1K)*(1-1K)? 1677 e

The property (C.14) therefore implies the very simple result of the scalar-loop integral:

2\2
15 = Lvy(l 2.) Voo (3, 4) 1 1P?) Ih(K?)
4 16(d2 _ 1) 122 Y=Y 4 vy

52

T 240

where we have also used the symmetry of V), under the exchange yu <+ v. Now it is a

(C.18)
(Vi (15 29) Vi (35, 4) + 2V (15,2,) VI (3,,4,) ) Ia(s)

simple task to compute the desired duality-violating 1-loop amplitudes.

e Tor the next-to-self-dual case, we have V.Y (3#,4; ) = 0, by the identity
(i|o*|j)(k|lou|l] = 2(ik) [j]]. It is also easy to show that the second term in (C.18) van-
ishes since

Vi (15, 25) VIV (37, 47)

— (12 (4157 [3) (4],]3] — }};{mm]@6”\1]<4r&u131<4|ay|3} +4<[}§]><4rp1131<4\p2\3]

= 0. (C.19)

Hence the entire s-channel diagram vanishes: I (+ 4+ 4+—) = 0. Since the t- and
u-channel diagrams are simply permutations of the +-lines, we conclude that

1-loop BI (14 a4+0+1—) __
AP B (1ot stan) = 0. (C.20)

o For the self-dual case, let us define

Quupo = Vi (13,27) Vo (37,47) . (C.21)

The external momenta and polarizations live in 4d, while the metric 7),,,, arises from the
loop-reduction and is therefore in d = 4 — 2e dimensions, so 7, 7" = 4 —2e. Using (C.11),
we find

Q1" = (122 [34)2 [4 — nun™)” = 4[12]?[34]2 2, (C.22)
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and
Q' = Q" = —2¢[12]%[34]%. (C.23)

Using the results (C.22) and (C.23), we arrive at
Q1) + Q™ + Q™ = 4[12][34]? [ —e+ eﬂ : (C.24)

Note that there are no O(1) terms in (C.24); this means that in the amplitude (C.18) the
1/e divergent terms and finite logarithms from (C.17) vanish for the diagram, as expected.
We are left with finite rational terms generated from €¢/e anomalies. The s-diagram (C.18)
simply evaluates to

I$ = 25420 x 412341 | — e + €] x Iy(s) (C.25)
= —W[m]?[?,z;]?s? +0(e). (C.26)

Summing over the three diagrams gives the full amplitude

Ayloor Bl totgtaty —

Fot3tys (M2)2[3425 + [132[24]2 + [14°[23%2).  (C.27)

96072
Note that we automatically have a more general result too: using (C.9) we can conclude
that in a generalized BI theory with IV, vectors, Ny Weyl fermions, and N, complex scalars,
we have

1-loop gen BI
AP Bt 213 4t) = 560 2(N Ny + Ny)
x ([12P[34)%% + [13]2[241%¢ + [14]2[23]%2).  (C:28)
1-loop gen Bl /1 4+ o+ o+
AP BT 11273747) = 0.

Note that the self-dual amplitude vanishes when (N, — Ny + N;) vanishes, as expected, for
N =1,2,4 supersymmetry.

If we carry out the same calculation with external helicities ++ ——, we would compute
the contribution of a complex scalar in the loop of a 1-loop MHV amplitude. But that does
not help us compute the 1-loop MHV amplitude in pure BI theory, since the supersymmetry
trick we used to calculate the duality-violating amplitudes does not apply. Instead, we use
the fact that the MHV amplitude is cut-constructible and compute it using unitarity.

C.4 1-loop MHV amplitude without supersymmetry

We compute the divergent part of the BI 1-loop MHV amplitude using unitarity. As a
check, we also compute the MHV amplitude in a theory with N, vectors, Ny fermions,
and N, complex scalars. The loop-integrand is ambiguous by additive terms that integrate
to zero. We construct a representative of the loop-integrand that factorizes correctly on
all cuts. We then use integral-reduction to relate the result to the scalar-bubble integral.
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For the 1-loop amplitude A}{lOOp Bl(lff, 2;2 35,45) in pure BI theory, there are two distinct

cuts to consider:

llzl—%K /lzl_%K/

D1 - D3 ja - D2
+w +w+
o~ ~N- ~NT ~N -

D2 —_ P4 p3 — P4

lo=—-1—-1K l=—-1-1K'

(C.29)
In the first diagram K = p; + p2 and in the second K’ = p; + p3. In addition, one needs
the 3 +» 4 permutation of the second diagram. The cut-constructible part of the amplitude
is then the sum of the s-, t-, and u-channel cuts Cs, Ct, and C,,. Note that each diagram
comes with a symmetry factor of 1/2.

