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ABSTRACT: Five-dimensional gauge and gravity theories are known to exhibit striking
properties. D = 5 is the lowest dimension where massive tensor states appear naturally,
providing a testing ground for perturbative insights into six-dimensional tensor theories.
Five-dimensional supergravities are highly constrained and admit elegant geometric and
algebraic formulations, with global symmetries manifest at the Lagrangian level.

In this paper, we take a step towards the systematic investigation of amplitudes in
five dimensions, and present a five-dimensional version of the spinor-helicity formalism,
applicable to massless, massive and supersymmetric states. We give explicit representations
for on-shell spinor and polarization variables such that the little-group symmetry and gauge
redundancy are manifest. Massive self-dual tensor states are discussed in some detail,
as well as all the on-shell supermultiplets that can appear in matter-coupled gauge and
supergravity theories. As a byproduct of considering supersymmetry in the presence of
central charge, we obtain massless ten-dimensional Majorana-Weyl spinors as products of
five-dimensional massive spinors.

We present compact expressions for superamplitudes at multiplicity three and four,
including several novel superamplitudes that either do not straightforwardly uplift to six
dimensions, or have not appeared in the six-dimensional literature. We discuss several
examples of five-dimensional double-copy constructions in the context of gravitational the-
ories with massive vectors and tensors, illustrating that the formalism we construct can
also be used to considerably streamline the double-copy construction of A" = 2 Maxwell-
Einstein supergravities.
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1 Introduction

Over the past decades, four-dimensional spinor-helicity variables have been crucial for
streamlining scattering amplitude calculations, uncovering novel structures in gauge the-
ories and gravity. They are a fundamental ingredient of the Parke-Taylor formula for
tree-level MHV amplitudes [1], are closely related to the twistor-space description of ampli-
tudes [2-5], and provide a simple presentation for modern on-shell recursion relations [4, 6.



The built-in advantage of the spinor-helicity formalism consists in providing a covariant
and dimension-specific solution for the on-shell conditions, leading to simple expressions
for momenta and physical polarization vectors and tensors. In turn, this leads to the obser-
vation that scattering amplitudes become simple once they are written in terms of physical
(i.e. on-shell) quantities.

Spinor-helicity methods have been used most successfully for amplitudes involving four-
dimensional massless states. Detailed extensions of the formalism have been introduced in
three, six and ten dimensions [7-12], as well as for massive fields in four dimensions [13]
(see also refs. [14-22]). While helicity cannot be defined in higher dimensions and for
massive fields, the term higher-dimensional spinor-helicity is commonly used (with a slight
abuse of notation) to refer to the higher-dimensional extension of the 4D spinor-helicity
formalism. The invariant content of the higher-dimensional approach is to properly classify
all variables by both their little-group and Lorentz group representations, and as such
spinor/little-group formalism can be used as a synonym.

Five-dimensional theories are interesting because they populate a special corner of the
parameter space of known theories. On the one hand, all theories in five dimensions can
be dimensionally reduced to four dimensions. This reduction, however, obscures properties
that are indigenous to five dimensions, such as supergravity U-duality symmetries being
symmetries of the action rather than of the equations of motion. On the other hand, not
all five-dimensional theories can be lifted to six dimensions, either because of their field
content, or because of their interactions. Thus, studying effects that depend strongly on
the dimensional regulator, such as rational terms in the amplitudes, may be subtle. It may
be more appropriate to make all variables explicitly five dimensional. In this work, we
tackle the problem of defining natural variables for scattering amplitudes in five spacetime
dimensions, and initiate the study of the 5D spinor-helicity formalism.

Large classes of N' = 2 Maxwell-Einstein and Yang-Mills-Einstein supergravities are
naturally formulated in five dimensions [23-30]. Their Lagrangians are considerably sim-
pler than those of their four-dimensional relatives, and yet present a far richer structure
than theories that uplift to higher dimension. While the study of scattering amplitudes
in these theories has been yielding interesting results [31-40] (see also ref. [41] for a com-
prehensive review), until now the analysis relied on using four-dimensional spinor-helicity
methods after dimensional reduction. To streamline and advance the study of amplitudes
in five-dimensional theories, it is therefore desirable to develop tools that are designed
to work directly in five dimensions, bypassing the need for dimensional reduction. Ad-
ditionally, various gaugings of maximal supergravity have been explicitly studied in five
dimensions [42-45], including some very recent results [46-48]. While the application of
amplitude methods to the study of gauged maximal supergravity is still in its infancy [49],
the five-dimensional spinor-helicity methods developed here should provide a valuable tool
for advanced calculations [50].

A central aspect of D = 5 is that it is the lowest dimension where massive anti-
symmetric tensor states and fields can arise, which cannot be dualized to other types
of interacting fields [26-29]. Studying theories with massive tensors in five dimensions
may prove to be crucial for understanding six-dimensional theories with tensors, possibly



including the famed (2,0) theory. The study of amplitudes in the (2,0) theory has so far
presented notable difficulties, for example, due to the lack of suitable three-point amplitudes
that can be used as building blocks [51] (see also refs. [52, 53]).! In many cases, the study
of amplitudes in five dimensions has required adapting tools and methods developed in six
dimensions. This includes dimensional reduction of the spinor-helicity formalism from six
dimensions [51], techniques based on scattering equations [63, 64], as well as ambitwistor
strings [65, 66].

Venturing away from Minkowski backgrounds, five-dimensional theories are of great
interest from the perspective of the AdS/CFT correspondence [67—69]. In its simplest for-
mulation it relates correlation functions in N’ = 4 super-Yang-Mills theory to boundary
correlation functions in 5D gauged supergravity given by the reduction of type IIB super-
gravity on a five-sphere [70, 71]. Supergravity fields are then naturally organized with a
split notation in which spacetime indices along the compact directions are related to R-
symmetry indices. The massive 5D spinors with central charge that we will study have a
similar organization, and it is likely that they can be suitably adapted to describe states
in AdSs5 x S5 background.

1.1 Summary of results

In section 2, we provide the basic elements of the 5D formalism we are constructing, and
introduce the relevant notation. The starting point are spinors |p®) 4 obeying the massless
Dirac equation and carrying an index a for the SU(2) little group. Five-dimensional spinor
indices denoted as A, B transform under USp(2,2) and can be raised and lowered with
symplectic matrices Q48 and Q 45, which can also be used to define the USp(2, 2)-invariant
inner product ( - | - ). Massless momenta p contracted with a five-dimensional gamma
matrix are then expressed in terms of these spinor as

paB = |pa)alp™)B - (1.1)

Given a massless spinor |k%) 4, one can define a reference spinor |¢%) 4 obeying the massless
Dirac equation, as well as (k?|¢®) = €. Polarizations for massless vectors are written in
terms of the spinors introduced above as

(@l lan)
\/i )

and carry two symmetric SU(2) little-group indices.

oKy q) = (1.2)

For massive states, the little group is SU(2) x SU(2). Given a massless spinor |k%)4
and the corresponding reference spinor |¢%) 4, we define two distinct massive spinors (which
throughout the paper will be denoted with boldface font) transforming under the different
SU(2) factors, [p*)a = [k a + m|q®) 4 and [pYa = |k*)4 — m|¢?) 4. A massive on-shell
momentum in five-dimensions (contracted with the five-dimensional gamma matrices) can
then be written as

1 1 .
DPAB = ilpa>A|p“>B + ilpa]Alp“]B , (1.3)

'For a different approach for understanding perturbative six-dimensional self-dual tensor theories see
refs. [54-62].



Supersymmetry N =2 (1,0) N =4 (1,1) (2,0)
0

Vector superfield | V=2 (3.38) VM (3.50) YV=4 (3.44) V(LD (3.59)

7.0

3.52 T@9 (3.60)

Tensor superfield

(3.50)
(3.52)
Hyper superfiel d | ®{,_, (3.39) (10 (3.51)
(3.53) H

Graviton superfield | HN=2 (3.41) H\17 (3.53) HN=1 (3.46) H}) (3.62) H>V (3.63)

abc

Table 1. On-shell superfields discussed in the paper for various representation of the supersymme-
try algebra. (ry,r_) denotes the number of chiral and anti-chiral little-group components of the
supercharges, where N' = 2(ry 4+ r_) [72]. Entries of the table refer to the relevant equations in
section 3.

in close similarity with the massless case. Massive spinors can be used to construct massive-
vector and massive-tensor polarizations,

n g i MKV |,
R e AR e

Massive anti-symmetric tensors appear first in five dimensions. Massive self-dual and anti-

(1.4)

self-dual tensor polarizations transform in the (3,1) or (1, 3) representations of the little
group, respectively, while massive-vector polarizations transform in the (2,2) represen-
tation. In section 2 we show that the above polarizations obey appropriate complete-
ness relations in little-group indices and in Minkowski space. We also introduce explicit
parametrizations for the massive and massless spinors, which are useful in concrete calcu-
lations.

In section 3, we discuss supersymmetry and study explicitly on-shell superfields, as
summarized in table 1. Massless superfields correspond to massless representation of the
supersymmetry algebra; massive superfields correspond to short massive 1/2-BPS repre-
sentations with central charge. In case of N' = 2 supersymmetry, superfields carry free
little group indices. Individual fields can be extracted by looking at the different terms of
the expansion in the Grassmann variables 7, using well-established techniques. In this pa-
per, we study explicitly vector, hypermultiplet, tensor and graviton superfields with N' = 2
supersymmetry and vector, tensor and graviton superfields with N' = 4 supersymmetry.
Double-copy relations between different superfields are discussed. These can also be used
to construct superfields with V' = 6,8 supersymmetry. We furthermore briefly outline the
relation between our 5D superfields and 4D and 6D superfields in section 4.3.

In section 4, we discuss superamplitudes at three and four points for interacting mul-
tiplets, and present some novel expressions. Among our main results, we have formulae for
three-point superamplitudes between N = 2 massless vector multiplets,

A2V, 2V,3V) = ~i(Qilp2lar) (a2l @) {as|Q) + eyelie(1,2,3). (15)

where |Q;) are the one-particle supersymmetry generators, |Q) = >, |Q;), and the un-
derlined spinors are obtained by dressing free SU(2) little-group indices with auxiliary



variables, e.g. |i) = |k{)zia. Amplitudes between two hypermultiplets and one vector
multiplet have the form

AY=2085,207 3v) = 2 (0,]0)(Q1Q) (16)

These amplitudes have their massive counterparts in the three-vector amplitude

AL v, 2w, 3v) = L Z LB 0, 4 e, 2,3) (17)

24 mimeoms

and in the hyper-hyper-vector amplitude

6 B

&f
4m3

AL (199,207, 3V) = i——[3Q)(QIQ) (1.8)
where the above are supported by the mass conservation condition m; +mg+m3 = 0. We
find that A/ = 2 massive and massless superamplitudes are distinct from the ones obtained
from dimensional reduction from six-dimensions in ref. [51]. In addition to these results,

in section 4, we discuss the following results as applications of our formalism:

e N = 4 superamplitudes between three massless vector multiplets are given in
egs. (4.30) and (4.35).

o« N =4, (1,1) superamplitudes between three massive vectors are given in eq. (4.45).

o We discuss three-point amplitudes between (2,0) tensors and do not find covariant
formulas, consistent with previous results in the literature [51].

o Superamplitudes between three KK-graviton supermultiplets are given for (2,0),
(1,1) and (2,2) supersymmetry in egs. (4.50), (4.54) and (4.53), respectively.

o Tensor-tensor-graviton superamplitudes in (2,0) supergravity are given in eq. (4.50).
e Superamplitudes at four points are given in section 4.2.

Finally, in section 5, we discuss theories of gravitationally interacting fields, including
massive tensors, from the point of view of the double-copy construction [73-75]. Among
other things, we obtain compact expressions for amplitudes for Maxwell-Einstein and Yang-
Mills-Einstein theories, recovering previous results in a considerably simpler form. We then
conclude with a discussion of open problems and direction for future investigation.

2 Five-dimensional spinor-helicity formalism

To make the 5D spinor-helicity notation accessible, in this section we spell out the necessary
details, including the explicit parametrization for the frequently-encountered spinors and
polarization vectors and tensors.



2.1 Five-dimensional on-shell spinors: massless and massive

Working in mostly-minus signature (+ — — — —), we consider the SO(1,4) — SO(1,3)
decomposition of a 5D momentum and gamma matrices, p, = (pg,ps), Y = (vH, ),
respectively. Here 4D indices are barred for clarity, i = 0, ..., 3, and what we call 4* is the
usual 7° matrix in 4D. Thus, in the Weyl basis, we have

—ipys p-oO
= b= 2.1
V=D (p_5 ip4>’ (2.1)
where o# = (1,0;) and 7* = (1, —0;) are the 4D sigma matrices. Because of the isomor-
phism SO(1,4) = USp(2,2), we can lower the upper index on g and write the 5D momentum
as an antisymmetric 4 X 4 matrix,

pas = ppthp = (V) S Qo = Q) ap - (2.2)
We choose the symplectic metric 2 of USp(2,2) to be block diagonal,

€ 0
0O _ af . _ QBA , 2.3
AB ( 0 —6a5> ( )

where A, B are fundamental USp(2,2) indices decomposed as A = a & ¢ in terms of the
SL(2,C) indices of the Levi-Civita symbols and sigma matrices O'z e 650‘. We use 2 to
lower and raise indices, according to the left-multiplication convention, e.g.

