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Abstract. In his twistor-particle programme of the 1970’s, Roger Penrose introduced a rep-
resentation of the massive particle phase space in terms of a pair of twistors subject to an
internal symmetry group. Here we use this representation to introduce a chiral string whose
target is a complexification of this space, extended so as to incorporate supersymmetry.
We show that the gauge anomalies associated to the internal symmetry group vanish only
for maximal supersymmetry, and that correlators in these string models describe amplitudes
involving massive particles with manifest supersymmetry. The models and amplitude for-
mulae exhibit a double copy structure from gauge theory on the Coulomb branch to gravity,
although the graviton remains massless. The formulae are closely related to those obtained
earlier by the authors expressed in terms of the polarised scattering equations.
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1 Introduction

The twistor-strings of Witten [66], Berkovits [4] and Skinner [63] led to remarkably compact
amplitude formulae for tree amplitudes for both super Yang-Mills [58] and supergravity theories
[12, 16, 17, 29]. These twistor-strings theories and formulae, including the worldsheet formulae
of Cachazo, He and Yuan [13, 14, 15], can all be understood under the umbrella of ambitwistor-
strings [45]; a family of quantum field theories of holomorphic maps from a Riemann surface to
the complexification of phase spaces of massless particles. These can come in various different
twistorial or non-twistorial representations, with and without spin or supersymmetry and in
different numbers of space-time dimensions. They exhibit a number of beautiful and perhaps
unexpected features, such as a uniform simple structure in terms of residues in the moduli
space Mo, of n-points on CP! modulo Mébius transformations, and one of the most direct
realizations [10, 14, 46, 47] of the double-copy between gauge and gravity amplitudes [6, 7].

In their original form, all these ambitwistor-string theories and associated worldsheet formulae
appear to be tightly restricted to theories and amplitudes involving only massless particles.
However the underlying approach suggests that, if one wishes to compute amplitudes for theories
with massive particles, one should consider quantum field theories of holomorphic strings whose

This paper is a contribution to the Special Issue on Twistors from Geometry to Physics in honour of Roger
Penrose. The full collection is available at https://www.emis.de/journals/SIGMA /Penrose.html
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target is the complexified phase space of massive particles. The massless case has also shown
that, in order to incorporate fermions simply, we should use a twistor representations of the
phase space.

Nearly 50 years ago, Roger Penrose, followed by Zoltan Perjes, gave a twistor description of
massive particles in terms of a set of two or more twistors up to an internal symmetry group
[51, 54]. He proposed the twistor-particle programme based on the twistor quantization of this
description. In particular, it was hoped that the representation theory of the internal symmetry
group should classify elementary particles; see for example [36, 37, 52, 55] and references therein.
Although this programme has not been pursued further by the twistor community, the framework
was taken up by other authors in the particle physics community. For these authors, quantization
via a worldline Lagrangian approach was used leading to studies of the spectrum of such twistor
particle models, often incorporating supersymmetry. Two-twistor particle models include [8,
9, 22], see also [23, 24] for more recent studies that have a good number of references to the
evolution of the subject, including [26, 27].! Such worldline actions are a stepping stone to
ambitwistor-string formulations. These are holomorphic strings whose target is a complexified
phase space; the action being built directly from the holomorphic symplectic potential on such
a complexified phase space [45].

A particular advantage of the two-twistor representation of the phase space of massive par-
ticles is that it reduces to the nonlinear massive phase space via a symplectic quotient from the
vector space of a pair of twistors. Such a symplectic quotient can be done via BRST in the
quantum field theory, and all computations can be performed in a linear free-field quantum field
theory on the Riemann surface. However, a key lesson from the massless cases is that, even
if one is only interested in bosonic Yang-Mills or gravity, fermionic symmetries are needed on
the worldsheet and supersymmetries on space-time to obtain simple uniform formulae incorpo-
rating all relevant helicities. We will see that these supersymmetries can also be introduced in
the massive case, leading to simple compact formulae for amplitudes in otherwise complicated,
non-linear gauge and gravity theories.

In its simplest approach, massive particles were understood in terms of a pair of 4d twistors
(Za7 Za) €T xT, a=1,2. Each twistor Z € T has four complex components, that according
to more recent (and less Penrosian) conventions are written as Z = ()\a, ud), i.e., as a pair
of 2-component spinors; Z is the SU(2,2) complex conjugate of Z, defining a dual twistor by
Z = (5\@, /]O‘). This description of massive particles was defined up to an internal symmetry
group SU(2) x C, where the SU(2) acts conformally invariantly on the a index. It can be
understood in more conventional terms as the stabilizer of the massive momentum in the Lorentz
group, the little group, see for example the massive spinor-helicity framework of [3].2 The
factor of C in the symmetry group breaks conformal invariance and determines the particle
masses.

Here we complexify twistors so that the complex conjugate twistor Z becomes a dual twistor Z
independent of Z giving the pair Y = (Z, Z) € Te := T x T*. We can also think of such
a complexified twistor as a Dirac twistor Y = ()\ A, ,uA), given as a pair of 4-component Dirac
spinors Agq = ()\a, 5\@) and p? = (,&a, u‘j‘). We will also incorporate supersymmetry extending
Y - Y = ()\ A, ph T ) with A/ additional fermionic components n’. This description gives
a natural inner product Y -Y := Z - Z + nn! from the duality between T and T* and skew
form Q.

Note also a two-twistor model along the lines of an ambitwistor string [40, 41], but focussed on massless
particles.

2More generally, n-twistor descriptions were considered with symmetry groups containing SU(n); in the twistor
particle programme, particle multiplets were to be understood via the representation theory of such internal
symmetry groups. The quantization of massive worldline models based on these descriptions has been studied by
a number of authors, see [23, 50] and references therein.
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Our 4d massive twistorial models are given by holomorphic maps from the Riemann sur-
face 3 to the complexified two-twistor description of massive particles. They consist of a pair
of complexified twistor fields Y, (o) = (Z4(0), Za(0)), a = 1,2 taking values in worldsheet spi-

nors le,o . To reduce to the twistor representation of the massive particle phase space, we also

gauge the currents (ya Wy, A2, 5\2) that generate the (complexified) internal symmetry group

SL(2) x C x C. Here A\? := det(A) and its conjugate A% determine the squared mass of the
massive momentum P,s = /\g)\geab. Thus we arrive at the model

Siq = / V0V + A Y- Yo+ AN — 57) + AN — ) + S,
b

Here S,, is some theory dependent additional worldsheet matter that in particular can give rise
to a current j¥ associated to some symmetry generator H. The Ay, = A(qp) are gauge fields for
the SL(2) little group, and (A,fl) gauge the C x C part of the internal symmetry group; they
are also Lagrange multipliers relating the values of the particle masses to their charges under H.

