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1 Introduction

Inflation is a framework involving dynamic spacetime. Can we begin to understand ques-

tions asked of an inflationary universe by considering much simpler questions asked of a

gauge theory evolving in flat spacetime? The existence of color-dual double-copy struc-

ture [1, 2] for both quantum field theory scattering amplitudes in Einstein-Hilbert gravity,



as well as for classical solutions, is incredibly suggestive. For recent reviews of the double-
copy literature see refs. [3-5]. Here we make some first steps towards a double-copy con-
struction of scattering amplitudes in theories that could support supergravity a-attractor
models of inflation.

Supergravity a-attractor models are among the set of simple yet phenomenologically
viable inflationary models consistent with Planck and BICEP (see e.g. [6, 7] and references
therein). The simplicity of these models relies on a construction involving nilpotent super-
fields, which tame the proliferation of unwanted scalar modes during inflation. We have
long known that these seemingly esoteric superfields can be understood! as Volkov-Akulov
(VA) fermions [10-14]. The equivalence of various nonlinear field redefinitions that relate
these representations have been explicitly verified through direct calculation of tree-level
scattering amplitudes [15]. So, with eyes on eventually exploring these inflationary mod-
els, we can start by introducing double-copy descriptions of Volkov-Akulov fermions with
gravity.

To set the stage, we recall a few well-known double-copy constructions. The first
is that dynamical gravity? can be described by double-copying two Yang-Mills theories,
schematically denoted by

MEravity — gYM o 4YM (1.1)

We will explain this construction in detail in section 2, but the main point is that we con-
struct scattering amplitudes in a theory of spin-2 particles by combining simpler building
blocks from theories of spin-1 particles. It is also known that Volkov-Akulov fermions have
a double-copy description in terms of nonlinear sigma model (NLSM) scalar pions (denoted
here and elsewhere as ‘m’ for short) and fermions through

.AVA — AT ® Afermions ) (12)

The above VA fermion amplitudes can be imbedded in a maximally supersymmetric theory
by double-copying NLSM pions with the full A/ = 4 super Yang-Mills (sYM) multiplet,
giving a theory of Dirac scalars, VA fermions, and Born-Infeld photons, referred to as
Dirac-Born-Infeld-Volkov-Akulov (DBIVA) [19-22],

ADBIVA — A" ®ASYM ) (13)

We will build toward a double-copy construction of a-attractor models by address-
ing the possible double-copy structure of scattering amplitudes involving Volkov-Akulov
fermions, gravitons, and their superpartners. We do so by conjecturing the existence of
a special color-dual gauge theory of NLSM pions interacting with vectors and attempt
to bootstrap it, adding higher-derivative operators as necessary for double-copy consis-
tency [23]. When double-copied with N' = 4 super Yang-Mills (sYM) theory, this color-
dual vector-pion theory’s predictions would presumably generate scattering amplitudes in

!See also ref. [8] for connections made to de Sitter solutions from a unimodular approach to supergrav-
ity [9].

2To be precise N' = 0 supergravity is the result of this straightforward double-copy. One can recover
Einstein-Hilbert gravity by including additional wrong-sign matter [16, 17] or by explicitly projecting out
unwanted states [18].



N = 4 Dirac-Born-Infeld-Volkov-Akulov-Supergravity (DBIVA + SG), schematically

AS?=0  gDBIVA+SG _ YM+r o ASYM (1.4)

where A5°=0 are S-matrix elements describing nilpotent superfields coupled to dynamic
spacetime. In our approach, employing the double-copy construction, the spectrum of
the N/ = 4 supergravity theory is realized as a tensor product between the fields of the
constituent two gauge theories: a single vector field coupled to NLSM pions and the states
belonging to an A = 4 vector multiplet,

(A+7 AjBCa SAB7 )\:17 A_) ® (A+7 A_7 7T) = (h++7 wj}_BCW AIB7 X:X: E)
D (t7 XZBCH A;}B? ¢Z7 h__) @ (ABI+7 AVA+ABC7 SDBIA37 AVA_A, ABI_) . (15)

All supersymmetry relations in the supergravity theory are inherited from the supersym-
metry of the N' = 4 sYM factors. Following the conventions of e.g. ref. [24], we use (t,t) to
refer to the complex field that labels the external scalar states in the supergravity scattering
amplitudes. In terms of the two vector fields, these scalar fields are defined by,

t=AX_y ® AYnppms t=Ay_y ® Ay - (1.6)

Similarly the double-copy of our conjectured color-dual vector-pion theory with any su-
persymmetric Yang-Mills theory, including e.g. N'=1 sYM, should land on an associated
reduced supergravity theory coupled to a likewise reduced DBIVA multiplet. Indeed many
reduced symmetry supergravity theories can be considered by orbifolding the supersymmet-
ric gauge theory [25, 26] in combination with explicit projecting out of unwanted states [16].

In this paper we demonstrate how a color-dual bootstrap allows us to build amplitudes
in two models of double-copy consistent gauge theories of vectors and pions. In the most
conservative approach, we discover that additional higher-derivative operators must be
added to the action of a simple covariantized nonlinear sigma model to preserve the color-
dual structure beyond four-points. As was found in [23], including these additional oper-
ators induces a tower of color-dual contact terms required by the principle of double-copy
consistency. By collecting terms at each order in the pion decay width, A, we conjecture
that the amplitudes can be resummed to a dimensional reduction of (DF)? +YM [27]. We
then use the resulting color-dual vector-pion amplitudes in the double-copy construction of
Einstein-Weyl-DBIVA theory. There is a natural question here as to whether the modified
Adler’s zero, induced by the required higher derivative operators, has allowed us to achieve
our aims of actually building nilpotent superfields coupled to supergravity. This motivates
us to identify an alternative approach to an adjoint color-dual gauged non-linear sigma
model with unmodified soft-behavior. This comes at a cost, however, which is to break
manifest exchange symmetry among pions.

The paper is organized as follows. In section 2, we review the amplitude relations
required for double-copy construction and the procedure for constructing double-copy con-
sistent theories using color-dual numerators. In section 3, we use an on-shell bootstrap to
identify additional operators required for our candidate vector-pion theory to obey color-
kinematics duality. In section 4, we observe that these additional operators induce a tower



of higher-derivative corrections, which leads us to conjecture that our desired color-dual
vector-pion theory is a dimensional reduction of (DF)?+YM theory. In section 5, we iden-
tify virtual gluon corrections to the six-point pure-pion amplitudes, required by double-copy
consistency in the (DF)2 4+ YM + 7 theory, and comment on their implications for the ex-
pected Adler’s zero of pure Volkov-Akulov observables. In section 6 we present a second
model for color-dual gauged pions that leaves Adler’s zero unmodified at the cost of scalar
exchange symmetry. Our conclusions and discussion of future directions are in section 7.

2 Review of amplitude relations and the double-copy

In this work, we are interested in combining the two theories written schematically on
the right-hand side of eq. (1.4). The key to our procedure for calculating the desired
scattering amplitudes of Volkov-Akulov (VA) fermions coupled to gravity is the double-
copy construction [1]. Here we provide a brief review of how to implement the double-copy,
along with a general overview of on-shell methods. For more details we encourage the
reader to consult recent dedicated review papers [5, 28].

We start by considering a pure SU(N) Yang-Mills theory, whose action is given by

1 12
LM — =5 TeFw ], (2.1)

where F,, = 0,A, — 0,A, —ig[A,, A)] is the field strength, A, = ALT® is the massless
gluon field, T are the generators of SU(N) (in the adjoint representation), and the trace is
over color indices. The field strength can also be written in terms of the covariant derivative
D, as

i .
F. = E[DW D,], for D,=0,—igA,, (2.2)
where ¢ is the gauge coupling. The generators satisfy the normalization,
(7%, T = fT7¢, and Tr[T°T%] = 5%, (2.3)
where %€ are the totally antisymmetric structure constants that satisfy the Jacobi identity,
fabEfecd _ fdaefebc _ fdbefeca —0. (24)

To compute scattering amplitudes in this theory, one option is to fix a gauge and use
the action of eq. (2.1) to define Feynman rules. This has the advantage of making locality
manifest and attaching factors of f%¢ to each three-point vertex, but in turn requires ghosts
to remove gauge redundancy at loop level, and involves generally laborious calculation.
Off-shell Feynman rules are verbose, whereas physical on-shell quantities can be relatively
compact.

Two of the lessons from the on-shell community over the past few decades has been
to recycle on-shell information whenever possible through unitarity methods [29, 30], as
well as to minimize the work being done at any given time by considering color-ordered or
color-stripped quantities in gauge theories. We will discuss both, focusing first on color-
decomposition.