XA =04xp, X4 =QupXE . (2.4)

12 — ¢, = 1, implying that

The two-dimensional Levi-Civita symbol is normalized as €
QucQCB =4 L.

The gamma matrices with lowered indices, 74 5 = Qpc(7*) AC, are antisymmetric and
Q-traceless, 'yff‘ BQBA = 0. Furthermore, in addition to the Clifford algebra {v*,+"} = 2n*¥,

they obey the special 5D identity
(VM) 4L () = —2Qac QPP + 26768 — 6300 . (2.5)

See appendix A for further details on the gamma matrices.

The determinant of pap evaluates to Det(pap) = (;papp??)? = (»*)?. Thus, for
massless 5D momentum, p? = 0, the matrix p4p has rank two. It can therefore be factorized
over the SU(2) little group using on-shell USp(2,2) spinors,

pAB = [Pa)AlP™) B or  YaP =pa® =pa)a0”?, (2.6)

where a, b, ... are SU(2) little-group indices and the “bra” is defined as (p®|® = QB4|p?) 4.
Little-group indices can be lowered and raised through left-multiplication, similarly to

eq. (2.4), by the Levi-Civita symbol € = ¢,. An explicit parametrization of the massless
USp(2,2) spinor is

Po + p3 0
p1+ipy  —
pa= " Tpem | 2.7
P4 po+p3
0 1



where we have scaled the little-group components to make the spinor entries free of square
roots. Using spinors that are rational functions of the momentum components will greatly
simplify practical calculations. The parametrization (2.7) is such that the contraction of
two USp(2,2) spinors of the same massless momentum gives a vanishing result,

(p*lp") = Q" p*) alp®)p = 0. (2.8)
Eq. (2.8) implies that the spinor satisfies the massless Dirac equation,

p*Bpa)p =0, (2.9)

2

and hence it is an on-shell spinor.? Here pAP is obtained by raising the indices in

egs. (2.1)—(2.2).

We proceed to extend the construction above to massive 5D momenta obeying p? = m?.
The matrix pap now has rank 4, so it can be factorized over the massive little group
SO(4) ~ SU(2) x SU(2). To construct this factorization, we note that we can always split
p into two massless momenta k and g,

p/‘ = kM + frn?q”7 (210)

where ¢* is a reference null-vector that satisfies 2p - ¢ = 2k - ¢ = 1, and k* is defined by
the above relation. Since both k£ and ¢ are massless, we can reuse for each of them the
parametrization from eq. (2.7). After contracting eq. (2.10) with the gamma matrices, we
get an expression that can be factorized over the SU(2) x SU(2) little group,

1 1 )
paB = |ka)AlkY) B +m?|q) al¢) B = i‘pa>A‘pa>B - i\pa]A|Pa]B7 (2.11)

or, alternatively,
1 1 .
pA’ = 5lPa)a(p®|” + Slpalalp’” (2.12)

where we have defined massive spinors

p*)a = |k")a+m|q") 4,
Ip*a = k%4 —mlg*)a. (2.13)

Egs. (2.11) and (2.12) are the massive counterpart to eq. (2.6), and express a 5D momentum
as a bilinear in the spinor-helicity variables with a sum over the little-group indices. This is
a structure common to spinor-helicity formalisms in various dimensions; indeed eq. (2.12)
could have been postulated as the starting point of the massive formalism; here we justified
it through its relation to the familiar decomposition (2.10) of a massive momentum in terms
of two null vectors.

2Here we treat the on-shell spinor as a function of the momentum following the parametrization in
eq. (2.7). However, if the spinor is used to define the null momentum, then eq. (2.8) becomes a one-
parameter constraint. The presence of this constraint differentiates the 5D spinor-helicity formalism from
its 4D and 6D relatives.



In eq. (2.13) we assign the indices a and @ to run over the left and right factors of
the massive little group SU(2) x SU(2), respectively. For this expression to be consistent,
the a,b indices for the massless spinors need to be taken to belong to the diagonal SU(2)
subgroup of SU(2) x SU(2), so that left and right SU(2) transformations act on the massless
spinors in the same way, and the massless spinors can be written with dotted or undotted
indices.

Let us further spell out the properties of the reference spinor |¢%) 4. We will demand
that it is normalized relative to the |k?) 4, to satisfy

(kg") = ™. (2.14)
Indeed, this relation can be solved as

%) = 1@")(alk);. e (2.15)

where |G®) is an arbitrary massless USp(2,2) spinor, and (G|k),," is the matrix inverse of
(k°|@®). It then follows that ¢" = 1(ga|v"|¢®) = @/(24 - p). In particular, it implies that
2p-q =2k-q = 4(k%q")(q|ka) = 1 as desired. The constraint (2.14) is stronger than the
momentum constraint 2k - ¢ = 1, as it also imposes an alignment of the little groups of the
k,q vectors. We will assume that this stronger constraint holds throughout the paper.

The constraint in eq. (2.14) implies that the contractions of the two spinors corre-
sponding to a massive momentum are

(p"|p”) = 2me, [p?|p"] = —2me® (p“|p"] = 0. (2.16)

It therefore follows that the massive spinors obey the massive Dirac equation,

p*Blp™) g = —m(p®*,
p*BIps = m[p*. (2.17)

While it is tempting to identify the above spinors with the standard particle v and an-
tiparticle v solutions to the Dirac equation, this is not quite accurate. As shown in the
appendix A, the reality properties of the square and angle spinors are compatible with
them being symplectic-Majorana spinors.

In terms of the pair of massless spinors that satisfy eq. (2.14), the USp(2,2) identity
operator can be written as

gy a (kNP + |ka)a(a®® = 6% , (2.18)
from which the completeness relations of the massive spinors follow,

pa)a(P*|” = pd +mdk =2m(Ph) 7,
|pa]A[p"“|B = pAB — méf = 2m(73_)AB. (2.19)

The projectors satisfy PP+ = £P* and PTPT = 0. The above relations are analogous
to the completeness relations of the standard u and v spinors.



Before ending this section, we note that there exists a reference spinor that is particu-
larly natural to work with. For massless momenta k,, a convenient parametrization of the
reference spinor is

0 0

a= |0 | (2.20)
1 0
0 0

which corresponds to the null vector ¢, = m(l, 0,0,—1,0), and the global null vector
du = (1,0,0,—1,0). However, this spinor cannot be obtained by plugging the momentum
qu into the parametrization in eq. (2.7), since this gives a singular expression. Indeed, the
above reference spinor is located at infinity in the parametrization (2.7). This choice has
the benefit that inner products are simple,

Wl =0, (el = (_ i é) , (221)
koj+k3;j
where i, j are the particle labels.
Furthermore, with the choice (2.20), the massive-spinor parametrizations simplify con-
siderably. From eq. (2.13) and the identity ko + k3 = po + p3, we obtain the massive spinor

Po + p3 0
p1 + ip2 B
pha=| ips | (2.22)
po+p3
0 1

The spinor |p%]4 can be obtained by flipping the sign of the mass as |p] = |p)| We

will use these massive spinors in the remainder of the paper. e

When displaying amplitudes in the following sections, we will find convenient to dress
the free little-group indices with bosonic auxiliary variables z, and Z;. In formulae in which
we do not wish to explicitly display these variables, we will adopt the following short-hand

notation,
13) = k) 2ia , 12) = p{)zia » 2] = IpflZia (2.23)

where the index 7 is the particle label. However, for the reader’s convenience, we will keep
the little-group indices and momentum explicit for the remainder of this section.

2.2 Massless and massive polarization vectors

An advantage of spinor-helicity variables is that they provide convenient parametriza-
tions for general asymptotic states. Here we construct 5D polarization vectors, using the

previously-introduced spinor variables. We start with the polarizations of massless vectors.

The only natural choice is?

() = <k(a|\7/;|%)> _ _<Q(a|\7/’;|kb)) ‘ (2.20)

3Upon dimensional reduction, these expressions reproduce the ones from ref. [76] with the identifications
ey = e”, el = el




where a,b are the SU(2) little-group indices and the symmetrization is normalized as
AwByy = %AaBb + %AbBa. The reference spinor |¢®) must satisfy eq. (2.14) or, equiv-
alently, eq. (2.15). The massless polarization vector constructed in this way is transverse,
k-cap(k,q) = q-cap(k,q) = 0, because |k) and |¢) obey (by construction) the massless Dirac
equation. It also satisfies the following completeness relations:

1
55};(’“7 @%,cd(kﬂ) = _i(eacfbd + €ad€be)
ey (k)" (k, q) = —n + 2klg¥) . (2.25)

Any massless polarization can be mapped to one written in terms of the reference spinor
given in eq. (2.20) with a gauge transformation.*
Using the massive on-shell spinors we have constructed in the previous section, we can

also construct polarization vectors for massive vectors (W bosons),

_ (Palv"|pal
ailp) = =" == . (2.26)

By construction, these are transverse as before, p - £44(p) = 0, and span the SO(4) little
group,

3

eha (D)€, 5 (D) = —€avey - (2.27)
Moreover, they obey the Minkowski-space completeness relation appropriate to vectors

transverse to a massive on-shell momentum,

I

; pipY _
~ €aa(P)E" () = 0 = 5 =0, (2.28)

which is also the massive-vector physical-state projector. We may also construct a linearized
field strength for the massive vector using the spinor. It takes the form

RO (Pa|y""|Pa]

2v2

where y* = %(fy“’y” — y¥~#) are the rank-2 elements of the Clifford algebra as usual, and

= 2ple”] (2.29)

aa >’

the antisymmetrization includes a factor of 1/2.

In the massless limit, the four on-shell vector states in eq. (2.26) split into three
symmetric and one antisymmetric one with respect to the diagonal little group. The latter
mode is divergent in the massless limit,

1
(e (p) — &g = ——=ptea - 2.30
2 (Eab(p) 8ba(p>)}m—>0,[z—>a,l}—>b \/ip €ab ( )

The symmetric states reduce to the massless polarization vector in eq. (2.24),

CHOEEAO)] = el (k,q) - (2:31)

N

m—>0,(z—>a,l}—>b

4Note that enacting different gauge transformations for the different polarizations does not change
amplitudes and hence does not break the SU(2) little-group symmetry for the asymptotic states.

~10 -



The linearized field strength for the massive vector has no mass factor in the denominator,
so it has a smooth massless limit.

In giving explicit representations for amplitudes in 5D, it will be convenient to dress
the little-group indices with (Grassmann-even) auxiliary variables 2%, 2%, so that external
states carry dressed polarization vectors in the massless and massive cases,

b el = ()22}, (2.32)

where we also introduced particle labels 7. An added benefit of this notation is that
the auxiliary variables take care of the symmetrization of the little-group indices for the
massless polarization.

2.3 Tensor polarizations

Five dimensions is the lowest dimension in which theories can exhibit asymptotic states
corresponding to massive (anti)self-dual tensor fields [77],

i
B, = i?ﬂ—meu,,pgAHf’“, (2.33)

where Hy,,, = 0, B, is the field strength of the anti-symmetric tensor B, and the 5D

01234 _ 4

Levi-Civita symbol is normalized as €piazq = € For an on-shell tensor with

p* =m? and 9*B,,, = 0, the massive (anti)self-duality relation can also be written as
m
OPHpp = :Fyeu,,mm“ . (2.34)
The variables introduced in previous sections allow us to construct polarization tensors

obeying all the required physical constraints. For a massive self-dual and anti-self-dual
tensors they are

puv A [,
e (p) = Pal”lPe) o (p) = 2B (2.35)
4v/2m a 4v/2m
respectively. These polarization tensors are transverse,
Puap (P) =0, puehy (p) =0 . (2.36)

They also satisfy the little-group completeness relation for each SU(2) factor of the little

group,
v 1
Eap (P)Epcd(P) = 5(6@66& + €4d€he) »
v 1
Eab (P)Euv,ca(p) = §(eac€bd + €ad€oc) » (2.37)

as well as the Minkowski-space completeness relation in the space of transverse two-tensors,

1 o o G'U’VPU)‘]))\
e (D)7 (p) = L — ) — — = = Pap,
L 1 Eul/po)\p
BV (N posab (N L (=up oV uo spy A—p 238
eap P70 p) = S (@7 = ) + — = = Pasp - (2.38)
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Here 7*¥ is the massive-vector physical-state projector defined in eq. (2.28), and Psp and
Pasp are the (anti-)self-dual tensor projectors. The latter satisfy (Psp)? = Psp, (Pasp)? =
Pasp and PspPasp = 0.

The polarization tensors (2.35) satisfy the momentum-space form of the (anti)self-
duality relations in eq. (2.33),

ppe,uz/pa)\ Egby (P) = —2m EUA,ab(p) >

ppeuypo)\ 55;(]9) = 2m 60-,\,(11')(19) . (239)

The polarization tensors in eq. (2.35) can also be obtained from the massive polarization
vectors we have constructed through the relations

Vin) — [ vl ab
€ab (P) = = \/faa(p)eb,-,(p)e ,
v 1 v a
() = —zeli(P)ep(p)e” . (2.40)

This provides one way of realizing massive tensors in a gravitational theory using the double
copy of massive vectors from a gauge theory.