The cut puts the internal lines I; and Iy on-shell and each diagram factorizes into a
product of tree-amplitudes for each possible on-shell state that can appear in the loop. For
the s-channel diagram we have

Cs = ‘A;clree (1,—;_ 2,1_ ll,; 12;)./4266( — ll’t — lQ,—:/_ 3; 4;)
= [12)2(1119)%[1119)%(34)? (C.30)
= [12]*(34)%s7,

where we used that'? (I112)%[l115)% = ((lh + l2)2)2 = (K?)? = 52, Thus the contribution
from the s-channel diagram is (including the symmetry factor of 1/2)

_1 & s _ Lo 227 (o
=3 / @0 (14 1K) (- 1K) 5 [12°(34)%s” In(s), (C.31)

where I5(s) is the scalar bubble integral (C.17). The ¢-channel cut is a little more involved.

Here we have
Cy = 2AY°° (1T 37 110 1y ) AT (— 1y — 15 27 47)
= 2[113]%(315)*[215)*(114)* (C.32)
= 2(417,,[1](4]o [1) (3] |21 (3]0 2] 1371115715
The factor of 2 takes into account that one also has to include the opposite helicity assign-
ments for the internal lines. Odd powers of the loop-momentum [ vanish in the integral

1 [ d4 Cy
I; = 7/ . C.33

Again, we have included a symmetry factor of 1/2. Using I} =1+ %K’ and Iy = —1 + %K’,
the integral can be simplified to the scalar bubble integral (C.17) with the help of the

12Note the ambiguity in this rewriting: we could also have written <l1l2>2[l1l2]2 = ((11 — l2)2)2 = 16(12)2.
The resulting two forms of the integrand differ by terms that integrate to zero.
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tensor integrals (C.15) and (C.16). After some manipulations of the resulting expressions,
one arrives at the simple result
1
I = 5[12?(34)%‘2 Ly(t). (C.34)
The result of the u-channel diagram is obtained by taking 3 <+ 4 of I;. We can now write
the divergent part of the 1-loop MHV 4-point amplitude in pure BI theory as

00 1 1 1
AP Pt 28 37 47) = [12]%(34)2 {25212(5) + 5t%(t) + 5u212(u)] . (C.35)
Thus the divergent part is simply
00 1 i 1
AT 27 5T 4) = TP RR 6+ 4 ] w0, (C30)

where the O(1)-terms are regulator dependent. We have also calculated this amplitude
using unitarity and the results agree.

C.5 1-loop MHV amplitude with supersymmetry

We now perform a check on our calculation by computing the MHV amplitude in a theory
with fermions and scalars coupled to the vector supersymmetrically, i.e. such that the
supersymmetry Ward identities hold:

A4(1:/r 2, 3; 42) — gi);A4(1+ 9+ 3 4 ) igii

Amplitudes with two same-helicity vectors and two scalars or two fermions vanish; this

Ag(17233747). (C.37)

means that there are no s-channel cuts when a fermion or scalar runs in the loop. The
calculation of the ¢ and u-channel cuts proceed as for the vector. With N, vectors, Ny
Weyl fermions, and Ng complex scalars, the result for the divergent part of the MHV 1-loop
amplitude is then

Alloopgen(1+2+3 4~ )

YT Y Y
— [12]2<34>2{]\27”5212(s) + <]\; + ]2\[5 + ng0> (£* I (t )+u212(U))} (C.38)
e L G )

As an independent check, we also calculated this amplitude using unitarity. It is also
reproduced by the expression for the bubble coefficient given in [59] that connects the
behavior of the tree amplitudes under BCFW shifts to the UV divergences at 1-loop.

With V' = 4 supersymmetry, i.e. in N = 4 DBI, we have N, = 1, Ny =4, and N, = 3,
which gives

Al loop N = 4(1;1- 2’—y|— 3’y 47) _ [12]2<34>21 |:8212(3) + t212(t) + uzfg(u)]
. 2 (C.39)
— %ﬁ[12]2<34>2 [52 +12+ uﬂ +0(1).