2.1 Cubic representations

Gauge theory scattering amplitudes at tree-level can be expressed in terms of cubic (triva-
lent) graphs, as in the scaffolding of ¢* Feynman diagrams,

Ap =g 2 Y 2 (2.5)

gery 7Y

Here A, is referred to in the amplitudes community as a full or color-dressed m-point or
m-particle amplitude. The sum is over (2m — 5)!! distinct, connected, cubic tree-graphs
with m external legs. The color-weight ¢, of each graph g is calculated by giving each vertex
a structure constant £, and every internal edge a delta function §*°. The external edges
for these graphs are always labeled, 1,...,m and their color indices are in concordance
with their labeling, a1,...,a,. The propagators or denominator weights, d, are dressed
as normal for massless ¢* Feynman diagrams, and the kinematic numerator weights n, are
dressed with whatever product of Lorentz invariants (including polarizations for external
gluons) are required to correctly reproduce the scattering amplitude.

The famous Yang-Mills quartic vertex familiar from Feynman rules is absorbed into
this cubic representation by appropriate factors of inverse propagators appearing in the
kinematic numerators. Such assignments are not at all unique, and so there are many
distinct representations that are all sufficient. Indeed one way of generating such a repre-
sentation is to begin by drawing all cubic Feynman diagrams, dressing them as normal, and
then drawing all quartic diagrams, and expanding them out to cubic diagrams consistent
with their color-dressings. This would not be efficient but is certainly a consistent way of
generating a cubic representation.

For the three-point amplitude (non-vanishing only for complex momenta), with k; +
ko + k3 = 0 and k? = 0, there is only one distinct graph with no internal propagators,

.A?;(M =gnscs (2.6)

with c3 = f™2%_ Due to the adjoint structure of csg, the kinematic weight must also be
antisymmetric in exchange of particle labels, otherwise the full amplitude would vanish.
Furthermore, there must be one polarization per external leg per term, and the amplitude
must be gauge invariant, i.e., A, = 0. As all Mandelstam invariants s;; = (k; + k:j)2
vanish at three-points, there are only two possible mass-dimensions one can write down.
The lowest order is associated with Yang-Mills, Tr(F?):

n3 = (e1 - €2) ((k1 — k2) - €3) + cyclic, (2.7)

the other is associated with the Tr(F®) operator, which it turns out we will have use for

in this paper, so we quote its functional form here:
nf" = (k1 —k2) - €3) (k2 = ks) - €1) (ks — k) -e2) - (2.8)

Note that the ng ® kinematic weight, when used, must come in with a dimensionful coupling
relative to n3. Again, up to the overall Wilson coefficient of the Tr(F?3) operator, the



kinematic weight of ng ? s entirely fixed by mass-dimension and anti-symmetry. As there
are no additional graphs, each of these numerators must be gauge-invariant independently,
which indeed they are.

Let us look at a slightly more interesting example, four-points, in Yang-Mills. Here
the scattering amplitude is given by,

—2 A YM CsTs CeTg CyNy,
g .A4 = + + , (29)
512 514 513

where s;; is used to mean (k; + kj)%. The color factors are given as follows:

s = Josoac peoans, (2.10)
Ct — fa4alefea2a3 , (211)
Cy = fU1ase feazad (2.12)

The traditional contact term has been absorbed to the cubic dressings by appropriately
multiplying cs, ¢, or ¢, within the contact term by s12/s12, $14/514, and $13/s13 respec-
tively. As the color-weights satisfy the Jacobi identity ¢; = ¢; + ¢, this assignment is by
no means unique.

One such assignment results in the following functional dressing [5] for the kinematic
numerators:

n(abed) = { [(ca - o)kt +2(z0 - o)eh — (a © B)|[(ec - ca)kiep + 2(ec - ka)ean — (¢ < d)]

+ Sab [(Ea “ec)(ep - €a) — (a-€a)(ep a:)] } :

(2.13)
with
ns = n(1234), (2.14)
ny = n(4123), (2.15)
N, = n(1324) . (2.16)

In particular it is worth noticing that the coefficient of s, in eq. (2.13) is exactly the piece
of the contact term absorbed by each cubic graph.

2.2 Color decomposition

At four-points, as well as higher multiplicity, local dressings of individual graphs are no
longer individually gauge invariant. Why? There can be cancellations between graphs
depending upon the redundancy between color factors. Generically the color-factors satisfy
the Jacobi identity,

fabefecd — fdaefebc 4+ fcaefedb (217)

with an implied sum over the repeated indices. Because of this redundancy in color-factors,
any representation that makes use of all (2m — 5)!! cubic graphs and their individual color-
dressings are not in a minimal color basis. One can always use the Jacobi identities to



Figure 1. The basis graphs for any tree-level kinematics that satisfy Jacobi-like relations can be
expressed in terms of half-ladder diagrams where two legs, say 1 and n, are held fixed, and all other
leg labels o (i) are permuted. See, e.g., ref. [31] for the relevant argument applied to color-factors.

re-express the color dressings in a minimal color basis of (m — 2)! color weights [31], and
the kinematic coefficients of those color weights will be gauge invariant.

Let us look at the four-point example above to see a concrete realization. One can
rewrite eq. (2.9) using ¢; = ¢s — ¢, to achieve,

gAY =, (AP = T2 M) g (a2 ) oy
S12 S14 513 S14

The color-ordered or partial amplitudes A} .. (1234) and A}, (1324) are gauge invariant

and only depend on an exponential number of cubic graphs as multiplicity increases [5].

They are related functionally and satisfy various field theory relations between them.
Generically, we can write m-multiplicity gauge theory scattering amplitudes in the

following form:

_ Cgi Mg,
Atiree =9"72 3 (2.19)
giergn) 9i
= g2 Z c(1,0(2),...,0(n—1),n)A™M(1,0(2),...,0(n—1),n) . (2.20)
O'ESn72
where the ¢(1,0(2),...,0(n — 1),n) corresponded precisely to a product of color factors

dressing a half-ladder or multiperipheral graph,
c(1,0(2),...,0(n—1),n) = fu% @b fhiaombz . fon-sdom-nan (2.21)

Given this color structure, we call eq. (2.20) the half-ladder representation, as it restructures
the color-dressed amplitude in terms of a sum over color factors associated with “half-
ladder” cubic graphs, see e.g. figure 1. In the case of eq. (2.21), root legs 1 and n are held
fixed, and all other legs take on permutations of labels ¢. The remaining color dressings
are then related to this choice of ¢(1,0(2),...,0(n—1),n) by iterated application of Jacobi
identities on the internal edges, or antisymmetry of individual vertices [31],

a as
a2 az az a2

= — , (2.22)
a a4 ay a4

al ay
where a; are labels of internal or external edges. The half-ladder basis of eq. (2.20) is
expressed in terms of a minimal color basis, meaning each kinematic partial amplitude



contributes to the overall amplitude weighted by a completely distinct direction in color
space. Before proceeding, it is worth taking a moment to appreciate the utility of reframing
gauge invariant amplitudes in this way. While the local behavior manifest in the Feynman
rules generated eq. (2.1) has been obscured (at least for now), the local gauge symmetry
and Bose symmetry is now absolutely manifest.

One can choose alternative color-bases depending on which external legs are held fixed
as the half-ladder root legs. Their coefficients are also gauge invariant and indeed the
partial amplitudes of one basis can be linearly expressed in terms of partial amplitudes of
other bases. This is due to a set of linear relations known as the Kleiss-Kuijf relations [32],
which follow simply from the fact that kinematic dressings of graphs obey antisymmetry
around vertices, correspondent with the color-weights, to preserve Bose symmetry. The
partial amplitudes also inherit reflection and cyclic identities,

An tree( 27 . ) An tree( RN 1) ’ (2‘23)
and
A Nee(1,2,...on) = (1" A Ve (n, ..., 2,1), (2.24)

and also obey what is called the photon decoupling identity,

> A Me(o(1),0(2),...,0(n—1),n) =0 (2.25)

oecyclic

As we will now show, the partial amplitudes respect an additional set of relations that

underly the local properties of the kinematic numerators hidden in each An tree-

2.3 Color-dual numerators

Let us spend a second revisiting the generalized gauge choices that allow us to make
different assignments of contact terms to cubic graphs. As we mentioned earlier, when
a higher-point contact interaction, X,, weighted by a color factor ¢4, is produced by the
Feynman rules, it can be made compatible with the form of eq. (2.19) by multiplying by an
overall factor of unity, taking ¢, X, — (d X,). In which case, ng — ng + dyX,. Take for
™)

example any three graphs {g1, 92,93} in F3 whose color factors are related by the Jacobi
identity

Cgy = Cgy + Cgy - (2.26)

Then the amplitude is invariant under shifting the numerator factors by the following
generalized gauge transformation

Ng; — Ng; + dglA{gn Ngy =7 Ngy — d92A{g1 Ngg —> Ngg — dgaA{gl

192,93}
(2.27)

’92793} ? 792793} )

leading to an overall shift in the amplitude of,

An tree An tree (cgl — Cgy — 093)A{g1,92,93} An tree (228)

for any function Ay g, 4,3 of the kinematic invariants. This is equivalent to the process of
absorbing contact terms into the trivalent graph representation of the full amplitude.