The massless limit of the polarization tensors (2.35) is singular because of the manifest
factors of m™!; one can however dualize them to polarization vectors which are finite in
the massless limit. For example, the self-dual tensor becomes

el (k. 0) = 224 DIG” €purpmr™ | (2.41)

m—0

where p* = k* + m?¢* as before, and the polarization vector is identical to the one in-
uv
ab
overall minus sign. In fact, the self-dual and anti-self-dual tensor can be combined into a

troduced in eq. (2.24). For the anti-self-dual tensor €’ (p), the same limit holds up to an

tensor that is finite in the massless limit,

eny (K, ) = ey (p) — €57/ (p)

(2.42)

d,i)—)a,b; m—0 '

This corresponds to the physical state of a massless vector, albeit written as tensor.
Combining the above relations we have the following (non-linear) relation for the mass-
less polarization vector,

el (k. q) = —V/2eb (k, q)eby(k, ) kP q €porit™ (2.43)

which is equivalent to the statement that, in 5D, the double copy of two massless vectors
contains a massless vector in its antisymmetric part.

2.4 Conformal generators

In this subsection, we briefly comment on conformal symmetry in five and six dimensions,
and their possible supersymmetric extensions. It is convenient to start in 6D, and infer
details of the 5D case via dimensional reduction.
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The unitary representations of the 6D conformal group SO(6,2) = SO*(8) and their
extensions to superconformal algebras OSp(8*|\'), with even N, using twistorial oscillators
were studied in refs. [78-80]. The generators of SO(6, 2) were realized as bilinears of twisto-
rial oscillators and one finds that the group admits infinitely many representations, referred
to as doubletons, that describe massless conformal fields of ever increasing spins. These
massless conformal fields correspond to symmetric tensors of the spinor representation
of the 6D Lorentz group SU*(4). For the doubletons, the Poincaré mass operator van-
ishes identically. Similarly, the conformal superalgebras OSp(8*|\'), with even subalgebras
SO*(8) @ USp(N), exist for any even N and admit infinitely-many conformally-massless
unitary supermultiplets of ever increasing spins. In six dimensions, coordinates and mo-
menta can be described by anti-symmetric tensors of twistorial variables in coordinate-space
or momentum-space pictures. The twistorial oscillators formulated in ref. [80] satisfy the

commutation relations A 1 .

Bb B b
where A, B = 1,2,3,4 are the spinor representation indices of SU*(4) and a,b = 1,2.
Then, the translation P, and special-conformal generators K in six dimensions can be

represented as
15 1 mds ; 1.,
PAP = = (3P = MNP, K g = =0 (0 45K = Eiolpe™s (245)

where ¥# are the anti-symmetric 6D sigma matrices and fi,7,... = 0,1,...,5. Under
commutation, they close into the Lorentz group SU*(4) generators M AB and dilatation
generator D.

Under the 5D Lorentz group USp(2,2), the 6D translation and special conformal gen-
erator decompose as 5 + 1 which corresponds to taking the symplectic traces in the anti-
symmetric tensor representation of SU*(4),

pAB — pAB | %QABP, K5 =Kap+ %QABK, (2.46)

where as before Q4 p is the USp(2,2) invariant symplectic metric, and
pAB — pAB _ iQAB P, pP= %QABPAB =P, (2.47)
Kap =K ;5 —iQABK, K:%QABKAB. (2.48)

The generators PAB and Kap close into the USp(2,2) generators M AB and dilatation
generator. Together, they generate the 5D conformal group SO(5,2). The conformally-
massless representations of SO(6,2) lead to massive representations of SO(5,2) under the
above reduction since

P'P,=0 = P'P,=(P5)?=M?, (2.49)

where M is the mass. Restricting to the massless SO(5,2) representations is not possible
without modifying the oscillator construction. It follows from general results that confor-
mal groups SO(D,2) in even dimensions D admit infinitely many unitary representations
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describing massless conformal fields of ever increasing spins, while, in odd dimensions,
one finds only two unitary representations that describe massless conformal fields, namely
scalar and spinor fields [81]. At a deeper level, this follows from the following fact. Mass-
less conformal fields in any dimension [82] are described by the so-called minimal unitary
representations of the conformal group SO(D, 2) and their deformations. A true minimal
unitary representation of SO(D, 2) describes a massless conformal scalar in D dimensions.
This minimal unitary representation admits infinitely many deformations labeled by the
quadratic Casimir of the little group SO(D — 2) of massless particles in even dimensions.
They describe massless conformal fields of ever increasing spins. On the other hand, in
odd dimensions, the minimal unitary representation of the conformal group admits a single
deformation that describes a massless spinor field [82]. Therefore, in five dimensions, only
the scalar and spinor fields can be conformally massless [83]. The so-called two remarkable
representations of the 3D conformal group Sp(4,R) = SO(3,2) that were first studied by
Dirac and labeled as singletons correspond simply to the minimal unitary representation
and its spinorial deformation.

The minimal unitary representation of the 5D conformal group SO(5,2) and its defor-
mation as well as their supersymmetric extension were studied in refs. [83, 84]. There exists
a unique simple superconformal algebra in five dimensions, namely the exceptional super-
algebra F'(4) with the even subalgebra SO(5,2) @ SU(2) [85]. The minimal unitary super-
multiplet of F'(4) consists of two complex scalar fields in the doublet of R-symmetry group
SU(2)r and a symplectic-Majorana spinor, which are both conformally massless [83]. The
superalgebra F'(4) is not a subalgebra of any of the 6D superconformal algebras OSp(8*|\).

In this paper we will not study the F(4) superalgebra, however we will study the
massive representations that come from 6D superconformal algebra. In particular, the
Poincaré subalgebra of 6D superconformal algebra OSp(8*|\') descends directly to N ex-
tended Poincaré superalgebra in 5D with the momentum generator in the fifth spatial
dimension acting as a singlet central charge under the R-symmetry group USp(N).

3 Supersymmetry

We now consider the Poincaré superalgebras in five dimensions. AN -extended Poincaré
superalgebras with central charges have the general form [72]

{QL. Q%Y =" (") 4Py + Qup (2" + 2Q"), (3.1)

where the supercharge Q,{l carries a lower USp(2,2) Lorentz index and an upper USp(/N)
R-symmetry index. The /7 is the symplectic metric of USp(A/), and the central charge is
here decomposed into a singlet Z and non-singlet Z!” of this group. The non-singlet central
charge Z'/ is antisymmetric and -traceless. Massless representations of the Poincaré
superalgebras have vanishing central charges.

In this section, we discuss in detail the realization of both the massless and massive
cases for (minimal) ' = 2 and N = 4 supersymmetry.® This is sufficient for describing

®In our convention, the number of supercharges is 4N. For massive 1/2-BPS multiplets we use a label
(r4+,7-) to denote the number of chiral and anti-chiral little-group components of the supercharges, where
N =2(ry +7r_) [72].
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super-Yang-Mills amplitudes and theories that have tensor multiplets. For gravitational
theories, which may have up to N/ = 8 supersymmetry, we will infer the details via the
double copy. All relevant 1/2-BPS on-shell superfields will be given, and their double-copy
relations will be exhibited.

3.1 N =2 supersymmetry without central charge

The N = 2 Poincaré superalgebra in five dimensions without central charges is given by
{Q%, Q%) = e AapPu, (3.2)

where «, 8 are SU(2) R-symmetry indices and A and B are as before the fundamental
USp(2,2) indices. The supercharge for a one-particle state of null momentum p, can be
written as a product of an on-shell spinor, |[p®) 4, and Grassmann-odd variables 65,

L = PM)ade =1a%) 4, (3.3)
-pt

Q|
where we defined the Grassmann-odd symplectic-Majorana spinor [q%*)4. In term of this
spinor, it follows that 69 = (ga|q®), where (q,| is the usual reference spinor satisfying
(qalps) = €an-

As a consequence of (3.2), 6

@ must satisfy the supersymmetry algebra projected on

the little group,
{69,00) = —e*Peyy . (3.4)

The possible solutions of eq. (3.4) are related by SU(2) x SU(2) transformations,®
00 = EL0) B, (3.5)

where Det E = Det E = 1. For our purpose, it is convenient to choose a solution that
maintains little-group covariance, at the expense of manifest R-symmetry. An explicit
parametrization of 6 that satisfies this algebra is given by the oscillator representation

07 = (0a)" = ( " ) : (3.6)
ana

where 7, are two unconstrained Grassmann-odd auxiliary parameters, which together
transform as a spinor in the little group and a scalar in the Lorentz group. We may
also assign a U(1) charge of 1/2 to n,, and charge —1/2 to %, which corresponds to the
Cartan generator of the broken SU(2). Thus, the 7, are complex variables.

Having defined the one-particle supercharge, it follows that the multi-particle super-
charge is the sum

Q4= lai)a, (3.7)
=1

Naively, the right-hand side of this relation is invariant under two independent SL(2, C) transformations,
one acting on the indices a,b,... and one acting on the R-symmetry group indices «, 3,.... However R-
symmetry group is always compact and the indices a,b,... refer to the little-group SU(2) indices inside

SL(2,C).

~15 —



where 7 is the particle label. It is easy to check the full supersymmetry algebra,

{Q%7Q }_ Z {’qz Aa’q] B} - Z |pz ’pj B{Q(u? }:6a57iBPM7 (38)

7.] 1 ,] 1
where we used that {02, Hfj} = —0;j €*Beyp, since the little group of each particle is inde-

pendent, and the total momentum is defined as P* =Y, pt'.

3.2 N =2 supersymmetry with central charge

The N = 2 supersymmetry algebra in 5D admits a singlet central charge,
{Q4%, Q%} = P Ao P+ ZeP Qup . (3.9)

On dimensional grounds, it is possible to identify the central charge with mass, hence we
rewrite it as

Z=M. (3.10)

We can repeat the construction of the single-particle supercharge as in the massless case
above, while replacing the massless spinor with a massive one. For a one-particle state
of momentum p,, and mass m, we now use a massive spinor to extract the little-group
dependence,

Q4| =105 =la%)a. (3.11)
1-pt

This implies that the supercharges can now be chiral in the sense that they only involve
one of the SU(2) factors of the little group SO(4) ~ SU(2) x SU(2). The fermionic oscillator
algebra is now chiral in the same sense,

(09,0} = —*Peq,. (3.12)

As before, this relation has a family of solutions parameterized by SU(2) x SU(2); a repre-
sentative, written in terms of an unconstrained Grassmann variable and the corresponding
derivative, is

07 = (0a)" = ( " ) : (3.13)
on“

where, as in the massless case, we have chosen to break the SU(2) R-symmetry down to

a manifest U(1), while maintaining the SU(2) little-group symmetry. The multi-particle

supersymmetry algebra, whose generators are sums of single-particle supersymmetry gen-

erators, follows straightforwardly,

{Q%aQ } - Z {|qz A |q] B} - Z |pz A|pj B{eam } = Eaﬁ(/yiBPH + QABM)'
7] 1 ,] 1
(3.14)

The last equality follows from eq. (2.19), P* =3, pt' and M =3, m,.
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3.3 N =4 supersymmetry without central charge

The massless N' = 4 supersymmetry algebra in 5D is
{Q4,Q5) = 2" +lip P, (3.15)

where A, B are USp(4) R-symmetry indices.” As before, the supercharge for a one-particle
state of null momentum p,, can be written by factoring out an on-shell spinor carrying the
Lorentz index,

Qﬁx‘\ = |p*) a0 = la™)a, (3.16)
1-pt

where 65 are Grassmann-odd and satisfy the supersymmetry algebra projected on the little
group’ . . P
{01,608} = —QAB¢,, . (3.17)
An explicit parametrization of 5 that satisfies the algebra is given by the oscillator repre-
sentation
. . plo . ﬁi
04 = (0) = (o | with o= "% |, (3.18)
0a" ~ o7
where we used the SO(2) x SU(2) subgroup of SO(5) by writing the four-component USp(4)

index as a product of two fundamental indices, A = i ® a. Alternatively, we can write a
solution that does not break the diagonal SU(2) factor,®

. « 0
. . T]CL _|_ ona
04 = (9,)4 = = ( . ga> . (3.19)

This solution gives the maximal R symmetry that can be realized in amplitudes without

breaking little-group symmetry. The unconstrained Grassmann-odd auxiliary parameters
ne have four complex components, making the SU(2) little group and U(1) x SU(2) C
USp(4) R-symmetry subgroup manifest.

Similarly to previous cases, the multi-particle supersymmetry algebra follows by sum-
ming over particle labels i, j,

n

{Q4.QBY = > _{lahalaf)s} = > ) alph) {05 005} = @ vipPu.  (3.20)
i,j=1 tj=1

3.4 N =4 supersymmetry with central charge

The massive N’ = 4 supersymmetry algebra in 5D includes an antisymmetric central charge
ZAB

)

{Q4. Q5 =P o4, P + 24P Q. (3.21)

"Since the R-symmetry group USp(4) 2 SO(5) only differs from the Lorentz group USp(2,2) = SO(1, 4)
by a signature change, it is convenient recycle the notation by putting dots on all indices. Specifically, we
take Q45 to be given by eq. (2.3).