This result for the 1-loop amplitude in N' = 4 DBI reproduces that found in [36].
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D Passarino-Veltman integral reduction

We use the Passarino-Veltman integral reduction method to evaluate the 1-loop integrals
in section C. We outline the method here and use it to reduce the needed tensor integrals
to scalar-bubble integrals.

The loop-integrands encountered in section C are all of the form

_ NU;Pi;Ez‘]
- 2 20
(1-3iK)°(1+ 1K)

(D.1)

where [ is the loop-momentum, ¢; are polarization vectors, p; are on-shell external momenta,
and K is a sum of external momenta.
The numerator N[I;p;;€;] is ambiguous by terms that integrate to zero: there are two

types

Property 1. Any term with odd powers of the loop-momentum vanishes.

Property 2. Any term proportional to (I — %K)2 or (I + %K)z vanishes. The reason is
that an integral with such a factor can be put in the form of scaleless integrals

d4 1 A% v 4%
/(27’(’)4l2’ _/(277)4 12 /(271’)4(1)’ (DQ)

that are zero in dimensional regularization.

We now use these two properties to derive the integrals (C.15) and (C.16) we need for the
computations in section C:

o Integral 1

/ it (K -DI# .k (D3)

=0
d 2 2
@M 1+ LK)* (1 - 1K)
Proof: if n is even, the integral vanishes by Property 1 above. If n is odd, write

(K-1)=(+ %K)2 — 1% — 1K?. Then the first term makes the integral vanish by
Property 2, while the last two terms integrate to zero by Property 1.

o Integral 2

ddl 12 1
/ @7 1+ 5K (- 1K) —2 5 BEY). (D.4)

Proof: write I = (I + %K)2 — (K -1) — 2 K?. The first two term integrate to zero. So
we are left with —2K? times the scalar bubble-integral I>(K?).

o Integral 3 (the integral in (C.15))

ddl iz 1 ) )
/(%)d I+ k)% LK) Ad-1) (K0 — K'EY] LK), (D5)

Proof: there are only two possible tensor structures for the integral, so we can write
an ansatz as A" K? + Ay KFKY, where A; and Ay are constant numbers. Dot
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in K* and use Integral 1 (D.3) to conclude that A; + Ay = 0. Then contract with
nNu and use Integral 2 (D.4) to show that A;d + Ay = —1I,(K?). Solving for the

unknown constants gives A; = —Ay = —LI(TEUIQ(K2) and the result (D.5) follows.
Integral 4
ddl (12)? 1
= —(K?)? L(K?). D.6
/ @m)? (14 1K) (1 - 1K)® 16 K () (D)

Proof: rewrite (12)2 = ((I+ %K)2 — (K -1)— 1K?)[%. The first two term integrates to
zero by Properties 1 and 2, so this leaves —%K 2 times Integral 2. Then (D.6) simply
follows from (D.4).

Integral 5 (the integral in (C.16))

dd Hvele
/ : (D.7)

2 (14 3K~ 1K)

1
- ST (B2)?ykvnee) — K2RUE ) + 3KPKY KPR | B(K?),

where we have normalized the symmetrizations such that
nHnPT) = pPrnPT 4P e, (D.8)

and K(WKVnro) = KHKYnP? + 5 nontrivial perms.

Proof: the tensor structure allows only three possible terms, so we write an ansatz
By (K2)2nWyro) + By K2KWKYnP?) 4+ By KFKVKPK°, (D.9)

for the value of (D.6). We know from Integral 1 that the integral must vanish
whenever K is dotted in, so from dotting in K, K, K,K, and K¥K"n’° we learn
that

Finally we contract with n*“n*? and use Integral 4 to conclude that
1
d(d+2)B; +2(d+2)By + B3 = T L(K?). (D.11)

Solving for the coefficients By, Ba, and Bs gives (D.7).

E Higher-derivative corrections of Yang-Mills

In this appendix, we calculate possible higher-derivative corrections to the 4-point ampli-

tudes of YM that are used in section 7.2 to calculate corrections to 4-point BI amplitudes

using the KLT double-copy.