Although this two-twistor massive model is a string whose target is the complexified two-
twistor description of massive particles of [54], it can be identified with the dimensional reduction
of the 6d and 5d ambitwistor strings in [34]. The contractions of the massive spinor helicity
variables correspond to two components of the internal momentum when embedding the massive
variables in a six dimensional massless momentum. The two-twistor string produces correlators
that localize on delta functions that fix the values of internal momenta in terms of charges
under H and H for all particles involved. In addition to this, the correlators are further localized
by delta functions imposing a polarised version of the scattering equations as in [1, 30].

The models above not only allow us to derive formulae involving any number of massive
particles, but also give an alternative formulation of the massless models in [29]. This is of
particular importance as it presents a framework in which a massless field can be deformed to go
off-shell, which is a necessary prerequisite for defining a gluing operator in the four dimensional
twistorial model and producing loop amplitudes.

Paper summary. In the next section we introduce the two-twistor geometry of the massive
particle phase space. We then briefly present the Penrose transform and its complexification.
This can be used in a two-twistor string that computes amplitudes for theories with massive
particles in four dimensions. Such formulae incorporate fermions and supersymmetry, general-
izing the massless case of [29]. They are based on the polarised scattering equations that have
already been introduced and studied in six and five dimensions [1, 31, 34]; these can also be
related [62] to the formulae of [11]. We focus on a model adapted to the Coulomb branch of
N =4 SYM; this contains a gauge field, fermions and scalars that have a vacuum expectation
value to give masses to some of the particles, analogous to the standard model. Nevertheless,
as in the models of [33, 34], we can write down a full range of models for particles of spin-0,
spin-1 and spin-2 following the double copy, although the scope for introducing masses into the
gravity models are limited.

2 DMassive particles

We first review the twistor description of massive particles in terms of a pair of twistors with re-
dundancy described by the two-twistor internal symmetry group SU(2) x C. This framework ties
in directly with the (more recent) spinor-helicity formalism for expressing polarization data for
massive particles. Anticipating the string model we then complexify the two-twistor description,
and introduce the Penrose transform for massive momentum eigenstates.

Conventions and notation. We will work with spinors in the complex, so that the Lorentz
group in 4 dimensions is double-covered by SL(2, C) x SL(2, C) with each factor acting separately



4 G. Albonico, Y. Geyer and L. Mason

on the positive and negative chirality spinors. The positive and negative chirality spinors carry
indices a = 1,2, & = 1, 2, raised and lowered with €43 = €[], €12 = 1 and its inverse, as well as
the corresponding dotted version. We denote spinor inner products by the conventional bracket
notation,

MiA2) = Mads,  [Mda] = Mahs,  Aa=Meo., A =c9),
Ba B

2.1 Review of twistor internal symmetry groups for massive particles

Massless particles. As described in [51, 53, 54, 55], a general twistor Z4 = (Ao, u%) € T
determines a massless particle whose momentum P, and angular momentum M*” = M aBgdf 4
c.c. about the origin, can be assembled into the angular momentum twistor given by

[ P‘f- - _A?‘V = ZABICZ..
pg M8 ApAd A@yf)

In this formula, the infinity twistor breaks conformal invariance and is defined by
P75 = (0,X%),  L4gZP = (0,)\?),

extending the spinor contractions to degenerate inner products (ZyZs) := I4gZ{'Z8 = (M )a)
on twistor space. The angular momentum twistor is invariant under the internal symmetry
transformation Z — €7, which we can identify as the little group rotating the phase of the
constituent spinors of the massless momentum Ppg = AaAa-

Massive particles. In order to describe massive particles, we introduce a sum over two
twistors Z{;‘, a = 1,2 with complex conjugates Zj. These yield the angular momentum twistor

AB ArB)C 7
LAB = ZA[BIC Za.
In particular, the momentum is given by
Ppa = )\aaj\gu

and so we can identify the indices a, b as the SU(2) little-group indices that stabilizes the massive
momentum P, inside the Lorentz group.

Penrose [51] and Perjes [54] define the two-twistor internal symmetry group to be the Poincaré
invariant transformations that preserve the angular momentum twistor. This group is SU(2) x C,
where the SU(2) acts as the massive little group, and the factor of C is given by the complex
transformations

521 ox I8 Zhey,.
These symmetries all preserve the symplectic form and potential [64]
Q= d6,,,, 20, :=iZdz% —i12%dZA.

The internal symmetry group action with respect to the potential ©,, is generated by the
Hamiltonians

_ 1 1

Tl Zyar  Ni= FhaAe =5

for the factors of SU(2) and C respectively. We can therefore define the phase space P, for
particles of mass m as the symplectic quotient

Pm=4{Za € TXT|Zy - Zy =0,(Z 2% =m}/{SU(2) x C}. (2.1)

1
(Za, 2%) = Slas 225,

It is easy to see that this is a 6 real-dimensional symplectic manifold with symplectic poten-
tial ©,,.
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2.2 Dirac spinors and spinor-helicity for massive particles

As remarked above, the SU(2) of the internal symmetry group is the massive particle “little
group”, the subgroup of the spin double cover of the Lorentz group that preserves a time-
like momentum P,4; the representations of this little group are naturally identified with the
polarization states of massive particles as follows. For a massive particle of momentum ks we
write as above

_ ~a
ko = Raakes

where a = 1,2 is an SU(2) little group index raised and lowered by €4 = €[4, €12 = 1. In the
real case k% can be taken to be the complex conjugate of ko, reducing the little group to SU(2).
We denote little group contractions by

(v1v2) = V1202
The mass m is given by k? = m? = det(kas) = det x det &; so defining
detk = M, det/%:]\;[,

we have MM = m? and although we can fix the phases of x and & so that M = M = +m, later
we will want to keep them independent before they are fixed by the model.

Massive particles are not chiral, and two-component spinors necessarily double up with their
conjugates. For a more compact notation, we introduce Dirac 4-component spinors with indices
denoted by capital Roman letters from the beginning of the alphabet as

Ya= (Va, %), PP =eMByu = (VN 0),  1avs = Prath§ + Piabaa,

and we will raise and lower indices with 48, e4p, eBeyo = 63 . Also note the 75 matrix
defined by

’YBBA@ZJB = i(%ﬁa’ _’J)d)'

The mass-m Dirac operator D}5 = D[Tl B] in this notation is

0 v

DYp := —iVp + meap = —i .
B iVap +mean 1(—V‘}3 0

> + meag.

The spin s massive field equations for WA 425 — p(A1425) hecomes
Dy W Azs = g,

At spin s = 1, we obtain Fap = F(4p) whose 2 x 2 block-decomposition contains the 2-form
curvature spinors along the diagonal and mA 5 on the off-diagonal, where A, is the one-form
potential.