8Note that a simpler SU(2)-preserving parametrization of 9;4 can be obtained after doing a similarity
transform on Q77 but here we work with the block-diagonal symplectic metric (2.3).
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We will first consider the case in which the central charge is a singlet of R-symmetry group
USp(4). Thus, it is of the form N N

ZAB = MOAB | (3.22)
which is a direct extension of the N' = 2 case in section 3.2. We will construct a supercharge
which only depend on the massive angle spinor,

Qd|,, =1p")a67 =la")a. (3.23)

Thus, in this case, the supersymmetry is chiral, which, in 6D language, corresponds to
(2,0) supersymmetry.
The Grassmann-odd parameters satisfy the same little-group superalgebra as in the
massless case (3.17), o N
{62,081 = —QPe,, . (3.24)

The explicit solution for this algebra is then identical to eq. (3.19). This is not surprising,
since the little-group and R symmetries are identical to the massless case. The full algebra
is then

. . n . . n . . P
{Q4,QBY = D> _{la)a.1af) s} = > Ip{)alp)) s{04. 0} = QP (Vip P+ MQag),
ij=1 ij=1
(3.25)
where the mass term M = }>; m; comes from the completeness relation in eq. (2.19).
Next, consider the case in which Z4P is not a singlet and, thus, breaks USp(4). We
start with the simplifying assumption that the central charge is proportional to a SO(5)

gamma matrix. For example, taking i gives the block-diagonal form
- - af 0
ZAB — M (T9)4B = M (6 . ) . (3.26)
0 —e¥

Here we take the SO(5) index to run from 5 to 9, and the internal SO(5) gamma matrices
are simply related to the spacetime ones by a Wick rotation,

u>0

Ulp = (—ivﬁB, VAB (3.27)

) ‘A—>A,B—>B,n:u+5 '

With the central charge pointing in a fixed direction, the R-symmetry is broken to
SO(4) ~ SU(2) x SU(2), and the supercharges separate into those that transform in each

copy of SU(2),
A_, (@4
ot (). a
A
where, as before, the Greek indices are R-symmetry and the dot distinguishes the left and

right SU(2) factors. For a one-particle state of momentum p,, and mass m, we use the
massive spinors to extract the little-group dependence,

(67

ea = ‘qa>A )

e

Q
Q 03 =19%a. (3.29)

L

_ a
L = P
=P
1-pt
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We are led to two independent oscillator algebras

(09,007 = —®Pey,  {08.00) = —ePe,; . {62.00) =0, (3.30)

ll7b (17b

which are solved by

02 = (0,)" = ( " ) , 05 = (0a)% = ( T ) , (3.31)

“ae o

where now we have two sets of complex unconstrained auxiliary Grassmann parameters n®,
fi®. They make the little group SU(2) x SU(2) manifest and break the R-symmetry down
to U(1) x U(1) C SU(2) x SU(2). Note that this is isomorphic to the solution we wrote
down in eq. (3.18).

Now consider the more general case where the central charge is a generic SO(5) vector,”
Zip =% M, (3.32)

On general grounds, we expect that we need 10D Majorana-Weyl spinors to construct
single-particle supercharges, and that we should think of a ten-dimensional momentum plto]
as decomposed as pg\l,o] = (pv, pn), where p, = (po, p1, P2, P3, P4) is SO(1, 4) momentum, and
tin = (15, 6, 117, i, fro) is SO(5) momentum. For pl'% to be massless, the 5-vectors must
satisfy the constraint p? —m? = 0 and p? + m? = 0 (with negative SO(5) signature such
that p? < 0). For a generic multi-particle state the mass vector appearing in the central
charge is given as M™ =}, u7', where j labels the particles.

We can then obtain new spinors by tensoring the 5D massive spinors as
ac — 1 a « Yac — a &
N = Pty e N = ey (339

where the SO(5) spinors can be obtained from eq. (2.22) by an appropriate Wick rotation:!'"
) = |p) and |pu] = i|p] . The resulting 10D Majorana-Weyl spinor is

pi>0_yjpi+5 pi>0_sipui+s
the direct sum of the above spinors, and it has 4 + 4 = 8 degrees of freedom, as is manifest

from inspecting the little-group indices.

The one-particle supercharge can now be written more covariantly as

A L (oy g0t A o ] 138100 [A) = (o4
= Vom a A : 34
QA‘l-pt \/%Op >A9a <H | + |p ]Aea [[,l, | ) |q >A (3 3 )

9 Antisymmetry rules out higher-rank elements of the Clifford algebra in the decomposition of the central
charge. Also, for 1/2-BPS multiplets in super-Yang-Mills theory, the singlet and SO(5)-vector central charge
are mutually exclusive [72].

1O‘The insertion of i’s are chosen such that the completeness relations for the spinors are \ua>A<p,“|B =
i 4+ mo% and |pa] 41”7 = —ip  +m k.
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where we may now think of |qA) 4 as either a 5D symplectic-Majorana spinor or a 10D
Majorana-Weyl spinor. The supersymmetry algebra now becomes

(Q4,QF =" {laMa, laP) 5}

P

=3 5 (mAWM%%mw%%%wmmM%ﬁmm%%ﬂ
4= 1

= QABY P, +iQap(T)AP M, (3.35)

where 69, and égl obey the little-group supersymmetry algebras (3.30) with the same solu-
tion (3.31). Indeed, the two last cases we considered, namely the central charge proportional
to il or to a general SO(5) vector, are related to each other by a SO(5) rotation, so it is
not surprising that the little-group details are the same.

Let us briefly explain the appearance of the imaginary unit in front of the mass in the
central charge. If follows from constructing the 10D gamma matrices, they are given by
the following 32-by-32 matrices,

0 (=V), BB
™ B=1{ _ : AA ) 3.36
where the 16-by-16 sigma matrices are (EN)AEB = ((fy ) 2o B, i(SAB(F")AB) and
(EN)AfB = (('y”)AB(SAB, - i(SAB(F”)AB). From this we see that ¢I'" is the natural ex-

pression appearing in the sigma matrices, and it is 3% that appears on the final line of
the anti-commutator eq. (3.35). Hence, the supersymmetry algebra can be written more
compactly as,

{QF.Q%) = (=), 5PPy", (3.37)

where P[ o~ = (P,, M,) is the 10D momentum generator.

3.5 On-shell superfields for massless 5D multiplets

The unconstrained Grassmann variables 7 are the building blocks of the 5D on-shell mul-
tiplets. We list here the on-shell superfields describing massless 1/2-BPS multiplets; the
massive ones will be described in the next subsection. All displayed indices are either SU(2)
little-group indices (Latin), or SU(2) R-symmetry indices (Greek).

The on-shell vector supermultiplet with N' = 2 supersymmetry is

- €ab
VA o+ (o 0 )i 4 ), (3:38)
V2
where we have defined the square of the Grassmann variables as (1)? = 277a17 = n'n?. This

superfield contains four bosonic!! (4%=A%_ ¢) and four fermionic x¢ degrees of freedom,
the latter are symplectic-Majorana spinors.

HImposing proper normalization for the scalar gives the v/2 factor, since €*® / v/2 has unit norm.
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The superfield transforms as a covariant SU(2) little-group spinor, while the SU(2) R-
symmetry of the gaugino x& is not manifest. This is a consequence of the chosen oscillator
representation of the supersymmetry algebra, which breaks manifest R-symmetry, and thus
realizes linearly only half of the supercharges.'? Only a U(1) remnant of the R-symmetry
remains manifest in the charge carried by the n and the fermions.

The hypermultiplet is a little-group singlet and an R-symmetry doublet,

DRy = 0" + X2+ 6" (n)?, (3.39)

and contains four bosonic and four fermionic degrees of freedom. The vector and hyper-
multiplets are related through the double copy involving a fermion x&,

V=2 = ®R—2 ® Xa » (3.40)

where the index contraction is needed to obtain the same number of degrees of freedom as
in eq. (3.38).

The graviton multiplet with A/ = 2 supersymmetry transforms as a spin-3/2 represen-
tation of the little group,

_ 1
HNZ2 = Py + (habcd + ﬂA(ab%)d> 0+ 2 (n)?, (3.41)

where the tensors with little-group indices a, b, ¢, . . . are symmetric. The parenthesis denote
total symmetrization of the little-group indices, which includes a 1/n! factor. The multiplet
has eight bosonic and eight fermionic degrees of freedom. ¢, are the gravitini and the
vector A% represents the graviphoton.

The above graviton multiplet can be obtained as a double copy of the N' = 2 vector
multiplet and a non-supersymmetric vector field,

o2 = V=2 ® Ay (3.42)

abc

where the little-group indices are symmetrized. If instead we antisymmetrize a pair of
indices (contracting with €,5), we get the axidilaton-vector multiplet

I B {, € ai
VIR = eV @ e = X + ( 5+ \;%sod”> "+ xe (m)? . (3.43)

Next considering N' = 4, we find the maximally-supersymmetric vector multiplet
VNt = 6+ xans + Aann™ + 0" naan§ + Xani () + (), (3.44)

where (1) = ingng. It contains eight bosonic and eight fermionic degrees of freedom, and
it has manifest SU(2) x U(1) € USp(4) R-symmetry. The vector multiplet can also be
obtained from two different double copies:

_ 1 1 _ P
PN=4 _ 5@?\[22 ® D2 _eas = 5]){1\[—2 ® VN2t | (3.45)

12The choice here is analogous in spirit with the non-chiral 4D superspace of ref. [86].
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The N = 4 graviton multiplet transforms as a little-group vector,

_ 1 . 1 e
/H{z\lf;_4 = Aw + (wabc ﬂ¢(a€b)c> No T ( abed T 7 2€a(ced)b¢) 77a77d
6 Ko 1
oty A%+ (e + e )0 + Aun()*. (3.46)

where the six graviphotons are distributed as three singlets and a triplet of the manifest
SU(2) R symmetry. The multiplet has 24 bosonic and 24 fermionic degrees of freedom. It
can be obtained as the double copy of an N' = 4 vector and non-supersymmetric vector,

Moyt = VN e A, (3.47)
or, alternatively, as the symmetric double copy of two A = 2 vector multiplets:

Hoyt =ViTP e V). (3.48)

a

The little-group indices are symmetrized, and the single-copy Grassmann variables n§ =
(Na,Ma) form a doublet of the expected manifest SU(2) R symmetry of the double-copy
multiplet.

Finally, the N/ = 6 and maximal N' = 8 supersymmetry graviton multiplets can be
obtained as the double copies

HY=O =YW@ PN=2 g N=S — pN=t g V=t (3.49)

respectively. It is not difficult to carry out the multiplication and separate the various
monomials in Grassmann variables to identify the component states. We will not write
them out explicitly, but instead note that these multiplets contain 64 + 64 and 128 + 128
bosonic and fermionic states, respectively.

3.6 On-shell superfields for massive 5D multiplets

From the perspective of the little group, 5D massive multiplets and massless 6D multiplets
are the same. We will therefore use the established notation for the latter to also denote
the former.

The 5D massive vector multiplet can also be seen as a 6D chiral (1,0) multiplet,'?

1,0
ViR = X4+ Waan® + X3 ()2, (3.50)
where the fermions Y% are symplectic-Majorana spinors. Similarly, the hypermultiplet is

Gy =" + x5+ 0™ (n)? . (3.51)

The above fermions x& and scalars *¢

are transforming in the SO(4) R-symmetry, but
the realization of the supersymmetry algebra using n* partially breaks the R-symmetry to

U(1) x SU(2).

13We label the massive supermultiplets in terms of the (r4,r_) SU(2) x SU(2) little-group components
of the supercharge [72].
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An (1,0) tensor multiplet can be written as

€
T = xa + (Bab+ “bsO) n’+ xa (n)?, (3.52)
V2
where B, is a self-dual tensor, and the fermions x§ are symplectic-Majorana spinors of
opposite SO(4) chirality compared to the spinors in the (1,0) vector multiplet.
A 6D (1,0) graviton multiplet, and the corresponding massive 5D multiplet, is

(1,0) _ 1 o, Cab ) b 2 2
Hadi) =Y, ab + <habdb + \/inb>n +waab(n) . (353)
It has 12 bosonic and 12 fermionic states and it is symmetric in the dotted little-group
indices. B,; is the anti-self-dual gravitensor and wz‘db are the gravitini. Through the double
copy, we can also write the (1,0) graviton multiplet as
1,0 1,0 1,0

H =V @ W, — ey T (3.54)
where we “subtract” the tensor multiplet following the ghost prescription outlined in
ref. [87]. The subtracted tensor multiplet has its own double-copy decomposition,

1 ; 3
70 = §€aﬁ¢?1,o) x5, (3.55)

The construction (3.54) corresponds to the double-copy realization of pure 6D (1,0) su-
pergravity via tensor ghosts from ref. [87]. It should be noted that we can also identify
a a '
It is interesting to contrast the double-copy form of some of the component fields in
eq. (3.54). The gravitensor is

1 T a
By, = §Wa(d ® Wbl}) e, (3.56)

while the “axitensor” contained in the first product and subtracted by a(l’o) are

naxi 1 T b 1
ab = ~5Waa ® Wy et = 5 Xa @ Xba - (3.57)

The second identification is necessary for the subtraction in eq. (3.54) to remove the “ax-
itensor” together with its partners and yield the (1,0) graviton multiplet.