We construct BCJ-compatible ansatze for three helicity configurations that have the

following properties:
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¢ Relabeling: different color-orderings with the same helicity structure have to be
related by momentum relabelling.

e Locality: the amplitude has at most simple poles at s,¢,u = 0. Compatibility with
BCJ relations (7.6) and locality dictate that A)™ [1234] cannot have a pole at ¢ = 0.

e Unitarity: 4-point amplitudes factorize on simple poles into products of 3-point
amplitudes. Since 3-point amplitudes of massless particles are fixed by little group
scaling, residues on the s- and u-channel poles are constrained by the spins of particles
in our spectrum. Since no fermions can be exchanged and gravitons cannot carry a
color-charge, any particles exchanged must have spin 0 and spin 1.

E.1 The + + ++ amplitude

We begin with the 4-point self-dual YM amplitude. While it is well known that at leading
order the self-dual YM amplitude is vanishing, there can exist non-zero higher-derivative
terms, which we evaluate in this section.

Since all external states have the same helicity, all color orderings of the self-dual
amplitude are related by momentum relabeling. With this in mind we write the following
BCJ and locality-compatible ansatz,

AYM[1totatat] = i (50 ([1212[34]2 + [13]7[24] + [14]%[23%)

+ % ([1212[3412%s + [13]*[24]¢ + [14]2[23)2u)
+ % (2 + £+ 2) (12234 + [13]2[24)° + [14°[23]%)
+ %stu (M212[3492 + [13]2[24] + [14]*[23]?) + O(AS)) - (E1)

One can show that ¢ produces a non-zero residue that does not correspond to a
particle exchange and ¢ corresponds to a higher spin exchange, so they must both be zero
by unitarity. Thus we finally conclude that the 4-point YM amplitude takes the form

AYM[ gyt = ?2[12}2[34]25+ [13]1[54]2t+ [14]%[23)%u

+ 5t (1223472 + 132242 + L42[232) + OA™S). (E2)

The O(A~2) contribution of this amplitude was also calculated in [43] and our result is in

perfect agreement. To our knowledge, the O(A~°) contribution is new.

E.2 The 4+ 4+ +— amplitude

We now move on to the next-to-self-dual amplitude. We know this to be vanishing at
leading order and here we calculate sub-leading higher-derivative corrections.

Since not all external particles have the same helicity, different color orderings can be
related using cyclicity, in addition to simple relabeling. For example,

AMAT2t473%) = APM[3t1H2t4) = ATM1F2t3 T4 (E.3)

HlaSaQal :
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Compatibility with the BCJ relations and locality fixes our ansatz to be,

1 [12]2 H2 (. b
A}M[1+2+3+4_] _ M[][inl’) (bO + % (52 +t2 +u2) + %stu—k O(A—S)

(E4)
The by corresponds to the exchange of a spin-3 particle and is thus excluded by unitarity.
This leaves us with

1 [12P[3|pa[4)?

AMTot3t47) = 13 ”

- be s
(bo + Estu + O(A )) . (E.5)
It is interesting to note that the first term factorizes into a 3-point YM amplitude and
a 3-point amplitude consistent with an F3-type interaction. As in the self-dual case, we
check the leading contribution to our result against the results of [43] and we find perfect
agreement.

E.3 The 4+ 4+ —— amplitude
Finally, let us examine the MHV 4-point amplitude. Using momentum relabeling and
cyclicity, we can rewrite the BCJ relations as

%A}M[1+2+3*4f] = AM[2t1+3747] = A}M[1+2+3*4f]]1 ,and

< (E.6)

CAPM[t2t3aT) = AR A3 = AYM[1F 2|
t 34
With the above constraints, a local ansatz for the amplitude is

AM1T2T3747)

[12]%(34)? <~ a1 <5L41 o Q42 ) (dﬁl 3 Q62 ) _s )
=———|ao+ 55+ |—58"——tu) + | 55" — —=stu| + O(A . (E7

su 0T A2 Al Al AS AS (A7) (E7)
as1, 41 and dgp correspond to exchanges of spin-2, spin-3 and spin-4 particles respectively
and are hence all set to zero by unitarity. If we continue at higher orders in the deriva-
tive expansion, we see that this pattern continues. We either find local contributions to
the amplitude or pole-terms with residues that correspond to the exchange of higher-spin

particles.
To summarize, the YM 4-point amplitude with higher-derivative corrections has the
form 122 (34)2
o 12](34 . ay ag _
AM[1T2+3747] = S (ao + qatu+ gestut+ O(A 8)) : (E.8)

In the above, the leading term matches the well-known Parke-Taylor formula for Yang-Mills
if we choose ag = —g%,M. Also note that we have redefined a4o = —a4 and aga = —ag to
simplify the notation.

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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