Introducing a little group spinor €,, the general plane wave on Minkowski space of spin-s can
be decomposed into Dirac spinor wave functions as

U, dy, = €4, '-‘EAQSeik'x, €A = €.k% =: (€Kk4), KAqg = (/ﬁ;aa,kf‘;). (2.2)

For spin 1/2, this is an ordinary massive Dirac field momentum eigenstate with polarization €,;
for spin s = 1 this describes a massive field with potential A,q = %eab mg/%g e®? with polariza-
tion €(,p) = €q€p. In general, spin-s massive particles transform as the symmetric part of rank 2s
tensors of the massive little group SU(2), with polarization data €4,...a5, = €(q;.qs,)- Note that
the polarization in (2.2) is taken to be simple to tie in with later supersymmetric expressions,
corresponding to a null polarization vector. We refer to [3, 19, 20] for more extended recent
discussions of spinor-helicity for massive particles.

To reduce to the massless case, we can take half the spinor components to vanish k1, =
0= /%8“, whereupon the little group spinor components ¢y and €; parametrize the positive and
negative helicity states respectively.
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2.3 The complexified particle phase space and Penrose transform

In all (massless) ambitwistor strings [45], the target space is the complexification of the massless
particle phase space, often referred to as ambitwistor space and denoted by A. To define this
we first introduce complexified twistor space T¢ by

Y =(2,2Z) € Te =T x T*.

Then the complexified phase space of massless particles in four dimensions has become known
as ambitwistor space A, defined non-projectively as the holomorphic symplectic quotient

A={YeTc|Y Y =2-Z=0}/{Z 022 9;}, (2.3)
with respect to the symplectic structure
Qu = dO,, Op:=iZ-dZ —iZ-dZ.

This is the target of the original twistor strings [4, 63, 66] and the closely related ambitwistor
strings [29].

In analogy with the massless case, here we take the target space to be P;C,L, the complexification
of the massive particle phase space P,,. We represent 777(% as the holomorphic symplectic quotient
analogue of (2.1) as

P = {Ya € T x T | Z( - Zyy = 0, (Z,2°) = [ZoZ°] = m}/SL(2,C) x C x C.

One of the oldest applications of twistor theory has been to provide solutions to the free field
equations. In the massless case this is achieved via the Penrose transform, which represents
zero-rest mass helicity-h fields as twistor cohomology classes H'(PT,O(2h — 2)). Using the
identifications A = T*PT = T*PT*, representatives of these cohomology classes can also be
pulled back to ambitwistor space. While two-twistor descriptions in the literature [37] lead
to H? representatives by building on the real massive particle phase space, we use the complexi-
fication PS, to obtain representatives in (Dolbeault) cohomology classes H' (PS5, O(2s—2)) that
couple naturally to the worldsheet. Here we will focus on the scalar case s = 0, the extension to
spinning particles can be achieved most straightforwardly via supersymmetry and is discussed
in Section 2.4.

To represent the plane wave (2.2) with momentum ko = KaoR% on TC x TC it will be
convenient to reorganise the spinor constituents of Y, as a “Dirac twistor”

Yo = ()\a,Aa,ugl)v AaA 1= ()‘lwm 5‘3)7 Mf = (Mg7ﬂaa)'

Writing kaq = (mm, &g), we define the corresponding cohomology representative in
H! (Pﬁ, (’)(—2)) by introducing four auxiliary complex variables g, vg;

o,.(Y,) = /d2u d2v6* ((ura) — (vKA))O((v,€) — 1) exp ((uuA)eA). (2.4)

Here the line bundleio(n) is the bundle of homogeneity degree n in the Y,, and for a complex
variable z we define §(z) to be the distributional (0, 1)-form

5(2) = B—— = 6§(Re 2)(Im 2) d=.

2miz

After the uq, v, integrals have been performed, ®,(Y,) € H'(PS,O(-2)) is indeed a (0,1)-
form as desired, and the integration over u ensures invariance under the SL(2,C) little group.
For the Penrose transform, we take det(x) and det(k) to be unconstrained; in the two-twistor
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string these quantities will be constrained to agree with the particle masses determined by the
underlying theory.

To see that this indeed corresponds to a plane-wave on space-time, we impose the incidence
relations & = iz%*Aaq and fi¥ = —12%*X,a. Then on the support of the delta functions we have
(ura) = (vka) and (ve) = 1, giving®

(u,uA)eA = i1 (Vg ) (eRg) — 129 (Vi) (eka) = iz - k. (2.5)

The parameters (uq,v,) can be integrated against the delta functions to yield the single delta
function ¢ (k: P —m)\ — m5\2), where P,s = )\aaj\g; this gives the Dolbeault representation
for a simple pole. This delta function imposes a massive analogue of the scattering equations
that play a key role in the CHY formulae for massless amplitudes [12, 16, 17, 29]. A version
of these massive scattering equations has been studied for massive amplitudes in the CHY
representation [48], see the discussion in Section 5 for more details. The delta-functions in @,
have become known as the polarized scattering equations due to their dependence on a choice
of polarization spinor.* These serve to define additional and unique parameters uq, v, on the
support of the massive scattering equations that will play a key role later.

2.4 Supersymmetric extension

We will aim to generate supersymmetric formulae for two reasons. Amplitudes for theories
with a variety of spins become drastically simpler in the supersymmetric case because many
or all the particles can be expressed as one multiplet. This leads to uniform formulae from
which different sectors with particles of different spins can be read off. Moreover, amplitudes
for non-supersymmetric theories can be extracted from these superamplitudes at tree-level and
at one-loop [33, 38]. A more structural reason is that all (ambi-) twistor string models that
describe gauge theory and gravity require space-time supersymmetry to be anomaly free — the
supersymmetric extension of twistor space includes additional fermionic variables that cancel
anomalies from the bosonic variables. Thus we introduce a supersymmetric extension of P;Cw as
well as the plane wave ®.

On the Coulomb branch of A/ = 4 super Yang—Mills, some scalars acquire a vacuum expec-
tation value, effectively breaking the gauge group from SU(N + M) down to SU(N) x SU(M).
The states can then be organised into two types of multiplets; a massless vector multiplet
transforming in the adjoint of the residual gauge group, and a massive vector multiplet in the
bifundamental of SU(N) x SU(M). Massive multiplets are in the so-called 1/2-BPS, ultrashort
massive representations of N' = 4 with central extension Z;; = 2MQ;;, with Sp(N/2) R-
symmetry, with skew form Q;; and indices I,J = 1,...,N = 4. For massless multiplets on the
other hand, R-symmetry is enhanced to a full SU(4) by the vanishing of the central extension as
m — 0. Employing the notation of the previous section, we can combine the supercharges into
a Dirac spinor Q‘I4 = (Qa I Q;O‘), such that the supersymmetry algebra takes the compact form

{Qar,Qps} =2Q1;Dp.

In the massless case, the structure of the supersymmetry algebra greatly simplifies as the only
non vanishing component of the Dirac operator is ng = Vaa-

3This Penrose transform is closely related to the (indirect) 6d Penrose transform [44, 60]. The twistor space
for 6d is Tc|y.y=o0 and the plane wave (2.2) is represented by

U (Y)= /(ev)" szifl (vdw)d* (sha — (vka)) exp (spAeA/(ev)) € H*(PA, O(n — 2)).