We turn next to maximal supersymmetry. The (1, 1) vector multiplet (or, equivalently,
the massive 5D N = 4 vector multiplet) is

V(l’l) =i+ Xaina + Xlaﬁa + 9012(77)2 + 9021(77)2
FWaan™ 7% + Xa3m® ()2 + X227 (1) + 095(n)2(71)? . (3.58)

Introducing the variables ¢* = (1, (1)?) and ¢* = (1, (7)?), it can also be written more
compactly as

VD = 006¢CY + Xaan™C® + Xaa"C* + Waan™i® . (3.59)
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If we assign SO(4) ~ SU(2) x SU(2) transformations to the ¢, variables, the massive
N = 4 vector multiplet exhibits the complete SO(4) R-symmetry unbroken by the central
charge.

The (2,0) tensor multiplet can be written as

TEO = ¢+ Il + Baynin®™ + ¢ naan + Xani(n)* + é(n)* (3.60)

where states exhibit a manifest SU(2) x U(1) € SO(5) R-symmetry. This multiplet has
exactly the same form as the massless N' = 4 vector multiplet, except that the massless
vector Agp is here replaced by a massive self-dual tensor Bg,. The (2,0) tensor multiplet
can be obtained as a double copy in two different ways,
1
2,0) _ (1,0) (1,0) b
Tt 41)31 0 ® <1>(1 0s=3Va OV e (3.61)

in terms of two (1,0) hypermultiplets or two (1,0) vector multiplets, respectively.
The (1, 1) graviton multiplet can be written as a double copy,

Hl(yi’l) = VD @ Wy = W00 + o™ + Poari T + Mgt (3.62)

where W_..; are four massive vectors, &a abh = ¢a anh T €av®si/ V/2 consist of a massive
gravitino and a fermion (similarly for '[;aizbl.)% and h‘aabb i + eabBab/\f—i— eabBab/f—l—
€ab€s;®/2 consists of the graviton together with a tensor and a scalar.

The (2,0) graviton multiplet can also be obtained as a double copy,

(2,0) _ 1,(1,0) (1,0) _ (2,0)
Hdb =V, ®V €y T ) (3.63)

as the little-group-traceless part of the product of two (1,0) vector multiplets.

In a similar spirit, (2,0) non-metric graviton multiplet is a double copy of a (2,0)
tensor multiplet and another tensor,

H2O — 720 g B,, . (3.64)

a

The “graviton” hgpeq is non-metric in the sense that it only has chiral little-group indices
and descends from the field strength of a mixed tensor gauge field and not that of a
symmetric metric tensor in six dimensions. It contains five degrees of freedom (i.e. the
same as the 5D massless graviton).

For 3/4-maximal and maximal supersymmetry, we can obtain massive graviton multi-
plets as various double copies. The most interesting are the following:

H(2,1) V(l 1) ® V(l 0) H(Q,Q) _ V(Ll) ® V(Ll) ’

a

Ha?,,o) _ 720 g 7;1,0) ’ H40) — 7(20) o 7(20) (3.65)

We will not spell out here the details of the component fields, as they are simply a straight-
forward but tedious exercise of distributing the multiplets over the tensor product and
identifying fields.
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In the massive case, we can also consider gravitino multiplets of Poincaré supergravity.
They appear when supersymmetry is spontaneously broken, and can be obtained from
a double-copy construction. When maximal supersymmetry is partially broken down to
3/4-maximal supersymmetry, the massive 5D gravitino multiplet is of (2,1) type,

\IJS’D _ D) g (I)((leO) . (3.66)

For 3/4-maximal supersymmetry partially broken down to 1/2-maximal supersymmetry,
the gravitino multiplet is of (1,1) type
‘1’1(121) — pLy ® Yoo = Vél,O) ® (I)gﬂ,l) : (3.67)
or (2,0) type
w20 — Yo g o) (3.68)
Finally, for partial breakings that preserve 1/4-maximal supersymmetry, the gravitino mul-
tiplets are of (1,0) type

1,0 1,0
w00 =00 @), - (3.69)

4 Five-dimensional amplitudes with vectors and tensors

In our conventions, m-point color-dressed gauge-theory amplitudes are written as

Am _ m—9 Z Am(170(2), ,a(m— 1)’m>Tr(T1TO'(2) ...TU(mfl)Tm)’ (41)
0ESm—2

where A,,(1,...,m) are color-ordered partial amplitudes and representation matrices are
chosen to obey Tr(T%T?) = §% and [T*, T?] = fe°T¢. We use An(1,...,m) to denote
the corresponding partial superamplitudes. Similarly, we use M,, to denote component
gravitational amplitudes and M,, to denote gravitational superamplitudes.

4.1 Three-point amplitudes and superamplitudes

As illustrated in section 2, we dress the SU(2) little-group indices with auxiliary bosonic
variables z,, Z;. To avoid explicitly displaying little-group indices, we use the short-hand
notation introduced in eq. (2.23),

i) = k) zia, @) = 16020, 13) = D)z, |i] = |pf)Zia - (4.2)
For example, in this notation, the massless polarization vector corresponding to the i-th

leg is written as

7 1vH g,
o (bl

== (4.3)

where ¢; is a reference momentum obeying the condition (2.14), as well as (g;q;) = 0.
The three-gluon partial amplitude in 5D Yang-Mills theory is given by

A3(1A7 24, 3A) = i(zg <2aQSb>Z§) (Z§<30CJ2d>Zg) (ZT<1€2f> <2fQ1g>ZiJ) + cyclic(l, 2, 3) ) (4'4)
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where we have chosen to display the little-group indices and to collect little-group singlets
in parenthesis. Using the short-hand notation, this expression can be rewritten in the more
compact form

A5(14,24,34) = i(243) (3a2){1lka|ar) + eyelic(1,2,3) . (45)

Three-point partial amplitudes in 5D Yang-Mills theory with massless matter are

A3(1¢,2¢,3A) = i(31 )<1“q3> = z@\kl\qj% (4.6)
Az(1x%,2x",34) = i(l 3><Q32> (3¢ q3),
As(1x?,2x",3¢) = _ﬁ@> : (4.8)

These amplitudes can be obtained from the superamplitude
3
AY=2(1V,20,3V) = —ing (Llpa|ay) <Zm ings) ) (DG ) + eyelie(1,2,3), (19)
=1

by acting with the appropriate Grassmann derivatives corresponding to the desired external
states. More explicitly, the component amplitudes in egs. (4.5)—(4.8) are

A5(14,24,34) = —<z‘f aig) (zg;f?l))( aﬁg)AN 2(1v,2V,3V), (4.10)
2
e 9 9 N[(ed § D a e
A3(1¢,2¢,34) = —( —(=—— | === = 2(1v,2v,3 4.11
Asz(1x%,2x1,34) = (6?71 0?71) (zga??g)Aﬁ:?(w, 2V,3V), (4.12)
o 0 e 9 0
2 1 _ N=2
As(1x*,2x",3¢) = (8771 8771) (\fang (92’3)A (1v,2v,3V), (4.13)

where the operators corresponding to each leg have been constructed so that they extract
the components of the corresponding on-shell superfields with the correct normalization.
The superamplitude (4.9) can also be rewritten in terms of the supercharges |Q) =

Z@' |Qz> = Zz ‘ia>77ia as
AYZ2(1V,2V,3V) = —i(Q1lp2lar) (¢2/@)(gs|@) + cyclic(1,2,3). (4.14)

Note that this object is totally symmetric under permutations. This is appropriate given
the fermionic nature of the superfields since the color factor (which has been stripped off)
is totally antisymmetric. In a similar way, we can write down the superamplitude between
two massless hypermultiplets and one vector multiplet in 5D N = 2 super-Yang-Mills
theory. It has an even simpler expression,

AY=2(197,20%,3V) = 2 mIQ)(QIQ) (4.15)
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Moving to the massive case, it is instructive to first consider three-point amplitudes
between two massive spinors and a massless vector. With a chiral spinor x and an anti-
chiral spinor ¥, we have the following candidate amplitudes:

A(1x, 2x,34) = —iv2(1]es[2) = i(13)(gs2) — (3 > a5) (4.16)
A(1x,2%,34) = —iv2[1|e3]2] = i[13)(g32] — (3 <+ g3) , (4.17)
A(1x,2%,34) = —iv2(1]es|2] = i(13)(g32] — (3 ¢ g3) - (4.18)
Taking the two masses to have opposite sign, i.e. m; = m = —my, one can check that the

third candidate amplitude A(1x, 2x,3A) is not gauge invariant. For e3 — p3 this amplitude
does not vanish, unlike the other two, and hence it must vanish identically. This implies
that x and X are not related by CPT symmetry, and hence massive 5D theories have a
notion of chirality that is preserved by the interactions, similar to 6D massless theories.

We also give the component amplitude between two massive and one massless vectors,
which has the following expression:

AW, 2w,34) = - { (28)(@2) - 3 © @) LY (119)
+5((12)12] - (12(12) 3ln1 e | — (162).

It corresponds to the partial amplitude in Yang-Mills theory with spontaneously-broken
gauge symmetry (hence the WW-boson label) or, alternatively, to a Kaluza-Klein Yang-Mills
theory.

If we have three massive vector bosons, the spontaneously-broken 5D Yang-Mills am-

plitude can be cast in the following form,'*

As(1W,2W, 3W) =

[12](23)[31) + perms(1,2,3), (4.20)
4m2m3 -

where the permutations run over the dihedral group S3 with negative sign for odd permu-
tations. The amplitude we give here is only supported on the mass conservation relation,

mi1+mg+m3=0. (4.21)

It can be derived from the superamplitude of 5D half-maximal super-Yang-Mills theory on
the Coulomb branch,

i (m1—m2)[12][3Q)
24 mimaoms

Ay, 2v,3y) = (QIQ) + cyclic(1,2,3) , (4.22)

which is invariant under chiral (1,0) supersymmetry, provided that the mass conservation
condition in eq. (4.21) is obeyed. The bilinears in the chiral and anti-chiral supercharges
can be written more explicitly as

3 .
QlQ) = Zm ado)n,  [QIQ1 =Y iilliagy)i; - (4.23)
i,7=1

i,j=1

"“Note that the identity (mi —ms)[12](28)[31) + perms = 0 can be used to rewrite the amplitude.
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The (1,0) superamplitude for two massive hypermultiplets and a massive Coulomb-
branch vector multiplet in 5D super-Yang-Mills theory is

€0

AP (10% 208 3V) = ¢

[3Q){(QlQ), (4.24)

4m3
where we have again assumed mass conservation.

Moving to the case of massless N' = 4 supersymmetry, we find no straightforward
generalization of the superamplitude (4.9). To explore other possible forms, let us turn
to the known 6D construction of three-point amplitudes [7, 8], and adapt it to 5D. We
begin by noticing that, with massless three-point kinematics, all the 2-by-2 matrices (i%;°)
have rank one, and hence have no inverses. Instead one can decompose them into SU(2)
little-group spinors u; as

(192°) = ufus, (21°) = —ufus, (4.25)
(203") = ugu3, (372°) = —ugus, (4.26)
(321%) = udub, (193%) = —udud . (4.27)

All uf variables are uniquely determined, up to an overall sign, by this system.
There exist corresponding reference spinors w;{ that satisfy

@ = eab (no sum over 1) (4.28)

and that can be further constrained by

3
> ia)wf =0 . (4.29)
=1

With these constraints, w;’ are not unique, but the remaining two degrees of freedom will
cancel out once the amplitude is assembled [8]. Note that the uf and w{ variables only
exists for on-shell three-point kinematics, which has degenerate and complex momenta.

With the above variables, the massless three-point superamplitude in 5D A = 4 super-
Yang-Mills theory can be written as

A=, 2v,3v) = 26 (Xmed) T] (@17, (4.30)
A a=1,2

where |Q%) = 3, |Q%) = >, [1*)ns, is the supercharge. Note that one cannot write down a

delta function of all the eight supercharges as this object vanishes for three-point kinemat-

ics.!> Nevertheless, is possible to verify that the above superamplitude is invariant under
all supersymmetry generators.

