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functional patterns before and after taking the classical limit to constrain the Compton
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1 Introduction

Higher-spin theory aims to describe interacting particles with spin quantum numbers exceeding
those of the fundamental force carriers — gauge bosons and gravitons. At the fundamental
level, the existence of such particles seems crucial for theories of quantum gravity, such
as string theory (for a review see e.g. ref. [1]). More relevant to this work, theories with
massive higher-spin fields in Minkowski background are often understood as effective field
theories (EFTs) valid below certain energy scales [2-22].

In recent years, the application of scattering-amplitude methods to gravitational-wave
physics (see e.g. the review [23]) has provided a new arena for higher-spin theory. Indeed,
the long-range physics of compact objects can be captured by spinning point particles. For
example, consider a three-point amplitude involving two particles of spin s and mass m,
and a massless force carrier. Its dependence on the 2s+1 physical spin states of massive
particle 1 may be encoded in a symmetrized set {ay,...,a2s} of SU(2) indices, and likewise
for particle 2. A particularly interesting infinite family of such amplitudes, proposed by
Arkani-Hamed, Huang and Huang (AHH) [24], may be written in terms of massive Weyl
spinors [24, 25] (related to the momenta via [p®)alpals = puag .) simply as!

B
AAHH(lal...azsa Qby..bzs’ 3+) = m12s <1(a12(b1> T <1a25)2b25)>"4‘g0) ) (113‘)
AAHH(lal...agsa Qby..bzs’ 3_) - ﬁ [1((11 2(61] e [1a25)2b23)] AZ(SO) . <11b>

Here Aéo) corresponds to a minimally coupled massive scalar, e.g. Ago) =2Q 5? p1 in the
electromagnetic (EM) case. For s <1, eq. (1.1) matches all EM interactions in the Standard
Model [26] and, upon switching the gauge group, also the strong interaction [27].

For Ago) = — /327G Newton (5 - p1)?, eq. (1.1) gives equally simple amplitudes for massive
spin-s particles interacting gravitationally. Remarkably, they were shown to reproduce the
classical behavior of rotating Kerr black holes (BHs) [28], which helped solidify the link
between quantum scattering amplitudes and classical dynamics of compact objects [26, 28-39].
In the context of the classical double copy [40-43], this matching to the Kerr metric has
a gauge-theory analogue, where the interaction (1.1) implies the asymptotic EM field of
a rotating charged disk (or ring). In view of this link between the Kerr metric and the
gauge-theory counterpart, we refer to eq. (1.1) as the three-point v Kerr amplitudes [41]. Note
that the v/ Kerr solution is expected to also describe the EM field sourced by a Kerr-Newman
BH [44]. Here we will, however, focus on a non-gravitational origin of v/Kerr.

Besides such BH-like objects, there exist genuine microscopic higher-spin particles that
interact electromagnetically, such as atomic nuclei. For instance, a ground state of '°Boron
has spin 3, and an observationally stable isotope of ¥9Tantalum has spin 9. Interactions of a
given nucleus state may be described by an EFT, whose validity range depends on its lifetime.
It may be too naive to expect nuclei EFTSs to possess any kind of simplicity. Nonetheless, the
exploration of the parameter space of such theories should perhaps start with those EFTs
that do exhibit simplicity, such as those related to vKerr amplitudes.

Pauli matrices appear as O'ZB =(1,0',0%,0%) = 63‘5. Lorentz SL(2,C) indices and little-group SU(2)
indices are raised and lowered via left-multiplication by Levi-Civita tensors, normalized as €'? = 1 = e;. The

Lorentz invariants formed out of Weyl spinors are (1,2°) := eqa5(1a|*(2°|° and [1,2"] := ed3[1a|d[2b|/;.