Following [34, 43, 56, 61], the massive ®,(Y,) in (2.4) can then be constructed via ®.(Ya) = [ Ux((u,Y))(udw).
4The polarization spinor will play a more prominent role in amplitude formulae based on the polarized scat-
tering equations, because the path integrals introduce e-dependence in A4(o).
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The action of the supercharges arranges the states in multiplets as follows. The massive
multiplet is composed of a massive spin one field F'4 g, five massive scalars ¢y; and four massive
Weyl-Majorana spinors \IIQ:

F™ = (¢r5 = ¢y, U1, FAP = FUB), g0 =0, (2.6)
The massless multiplet is
T = (¢17 = by, Ul W14, Fap, ng), (2.7)

where the R-symmetry indices now label the fundamental of SU(4) and can therefore no longer
be raised and lowered. It contains the two familiar +1 helicity states of the massless spin-1, six
real massless scalars ¢7; and eight massless gluino states via the chiral parts of W7, U . We note
that the massless scalars ¢r; are no longer trace-free; the extra 6th component arises from the
loss of one of the polarization degrees of freedom going from the massive spin-1 field Fi4p to the
massless case.

For momentum eigenstates with space-time dependence ¢ = exp(ik - x), the supersymmetry
generators reduce to the massive little group as

Qar = k%Qar, {Qar, Qs } = 2015600,

where rZ is defined by (2.2), because the Dirac operator reduces as Dipo = (kakp)o. In the
massless limit we have the natural embedding of the little group via K14 = 0 = Roa, Koa = Ka,
R1a = Fa.

Both the massive and massless multiplets are annihilated by half of the supercharges so
that their 8 bosonic and 8 fermionic states can all be encoded into the exterior powers of
N = 4 fermionic supermomenta ¢y, I = 1,...,4. These are defined to be the eigenvalues of
an anticommuting subset of the Q.. To define this subset, we introduce a basis (€4,,) of the
fundamental representation of SL(2) so that the supermomenta are defined by the action of the
supercharges on functions on on-shell superspace via

Qa1 F (k. q) = <§aQI + EaQIJ82J> Z (k, q). (2.8)

The massive and massless multiplets are expanded on on-shell superspace as follows
~ 1
rg‘(m) — FEG(K/) + QI\IIGI(H) + q2F€£(/<c) + inQJ(f'IJ(/ﬁ;) + qij\I/ﬂ(/i) + q4F5£(/<;),

€ 1 —
(n) = gh(/i) + qrV¥ I(KJ) + §QIQJ(P[J</€) + quI\I/H(/ﬁ) +q¢g h(/i), (2.9)

with ¢* = (¢747)(¢"q”) and (¢%)] = 9¢* /4.

It is then standard procedure to encode such multiplets in superfields on a supersymmetric
extension of Minkowski space satisfying (2.8) and to derive a supersymmetric Penrose transform
by establishing a supergeometric correspondence with super-twistor space. We can bypass some
of this by studying the action of supersymmetry on super-twistors.

Supertwistors and the Penrose transform. We extend the bosonic complexified twistor
Y € TC with A fermionic coordinates n!, I = 1,..., N to give Y = ()\A,,uA,nI) € TC, using
Dirac-spinor notation. These fermionic coordinates allow the supersymmetry to act geometri-
cally as

0

0 0
=M+ Qe =201 A A=
Qar AT +7 TG {Qar, Qp} 1774 5 B
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where the anticommutator now generates the action of translations on 7C. This extends in
the obvious way to the two-twistor description of supersymmetric massive particles in terms
of ), with sums over the a-index in each term. Again, the supersymmetric extension for the ),
becomes:

Vo = ()\aAa N:;,qa 77(5)7

with again I = 1,...,N. The plane wave representative for particles with spinor helicity data
KAq = (ﬂaa, /?cg‘), supermomentum ¢ and polarization data e, will take the form:

P

) (1 A) = / A2 d2owdt(uda) — (vr4))3((ev) — 1)eita catam'D=5(Ee*  (10)
Here w is a function of weight 2 in J,(or —2 in u); as far as the Penrose transform is concerned,
this can be taken to be w = ()\a/\d)eao", where e*® is a polarization vector for the spin-1 1-form.
In the string model however, w plays an important role in the vertex operators, and will be
constructed differently. This representative indeed satisfies

QAI(pn,q(ya) = ((KAg)QI + GAQIJaan> Qn,q(ya)’

and we can then read off the Penrose transform for the component fields from the action of the
supersymmetry generators.

3 Massive two-twistor string

The significance of the twistor representations of spaces of massless and massive particles is
that they are represented as symplectic quotients of vector spaces. This means that in order to
construct a theory of maps from a Riemann surface ¥ — PC, we can start with a quantum field
theory of maps ¥ — TC in the massless case and ¥ — TC x TC in the massive case; in both
cases, by virtue of the twistor representations, these are free field theories on the worldsheet 3.
We then realize the symplectic quotient in the Lagrangian framework by gauging the Hamiltonian
symmetries as we shall describe below. These gauge symmetries are then dealt with via BRST in
the quantum field theory. In both cases, the free field theory action is based on the restriction of
the symplectic potential © to T\ g’l. This has the consequence that the worldsheet commutators
and OPEs encode the symplectic structure §2,,, on PS.

We first briefly review the massless case; although the construction for the massive two-
twistor string will be analogous, but with target 737(% and the different massive supersymmetry
representation. In the next section we explain how the models allow us to construct amplitudes
as correlation functions of vertex operators in these models.

The massless case. The twistor strings of Witten [66] and Berkovits [4] and the 4d am-
bitwistor string of [29] are theories of holomorphic maps ) = (Z, 2): ¥ — TC gauged by C*,
where we now use supertwistors Z = ()\a,u‘j‘,n[) eT=C*W, 1T=1,...,N and their com-
plexification TC = T x T*; this is the complexification of the four-dimensional massless Ferber
superparticle [28].

The four-dimensional ambitwistor string of [29] is closest to the massive case, being with
worldsheet fields twisted to take values in 912/270 and so we briefly review it here. It is a theory

of holomorphic maps from a Riemann surface JV: ¥ — Tc ® 912/2,07 so that the coordinates ) are
worldsheet spinors. The reduction to ambitwistor space is enforced by gauging the little-group
Hamiltonian Y - Y := Z - Z with the worldsheet gauge field A € Q%l. The basic bosonic 4d
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ambitwistor action in conformal gauge® is based on the symplectic potental
Sgd:/§-522-5§+/1y.y. (3.1)
b

Classically, A is a Lagrange multiplier that enforces the constraint ) - ) = 0 and the quotient
by its Hamiltonian vector field arises because (Z, Z) — (aZ, 04_12) are gauge symmetries
of the action when accompanied by the gauge transformations A — A 4 dloga. Thus the
holomorphic symplectic quotient to A in (2.3) is realized in this Lagrangian framework by the
gauge field A. In the QFT this is implemented via BRST quantization. The models of [29] also
include additional worldsheet matter fields but these are much as described for the massive case
below.