So far, we have only given implicit definitions for the u{ and w{ spinors, but we can do

a bit better. Given that our spinor parametrization |i%) is linear in momentum in the first

little-group component a = 1, we have via momentum conservation the convenient relation

23: lily =0. (4.31)
=1

5The spinors |Q%), with 4 = 1,2,3, span a three-dimensional subspace of USp(2,2) and 6%(Q) has the
interpretation as the square of the corresponding four-volume, hence it vanishes.
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This implies that (1'2!) = (2!13!) = (3'1!) = 2, which then gives the unique solution for
the u{ spinors,

1 1 1
ud = ;<1a21> , ug = ;<2a31>, uj = ;<3a11> : (4.32)

One can easily confirm that u‘jug gives by construction three correct entries of the corre-
sponding 2-by-2 matrix +(i%;j%), and by the reduced rank it then follows that the forth
entry (a = b = 2) is also correct. Our choice of parametrization also gives a simple solution

for the w{ spinors,
(2

1
wi =w = ;(O, 1). (4.33)

With this choice, eq. (4.29) follows from eq. (4.31), while ul®w? = €2 follows from the fact

i
that all little-group spinors have the same first entry u} = 7.
We may further simplify the construction by noticing that, for any choice of the wy
variables, one can find a corresponding global reference spinor (p| such that

w? = (plif) . (4.34)

Thus, we can write also the last delta function in eq. (4.30) in terms of the supercharge,

A= v, 2v,3v) = 1T 6@ @ Q%) = 5o [T der(Q°).1Q°).1Q%), 1) . (435)

a=1,2 a=1,2

Because the last formula is a 4-by-4 determinant, there exists a three-fold family of |p)
spinors that gives the same amplitude. For the choice of w{ = %(0, 1), we find that the
global reference spinor can be chosen simply as

(o] = %(o,o,o, 1. (4.36)

Generalization to the massive case follows even more closely the 6D case [8]. Three
point kinematics implies that

det(i%5) = mym; = det[i%?],  det(:%j%] =0 . (4.37)

One can define the little-group spinors

(1°2°] = ugab, (201" = —ugal, (4.38)
(2°8") = ugiih, (3°2"] = —ugab, (4.39)
(391°) = wgal, (198°) = —ugal, (4.40)
with corresponding reference spinors w{ and u?f that satisfy
ulw? — ubw? = € (no sum over i), (4.41)
adw? — abwd = € (no sum over i), (4.42)
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with the additional constraints
SliYawg =0, S Jiat=o0. (4.43)
i i
With our parametrization of the massive spinors, an explicit solution is
1 A 1 .
ul = — ("5,  al = -[%Y,  wl=-(0,1)=af, (4.44)
r r r
where j =i+ 1 Mod 3, and r? = (1'2!] = (2!3!] = (3!11].

The three-point massive (1, 1) superamplitude in maximal 5D super-Yang-Mills on the
Coulomb branch is then the direct generalization of eq. (4.30),'¢

ALV, 29,3) = L5( 3 s ) ( 3 a0 (QIQIQIQ)

= Ldet(1Q).1Q).1Q).10)) det(1Q)1QL G o). (4.45)

where the global reference spinors satisfy (p|i%) = w@ and [p|i%] = @, which for our
simple choice can be obtained by (p| = [p| = %(0, 0,0,1). Again, we have imposed mass
conservation.

It is interesting to note that, from the simple factorized form of the massive (1,1)
superamplitude, one may attempt to write down a massive (2,0) superamplitude for non-
abelian self-dual tensor multiplets (interpreted as a Kaluza-Klein reduction of a 6D (2,0)
tensor theory). The naive guess is

?

AGDAT 2T 3T) L5 T (1) @10 = 5= TT det(Q),1Q°),1Q°)1¢)) , (4.46)

a=1,2 a=1,2

which superficially looks indistinguishable from the massless N = 4 superamplitude. How-
ever, we do not find any covariant expressions (in terms of momenta and tensor polar-
izations) that match the corresponding candidate non-abelian three-tensor component
amplitude

? . a C €
A3 (1B, 2%, 3B°T) L idet (11(%), [2(9),8(), | p))det (1), [2), [37)),]p)) . (4.47)

nor for the corresponding candidate scalar-tensor component amplitude

[1t]y#|2]]

?
(1¢, 2¢, SBab) = ZU3U3 = me3€3 i [1121]

(4.48)
The fact that we do not find covariant formulas is consistent with the three-point-amplitude
analysis of ref. [51], and indicate that these are not well-behaved amplitudes. In the
next subsection the corresponding four-tensor amplitude will be analyzed with the same
conclusion.

Y6Recall the vector amplitude from ref. [8], (ufujw§ + cyclic(1,2,3))(a‘}agw§ + cyclic(1,2,3)), may be
obtained from eq. (4.45) using the identities (1 agb ) = ufusg —2mowiu+2miudwl and <1“2b>w§ —udubws+
cyclic(1,2,3) = 0.

o
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The three-graviton superamplitude in massive 5D Kaluza-Klein (2,0) supergravity is
given by the double copy

MEO 13,29, 3H) = —iAMO (1, 20, 3V)A(1’0)(1V 2V, 3V) (4.49)
i
= ggdet(/1,12],13].| )? T det(1Q%),1Q%),1Q%). Ip)) -
a=1,2

Likewise, there exist a well-behaved massive abelian tensor-graviton superamplitude in the
Kaluza-Klein (2,0) supergravity theory

MO AT, 2T, 31%) = —i ALY (1ve 207, 3v8) ALY (11, 215, 3VP)
= %det(\lc],\zd],l?,“],!p])det(llé],\2} 137, 1o)) T det(1Q).1Q%).1Q%). [p)

a=1,2

il TT des(1Q%),1Q),1Q%), 19)) (4:50)

a=1,2

Note the same tensor amplitude can be obtained as the double copy of (1,0) super-
Yang-Mills amplitudes with massive half-hyper multiplets and a Coulomb-branch vector,

MPO AT, 2T, 31y = —i A0 (18,28, 3V%) AL (18, 20, 3V0) (4.51)
and the equivalence of the two double copies follow from the kinematic identities
i = — Sdet((11°, 29,187, ) det (1], 12,1, 13, )
= et 19,87, []) et (12], 29, [37) o)
i = Jdet(|14], 11, 18], ) = — gdet((2,], 127, 137), 1) (45)

where, as before, mass conservation is assumed. The above equivalence agrees with the
fact that the different tensors can be embedded into the (2,2) gravitational theory where
they are related by R-symmetry.

The three-graviton superamplitude in massive Kaluza-Klein (2,2) supergravity is

M (1M, 29, 3H) = A“ Vav.2v 3n A (v, 2v.3v) (4.53)
= 62 [T det(1Q*),10%),1Q%)1p)) TI det(1Q%,1Q%,1Q°, 1)),
a=1,2 a=1,2

and similarly in (1,1) supergravity
MUV, 21, 3H) = ALY (v, 2v,30) AP (v, 2V, 3V)
= :%det(llh 2),13),1p))det(|Q), Q). |Q), p)) (4.54)
xdet([1], |21, 13], o)) det (|Q], Q1. |G, |)) .

where we assumed that both massive amplitudes originate from massless 6D kinematics via
Kaluza-Klein compactification. All the massive amplitudes given above can equivalently
describe 6D massless amplitudes.
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4.2 Superamplitudes at four points

The most convenient expressions for superamplitudes are relevant for gauge theories with
maximal N = 4 supersymmetry. As it is to be expected, the basic object appearing at four
points is the Grassmann delta function, which takes the following expression with the 5D
spinor-helicity notation,

12 AN I T
=4C£[1<Zn?“(zajb>n§‘> 711;[ (Q1Q*))? (4.55)

i<j
The color-ordered superamplitude between four vector multiplets is then readily written as
0%(Q)

A=AV, 20,3V, 4V) = —4i " (4.56)

We can directly verify that this superamplitude yields the appropriate component ampli-
tudes. For example, the amplitude between four massless vectors is

A4(14,24,34,44) = == ((12)(34) + cyclic(1, 2,3))°

= 5%{2<12><23><34><41> — (12)2(39)? + eyclie(1,2,3) ). (4.57)

The N = 2 vector superfields can then be embedded in the AN/ = 4 superfields, which
leads to the identification

_ . 0 0 58(Q)
N=2 _ a d
Ay 721V, 20,3V, 4Y) = —4z<z1 %2>( 77d2> p”

8@
st

(12)(34) + cyclic(1,2, 3)). (4.58)

Since the complement of an N/ = 2 vector superfield in an N' = 4 vector superfield is a
hypermultiplet, from the amplitude above one can extrapolate that the amplitudes with
hypermultiplets take a similar form,

N=2/15& onb _ ~d554(Q)
AY T2 (19, 29° 3V,4V) = —2ie ” (3lp1 14y, (4.59)

and

(4.60)

AN=2(19% 208 307, 40%) = —2i6%(Q) (€ai€w + 667t€6a>

It is easy to promote the massless four-point amplitudes to massive amplitudes by
replacing the expressions for the massless supercharges with the supercharges in the massive
case. As before, we have several distinct representations of the supersymmetry algebra that
differ based on the chirality of the supercharges under the SO(4) little group. Let us start by
introducing the needed Grassmann delta functions for massive supercharges. For standard

non-chiral (1,1) supersymmetry, we have

Q@) = (it n]) (X itliads nj) - = (le@a)’, @y

1<) 1<)
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whereas for chiral (2,0) and (0,2) supersymmetry one has the following Grassmann delta
functions:

(Q*1Q™)*, (4.62)

{8
o [N

=

2
B(Q) = H (S 50 agn)ns®)” =
=1 i<j

a 1

1

2
5*(Q) = *H Zm [30;)713") —64 ([Q‘IIQ"‘])

e
4
R
[N}

Based on these expressions, we can obtain massive superamplitudes between four massive
vector multiplets,

(@)@

- mh)

AD Y, 2v, 3V, 4v) = (4.63)

where mg, m; denote the masses for the s- and ¢-channel poles. They are given by the
mass-conservation condition: mg = mq1 +mo, my = mg +mg. It is useful to explicitly write
out the component amplitude between four massive vector fields, it is

(<12><34> + cyclic(1, 2, 3)) ([12][34] + cyclic(1,2,3))

A, (1W, 2W, 3W, 4W) = P

i

= =y {12283 + [12](23)(34)(41) -

[12)(21)[34](43) + eyclic(1,2,3) }. (4.64)

Having obtained the (1,1) vector amplitude, one may guess that a naive candidate for
the color-ordered superamplitude between four massive tensor (2,0) multiplets is

*(Q)

G—mit-—m})

AP T 2T 3T ,4T) £ — (4.65)

To check if this is a well-behaved amplitude we want to check if it factorizes properly. In
terms of the already guessed three-point amplitudes, we can work out the needed s-channel
factorization,

7_2

(t—mi)>’

where 7 = ;- ([1'2][3'p] + [2'3"][1"p] + [3'1'][2'p]) and p = ;1-(0,0,0,1), with r; =
(i'5']. In order for the factorization to work, we need the double pole to cancel out.

/ ds AP T, 2T, 5T)APO (—5T, 3T, 4T) = —4is*(Q) (4.66)

However, the relation between 7 and the pole is 77 = t —m?, where 7 is given by swapping
square and angle spinors in 7. Hence, the double pole only cancels out in the massless limit
or, alternatively, if we had done the same calculation for (1,1) super-Yang-Mills theory.
One may wonder if the three-point amplitudes can be modified such that they absorb the
unwanted 72/(t — m?) factor. However, given that it depends non-trivially on momenta
belonging to different three-point amplitudes, this is unlikely to work out. Our conclusion
agree with the analysis of ref. [63], where the non-abelian (2,0) candidate amplitude was
shown to have irreconcilable factorization properties.
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In contrast to the problematic non-abelian tensor case, there is interesting and well-
behaved gravitational amplitude that involves abelian tensor multiplets. The four-tensor
superamplitude in (2,0) supergravity is given by the double copy

MEVAT 2T, 3T ,4T) = —i(s—m2) AL (1Y, 20,3V, 4V) AL V(10 2V, 4V, 3V)
1 1 1
= 2'58(@)< + 5 + ) , (4.67)

—m2  t— _m?2
s—msi t—my u-—mg

where the poles corresponds to (massive) graviton exchange. This agrees with refs. [88, 89]
which use the 6D scattering-equation formalism to obtain the same tensor amplitude.

4.3 Comparison with superamplitudes in other dimensions

Massive multiplets in five dimensions are closely related with massless multiplets in six di-
mensions since the little group is the same. This relation was used in [51] to dimensionally-
reduce the 6D spinor-helicity formalism to 5D and discuss certain three-point amplitudes
potentially related to those of the (2,0) 6D theory.

Following the standard 6D notation, a massless momentum is written as [7, 8, 79]

il = Meal P = X aals (4.68)

where )\g‘ are 6D chiral spinors, A, B = 1,...,4, and a,b are SU(2) indices, and similarly
for the anti-chiral spinors 5\2‘. In our massive formalism, we have the natural identification

Mo=(pdt, M= 1pYa. (4.69)

The sixth component of the 6D momentum is interpreted as the mass in five dimensions
(leading to a natural interpretation for the mass-conservation condition Y, m; = 0). For-
mulas for the polarization vectors and supercharges follow straightforwardly from their 6D
analogues. It should also be noted that the USp(2,2)-invariant matrix 2 can be seen as
the sixth entry to the % matrices in 6D, where the remaining five entries are given by the
5D gamma matrices.