In the case of Yang-Mills amplitudes, for all graphs whose color factors are related by
the Jacobi identity, these A can be chosen such that the n, satisfy the same relationships
as the color factors ¢y, i.e.

Ccg; +cg; =0 = ng +ng =20
g g g g ’ (229)
Cg; = Cg; —Cg, =0 = ng —ng; —ng =0,

where g is a cubic graph with an odd number of vertex flips relative to g. In this gauge, the
interplay between the algebraic relations of the local numerators and the color factors now
make Bose symmetry and gauge invariance manifest. Given the parallel structure between
the color and kinematic factors, we say that Yang-Mills theory obeys the duality between
color and kinematics, or simply, that it is color dual.

A wide variety of theories have been shown in the literature to be color dual, as

recently reviewed in refs. [5, 28, 33]. Such theories permit this special representation of the
YM

n,tree
identified by Bern, Johansson and one of the authors [1],

numerators if and only if the partial amplitudes A satisfy a further set of relations,

n—1
S ki (ko k) AMe(2,. .1 i+1,...,n) =0, (2.30)
=2

sometimes called the fundamental BCJ relations [34]. These additional kinematic identities
further reduce the basis of partial amplitudes from (n —2)! to (n — 3)! elements. This leads
to an associated reduction in complexity of constructing both tree-level amplitudes and
multi-loop integrands via cut-construction.

2.4 The double-copy

A reduction in computational complexity is not the only advantage of performing calcu-
lations in color-dual theories. Consider the replacement of color-weight with color-dual
vector kinematic weight, ¢, — ng, yielding,

Mn,tree = Z % . (2.31)
QiGFén) g
The resulting theory is local by construction and remains Bose symmetric due to the al-
gebraic properties of the numerators and the explicit sum over all permutations of graph
labels. But now the amplitudes are colorless with states determined by the tensor prod-
uct e ® /. Furthermore, the new amplitude is invariant under linear diffeomorphisms,
the “square” of gauge invariance. In other words, two factors of Yang-Mills theory nu-
merators yields a theory of axion-dilaton-gravity. We call this procedure the double-copy
construction.
More generally, we can be agnostic to the origin of the numerators, and construct a
general class of theories of the form

b,
Mn,tree = Z Qo:29: . (232)

d,.
(n) gi
gi€ry”



where the numerator weights a4, and by, are local functions of color and kinematics that
obey the same algebraic relations of eq. (2.29), subject to a suitable gauge choice. As long as
both the a-stripped ordered amplitudes and b-stripped ordered amplitudes are consistent
across multiplicities via factorization, we call such theories double-copy consistent. By
construction they are local and invariant under generalized gauge transformations acting
on each set of numerators.

It is worth also briefly mentioning how this process continues to loop level. In Yang-
Mills, at L loop level, the n-point amplitude in D dimensions is given by,

L D

d=/ 1 ¢in;
YM _ L-1 _n—2+42L l 1 oeing 9 33
An,L—IOOp 1 g l:r{/ (27T)D i S: d; ( . )

where /; are the loop momenta, the sum is over all cubic diagrams that can be built from
Feynman rules with distinct color structure c¢;, the d; are products of propagators for each
internal line. The n; depend on contractions of the various kinematic quantities (including
loop momenta), and S; are symmetry factors. Then, the corresponding gravitational theory
has loop amplitudes [1, 2] of the form,

YM
Mn,L—loop = An,L—loop

(2.34)

l{>n2+2L L / dDZZ 1 fign;
1/ '

o 1
ci—Ng,g—K/2 2 27T)LD ; Sl dl

As noted previously, the above considerations naturally extend to theories other than
Yang-Mills. The key to the double-copy in all of these cases is finding color-dual kinematic
numerators ng, i.e. that satisfy the Jacobi relations eq. (2.29). The goal in this paper is
to double-copy sYM with a color-dual theory of vectors coupled to pions, which we will
build up using an on-shell bootstrap. Once we have done so, we can replace adjoint color
factors with color-dual sYM numerators, thereby constructing the desired observables in a
putative theory of VA fermions coupled to supergravity.

2.5 Unitarity methods

We presented gauge-invariant building blocks of gauge theories in terms of easier to com-
pute, purely kinematic partial amplitudes, and we saw how it was possible to have algebraic
constraints on the building blocks of such partial amplitudes by imposing color-kinematics
duality on the numerator factors. How do we know that these partial amplitudes are con-
sistent with the theory we mean to be talking about? Generally they must satisfy what are
called unitarity cuts. At tree-level, this is simply factorization to lower-multiplicity on-shell
amplitudes, summed over states in the cut. The requirement of such consistency allows
for verification, and verification is sufficient for construction, as we will shortly discuss.
Furthermore, by considering ordered amplitudes that contribute to ordered-cuts, far fewer
graphs will be needed for any given cut.

To proceed, we note that the sum of scalar states is trivial, and that the sum over
massless vector states is given by the following completeness relation in terms of formal

polarizations on a cut leg with momenta k:
k*q¥ + gHk¥
Yo ke (k) =" — P 7 (2.35)

sEstates

~10 -



where ¢ is an arbitrary null reference momentum that must cancel out in any physical
quantities, such as ordered amplitudes.

As an example, consider the sja-channel cut of the partial amplitude AYM(1234) =
ns/s12 + ni/s14. We are looking to verify,

Hm s19A(1234) = Y A(1,2,15)A(—15,3,4) (2.36)

—0
512 scstates

where A(abc) = n3(abc) is given in eq. (2.7). From the Lh.s. of our cut equation we have:

lim s12A(1234) = ng|

s12—0 5120

= n(1234)[,,, o
= A(1727 Z)A(_l7 37 4>‘5(l)“€(7l)"~}77“” . (237)

In the last line we have exploited the property that — on the cut — the contact term drops
out of eq. (2.13), and the remaining inner product in the numerator can be written as a
product between two on-shell three-point amplitudes if the cut-polarizations are interpreted
as a spacetime metric. This is manifestly equal to the r.h.s. of our cut equation — since in
eq. (2.35), only the metric contributes in our sum over states, as k; - [ = 0 for all external
legs i due to three-point on-shell kinematics [35].

2.6 Unitarity based bootstrap

One can invert verification to construction in the form of unitarity-based bootstrap meth-
ods [29, 30]. This is a longstanding approach applied to both tree amplitudes and loop-level
integrands. We will focus here on the idea of requiring the duality between color and kine-
matics in conjunction with unitarity based factorization.

Let us consider as an example a bootstrap through four-point for the amplitudes as-
sociated with the covariantized free scalar: £ = (D¢)? + Tr(F?). We have already fixed
the purely gluonic sector, so we are left to consider amplitudes involving scalars. Consider
the three-point amplitude between adjoint scalars and a massless vector. The color weight
will be of the form f%¢ and so the kinematic weight is incredibly restricted. As all dot
products between on-shell external momenta vanish for three-point kinematics, the only
three-point amplitude one can write down is:

AP (1,2,34) = g™ (ks — ko) - €. (2.38)

Strictly speaking we could have given a new coupling to the three-point amplitude at this
stage, but consistency at four-point will force the same coupling as the three-point gluon.

At four-points, the first and simplest amplitude to consider is one with all-scalar ex-
ternal states. The full four-point amplitude will be of the form,

AP’ (1,23, 4) = ¢2 (”568 4oy n“0“> . (2.39)
512 514 513

The kinematic weight will be linear in Mandelstam invariants if it is to factorize to
eq. (2.38). Requiring the duality between color and kinematics lands us uniquely on the
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kinematic weight up to a constant of proprtionality, &,
n PO (i5kD) = € (s — sj1) - (2.40)

Here n, = n(P9)” (1234) and others following standard relabeling as for the gluonic numer-
ators previously constructed in eq. (2.13). Factorization on the sjs-channel requires

n(D¢)2(1234)|512ﬁ0 = 5(813 — 523)|812_>0 (241)
=2£¢513 (2.42)
= A(1,2,145)A(—las,3,4) (2.43)
= (k1 —k2) - (k3 — k)|, 0 (2.44)
= 4813 (245)

fixing the constant of proportionality & = 2. The only remaining amplitude to consider
through four-points is the two-gluon two-scalar amplitude. In this case we actually have two
distinct graph topologies — one where each of the external gluons interacts with a separate
vertex connected by a scalar propagator, ny, and one where the two gluons interact at the
same vertex, ny;. When legs labeled 1 and 4 are vectors, we have,

csnI(1A727374A) + Cth(]-A74A7372) + Cunl(lA)3)274A)>

AP (14,2 3 44) = g2 (

512 514 523

(2.46)
14,2,3,4 14,44,3,2
292 (cs |:A(]_234) = TLI( Ay 4y 9, A) + nH( Ay, TA, 9, ):|
512 514