Massive models. In order to have target space Pﬁ, we start with maps YV,: ¥ — T¢ x T¢,
with the reduction to PSL obtained by gauging the complexified two-twistor massive internal
symmetry group. Thus, our theory is one of maps V,: ¥ — Tc ® C? ® Q;/Q’O with action (again
in conformal gauge)

St = / VOV + AV Y+ AN — jH) £ A2 — jH) 1 8.
>

Here a = 1,2 is the little group index, and (Aab = A(ap), 4, fl) are worldsheet (0, 1)-forms that
act as Lagrange multipliers for the constraints, and as gauge fields for the internal two-twistor
symmetry group. With this symmetry, we no longer have the freedom to allow worldsheet fields
of different degrees as we did for the twistor-string. In order to describe specific space-time
theories, the basic action must be supplemented by further worldsheet fields such as a current
algebra for gauge theory and some analogue of worldsheet supergravity for gravity with details
given below. Here we assume that it contains a current-algebra that gives rise to a (1,0)-form jg
on the worldsheet that generates some symmetry.

To be more explicit, in quantizing the fields Y, () = (Z4(0), Z~a(a)), for o a coordinate on X,
the only non-trivial OPEs are

Ap N5 f
Z7(0)Z8(0) = bt

reflecting the Poisson brackets. These OPEs can lead to anomalies for the little group SL(2,C)
generated by J% = Y¢ .Y’ TFor a consistent model these anomalies have to vanish, which
requires judicious choices for the worldsheet matter Sy,.

The fields a, @ gauge the constraints A2 — j7 =0 = P 4. These equations constrain the
mass operators

1 72 ._ 15434 j
A2 §A3A3 = det(\2), 2= §A3Ag = det (A3),

to be given by a (1,0)-form j on the worldsheet ¥. We write j¥ to indicate that this will
be taken to be the current associated to the element h € g, living in the Cartan subalgebra of
some symmetry of the system. This j7 will be constructed from the matter fields and, through
the constraints above, will determine the masses of the particles. For a given matter content,
different choices of j correspond to different distributions of masses within the models. The

®The full action would start with a term eT, where e € Té’o ® Q%’l is a Beltrami differential thought of as
a gauge field parametrizing complex structures on ¥ up to coordinate transformations and T € (QIE’O)2 is the

holomorphic stress energy tensor; this is then gauge fixed, giving rise to ghosts (b,¢) € ((Q§0)2, Té’o) and BRST
operator Q = ¢ ¢T' + bcdc/2.
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massless models (3.1) are recovered from these massive ones when j7 = 0 by reducing the path
integral.

Worldsheet matter. A variety of physically interesting models can be constructed from
different choices of .S,,,. These will be made up of current algebras, whose action will be denoted
by Sc, and worldsheet fermions providing a supersymmetric extension of the worldsheet gauge
algebra, denoted by S,. The latter will play a similar role to worldsheet supergravity in the
superstring, and is requried for models describing gauge theory and supergravity.

A worldsheet current algebra is a theory on the worldsheet from which one can construct
worldsheet currents j¢ € le’o ® g for some Lie algebra g, satisfying the OPE

l(;uh cabjc
~— + ,
g g

7%(0)5°(0)

where a, b are Lie-algebra indices, | € Z is the level and f* the structure constants of g. Such
current algebras can be constructed in a number of ways, most easily for SO(n) and SU(n) by
“real” or “complex” free fermions on the worldsheet. See also [33] for a construction referred to
as a comb-system, with level zero and novel properties that allow the construction of Einstein-
Yang—Mills amplitudes. We will not specify the action S¢ explicitly, but merely assume that we
have the currents j% in the theory.

For gauge and gravity theories, we need a supersymmetric extension of the worldsheet gauge
algebra. This plays a similar role to the worldsheet supergravity of the conventional RNS
models, see also [45] for the ambitwistor-string version. The supersymmetric extension of the
bosonic gauge algebra sly x C? is constructed by introducing the worldsheet fermions (p A, ﬁA) €

0o (E,K;/Q) with action
S, = / §10pa + ba (VEENGps) + ba XS (3.2)
%

Here the (baja) are fermionic gauge fields and so are (0,1)-forms on the worldsheet. They
are Lagrange multipliers that impose the constraints 74%\%pp; = A%p* = 0 and their gauge
transformations translate p2 in the direction of (pA, ﬁA). The only non-trivial OPE’s of the
constraints are given by

(17 X505) (2) (N5") (w) ~ —2 (X2 = X2). (3.3)

Z—w

These symmetries thus give a supersymmetric extension of the two-twistor internal symmetry
group C x sly x H(0,4), where H denotes the Heisenberg Lie superalgebra.b

Models. With these ingredients, models without SL(2, C)-anomalies can be constructed by
combining a pair of worldsheet matter systems, much along the lines of the double copy for the
RNS ambitwistor strings as in [33] as follows:

massive bi-adjoint scalar SBAS — G+ S + Seé,
super Yang—Mills on the Coulomb branch SCB = S0+ S,+ Sc,
super-gravity S = Syq + Sy 4 Sps-

5The Heisenberg superalgebra H(my, m) has a central element z, as well as 2m;, even and m; odd generators,
H = (z1,...,%2m,,2) ®(P1,...,%m,). The generators satisfy the “usual” commutation relations

[Zﬂi,LEQi] = Z? {wT7wS} = 257‘sz~



12 G. Albonico, Y. Geyer and L. Mason

In this construction two points are worth highlighting:

(i) The closure of the constraint algebra requires that both constraints A2 —j7 = 0 = 22— H
involve the same current j¥ for super Yang Mills, whereas a more general construction is
possible for the bi-adjoint scalar.

(73) Unlike the twistor- and ambitwistor models for 4d massless theories, these models fit neatly
into the double copy format [7] expressed directly in the CHY formulae [12] and in the
corresponding RNS ambitwistor strings [45]. However, it is harder to find a j to endow
our particles with mass in the gravitational case because there is no additional current
algebra, and with j = 0 our models are massless. We also note that as in [5, 34, 45],
both S“B and SPAS also contain a gravity sector, but it is of higher order and remains
massless.

BRST and anomalies. Gauge fixing the action via BRST generates ghost systems, the
well-known (b, ¢) € (912)2 x Ty, for worldsheet diffeomorphisms, as well as additional fermionic
ghosts associated to internal two-twistor symmetry group, and bosonic ghosts for the fermionic
currents in S,. The BRST operator takes the usual form:

Q= j[ci (Tim + ;Tg) (3.4)

where the sum runs over all sets of ghosts, and T and TY are the matter and ghost parts of the
currents respectively. By construction Q% = 0 classically, but in the QFT double contractions
(or worldsheet bubble diagrams with two external gauge fields) can lead to anomalies so that
Q? # 0 with a potential obstruction arising from any of the gauged symmetries. Here we briefly
summarize the results of such calculations.