Moving to the massless case, it can be obtained from the 6D spinor-helicity formal-
ism through the identification of the chiral and anti-chiral spinors A and A. In a sense,
massless superfields and amplitudes in five dimensions present a closer analogy with 4D
superamplitudes in a non-chiral representation [86]. Starting from the conventional chiral
representation of four-point amplitudes, one can act with a Grassmann Fourier transform
with respect to half of the Grassmann coordinates,

o= / A dn T T B (4.70)

For example, the maximally supersymmetric on-shell vector superfield in four dimensions
now have the expansion

Vi\][):4 = O Xazan® + xai® + A2 + AR+ paani® +
Xan™ ()% + X125 (0)* + 0" (0)*(7)?, (4.71)
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with @ = 1,2 and @ = 3,4. This closely reflects our 5D superfields. The corresponding
superamplitude at four points in 4D spinor-helicity notation is given by

[Toey (Xic; m2(igims) Tacs (i, AC1if172)

ANA(1,2,3,4) = —i . : (4.72)
S
The relation between 4D and 5D variables is then simply
.a -\ _b . .. ~ET T ~&
n (e =g + alliglag (4.73)

It is also immediate to verify that, with this relation, eq. (4.57) reproduces the familiar
expression for the 4D amplitudes upon dimensional reduction with the correct normali-
zation.

5 More on double-copy amplitudes

In this section, we revisit the double-copy construction of Maxwell-Einstein and Yang-
Mills-Einstein theories with the new formalism.

5.1 Maxwell-Einstein and Yang-Mills-Einstein supergravities revisited

The main advantage of the 5D formalism is that it does not require reducing the super-
gravity Lagrangian to four dimensions to match amplitudes from the double copy, as it
was done in the earlier work [32, 34]. Being able to formulate the construction directly in
five dimensions streamlines and simplifies the derivation. One of the remarkable properties
of Maxwell-Einstein theories with A/ = 2 supersymmetry in five dimensions is that they
exhibit the simple cubic vector couplings [23, 90]
1 5 I J 4K

6\/6/d xCUKe“”p”TFWFpUAT , (5.1)
where the Crjx tensor is symmetric in the I, J, K indices running over the number of
vector fields present in the theory. The full Lagrangian of the theory is fixed once the

Cryk tensor in determined, as done in refs. [23-25]. In turn, this tensor can be read off
the three-vector amplitude, which has the following simple expression,

8 2C
M3(1A, 2A, 3A) = —i\/gC]JKﬁ(kl, €1, ko, €9, 53) =—1 LJK

Ve (12)((13) (g32) — (34> g3)) ,
(5.2)
where €(a,b,c,d, f) = a*b’cPd” fAeu,,pgA. In short, these theories are completely specified
by their three-point amplitudes.
The simplest double-copy realization of a family of such theories involves, as one of
the gauge theory factors, N/ = 2 super Yang-Mills theory and, as the other factor, a
Yang-Mills theory with additional adjoint scalars ¢'. At three points, all N = 2 am-

plitudes can be packaged in a single superamplitude. The two non-zero amplitudes on
the non-supersymmetric side are A3(1A4,24,34) and A3(14,2¢%,3¢/). With the intent of
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identifying the relevant C7 g tensors, we focus on amplitudes between vectors in the su-
pergravity theory. In five dimensions, we have three possible double-copy origins for vector

states:
Zb = Aab|_/\/’:2 ®¢i|_/\/':05 (53)
A(llb = ¢‘N:2 ® Aab’/\/‘:O 9
Agb = AC((I|/\/’:2 b2y Ag) |N:0 ) (55)
where the gauge-theory scalars carry an index ¢ = 2,...,ny and we label the vector states

with their little-group indices. It is not difficult to see that there are only two non-zero
amplitude between three vectors: Mz(1A4°% 24" 3A47) and M3(1A°,2A',3A"). The former
is given by!”

0 o i j iy O 9 i a.j

M3(1AY2A% 3A7) = ——e®— A3(1A,2A,3A)— A3(1A,2¢",3¢7), (5.6)
47 028 0z

where the differential operators in the antisymmetric indices extract the correct little-group
representation. After some additional work, it is possible to cast the double-copy amplitude
in the form

M5(1A%, 247, 347) = i6" (12)((13) (g32) — (3 ¢> g3)) - (5.7)

The second nonzero amplitude is

ab
M3(1A4°,241 341) = i< 0 As(14, 2, 3¢)1A3(1A, 24, 34)
4 0z¢ 028
= —i(12)((13) (g32) — (3 ¢> a3)) , (5.8)

which despite its appearance is invariant under the full S3 permutation symmetry. The
difference in sign compared to eq. (5.7) can be traced to the fact that in the two amplitudes
the scalars entering the double-copy construction for the supergravity vectors come from
different gauge-theory factors.

We can now read off the Cyjx for this theory directly by comparing the double-copy
amplitudes in egs. (5.8) and (5.7) with the supergravity expression eq. (5.2):

Con = ﬁ, Coij = —ﬁyj - (5.9)
2 2

This is the well-known generic Jordan family of Maxwell-Einstein supergravities in five

dimensions [23-25]. It should be noted that analyzing amplitudes in five dimensions gives

us the option to avoid explicitly expanding around a base point.'® The earlier formulation

of the double-copy construction for these theories requires matching of amplitudes in four

dimensions, so the 5D spinor-helicity formalism considerably streamlines the derivation.

"Here the normalization of the double-copy follows the KLT formula with the gravitational coupling set
to k=2, ie. M3 = —iA(1,2,3)A(1,2,3).
8There is however the built in assumption that there exists a base point which leads to canonically-

normalized vector fields. It is this point that is chosen by the double copy.
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We can extend the supersymmetric gauge theory by including hypermultiplets and
the non-supersymmetric theory by including fermions. This yields extra vectors in the
double-copy theory as

Ay = X(alprma @ Xy o - (5.10)
where « is an extra flavor index carried by the gauge-theory fermions. Introducing these
fields turns on additional three-vector amplitudes, which are of the form

M3(14%,24%,3A4%) = —iA3(14,2x, 3x) A3(1¢", 2x*, 3x”) . (5.11)

The amplitude between two fermions and one scalar in the non-supersymmetric theory is
taken to be proportional to a matrix in the global indices that appears in the Yukawa
couplings,

A3(1¢272XQ73X5) \[ aﬁ<23> (512)

The resulting supergravity amplitude is

M3<1A22A%3Aﬁ>=—7r (23)((21) (@13) — (3 ¢+ 43)) , (5.13)

which leads to the additional non-zero entries of the Cjjx tensor,

1 /3 .

We have recovered the construction for homogeneous supergravities first given in ref. [34].
Here we do not discuss the constraints imposed by color/kinematics duality on the matrix
Fgﬂ, i.e. we just assume that we have gauge theories obeying color/kinematics duality
from which we can take the amplitudes entering the double copy. Color /kinematics duality
can be conveniently studied at the level of the gauge theories, and in this particular case
requires that the fo ;3 matrices obey Clifford-algebra relations, as shown in ref. [34]. The net
result is that we recover the classification of homogeneous Maxwell-Einstein supergravities
from the supergravity literature [30].

For completeness, we also give the double-copy map for the other bosonic supergravity
fields,

habcd = A(ab’N’ZQ ® Acd) |N:0 ) (5 5)
P! = Aa|pp ® A%y (5.16)
@l:¢|j\/:2®¢z‘/\/’:07 (5 17)

@ 1 ax
2 :ﬁXa’NZQQQX ’N:O . (5.18)

Finally, it is completely straightforward to turn on trilinear scalar couplings in the non-
supersymmetric gauge theory entering the construction while preserving the duality be-
tween color and kinematics. This yields non-Abelian gauge interactions in the gravitational

9Note that the ﬁeld combinations appearing in the double-copy map are canonically normalized, with
the exception of ¢!, which has a 5(6M<p ) kinetic term in the supergravity Lagrangian expanded at the

appropriate base-point.
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double-copy theory, which becomes a Yang-Mills-Einstein theory with gauge symmetry
given by the flavor symmetry of the trilinear couplings in the non-supersymmetric gauge
theory Lagrangian, as shown in ref. [32].

The component amplitudes discussed in this section can be supersymmetrized using
the superamplitudes introduced in section 4. The amplitude between three supergravity

massless vector multiplets can be written as?’

o 92

Ms(1V7, 207 3V%) = i3 0k(12) (1Q)(QIQ) (5.19)
where we used eq. (4.15) and this expression is invariant under cyclic symmetry due to
nontrivial properties of three-point kinematics.

5.2 Amplitudes with massive vectors and tensors

In this section, we study double-copy amplitudes with massive external fields. Their sim-
plest realization is in a gravitational theory containing massive vectors. We begin by
studying amplitudes with gravitons and massive vector fields, and then proceed to include
other massless and massive fields.

Similarly to the massless vectors discussed in the previous section, massive vectors
can originate either as the double copies of a massive vector and a massive scalar, or as
the double copies of two massive fermions. We start by considering amplitudes between
two massive vector fields and a graviton. The first type of massive vectors leads to the
double-copy amplitude

M3(1W,2W, 3h) = —iAs(1p,2¢, 3A) As(1W, 2W, 3A)
= —i(es - p1)(2(e1-p2)(e2 - £3) + (1 €2) (3 - p1) — (1 2)). (5.20)
The second type of double copy leads to
M3 (1W,2W,3h) = —iAs(1x,2x,34)As(1x,2x,3A)
i((13) (32] = (3 ¢ 3)) ([13) (@32) — B> @3)) . (5.21)

Upon explicit evaluation, one can check that the two expressions are equivalent. This is a
consequence of the graviton interacting universally with matter, and an important check
that we obtained the correct amplitudes. A change of normalization in the double-copy
map would result in these two amplitudes becoming different, i.e. this is a check of the
correctness of the normalization of the double-copy fields.

At the level of amplitudes, we can write six gauge-invariant structures with the right

little-group indices,?!

{(12](21] (b1 - 23), (12)[21] (p1 - 25), (LIp21] (2les]2] — (1 4 2),

ma(12) [2lesl1), ma[12] (2fesl1). ma[12) [2]esl1) — (14 2)}. (5.22)

20Here, the indices i, j, k run over the matter vector multiplets in the theory. This expression requires the
Cryk tensors to be given in the canonical basis with Cooo = 1, Co;; = —%6”, Cooi = 0 and Cj;, arbitrary.
21 As in the previous section, we take the two masses to obey m; = —mao = m.
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These structures are however not independent, and it is possible to verify the relations

2((12) (21] — (12] 1) (p1 - 25) + 5 ((1lp1] 2lesf2] — (1 2))
+m1<3>[2\53111 mi[12] 2les)1) =0 (5.23)
and
(12) [2[es[1] + [12] (2[es|1) — [12) [2]es]1) — (12] (2lesl2] = 0 . (5.24)

We will use these relations in the remainder of this section and organize the three-point
matrix elements from the supergravity Lagrangian and from the double copy in a basis of
gauge-invariant structures drawn from eq. (5.22).

In the supergravity Lagrangian we can write three terms that are gauge invariant with
respect to the massless vector. The first is a bilinear in the covariant derivative of the
massive vector fields,

01 = D[HW,,]D”WV . (5.25)
The corresponding three-point matrix element is
gsta(WWA>"DW‘2 =igst®(e1-ea(p1 —p2) €3+ €2 -€3p2-€1 — €1 -E3D1 - €2)

= @gn; {<<12>[21]—<21]<12])(p1 ~€3)+%(<1\P2!1] <2153\2]—(192))} ,
(5.26)

where t% is the representation matrix of the massive vectors with respect to the unbro-
ken gauge group and gs is the coupling constant of the supergravity gauge interactions.
Representation indices for the massive vectors are not explicitly displayed. The second
gauge-invariant term in the supergravity Lagrangian has the form

Oy = F*WHeew? . 5.27
1%

Its contribution to the three-point amplitude is

gst“(WWfD‘W.FW = igst"(e1-€3p3 - €2 — €2 - €33 - €1)
_ 9t
=i (<1|p2|1] (2le5)2) - (14 2)) - (5.28)

Note that in the Yang-Mills Lagrangian with spontaneously-broken gauge symmetry both
01 and Oy are present with the same normalization, and

<WWA>]YM - <WWA>‘|DW|2 + <WWA>\W_FW . (5.29)

Lastly, as we have seen in our analysis of the massless theories, an additional operator

appears in the supergravity Lagrangian,??

O3 =DW ANAANDW . (5.30)

*2A fourth possible term in the supergravity Lagrangian has the form D(,W,)D*W" and will not be
considered in this section. Together with the three we discuss they exhaust the basis of independent
three-point gauge invariants.
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The corresponding contribution to the three-vector amplitude is

(W 4) = 4t e(e1, €2, 25,1, p2) = it* ((12) [Lfea|2) + [12] (Les[2)). (5.31)

DW AAADW

We now consider amplitudes obtained through the double-copy construction. Specif-
ically, massive fields can have two distinct origins: they can arise as double copies of two
massive fermions, or as double copies of one massive vector and one massive scalar. We will
take the massive vector either as the vector arising from the double copy of two gluons or
as a gluon times an adjoint scalar. Altogether, we have five distinct classes of three-point
amplitudes that we need to discuss. We start from the bosonic double copies. The simplest

one is??