14,3,2,4 14,44,2,3

+ e [A(1324)z mu(la,3,2,44) | malla,da2 )D (2.47)
512 514
The duality between color and kinematics requires that:

nir(la,44,3,2) =n1(14,2,3,44) —n1(1a,3,2,44), (2.48)

which is manifestly antisymmetric under exchange j <+ k. Thus, we need only give an
ansatz to ny. At this mass-dimension, a spanning set of independent Lorentz invariants is
simply:

{e1-e4,61 - ka,e1 - ka,e4 - k1,64 - ko, 513, 514} (2.49)

and our initial ansatz is thus:

n1(14,2,3,44) = €1 - €a(&1513 + 2514) + (€1 - ko) (E3(ea - k1) + Ea(ea - k2))

(2.50)
+ (€1 ka) (§5(ea - k1) + Eo(ea - 2))
Fixing on the s-channel ordered cut of A(1234),
nl(lA, 2, 3,4A)|312—>0 = A(lA, 2, Z)A(—l, 3,4A) = —4(61 . kQ)(€4 . ]{‘2) y (251)

yields &1 = &, &4 = 4, and &3 = &5 = & = 0. One can fix the remaining parameters by
either considering the t-channel cut,

ni(14,44,3,2)|sum0 = > A(la,4a,1a,5)A(—1a5,3.4), (2.52)

- 12 —



A (12345)

A+ (12345)

sq5—cut

Figure 2. Inductive ladder of higher-derivative contacts for the pure-vector theory generated by

cuts of the form Aék) leut ~ (Aflk)A?{M + Aik_l)AB,F *) and considering double-copy consistency, where

ASZ“) denotes n-point amplitudes appearing at mass-dimension o/*.

or demanding gauge invariance of A(1234). Either of these constraints fixes {3 = 1. This
yields ultimately,

TLI(lA, 2, 3,4A) = —4(/{72 . 51)(k3 . 84) — 812(51 . 84) s (2.53)

and we are done through four-points. Note that the presence of s;2 means that our boot-
strap yields the contact-term required for the gauge-invariance of (D¢)?. We will employ
a similar strategy to attempt to couple pions to vectors in a color-dual fashion.

2.7 Vector tower coming from Tr(F?3)

We will see that the Tr(F3) operator must be included in our first candidate color-dual
vector-pion theory, and this has consequences. Here, we briefly review the relevant results
of [23] which described the color-dual bootstrap for a pure-vector Yang-Mills theory de-
formed by Tr(F3), which ultimately must be a part of the vector-scalar theory that we
consider in this work. It was shown in [23] that an action of the form?

1 2 9o/ 3
LYM+F3 = _Z TI'(F ) + ? TI'(F ) 5 (254)

while obviously gauge invariant, is not color dual to all tree-level multiplicity at all orders
in o/. Instead, it appears that in order to make the theory double-copy consistent, one
must add an infinite tower of higher-derivative operators with increasing powers of /. This
is required even at low multiplicity.

Consider the four-point amplitude. The action in eq. (2.54) gives a four-point ampli-
tude at O(a’?) by combining two o' Tr(F3) vertices. This amplitude is not color dual by

3To compare the notation of [23] to the current paper, we note that [23] had g = 1. Restoring powers of
g, the coupling of Tr(FS) should be ga’ as in eq. (2.54), which allows us to match the two notations with
the identification o/ = —A/g>.
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itself, but can be made so by adding a term proportional to a2 Tr(F*4) to the theory [36].
The new o’ Tr(F*) term then contributes to the five-point amplitude. In particular, there
is an O(a’3) contribution at five points coming from combining o/? Tr(F*) with o/ Tr(F?3).
This contribution was also shown to not be color dual by itself. To make it color dual, one
has to add a new operator at four points, schematically /3 Tr(92F*), which combines with
the O(a’%) three-point vertex in eq. (2.54) to give an O(a’3) contribution at five points
and make the amplitude color dual at that order. However, the new o' Tr(9? F*) can now
combine with o/ Tr(F3) to give an O(a’*) contribution at five points, which again is not
color dual, but can be fixed by a term schematically like o/ Tr(9*F*). The essence of
this cut-consistency is outlined in figure 2. Thus, by just considering the four- and five-
point amplitudes, this tower was conjectured to continue indefinitely, requiring an infinite
number of higher-derivative operators to be color dual and satisfy the correct factorization.

3 Bootstrapping to a color-dual vector-pion theory

One might expect that a color-dual theory involving vectors and pions would be an in-
evitability. After all, both pure NLSM amplitudes [19, 37] and pure gluonic amplitudes are
double-copy consistent [38, 39] to all multiplicity. While one can be inspired by color-dual
all-vector amplitudes and all-pion amplitudes, the existence of a double-copy consistent
theory admitting mixed pion and vector amplitudes is an open question that we will now
begin to address.

3.1 Gauged nonlinear sigma models

A natural first step would be to couple Yang-Mills to the NLSM via simple covariantization,
by promoting 9, — D,. Consider then the covariantized NLSM Lagrangian® for SU(N)
adjoint scalars m = 7T coupled to gluons 4, = A7T*,

1 1 -1 -1
LT = L Te(F?) 4 S Tr [(1 ~Ar?) " Dy (1-An?) D“w} : (3.1)
where A is related to the pion decay constant f; by A ~ 1/f2, and the covariant derivative
is given as

Dym = (0,n" — igfabcAZWC)Ta . (3.2)

Such theories, also with additional operators, have a venerable history in the literature, see
refs. [40, 41] for some earlier examples, and are referred to generally as gauged nonlinear
sigma models (e.g. [42]).

Our approach is as follows. We take eq. (3.1) as our starting point for a theory of vectors
and scalars. We then look at amplitudes of increasing multiplicity and check whether they
are color dual. Finding that at five-points they are not, we will modify eq. (3.1) using
the color-dual bootstrap, essentially adding new operators to eq. (3.1), to ensure that the
resulting theory is double-copy consistent. In the end, we find towers of higher-derivative

4Starting from the form of the pion action given in e.g. [19].
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operators that must be added to eq. (3.1) in order for the amplitudes to be color dual-and
satisfy consistent factorization to lower-point amplitudes.

All tree-level amplitudes in this theory through four-points are already known to be
color dual. The all-vector amplitudes belong to the predictions of Yang-Mills theory.
The O(A) contribution to the all-scalar four-point amplitude belongs to the predictions
of NLSM. The remaining contributions through four point belong to the scattering ampli-
tudes of the covariantized free-scalar theory, sometimes referred to as the simple-scalar, i.e.
A — 0 in eq. (3.1). The first opportunity for an amplitude original to the theory eq. (3.1)
is at five points, which we discuss in the following section.

3.2 Tr(F3) from double-copy consistency

To begin, we look at the O(gA) behavior of A" (rrnmwA), with a factorization channel
involving the characteristic four-pion amplitude as well as the three-point scalar-vector
interaction. Through explicit calculation from eq. (3.1) we find that the tree-level five-
point amplitude A" (rrrmA), fails to satisfy the consistency relations of ref. [1] required
to participate in standard double-copy construction. Recall, however, that we only care
about the theory of eq. (3.1) as a starting point. There are any number of gauge-invariant
operators one might introduce, and indeed may be required, for the full theory to be
double-copy consistent, as described in [23].

There are two approaches to resolving this issue that we follow. A potentially more
radical solution is to admit the possibility that pions may belong to possibly distinct fields
— breaking exchange symmetry between scalars. We leave the discussion of such a model
to section 6. The more conservative approach, which we consider now, is to simply admit
higher derivative corrections to the fields we have already present in our theory. To identify
the requisite operators, we follow the color-dual bootstrap approach of starting with an
ansatz for the amplitude of the appropriate kinematic mass-dimension and little-group
scaling. We then establish whether or not it is possible to fix parameters so that our
desired scattering amplitude is color dual and satisfies the generalized unitarity cuts we
value. Previous examples in the literature of a similar approach include bootstrapping
NLSM pion amplitudes in ref. [5] and massive scalar QCD in ref. [33]. In these cases, at
a given kinematic mass-dimension, satisfactying color-kinematics duality and factorization
alone entirely constrain the amplitudes of the theory.

In the current problem of identifying the existence and nature of a not-completely
specified theory, we recognize that we might not have included at lower multiplicity all the
interactions required to admit both color-kinematics duality as well as healthy factorization
at five-points. So as far as factorization is concerned, we will at first only insist that our
five-point amplitude of the correct mass-dimension must be color dual, and satisfy the
factorization to four-pion scattering

As(mr7m A)| (kg gk )-cut = Aa(mrmm) X Asz(rmA). (3.3)

We will learn what was missing from the simple covariantization of eq. (3.1) by probing
the analytic structure of this new color-dual amplitude.
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Five-point amplitudes with four external scalars can be expressed in terms of kinematic

and color dressings of the fifteen distinctly labeled cubic (trivalent) graphs, F:(f)),

CgNlyg
dg

A5(]~7T7271'537T7471'55A) = Z (34)

(5)
gel'y

The color-weights ¢, are given by dressing each vertex with adjoint structure constants,
fa¢ the propagators dg are dressed as normal for massless particles, and any remaining
kinematics and coupling constants are absorbed into the kinematic numerators, ng.