The models above only have a vanishing SL(2, C) anomaly (corresponding to the two-twistor
internal symmetry group) for maximal space-time supersymmetry, as evident from the anomaly
coefficient

4trp (tktk) — tTaq; (tktk) =0 bi-adjoint scalar,
asL(2) = Z(—l)FitrRi (tktk) = %(4 —-N) Coulomb branch,
‘ 3(8—WN) supergravity.

The anomaly coefficient vanishes trivially for the bi-adjoint scalar, and for maximal supersym-
metry in the case of gauge theory and gravity. The sum here runs over all fields that transform
non-trivially under the internal two-twistor symmetry group SL(2,C). Similarly, the Virasoro
central charge can be calculated for all models, giving

BAS — 40 + ¢, B = 321 N+ ¢, Ut = —20 + N,

where ¢; denotes the central charge of the internal current algebra. The conformal anomaly
thus vanishes for suitable choice of Sj, with N' = 4 and ¢; = 28 for Yang-Mills theory on
the Coulomb branch, and ¢; = 40 for the bi-adjoint scalar. The Virsaoro anomaly for the
supergravity model also vanishes if we include a central charge term cgg = 12 arising from six
compactified dimensions. After BRST gauge-fixing, all such models are free worldsheet theories
with vanishing anomalies.” We now explain how to obtain n-point amplitudes from these models.

"Strictly speaking, the Lie algebra element H should also be null or the current algebra should have level [ = 0
as in the comb systems of [18].
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4 Amplitudes and vertex operators

In string theory, amplitudes are constructed as correlation functions of verter operators, one for
each external particle. Vertex operators come in various forms that depend on how residual
gauge freedom is fixed after initial gauge fixing, see for example [65]. The easiest to understand
are the integrated vertex operators that require integration over 3J; these are the generic case
and arise as the perturbations of the action corresponding to infinitesimal background plane-
wave fields. However, one also needs a small number of fixed vertex operators that fix residual
worldsheet diffeomorphisms and other symmetries such as those associated to the a, a and b, b
fields. We here just give brief details of the basic recipe required for the amplitude formulae and
refer to further work [2] for full details of the derivation.

4.1 Vertex operators

Just as for the original twistor string, vertex operators for the two-twistor string are constructed
from the Penrose-transform of plane waves ®,(Y,) € H'(PS,O(—2)) (2.4), or its supersym-
metric extension ® 4(Y,) (2.10) with an appropriate choice of w. The identification of the Y,
or Y, as spinors on the worldsheet implies that ®,(Y,) restricts to ¥ to define an element of
HY%Y(%, T%). Similar considerations apply to ®, ,(),) but the line bundle on ¥ depends on the

choice of w. We will therefore choose w so as to take values in (QLD)2 so that w o ® defines
a (1,1)-form on ¥ and can be integrated; here the notation o indicates schematically that w may
depend on u, and should be included under the integral in ®,. Thus fixed and integrated vertex
operator can be constructed by including a state- and theory dependent factor w € QY (E, K %)
respectively as

V=cwo®,(0), V:/dawoq),.i(o). (4.1)

Here c is the fermionic ghost with values in Th°% associated to worldsheet diffeomorphisms.

Vertex operators are required to be BRST @Q-closed which implies invariance under the sym-
metries. For example, the presence of the c-ghost in V' gives Q-closure trivially for that part
of Q) containing ¢ which is associated to worldsheet diffeomorphisms, whereas, on the other hand,
the integration of the (1,1)-form on ¥ that defines V is manifestly diffeomorphism invariant.
We also expect to see similar invariance of both fixed and integrated vertex operators under the
gauged two-twistor internal symmetry and the gauged fermionic symmetries in S, if present.
BRST-closed vertex operators can thus be constructed by including ghost factors for the re-
maining generators, including fermionic ghosts t, ¢ associated to the mass constraints gauged
by A, A, and bosonic ghosts v, 4% corresponding to b%, b® respectively.

It is this Q-invariance that will fix the masses of our external particles. In the sum over
ghosts in (3.4), Q contains the term for the ghosts ¢ and £ that arose from gauge fixing the A, A:

O = 7&(% C Y 4 E(R2 ).

When acting on a vertex operator built as in (4.1), the operator A\? becomes the mass opera-
tor, yielding the Q-invariance condition that requires support on k2 = M*H where M¥ is the
eigenvalue of the H-action on the vertex operator under j. Thus Q-invariance requires that
the signed mass is given by the action of j. This action is theory-dependent as follows.
Biadjoint scalars. This theory involves two Lie algebras g, g with fields qb“az where a, a
are the respective Lie-algebra indices. The action is [ d*z((8¢) + faee faEEqS“aqbbeS‘e), where
the fape, f35: are the structure constants of the respective Lie algebras. We will also incorporate
a mass term tr([¢, H])?, where H € gb§. Each particle then has a pair of “colours” (tq,t;) € g
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and momentum k with mass determined by the eigenvalues of the action of H in the form of
the plane wave ¢*® = t*t%"*®  These theories don’t admit supersymmetry so we will simply
use (2.4) and the two colours %% to build the corresponding vertex operators, so that the mass
is assigned via

H

77 (2) taj(w) ~

Coulomb branch of maximal super-Yang—Mills. Here one takes the standard N' = 4
super-Yang—Mills with Lie algebra g, and assumes that the scalars of the massless sector ¢y are
expanded around the constant HS);;, where H € g is taken to be semi-simple. Decomposing g
into eigenspaces under the adjoint action of H, those with eigenvalue zero give rise to massless
multiplets (2.7), but those with non-zero eigenvalue M* acquire a mass |[M*| and become
massive multiplets as in (2.6), where the scalar that is a multiple of Q;; becomes a polarization
state of the massive spin-1 field via the Higgs mechanism.

To be more explicit, consider the symmetry breaking U(N + M) — U(N) x U(M), obtained
by choosing H ~ diag(1x,05s). This leaves two types of states in the reduced theories, the first
corresponding to t € uy X ups, the diagonal blocks that commute with H, and the second the
off-diagonal blocks consisting of m € CV ® (CM)" & CM @ (CV)" for which [H, m] = MHm. The
first type then corresponds to massless states, and the second will have mass |M;; |, following
from the @Q-invariance of the vertex operators as above. As a consequence, the OPEs (4.2) of
the respective currents take the following form:

taj° (4.2)

zZ—Ww

H
LI (4.3)

zZ—Ww

M=)t jw) ~0, 7 (z) m-j(w) ~

We can thus identify vertex operators built from currents t-j with the massless vector multiplet
transforming in the adjoint of the residual U(N) x U(M) gauge group, whereas vertex operators
built from m - j describe the massive vector multiplet.®

Supergravity. We are not able to introduce massive spin-2 fields with this mechanism. How-
ever, we can introduce masses elsewhere into the supermultiplet by choosing for 7 a generator
of the R-symmetry. While we will not develop this theme in any detail, a short discussion is in-
cluded in Section 5. The graviton states remain in a massless supermutliplet with ' = 4, formed
as spin-2 part of the tensor product of two copies of the gauge mutiplet (2.7), supplemented by
an ultrashort matter multiplet, again with A = 4.