M3(1W,2W, 3A) = —iA3(1W, 2W, 3A4) A3(1%, 2, 3¢)
A _
= §(<WWA>‘

where )\ is the constant appearing in the three-scalar coupling, which is normalized as

o + (WW A)

(5.32)

|DW W-F-W)

A [ P¢p. This leads to the supergravity gauge coupling constant being given by

KA

9s =1 (5.33)

which is consistent with the result in ref. [34] (we have restored x in the above equa-
tion). A3(1W,2W,3A) must be an amplitude from a spontaneously-broken gauge-theory
amplitude in order to satisfy color/kinematics duality. Another bosonic double copy is

= im(e1 - €2)(e3 - p1 — €3 - P2)
= m{WWA) pwp — m(WW Ay piw - (5.34)

In order to have an amplitude of this form, one needs to take ¢ to be the Higgs field on
the left gauge theory. For this amplitude, the supergravity coupling constant is

km
9s = N (5.35)
There is one last amplitude obtained from a bosonic double copy,
— € 9 — 0 _
Ms3(1W ,2W,3A) = —i— As(IW,2W, 3A) — A3(19, 2¢, 34)
4 024 0z
= _<WWA>DW/\A/\DW . (5.36)

Interestingly, the double copy does not give any term proportional to the mass, and there-
fore it is the same as in the massless case given in the previous section.

ZFor amplitudes between fields transforming in matter non-adjoint representations, instead of three-point
color-ordered amplitudes, we use three-point amplitudes in which the color factor T}’ has been stripped.
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We now inspect amplitudes in which the massive vectors come from fermionic double
copies. There are two such amplitude. The first one is

ab

0
i© (1x, 2x, 34) ~— A3(1%, 2%, 34)

Ms(1W,2W,3A) =
3( ) ; ) 4 a 82’3

= { €1-E3p3 €2 —E2-E3P3 - 61)}

= \fzm( WA)w riw - (5.37)
The second amplitude is

M3(1W,2W, 34) = —iA(1x, 2x, 34) A(1%. 2, 3¢)
7
= 5[12](1]es|2) = m(WWA) pwp + <WWA> piWwaarpw-  (5-38)

The result gives both a term proportional to the Cjyx tensor and a term that vanishes in
the massless limit.

In formulating the above double-copy constructions, we have paired massive fermions
with opposite little-group chiralities. However, we can also choose to have the double-copy
map pair fermions with equal chiralities to give supergravity tensors,

= 5(12) (1fesf2) - (5.39)

Several comments on these results are now in order. First, we have seen that, in contrast to
amplitudes between two vectors and a graviton, which are universal, massive and massless
supergravity vectors admit several different kinds of couplings. In particular, vectors with
different double-copy origin give rise to different operators in the supergravity Lagrangian.
Some of these couplings disappear in the massless limit. This is an indication that the
double-copy theory does not admit an unbroken gauge phase. In fact, these classes of am-
plitudes arise naturally in the double-copy construction for Yang-Mills-Einstein theories
with non-compact gauge groups, which always need to have the gauge group be sponta-
neously broken to a compact subgroup to preserve unitarity. In some cases, one has the
choice on how to pair gauge-theory states in the double-copy map. Different choices can
result in massive vectors or massive tensors in the output of the double copy. However, the
pairing of gauge-theory states depends on their respective gauge-group representations, so
that a supergravity state is associated to a gauge-invariant bilinear with states from the
two gauge-theory factors.

In this section, we have used three-point gauge amplitudes for the input of the double
copy without studying in detail the theories from which they are originating. In particular,
we have not analyzed the constraints coming from color/kinematics duality, which become
important for ensuring the consistency of amplitudes at higher-points. Color/kinematics
duality may require a delicate balance between the various gauge-group representations
and impose constraints on the parameters of the theory. For example, fermions carrying
both little-group chiralities can be present in a given representation, which implies that
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both tensors and vectors will be generated through the double copy. The analysis of the
double-copy construction for theories with non-compact gauge groups is beyond the scope
of this article and will be carried out in a separate publication [91].

6 Conclusion

In this paper, we have introduced a 5D version of the spinor-helicity formalism, which
provides convenient variables valid for 5D massive and massless kinematics, as well as
extended on-shell supersymmetry. We have discussed two main applications: the study
of amplitudes involving massless and massive Yang-Mills fields and the formulation of
the previously-known double-copy construction for N' = 2 Maxwell-Einstein and Yang-
Mills-Einstein theories in a purely 5D language. Furthermore, we have elaborated on
massive self-dual tensor fields. These appear naturally in some supergravity theories in
five dimensions and, as such, these theories can be regarded as an important stepping
stone towards understanding the mysterious 6D theories of non-abelian tensor fields.

The 5D N = 2 Maxwell-Einstein and Yang-Mills-Einstein supergravities, which are
uniquely determined by their trilinear couplings, are a prime testing ground for under-
standing whether all supergravity theories exhibit a double-copy structure [41, 75]. To
systematically explore these research directions, efficient methods that make use of the
special properties of 5D kinematics are necessary. Earlier discussions appeared in ref. [92]
and especially ref. [51], in which a 5D formalism is obtained by dimensionally-reducing the
6D spinor-helicity formalism of refs. [7, 8]. See also refs. [65, 66] for a discussion of five-
dimensional amplitudes in the context of ambitwistor strings and refs. [63, 64] for methods
based on scattering equations.

In this paper, we constructed manifestly-supersymmetric three-point superamplitudes
whose components reproduce the amplitudes determined by the standard cubic terms of 5D
N = 2 supergravity couplings around Minkowski vacua. The form of the superamplitudes
and the structure of the superfields, with origins in 6D massless theories, suggest a possible
generalization to amplitudes of non-abelian (2, 0) self-dual tensor multiplets. However, our
analysis, suggesting the absence of covariant expressions corresponding to the candidate
spinor-helicity expressions, are consistent with the negative results obtained in ref. [51].
Furthermore, while the candidate four-point formulas for the non-abelian tensor amplitudes
are suggestive, they do not pass standard factorization checks, in agreement with the
analysis of ref. [63].

The superamplitudes for maximally supersymmetric gauge and gravity theories are
similar to the ones obtained through dimensional reduction from 6D. This is a consequence
of the fact that theories with A" = 4 supersymmetry in five dimensions always uplift to
higher dimensions. However, superamplitudes with only half-maximal supersymmetry do
not always follow a similar pattern. The expressions constructed in section 4.1 are distinct
from the truncations of the corresponding maximally-supersymmetric superamplitudes,
and appear to be native to five dimensions. Indeed, the explicit mass dependence in the
denominator implies that they cannot be straightforwardly uplifted to six dimensions. This
is consistent with the fact that not all AV = 2 theories in five dimensions possess a higher-
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dimensional uplift, in close analogy with e.g. 4D N = 2 theories that do not have a 5D uplift.
Concretely, whether the superamplitude in eq. (5.19) uplifts to six dimensions depends on
the particular form of the Cjji tensors. The simplest example of non-upliftable theories
discussed in the literature are those in the so-called generic non-Jordan family (see ref. [23]).

In section 3.4, we analyzed the 5D N = 4 supersymmetry algebra with a non-singlet
central charge and interpreted the central charge as components of the momentum in 10
dimensions. We can expose the full 10D Lorentz symmetry by combining the two products
of massive 5D spinors in eq. (3.33) into a covariant Majorana-Weyl 10D spinor

i.)\ad.
AL = (7eaCad) 6.1
by oy

where [ = i @ j is an SO(8) little-group vector index, i @ j is its decomposition over the
subgroup SO(4) x SO(4) C SO(8), and o’
Finally, the index A = A ® A is a 16-component Weyl spinor index. We thus obtain a

& O, are the respective SO(4) sigma matrices.
spinor-helicity-like formalism in 10D, with manifest SO(1,4) x SO(5) symmetry, which is
different from that of ref. [11]. It would be desirable to explore this formalism further and
explicitly construct the low multiplicity superamplitudes of 10D super-Yang-Mills and type
ITA /B supergravity.

Finally, one of the reasons for developing a systematic 5D formalism, and perhaps
its main application, is to streamline the study of 5D supergravities in the double-copy
realization of their amplitudes. In five dimensions, N' = 2 Maxwell-Einstein and Yang-
Mills-Einstein theories are uniquely specified [23, 25] by the Cryx tensor which enters
the three-vector terms in the Lagrangian. We have shown how to extract these Crjx
tensors from the double-copy form of the three-vector amplitudes and recovered it for all
the homogeneous supergravities, classified in ref. [30] and first given in a double-copy form
in ref. [34]. The formalism developed here can be further applied to the study of gauged
supergravities and Yang-Mills-Einstein theories with non-compact gauge groups. We will
return on the latter in forthcoming work [91].
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A Gamma matrices and reality properties for on-shell spinors
The 5D gamma matrices with lowered USp(2, 2) indices are antisymmetric, Q-traceless and
satisfy the following quadratic relations
'YI(L{LBQBC’YE)D = 2n""Qap,
VapPCNEp P =
Yas()ep = 2(QacQsp — QapQee) — QapQen, (A1)

where the first identity is the Clifford algebra.
Under complex conjugation the gamma matrices transform into themselves up to a

similarity transform through time-like matrix %45,
(’YZB)* = ;?,u,AB — ,YO,AC,}/%D,YO,BD ) (A2)
Hence it is the time-like gamma matrix
0 o
A - 2
VA =g = —(Ba) T = ( ) (A.3)
109 0

that effectively lowers and raises USp(2,2) indices under complex conjugation.
By inspection we see that the massive spinors obey the following reality property

(Ip*)a)" = [Pa)* =P 1p") Ew, (A.4)

where E,; is a complex unit-determinant matrix (SL(2,C) matrix) that depends on the
momentum, the reference vector and the precise choice of spinors in eq. (2.7).

If we consider the spinor parametrization in eq. (2.7), and pick a reference vector
gu = (1,0,0,1,0), then the matrix Eq, takes the simple form

Eq = (2 _gl > ; (A.5)

where © = pg + p3 — po"ips.
Since it has unit determinant, the general F,;, matrix satisfies

Eoqet® By = —€ap, (A.6)
and hence it acts as a complex conjugation on the little-group metric. Indeed, we have that
(™) = —€ap - (A.7)
Note that the v>48 matrix satisfies the analogous relation
AOACQ A 0BD — _AB (A.8)
which similarly implies that (Q45)* = —Q45.
We can invert the conjugation in eq. (A.4), then we get

Yaplps) PE* = —|p®)a . (A.9)

This can be interpreted as the statement that the complex conjugated spinor is equal to
the original spinor, up to a similarity transform and a sign flip. This is consistent with the
spinors being symplectic-Majorana spinors.
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B Amplitude decomposition in terms of total SU(2) weights

We now turn to the massless amplitudes in five dimensions, and ask what is the 5D
equivalent of the 4D decomposition in helicity sectors. Since the 4D helicity follows the
weight under little group rephrasing and the 4D little group is a subgroup of the 5D one,
U(1) € SU(2), it is natural to expect that the desired decomposition is that in irreducible
representations of the 5D little group.
With the particular choice of reference momenta from eq. (2.20), we have the relations
(el 8]1-1) =0, (e -6}2) =0, (e22. 5}2) =0, (e22. 5?2) =0, (B.1)
for all 4,7. A three-point massless amplitude can be decomposed in terms of the total
SU(2) little-group representation carried by the external states. This is done by tensoring
three three-dimensional representations of SU(2),

30393 =T02x503x3d1. (B.2)

To generate all amplitudes within a given SU(2) sector, we can start from the lowest-weight
state in which there is a maximal number of 1 in the little-group labels for the polarization,
and act with raising operators. Eq. (B.1) has as a consequence that we need at least two
1 and two 2 labels to have a nonzero results, hence the 7 and 5 sectors are automatically
zero for YM theory in 5D, since the corresponding lowest-weight states do not have this
property. This therefore constrains the structure of the allowed polynomials in auxiliary
variables that are dressing the amplitudes with free SU(2) indices:

a1 b1 a2 bz a3z b3

3 3
(3) a1b1a2b203b3_A() albla2b2a3b33+212122222323

a1by...azbs?l Rl 72 R k37 %37 = albl...agbg,{zl R1 %9 Z9 23" %3

J-

(B.3)
. as the degree-six poly-

a1 by a2 by a3 b3 and Ztll1211712§l2zl272zg3z§3
3

where we have defined 27" 21" 257 29° 23° 25

nomials in the auxiliary variables that transform in the three-dimensional SU(2) represen-
tation and in the singlet representation.

At four points, the decomposition is carried out in a similar way except that now the
starting point is the product of four three-dimensional representations of SU(2):

3030393=933xTHE6x5H6x3®3x1. (B.4)

As before, the amplitudes in the 9 and 7 sectors are equal to zero, mirroring the vanishing
of all plus and one-minus amplitudes in four dimensions. As in four dimensions, these
sectors become nonzero once a higher-dimensional operator is added to the Lagrangian of
the theory.
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