The fifteen graphs contributing to the five-particle amplitude can be described as
relabelings of only two graph topologies when one encodes external particle type in the
structure of the graph. In our case the four equivalent particles are the pions, and the lone
distinct fifth particle is the vector. The basis topology graph, with external gluon on a

terminal vertex, we will refer to as g1,

3
gl(lﬂa27r737ru47r75A) = F----- I~ ————— . (35)

1 )

The other topology, g2, has the external vector on the central vertex,

g2<17ra27r737ra47r75A) | N % ————— . (36)

3 2

Note in neither topology do we bother assigning a particle type to the internal legs (rep-
resented as dashed edges here). All propagating particles are massless and it does not
affect dressing the graph with kinematic weights, color-weights, or its propagators. Con-
tact terms are included by allowing for terms proportional to inverse propagators in the
kinematic numerators of the cubic graphs.

A color-dual kinematic Jacobi relation gives the kinematic weight of the second topol-
ogy, n(g2), in terms of two labelings of the first, n(g;),

n(g?(lTH 271'7 3%7471'7 5A)) - n(gl(lﬂ'a 27T7 37‘(7471'7 5A)) - (3 H 4) . (37)

All fifteen graphs in eq. (3.4) are thus given by the kinematic weight of various relabelings
of the basis graph g1, or linear combinations thereof. Thus, we need only give an ansatz of
the correct mass-dimension and little-group scaling to n(gy). Little group scaling demands
a polarization for the gluon, e5, in each term. For the O(gA) contribution to As(rrrmA),
we require n(gi) to be third-order in Lorentz-invariants, (k; - k;)(k; - km)(kn - €5). In terms
of a minimal basis of on-shell kinematics, the ansatz starts with 45 free parameters. We
enforce color-kinematics by imposing antisymmetry of each vertex as well as kinematic
Jacobi on every edge of both graphs. All remaining parameters are constrained uniquely
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via the four-pion cut eq. (3.3) and the vector Ward identity. In contrast to the amplitudes
constructed from the L£V7 of eq. (3.1), we can now build the partial amplitudes that
satisfy the color-dual BCJ relations at five-point,

() (5) (5) (5) ()

A5(17r; % 3. Ao, 5A) _ gA S35K9 ~ — S25K3 + 835525K19 n S25K3 ~  535K9
523 512834 534 512 3.8
524"155) 8135515) (5) )
+ 3 - + 1%24 3
S15 S45

where Sij = (k‘z + k‘j)2, and H§5)J = (k‘z —+ o+ /ﬂj) - E5.

Now we can see what was missing from the simple gauged NLSM in order to manifest
the duality between color and kinematics. Had we just considered the contribution from
L™ only the final term in eq. (3.8) would have been generated. As can be seen in the first
line, the newly constructed A(1x,2x,3x,47,54) has a two-propagator residue, admitting a

non-vanishing maximal-cut proportional to gA contributing to the secondary gs topology,

4 1

g { .

3 2

A5(17r7 27r7 37r7 47r7 5A)’g2 Max.Cut —

-y -
-y -

If we had required that the above channels vanish (as they do for the theory of eq. (3.1))
then we would not have found a color-dual solution. This cut can only be satisfied at this
mass-dimension (in a non-abelian manner) by the inclusion of amplitudes associated with
the Tr(F3) operator® whose coupling is fixed to be gps = A/g. Intriguingly, Tr(F?3) was
the first higher-derivative vector operator found to be compatible [36] with adjoint-type
double-copy, at least for all amplitudes admitting only single-insertions [43]. This leads us
to the following starting point for the double-copy consistent theory for YM + ,

L8n O LT = T TH(EY) 4. (3:9)

In the next section we will demonstrate that this is just the beginning. Once Tr(F?3) forces
itself into the conversation, we find for double copy consistency that an infinite tower of
scalar-vector operators are needed at fixed multiplicity, thereby pushing both scalar and
vector sectors of the theory into concordance with particular ultraviolet completions.

4 Completing the vector-pion theory under double-copy consistency

4.1 New contributions for vector amplitudes with zero scalars

The first set of amplitudes to consider are the all-vector observables resulting from the
inclusion of Tr(F®) to the Lagrangian of eq. (3.1). As reviewed in section 2.7, these

5 Additional higher-derivative contact interactions may be required by double-copy consistency. We also
note that the Tr(F?) operator that we consider here is the only other independent all-vector three-point
amplitude besides the one contained in pure YM. In our notation, it is given explicitly by Tr(F3) =
Tr(F,"F,PF,*).
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contributions were identified in [23], where the interplay between pure Yang-Mills theory
and Tr(F?) induces a ladder of higher-derivative four-point local contact terms. The
coefficients for a subset of the available color-dual contacts are completely fixed by the
gauge coupling, ¢, and the dimensionful Tr(F3) coefficient, gps = A/g, when we demand
that the theory is double-copy consistent. By setting any additional higher-derivative
freedom to zero, we find that for £ > 2, the required color-dual contacts take the form:

AN tr[F) Fy) tr[ F5 F.
AP 203040) = 8 () ux l PARIIRI) et eve@ .|, (@)
12
where
Y=kl — krel, (4.2)
and 312 4
ATV Q@) AP 2 g, (4.3)

It will be helpful to note that Ail) is intimately related to the AP amplitude of [44] as
written in D-dimensions [45],
2
AWY = 4F* _ APE)" (4.4)

As stated above, these are precisely the building blocks that appear in the inductive ladder
described in section 2.7. By considering pure-vector contacts that contribute to two-scalar
three-vector five-point amplitudes via factorization, we have now been able to explicitly
verify eq. (4.1) through O(A%).

In ref. [23] it was conjectured that the resulting two-parameter effective field theory
can be resummed to (DF)2 + YM theory, first identified in [44] when considering whether
conformal gravity is double-copy constructible. The amplitudes generated by the (DF)? +
YM Lagrangian have been used in the double-copy construction of open bosonic string and
heterotic string amplitudes at tree-level. The conjectured resummation of the inductive

(k

ladder in ref. [23] is due to the observation that if one collects A, ) to all orders in mass-
dimension, this is equivalent to a low energy expansion of the four-point ordered (DF)? +

YM amplitude:

) ’ tI‘[FlFQ] tr[F3F4]

-2 A(DF)?+YM (D
g ADF)*+ (1234) = A(1234) +aA(1234) a'u (L + o's12) + cye(2,3,4)
(4.5)
(k
= AE%AM) +a'A 1234 + Z a'*A 1%34
Recall, as stated in section 2.7, the dimensionful coupling o/ = —A/g?. The additional

freedom alluded to above was then described in ref. [23] by the following double-copy
consistent higher-derivative vector amplitude:

AliSay) = AP )HYM(1934)
z>1,y

1+ > ¢ my)agfag] (4.6)

where o3 = (stu)/8 and oy = (52 + t2 4+ u?)/8 are permutation invariants of four-point
kinematics. Again, by considering two-scalar three-vector factorization, we have verified
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that the double-copy consistent building blocks in our tower are reproduced by the low
energy expansion of eq. (4.6) up through O(A®), at which point there are two additional
free parameters, c(1) and c(y,1). Thus, it would appear that in order for our candidate
vector-pion theory to satisfy the duality between color and kinematics to all-multiplicity,
we are interested in a Lagrangian of the form, (DF)? + YM + 7 + ..., where the ellipses
denote the potential of additional higher-derivative operators that are unconstrained by
double-copy consistency.

For the remainder of this section, we will focus our attention on the operators whose
Wilson coefficients are fixed completely in terms of A and g, and thus required by double-

copy consistency, and allow all unconstrained freedom in the free parameters, ¢ to

z,y)>
vanish.

4.2 New contributions for vector amplitudes with two scalars

Now, in our vector-scalar theory, the inclusion of Tr(F?) creates a new O(A) contribution
at four points to the two-pion, two-vector scattering amplitude, A4(mmAA). Consider the
four-point scattering where legs one and two are pions, and legs three and four are vectors.
Demanding factorization to the correct Tr(F?3) vertex and double-copy consistency, there
is a new A contribution to the partial amplitude,

AP (17, 20,34,44) = Ag[(/ﬂs ve4)(ky - e3) — (k3 - ka)(es3 - 84)] : (4.7)

where s = (k1 + k2)%, u = (k1 + k3)?> = —s — t, and for the remainder of the paper, the
superscript (¥) denotes k-th order in A.