Because both the A, A fields and b%, b* fields have moduli that need to be fixed when com-
puting correlators, we need to adjust some vertex operators to fix this residual gauge freedom.
Here we will suppress these details and give only the equivalent of integrated vertex operators
for these symmetries, and refer to the analogous calculations in the 5d ambitwistor string [34]
or [2] for details.

The main new ingredient here required for BRST-invariance of the vertex operators are delta
functions fixing the value of A% and A2 to the relevant masses MZ-H arising from the eigenvalues
of jM. These arise from integrating out the moduli of the associated gauge fields in the presence
of vertex operators. Thus the generic integrated vertex operators for these theories can be
summarized as

wpas(07) (5(Resgz()\2 jH))(S(Resgz( N —j )) g

w(‘B (Tz 5(Resaz( A2 ]H))(S(Resaz( A2 —J ))( ()\B)\A)—i'efeinAﬁB)tuja?
5 (Ress, (A2 — 17))3 (Resa, (32 — 7)) (22 (\aks) — efesnpai®)

X (ézAB(AAAB) — & €ippap” ),

8The massive states are 1/2-BPS, ultrashort massive representations of N' = 4 with central extension
‘ZIJ| = 2m.

(4.4)

grzn 01
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where e; and é; are polarisation vectors. When evaluating correlators including these vertex
operators, we will see that the delta-functions enforce the mass-shell condition. One can see
from (4.2)—(4.3) that taking the residue of j acting on a H-eigenstate extracts the mass M.
Note that in the gravitational case the M will be zero for any multiplet containing the gravi-
tational spin two field.

4.2 Massive amplitudes as two-twistor string correlators

Amplitudes are calculated as correlators in the ambitwistor string models. Due to ghost zero
modes and residual symmetry after gauge fixing, a non-trivial correlator with n vertex operators
must contain three fixed vertex operators Vi, Va, Vs, not necessarily of the same type, whose
details we suppress:

Ap = <V1v2V3HVZ->.
=4

After gauge fixing, all the fields are free and these correlation functions can be straightforwardly
evaluated explicitly for any n to give formulae for scattering amplitudes.

Each vertex operator contains an exponential from the ®, factor as in the classes (2.10)
embedded in the definition of the vertex operators (4.1). Directly computing their correlation
functions would be awkward, but in the expression of the correlation function as a path integral,
the exponentials from the vertex operators can be absorbed as source terms into the action for
the ),-path integral. Since the correlator is independent of u#, and the action is linear in pj,
the path integrals over these fields can be performed directly, localizing the correlator onto the
classical equations of motion, but now with sources arising from the vertex operators

n
é/\a ZZU?GZ‘AS(U—@L‘), 577?272’11,?(]“5(0'—02‘).
i=1 i=1
On the Riemann sphere, these are solved uniquely by

. "L uein " 1~ udqir
)‘A(U):Zia 771(0’)2*27 (4.5)

= o0
Using this, the remainder of the correlator can be evaluated as follows:

o Polarized scattering equations and measure. Evaluating the ghost path integrals and col-
lecting the various measure factors as well as the delta-functions from @, gives the following
measure:

do; d?u; dv; no
pol . HJ J J J 4 . ) e 4
dup” = oISL(2.C), x SL2.0). i|:|15 (uira(oq)) — (vikia)). (4.6)

A short counting reveals that the integrals are fully localized on the constraints enforced
by the delta-functions, known as the polarised scattering equations &4 = 0, where

Ein = (uida(04)) — (vikia) = Y (U)GA (i), (4.7)

7 0T

These equations and corresponding measure are by now well studied in [1, 30]; the polarized
scattering equations imply a massive analogue of the original scattering equations for the o;
described in Section 5, and the measure reduces to the CHY measure [14]. After performing
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the integrals, the amplitudes still contain six residual delta-functions, whose form can be
extracted from

K2e Ko
€ijaip) = E Kiap =0, where K;ap := (KiakiB) = < ¢ zﬁ %;sd/g . (4.8)
i B i

The residual delta-functions thus encode conservation of momentum k.4, as well as re-
strictions on £? = det(k%) and &% >, k? = 0 = >_.%?. Notice that the closure of the
algebra of constraints (3.3) imposes that k? = &2 so that these two conditions are actually
equivalent. One can show that, because each MZH is the charge under a symmetry on
a compact worldsheet, the amplitude vanishes unless ) MZ-H = 0. Then this condition,
together with conservation of x? and the n — 1 mass assigning delta functions, entails that
also for the remaining particle k2 = M.

e Mass fizing. The action of the operators A\? and A2 reduces to the residues of their zero-
modes (4.5) at 0;. From the above formula, on the support of the delta functions in (4.6),
this can be seen to yield k? and 2. Thus the mass parameters for each particle x? and &?
are fixed to the appropriate value Ml-H via the delta function in that vertex operator

in (4.4):
[0 (Reso, A2 = M)5(Resg, A2 — M) = T 6(x7 — MT)o (7 — M),
i=2 1=2

now clearly enforcing the mass-shell condition for n—1 particles. That for the 1st particle is
omitted in one of the fixed vertex operators (to fix a residual degree of gauge freedom) but
arises instead as a consequence of the residual delta functions that gives >, k7 = 0=, &7

1 T
as discussed above.

e Supersymmetry. In the supersymmetric cases, the vertex operators contain exponential
factors in the 7¢s; these localize onto the solution to (4.5), to yield:

n
ujug)gcqr 1
etV = exp( g M -5 E (fj”j)qu>-
oj — O 2

i<k j=1

This factor carries all the dependence on the supermomenta and can be expanded to
yield the various component-amplitudes according to the supermomentum expansion of
the supermultiplet (2.9). The form of this factor moreover guarantees that the amplitudes
are supersymmetrically invariant [1, 30].