We also find that demanding factorization and double-copy consistency has forced an
additional two-pion-two-vector contact operator. This can most easily be seen by consid-
ering the other ordered amplitudes given by the BCJ relations. At four-point these are

A4(17ra27r73A74A) _ A4(17r727r74A73A) _ A4(17r73A;27r74A)
u t s ’

(4.8)

which is true for our amplitudes by construction. Then, we can see from eq. (4.7) that the s-
channel pole in A4(1,,34,2,44) cancels, making it a pure contact term. For completeness,
the full color-dressed amplitude is given by
Ag(1r, 2,34, 4
Ay(rmAA) = (csu+ cys) 4(Ln, 2, 34, 44) (4.9)

u

With the inclusion of Tr(F3) and an O(A) contribution to A4(rrAA) required by
double-copy consistency, we are now forced to consider contributions to As(rmrAAA) at
O(A?). We proceed with the same procedure as the previous section, constructing an ansatz
that respects mass-dimension and little-group scaling, and then impose BCJ relations, and
we will find an inductive process, in the same spirit to that identified in [23] and reviewed
in section 2.7, that generates a tower of higher derivative operators with Wilson coefficients
fixed in terms of A and g.

After requiring that our kinematic weights are color-dual, we can fix the remaining
freedom on consistent factorization to the available lower multiplicity building blocks. At
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A (1724374454)

O(A™)

S45—cut

An+1) (1#2A37T4A5A)

O(An+1)

s45—cut

Figure 3. Inductive ladder of higher-derivative contacts generated by consideration of color-dual
consistency and cuts of the form A(rrAA) x (AYM + AL”).

this mass-dimension, the O(A) partial amplitude of eq. (4.7) will contribute to a three-to-
two-particle generalized unitarity cut with Tr(F3). This will leave the Tr(F?) contribution
to the two-particle cut available to interact with a potential O(A2?) contact on the other
side of the cut, if required by double-copy consistency (shown in figure 3 for general mass-
dimension). Indeed, we find that an additional four-point contact term is required of the

form,
2

AP (1, 20,34,44) = ‘;\2 w[(ks - ea) (ks - €3) — (ks - ka)(ea -€a)] (4.10)

for our candidate vector pion theory to continue to respect double-copy consistency. By
the same logic, this now requires us to further consider contributions at the next order
in A — yielding yet another four-point contact at O(A3). In fact, we observe that in
order for As(mmAAA) to be consistent to all orders in A, contact terms contributing to
the partial amplitude, Az(lk) (rrAA), at O(A*) must be completed by an additional contact
Aé(lkﬂ) (rmAA) at O(A**+1), as required by double-copy consistency. This inductive process
is sketched in figure 3. It turns out that the general form of these color-dual four-point
contributions at each additional order in mass-dimension can evidently be written as,

k
A) usk_IM, (4.11)

AP (15,20,34,44) = 2<
4( ) 4y DA, A) g 92 s

where the superscript k counts additional orders in mass-dimension, and FZ-“ Y is given in
eq. (4.2). The resulting tensor,

B = B F nupnve = —2| (ki - 25) (ks - &) = (ki - ky)(ei25)] . (412)
is the same tensor structure found in eq. (4.7) and eq. (4.10), for example. We have

explicitly verified eq. (4.11) up to O(A®) when unconstrained freedom in higher-derivative
Wilson coefficients is set to zero.
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A(1727374" 54 o

Figure 4. Generalized unitarity cuts used to constrain BCJ satisfying partial amplitudes con-
tributing to As(mmmmA). Given the existence of Afln) (rmAA) at any order O(A™), an additional
four-point all-pion higher-derivative contact is required to maintain double-copy consistency at five-
point, such that Ai")(mrAA) = Afln) (o).

4.3 New contributions for vector amplitudes with four scalars

With this tower of contacts contributing to A4(rmAA) in hand, we can immediately see
that additional higher derivative corrections must be added to the all-pion amplitude,
Ay(mrmm), in order for Asz(mmmmA) to be double-copy consistent to all orders in mass-
dimension.

Imposing the factorization constraints in figure 4, and setting any remaining freedom
to zero, we find that the four-point ordered amplitude contributing to the all-pion cuts at
a given order in A takes the form,

A k
AP (1r, 20,37, 47) = ¢ (g2> u [s’“‘l AR A I (4.13)

We have verified through O(A®) that four-point amplitudes of the form stated in eq. (4.11)
and eq. (4.13) are required for double-copy consistency at five points.

5 Analysis of the double-copy consistent vector-pion theory

In this section we will identify out some novel features of this candidate vector-pion theory,
and some directions for future studies. To begin, we provide a set of tables that display the
additional color-dual operators that are required for our conjectured vector-pion theory.
All cells that appear with a diagram indicate that the amplitude has been constructed,
and is available in the ancillary file.

5.1 Summary of new contributions

Cells in green correspond to amplitudes that are generated by the Feynman rules of
eq. (3.1), our starting point. The four-pion five-point amplitude in table 3 is highlighted
in red, to indicate that it is the first amplitude that forced us to consider additional op-
erators; these additional operators, that served as the base-steps of our inductive tower,
are highlighted in yellow in tables 1 and 2. Finally, the bold-face numbers in each cell
correspond to the number of free Wilson-coefficients generated by our bootstrap. These
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Table 1. Three-point amplitudes for 2k pions — Green cells contain amplitudes generated by
eq. (3.1). The additional Tr(F3) interaction highlighted in yellow was needed in eq. (3.8) for
double-copy consistency.

o (7] = 2k . — —
n=>0 0
n=1 0
n=2 0
n=3 L
n=4 L
n=>5 )

Table 2. Four-point amplitudes for k pairs of pions — Green cells contain amplitudes generated by
eq. (3.1). The additional interactions highlighted in yellow were needed in eq. (3.8) for double-copy
consistency.
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o= . o —
n=20 0
n=1 0
n=2 0
n=3 1
n=4 1
n=>5 3

Table 3. Five-point amplitudes for k£ pairs of pions — Green cells contain amplitudes generated
by eq. (3.1). The amplitude highlighted in red violated BCJ relations when only considering in-
teractions of eq. (3.1). This amplitude, A°°V™ needed additional interactions in eq. (3.8) to be
double-copy consistent.
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||7l| = 2k
O(A™)

Table 4. Six-point amplitude for 3 pairs of pions — Green cells contain amplitudes generated by
eq. (3.1). The additional contribution at O(A?) is required for double-copy consistency of the full
vector-pion theory.

additional parameters are unconstrained by double-copy consistency and five-point factor-
ization; however there could in principle be additional constraints at higher multiplicity.

As outlined in the review of unitarity methods in section 2.5, these amplitudes were
constrained by (1) color-kinematics (2) factorization and (3) gauge invariance. To elucidate
the requisite four-point contacts through O(A®) and the available freedom, we only consid-
ered color-kinematic and factorization constraints on the same mass-dimension five-point
amplitude; and did not perform the computationally onerous process of further imposing
gauge-invariance. For this reason, the zero- and two-scalar five-point amplitudes at O(A®)
are left blank.

In addition to the three-, four- and five-point amplitudes, we have constructed the
all-scalar six-point amplitude at NLSM mass-dimension, O(A2). Due to the inclusion of
a five-point amplitude at O(A?/g) required by double-copy consistency, there is a novel
correction to the pure NLSM six-point amplitude, shown in table 4. We will discuss the
implications of this in more detail in the next subsection.

5.2 Modifying NLSM and thus DBIVA behavior

As suggested in table 4, the existence of five-point contributions at O(A?/g) to A(rrrmA)
mandates corrections to the already color-dual six-point pion amplitude for our theory.
This additional O(A?/g) term leads to non-trivial corrections to the pure pion six-point
amplitude at O(A?), such that
2
APE) M “(123456)]A2 — AT(123456) + A2V (123456) (5.1)
where the first term is the usual six-point NLSM partial amplitude:

A7 (123456) = 9A {813846 + 285 Tt 5135] (5.2)
5123 5234 5345

and the novel contribution appearing at O(A?) takes the form:

1 [ (815 + 825)T $36T 835 + $36)T
ARV (123456) — A2 lQ (( 15 + 825) T12/34 | 536TI2Ns (835 + 536) 12|56>

512534 512545 512556 (5 3)
T -7
+ M — (814 + 823) + CyC(l, 2,3,4,5, 6)]
12
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where we have introduced the notation, Tijlkl = SikSjl — SilSjk- The novel contribution,
AV, has non-vanishing residues on cuts that expose individual three-point amplitudes,

(5.4)

This new contribution alters the Addler’s zero behavior of the theory. Note that A" does
not contribute to typical factorization channel available to six-point NLSM pion amplitudes,
the sewing of two four-point trees. It is particularly interesting to note that this novel
contribution to the six-point amplitude independently satisfies the BCJ relations, unlike
the additional term in eq. (3.8) that was required to make A(mmmmA) color-dual. The
identification of the coupling with A? is only required by double-copy consistency with the
lower-multiplicity results found thus far. The gauge theory cut, depicted above, will then
lead to a non-vanishing factorization channel in the resulting double-copy to DBIVA+Weyl-
Einstein supergravity:

.AG()\VA . AVA)

™ D7 As(AVE - AVA 1) Ag(—15, AVANYA) (5.5)
Ut iates

This is obviously in contrast to the usual behavior of pure DBIVA, that mandates fac-
torization to three-point trees vanish in the scattering. As both contributions above in
eq. (5.1) appear at O(A?2), it is not possible to tune the interaction to recover pure DBIVA
theory from the resulting double-copy.

We must admit this is a somewhat disturbing aspect of our construction — we wished
to build Volkov-Akulov coupled to supergravity, but we seem to have altered the very soft-
limit behavior we identify with Volkov-Akulov scattering to begin with. Does this destroy
the nilpotence associated with the fermionic field in DBIVA uncoupled to supergravity?
The answer to that question awaits future work. We note that the more radical construction
presented in section 6 does leave DBIVA behavior unmodified to all multiplicity at the cost
of manifest exchange symmetry between scalars in the constituent gauged NLSM theory.

5.3 Resumming to dimensionally reduced (DF)? + YM

Was it in some sense inevitable that an effective field theory of identical scalars, NLSM,
could only be combined with an effective field theory of vectors, (DF)? + YM, in a double-
copy consistent way? We are prepared to conjecture an answer by considering the suggestive
field theory question: what is the dimensional reduction of (d+1)-dimensional (DF)?+YM,
a known color dual theory, to d-dimensions?

We can perform a dimensional reduction of this form directly at the level of amplitudes.
To do so, we will define the (d + 1)-dimensional momenta, K,, and polarizations, &,, as
follows:

Ko=(ku,0)s &= B (5.6)
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where p takes on values in the lower dimensional subspace, © = 0,...,d — 1. When
we identify the pions with the extra-dimensional polarization mode, &,—4, one finds that
the building blocks in eq. (4.5) exactly reproduce the scalar amplitudes in eq. (4.11) and
eq. (4.13). The same goes the for available five-point amplitudes through O(A*).
Furthermore, this dimensional reduction procedure is in one-to-one correspondence
with the application of transmutation operators, 7;; = a(%_ej), of Cheung, Shen, and
Wen [46, 47], related to the ‘generalized dimensional reductions’ of Cachazo, He, and
Yuan [19]. So the observation that the all-vector building blocks in eq. (4.1), generated by
L(pry24+ym, are secretly related to the mixed vector-pion color-dual building blocks iden-
tified in eq. (4.11) and eq. (4.13) can be neatly captured by the following set of relations:

Ain)(L” 2Tra 3147 4A) = 7—12 © Aé(ln)(lAv 2147 3A7 4A> (57)
A (15, 22,30, 47) = (TiaTos + cye(2,3,4)) 0 AU (14,24, 34,424) (5.8)

Dimensional reduction does not seem to affect the double-copy consistency [5], but does
offer consistently interacting scalars. Likewise, performing this dimensional reduction on
the (DF)? + YM Lagrangian yields the type of interaction terms required to build the color-
dual mixed amplitudes we have presented here through six-points. So adding appropriately
weighted higher derivative vector operators to the covariantized NLSM seems exactly the
right approach to build a theory compatible with the double-copy web of theories through
the interactions we have yet explored.

The double-copy of sYM with (DF)? 4+ YM is known to yield a Weyl-Einstein type
conformal supergravity (CSG) [44],

ACSG _ gsYM Q A(DF)2+YM . (59)

This theory is related to the gravitational amplitudes in the heterotic string by a particular
choice of Wilson coefficients for an additional tower of double-copy consistent higher deriva-
tive operators. Our conjectured vector-pion theory double-copied with sYM is then related
to this family of Weyl-Einstein type conformal supergravities, by what appears to be a
sort of dimensional reduction — but one that only applies to one factor in the double-copy
construction. Our model appears consistent with the behavior of modified Volkov-Akulov
fermions dynamically coupled to spacetime of interest in a-attractor models, which nat-
urally reside in gravity theories where the super Poincaré symmetry is upgraded to the
super-conformal group [48]. This arises from a candidate vector-pion theory that is related
to the color-dual (DF)?+YM via dimensional-reduction. All-order in A predictions in this
theory could be extracted directly from any multiplicity (DF)? 4+ YM theory amplitudes.

Moreover, constructing the Lagrangian for our vector-pion theory, with all residual
higher-derivative freedom set to zero, is just a matter of redefining the gauge fields, A, —
(Au,m)q and projecting the derivatives down to the lower dimensional subspace, d, —
(Ou,0)q. This gives us the following conjecture for the Lagrangian that reproduces the
amplitudes constructed in this paper:

0a—(0u,0)a

Lppzyvmer = Lorpeiym| S (5.10)
a wiT)a
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The observation that a double-copy consistent vector-pion theory could be equivalent
to the dimensional reduction of (DF)% + YM + HD also sheds some light on the question
of why we cannot recover the usual NLSM Adler’s zero condition from taking limits of
coupling in our theory. Since the o in (DF)? + YM-amplitudes is related to the pion
decay-width, o/ = —A/g?, the limit g — 0 is equivalent to the o/ — oo limit, where
the theory becomes a dimensional reduction of the dimension six theory, £F ) [44]. In
this limit, dimensional reduction is one-to-one with dimensional truncation and all pionic
amplitudes vanish.

5.4 Helicity selection rule from new contributions

The tensor structure of eq. (4.7) is different from the standard Tr(F?) contribution, which
has particularly sharp implications for the helicity structure of gluon scattering in four
dimensions. The standard Tr(F?) term only contributes to this amplitude for mixed-
helicity gluons, while the Tr(F?3) operator only contributes to this amplitude for same-
helicity gluons. Using the four-dimensional spinor-helicity formalism, when the gluons are
both plus helicity the amplitude is simply

Ag(1y, 2., 3%, 4%) = A%[34]2, (5.11)

which starts at O(A) because the standard YM vertex does not contribute. It is worth
spending a few words considering the implications this has for the double-copy theory we are
attempting to build. Aiming for DBIVA 4 supergravity, double-copying these amplitudes
with /' < 4 super-Yang-Mills amplitudes, we now find in our constructed gravity theory
non-vanishing four-point interactions such as, e.g.:

As(VATAVATRTTY) = Ay WTATATAT) @ Ay(rmAT AT (5.12)

This is quantitatively different than the amplitude arising from the double-copy with only
the covariantized NLSM of eq. (3.1).

5.5 Double-copy consistency of massive Yang-Mills
The structure of the hidden tower of corrections also lends itself to studying the double-copy
consistency of massive gauge theory. By starting with the Proca Lagrangian,

L= —iTr(FQ) + %szr (4, AM] (5.13)

we can recover the starting point of this paper, (3.1), by performing a Stuckelberg trans-
formation on the gauge fields,

A, — éUTDMU (5.14)

where the U € SU(V) group elements are expressed in terms of the Cayley parameterization
as in (3.1), and A = m?/g?. The color-dual nature of this action was previously studied
in [49] with application to the double-copy construction of dRGT gravity amplitudes. As
we have outlined throughout the text, many of the irrelevant operators that one could add
to (3.1), included in the tables of section 5.1, will be required for double-copy consistency
in higher-multiplicity tree amplitudes.
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6 A flavorful approach to a color-dual vector-pion theory

Here we demonstrate a more radical possibility for building a color-dual gauged pion theory.
A recent study by one of the authors [50] demonstrated that D-dimensional gauge theory
amplitudes can be decomposed into building blocks that preserve all the partial amplitude
relations of the parent vector theory. This expansion, referred to as the reducible-amplitude
block-decomposition, takes the following form for Yang-Mills,

Llel/2]

YM _ (p)
Ay = D D A (6.1)
k=1 g2l

where p = (a1b1) ... (arbg) is a list of paired legs that appear as external labels in the
ordered list, o, and €,y = (€a,€p,) - * - (€a;,€p,) are dot products of D-dimensional polariza-
tions. The sum starts at k = 1 since all kinematic monomials for Yang-Mills at tree-level
contain at least one factor of €. The observation relevant for the following discussion is

that AEZ )) are kinematic functions that independently satisfy BCJ relations with a flavor

structure determined by p. Furthermore, the building blocks, Agg )), can be consistently
combined to produce pion amplitudes via the dimensional reduction of ref. [47],

1 S
EZ = —(k,0,ik"), &Y =(0,1,0), (6.2)
9fx
where momenta /C, live in the d-dimensional scattering subspace:
Ko = (kE,0,0). (6.3)

Applying this dimensional reduction to pure gluon amplitudes in D = 2d+1 dimensions will
yield NLSM tree-level amplitudes when two particle (ij) are projected along Y-directions,
and the remaining particles take on Z-polarizations [47]:

s = Al
Al(\iL2Mn) = AYM(Zla N TR 7YYJ" T Zn) = AEIJQ)“-”)