Combining these factors leads to the following expression for massive amplitudes for super Yang—
Mills on the Coulomb branch and massive bi-adjoint scalar theory;

An = /duELOlIneFN. (4.9)

Here, Z,, — the “integrand” of the amplitude expression — contains all the remaining correlator
factors. Since the current algebra and Heisenberg superalgebra do not interact, Z,, can be split
further into two “half-integrand” factors that can be calculated individually. The current algebra
correlator at leading trace gives the omnipresent Parke-Taylor factor,

(b (01) - e, (o)) = > trlta o) _ S PT(w),

a€Sn/Dn Ta()a(2) """ Ta(n)a(1) €S, /Dn
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with the sum running over dihedrally inequivalent orderings. The evaluation of the pp half-
integrand is also standard (cf. [34]), giving the reduced determinant,

1 [12]
(ulug) det H[IQ} ’

det'H :=

where, the n x n matrix H is defined by

A
€iAE;
Hyj = —, Hji = —e}" (A\adg)(03),
and the sub- and superscripts indicate that both the rows and the columns 1 and 2 have been
removed. It can be shown that the reduced determinant det’H is invariant under permutation
of all particle labels; this can be seen directly [1, 30], but also follows from its correlator origin.

We thus arrive at the following integrands;
I = PT(a) PT(B), Z.P = PT(«) det’H, I,(;’ra" = det’H det'H. (4.10)

This completes the specification of the massive amplitude formulae (4.9). For worked out ex-
amples at three and four points, we refer the reader to the computations in six dimensions
presented in [1]. They reproduce the formulae present in the literature for two or four particles
in the massive supermultiplet and the remaining particles massless.

5 Summary and discussion

We have therefore seen that a chiral string whose target is the complexification of Penrose’s two-
twistor representation of the massive particle phase space yields theories of massive particles in
four dimensions. The spectrum of these models includes massive particles, and correlators give
amplitude formulae for super Yang—Mills on the Coulomb branch among other theories. These
string models represent the confluence of two separate developments: the twistor-particle pro-
gram of the 70’s describing massive particles, and the more recent ambitwistor string models
describing scattering amplitudes for massless particles. In the latter approach a chiral or holo-
morphic string whose target is the complexification of the space of massless particles yields
amplitudes for theories of massless fields. Here we have seen that the logic extends naturally to
massive particles. The significance of Penrose’s twistor description is that it provides a canonical
representation of the space as the symplectic quotient of a vector space modulo a Hamiltonian
group action allowing the BRST quantization of a free quantum string. The twistorial descrip-
tion furthermore facilitates the incorporation of fermions and supersymmetry.

From the path integral of these models, we have arrived at the compact formulae (4.9),
supplemented by (4.6) and (4.10) supported on a massive version (4.7) of the polarised scattering
equations with manifest supersymmetry for appropriate gauge and gravity theories including
massive particles. Like all twistor-string [17, 59], CHY [13] and ambitwistor-string amplitude
formulae, all the integrations are saturated against delta functions so that these are really
residue formulae summing contributions from the (n — 3)! solutions to a massive extension of
the scattering equations discussed further below. As shown in [1], the extra data in the polarised
extension is uniquely obtained by linear equations on the support of these scattering equations
and the formulae are linear in the polarization data.

The models described in this paper, and related ones, can also be derived via a symmetry re-
duction of the higher-dimensional ambitwistor string models [2]. This alternative interpretation
of the two-twistor string highlights that these worldsheet models describe a subset of massive
models, where the particle masses are related to their (higher-dimensional) charges under a sym-
metry. While this may appear restrictive, it includes many theories of immediate interest; in
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particular, all massive particles that we encounter in the standard model arise from the Higgs
mechanism that can be obtained by symmetry reduction. The upcoming paper [2] will also con-
tain full details of the fixed vertex operators and picture changing operators that we omitted for
brevity. Mirroring the close relation of the models, the resulting amplitude formulae for massive
particles are also closely related to those obtained previously by dimensional reduction from six
and five dimensions [1, 30, 34]. These can further be related to the formulae of [11] by a change
of gauge choice of an embedding inside a Lagrangian grassmannian [62]. At low point orders,
these expressions match the results obtained in [3, 21, 35, 39, 42, 49] by BCFW recursion.

Contrary to the massless four-dimensional formulae of [29], in which the double copy prop-
erties are hidden in the measure, the expressions derived here present the standard structure
with two half integrands that can be combined to form amplitudes for scalars, spin-1 and spin-2
particles as in the CHY formulae and corresponding RNS models of [18, 45]. The embedding
of the massless models in these novel massive ones give a new outlook on the corresponding
massless formulae.

We conclude by discussing further features and connections to related formulae for massive
amplitudes and future directions that we plan to address in [2].

Massive scattering equations. The massive polarised scattering equations (4.7) are closely
related to the massive scattering equations in the CHY framework proposed by Dolan & Goddard
and by Naculich [25, 48]. We first note that as remarked after (2.5) that the delta functions

imply:

KABPyp(07) i= kY Pag — mid2(03) — miX%(oy) = 0.

After the path-integral we have that A4, is given in (4.5) and we can compute [1, 30]

K.
Pus(0) := (Aadp) = Y —=-do, (5.1)
—~ 0 =0
where K is defined as in (4.8). When the momenta K; are null, P,z plays a crucial role in the
vector representation of the ambitwistor string [45], where a similar path integral calculation to
the one in Section 4 localizes P onto (5.1). Naculich then showed that certain massive amplitudes

localize on a massive extension of the CHY scattering equations,

ki - k; — MM,
0= KipP(0i) =)~ P
j#i v

The polarised scattering equations &;4 then clearly imply Naculich’s massive scattering equa-
tions via K; 3 P4%(0;) = det (H?A,)\M(Ji)) = 0, where the last equality holds on the support
of &i4. Vector ambitwistor models that directly yield these equations will be presented in [2].

Masses from R-symmetry. Novel gauge and gravitational models with massive degrees
of freedom — albeit massless gluons and gravitons — can be formulated by choosing j¥ from the
Cartan of the R-symmetry. In particular, we may take j7 = m17in¢+mai2n$ in the two-twistor
models S°B and S, For generic parameters m; and mg, this results in non-supersymmetric
models with massive scalars and fermions (and spin-1 in the supergravity model); no mass can be
assigned to the spin-2 field since it transforms trivially under the R-symmetry. It is also possible
to preserve a residual N = 2 supersymmetry for gauge theory (and N = 4 for supergravity) by
constructing the current j from only one Cartan generator with mg = 0.

Loops from a gluing operator. This two-twistor string provides an alternative formulation
of the massless ambitwistor string [29], but in a framework in which a massless field can be
deformed to go off-shell. This allows us to adapt the elegant method of deriving loop amplitudes
in [57] via a gluing operator but now to theories with fermions and supersymmetry such as super
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Yang—Mills theory. This construction arises from the vector model of the ambitwistor string,
where it has been shown that loop integrands can be localized on a nodal sphere rather than the
torus that more usually arises in string theory [32, 33]. At the level of the worldsheet model, this
nodal structure of loop correlators is realized in the worldsheet CFT as the gluing operator A,
which encodes the propagator of the target-space field theory. One-loop amplitudes then have
two equivalent descriptions; a string-inspired one as correlators on a torus, and an alternative
representation as g = 0 correlators in the presence of a gluing operator.
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