(6.4)

e%k'

These amplitudes can also be generated using Feynman rules from a Lagrangian that is per-
turbatively equivalent to NLSM given a particular weight of Z-particles [51]. Since they are
equivalent to a special dimensional reduction from Yang-Mills [47], they can be expressed
(i)

(12...n
Now let’s return to the starting point of this paper. In pursuit of constructing am-

in terms of A ) by considering how eq. (6.2) acts on the block decomposition [50].
plitudes for DBIVA dynamically coupled to spacetime via the double-copy, the goal was
to identify a double-copy consistent theory of NLSM pion interacting with gluons. While
the construction of eq. (6.4) introduces different particle flavors that obscures the scalar-
exchange symmetry of the NLSM Lagrangian, it does suggest an alternative approach to
higher derivative model analyzed in previous sections. Namely, one could augment the
flavored dimensional reduction in eq. (6.2) by introducing an additional gluon polarization
that is restricted to the d-dimensional subspace:

EA = (¢4,0,0). (6.5)
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Truncating gluons from D = 2d+1 down to d-dimensions provides a potential path towards
consistently coupling the longitudinal pions with gluons; albeit in a way that violates
exchange symmetry between the external pions. Take for example, the following four-
scalar five-point amplitudes at pion mass dimension:

(5) (5)
AgM(1Z, 2Y7 3Ya4Z7 514) = J <824/€1 - 813%4 + "{§54)> ? ~ 514A(14)(23) (66)
23

2\ s $45 (12345) »
g (sus”  sued s 14)(23
AN (v, 22,32, 4y, 54) = 2 ( o e T H§4)> ~ 52338150 - (6.7)
AYM _ 9 824/€§5) 824H515) (13)(24)
5 (1v,22,3y,42,54) = f,%( P >~324A(12345)- (6.8)

where the relationship of these amplitudes to Agg )) is due to the Ward identities derived
in [50]. It is worth noting that AYM(1y,27,32,4y,54) happens to be identical to the last
term in eq. (3.8). We remind the reader that this term is precisely the five-point amplitude,
ASVT | generated by the gauged NLSM Lagrangian of eq. (3.1):

Agov.ﬂ'(:lﬂ_’ 27” 37” 47” 5A) = AgM<1Y7 2Z7 3Z,4Y, 5A> (69)

However, given this definition, one can check that the four-pion five-point amplitude of
AV does not satisfy BCJ relations when the pions are taken to be identical bosons. This
observation led earlier to introducing an additional Tr(F?3) operator with coupling A/g in
section 3.2. Indeed, one can check that the following BCJ relation, eq. (2.30), does not
hold when applied to A®V"™:

81|2Agov.ﬂ—(17ﬁ 271’7 371'1 47T7 514) + 513|2A§)OV.W(17T7 371'1 27T7 47Ta 5A>

(6.10)
+ 513412457 " (15, 375 4r, 270, 54) # 0,

where s;;,.;, = ki - (kjy + -+ kj,).

In contrast, when we keep track of particle flavor for the dimensionally reduced pionic
amplitudes of eq. (6.7) and eq. (6.8), with Y- and Z-particles coupled to gluons, we find
that the usual BCJ relation does hold:

s1245 ' (1y,22,3z,4y,54) + s13pA45 " (1y,32,2z,4y,54)

(6.11)
+ s134243 M(1y, 32,4y, 22,54) = 0.

This is simply a consequence of Yang-Mills satisfying BCJ relations in D-dimensions, and
the pion-vector amplitudes above just being a special choice of D-dimensional polarizations.
Thus, the amplitudes generated using the dimensional reduction of eq. (6.2) and eq. (6.5)
are manifestly color-dual. Indeed an important feature of this model is that any m-point
tree-level amplitude with 2(m — 1) Z particles and 2 Y particles will match exactly the
same scattering amplitudes and have the same soft behavior as the NLSM.

Since we require no additional interactions beyond those generated by the dimensional
reduction from D = 2d + 1 dimensions, the six-point pure-scalar NLSM amplitude is unaf-
fected, and consequently the behavior of six-point DBIVA amplitudes in the double-copy
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theory coupled to supergravity is likewise unaffected. It is, however, worth noting that
eq. (6.6) has additional poles not generated by the gauged NLSM of eq. (3.1). In this
case, unlike the approach studied in previous sections, these additional residues avoid the
introduction of tr(F3) that forced a tower of higher-derivative pion-vector interactions.
These additional poles are generated by a combination of the pure-scalar three-point ver-
tices derived in [47], and additional vector-pion interactions. The following are the off-shell
Feynman rules for the novel interactions between gluons and Y -particles,

“x000000, ASH = Vhe =g "k — ko)", (6.12)

and gluons with the Z-particle,
bv

25 =V = £ P ks (b — ko) + (RSKS — 5RO (6.13)

abc
a,p
Al

Both of these vertex rules can be constructed by applying the dimensional reduction of
eq. (6.2) to the off-shell Feynman rules of the Yang-Mills three-point function in eq. (2.7).
While the vertex V/ of eq. (6.12) produces the familiar three-point amplitude of eq. (2.38),
the vertex V. of eq. (6.13) is novel. A consequence is that any tree-level amplitudes
involving external Y and A external states will simply be amplitudes shared with the
covariantized free scalar.

Furthermore, while V/;” is needed for consistent factorization of the A?(Al\gz A) four-
point amplitude, we can see that it must vanish on-shell® when external polarizations are
transverse and momenta are light-like. In addition to Va% at three-point, there will also
be novel four-point vertices that are required for AFAI\% za) to be gauge invariant.

In summary, while this approach violates exchange symmetry between external scalars,
it has merit in that we can smoothly interpolate between pure Yang-Mills amplitudes,
when taking f; — oo, and pure NLSM amplitudes, when taking the gauge coupling g — 0.
Furthermore, since this flavored formulation of gauged pions avoids the O(A2/g) five-point
contribution described in section 5.2, the Adler’s zero of pure pions at six-point is preserved.
In other words, any pure scalar amplitudes at pion mass dimension are identical to those
generated by the NLSM Lagrangian, free of corrections from higher-dimension contacts
needed for double-copy consistency.

5The A(YXVLZ) amplitude is equivalent on-shell to three-point function AEZ;W) of [50], in that they both

vanish. However as we note, A&\Q 7 vanishes due to on-shell three-point kinematics, whereas the three-point
function Az(ggﬂ) vanished due to the kinematic factor being symmetric under color ordering.
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7 Conclusions

In this paper we have begun to establish whether a color-dual theory of vectors coupled
to pions can exist. We have demonstrated the existence of two distinct candidate theories
through six-point interactions. We include expressions for all basis kinematic weights n(g)
and associated amplitudes in a machine readable auxiliary file. One fascinating promise of
such a color-dual theory is its role in the double-copy description of a Dirac-Born-Infeld-
Volkov-Akulov-type theory coupled to dynamic spacetime — a necessary ingredient if we
aspire to double-copy descriptions of many phenomenological a-attractor models involving
supergravity. As the literature provides color-dual maximally supersymmetric Yang-Mills
theory representations through four-loops [52], we have reduced multi-loop calculations in
DBIVA + CSG to carrying out cut-construction in our candidate color-dual vector-pion
theory.

The possibilities for future study are rather large, with non-trivial payoff, and these
are just first steps. To craft arbitrary inflationary potentials we will want to investigate
double-copy construction of higher-derivative operators targeting the inflaton sector. It
will be intriguing to explore the consequences of these choices especially considering the
good UV behavior of conformal supergravity theories, which seem a necessary feature of
our more conservative double-copy construction of section 3. This model, however, suffers
from modified Adler’s zero behavior which could call into question whether the fermions in
the double-copy supergravity theory can rightly be associated with nilpotent superfields —
a question that awaits future study. Our second model described in section 6 neatly evades
this issue at the cost of manifest exchange symmetry between scalars in the color-dual
gauged pion theory.

Towards constructing the type of ultra-soft UV behavior potentially offered by string
theory one should, in both models, consider questions of attempting to climb the ladder
of higher-derivative operators towards closed-string scattering with the abelianized open-
string. Furthermore, it will be fascinating to see what type of interpretation one can give
to other double-copy constructions associated with these color-dual vector-pion theories
and to explore their potential phenomenology. Consider, for example, the double-copy
of each color-dual gauged-pion model with itself. By identifying color-dual gauged pion
theories, we have effectively constructed color dual theories describing a decoupling limit of
massive vectors — theories whose consistent double-copy should describe a decoupling limit
of massive gravity. Indeed, the resulting double-copy spectrum should describe Goldstone
modes of broken time-translation generators in a theory of N' = 0 gravity + Born-Infeld
+ Galileons, arguably a theory of dark energy.
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