Despite the striking all-spin pattern of the three-point AHH amplitudes, the related
higher-point amplitudes and higher-order BH interactions are still poorly understood. An
important research direction is the study of Compton amplitudes in the classical limit
(see refs. [26, 28, 32, 38, 45-60]). These four-point tree amplitudes are building blocks for
calculating various observables related to gravitational radiation (see e.g. refs. [36, 61-69)]).
Unfortunately, a straightforward extension of eq. (1.1) to four points [24, 70] is affected by
local contact-term ambiguities [26, 46, 47, 71]. This is often highlighted as a problem of
spurious poles in the opposite-helicity Compton amplitudes. However, the problem is not
the presence of the unphysical poles, but that removing them can at best be done up to
contact terms that cannot be unambiguously determined [26]. It is thus important to identify
symmetry principles that may guide the identification of the correct contact terms. In turn,
this can potentially lead to new insights into BH physics.

In this paper, we combine several methods in higher-spin field theory in order to construct
and constrain the Compton amplitudes that we believe to closely correspond to the gauge
interactions of a v Kerr object. Our approach starts at the quantum level using off-shell
actions either in terms of chiral [72] or non-chiral massive higher-spin fields [73-75]. The latter
are endowed with higher-spin gauge symmetry [9], which we employ as a natural guiding
principle for constraining the interactions and amplitude calculations [76].

Quantum field theory of massive higher spins has been a challenging research direction.
This is in large part because the conventionally chosen traceless symmetric tensor field
®,,, 4, contains unphysical longitudinal modes. Even for a free action [73-75], ensuring
their non-propagation by imposing transversality 0*® Auz...us = 0 requires the introduction of
auxiliary fields. The multitude of compensating unphysical degrees of freedom complicates the
introduction of consistent interactions. One significant improvement proposed by Zinoviev [9—
11, 77-79] is to convert all second-class constraints into first-class ones, corresponding to a new
massive higher-spin gauge symmetry a la Stiickelberg. In this formalism, any gauge-invariant
interaction is consistent. The price to pay is that the field content describing a single massive
spin-s particle is now even larger, including s+1 double-traceless symmetric tensors ®,,, .,
of rank £ =0,...,s. Complementary to this non-chiral formalism, we will also use a powerful
chiral-field approach [72] to construct massive higher-spin theories in 4d. It relies on choosing
a spinor field @4, 4,, in the (2s,0) representation of the Lorentz group SL(2,C). This
approach sidesteps the issue of unphysical degrees of freedom entirely. Parity, however, is
no longer automatic and requires extra care.

Our work combines Zinoviev’s massive higher-spin symmetry and the chiral-field approach
with classical-limit considerations and heuristic assumptions, so as to construct the Compton
amplitudes, relevant for describing well-separated non-decaying charged massive higher-spin
fields. This paper gives an extended exposition of the results in the letter [76], where higher-
spin gauge invariance was identified as a key property for elucidating BH dynamics. We also
go well beyond that work and complete the study of Compton amplitudes in the v/ Kerr theory.
We give new perspectives on previous work, such as the current constraint [2, 3, 80] proposed
to single out BH amplitudes [46], and the multitude of subtleties of the classical limit. Here
we only focus on processes where the spin magnitude of the compact objects is conserved; spin-
magnitude-changing processes in the presence of gravity are more subtle [58, 81], but also an



interesting avenue for further research. Our closely related results, regarding gravitationally
interacting massive higher-spin theories and Compton amplitudes for Kerr BHs, will be
reported in ref. [82].

The paper proceeds as follows. We warm up in section 2 by discussing a v Kerr model
involving a massive charged spin-1 field, which can be derived as a limit of a spontaneously
broken Yang-Mills theory. This is a top-down example for the massive gauge symmetry
originating from a fundamental theory with massless gauge symmetry. Then we flip the
perspective and show how to obtain the same result in a bottom-up approach by imposing
massive gauge symmetry (off shell), or via the associated Ward identities (on shell).

In section 3, we extend these bottom-up techniques to arbitrary spin. Note that the
massive higher-spin symmetry allows for general interactions, so additional constraints are
used in concert to restrict to the v Kerr amplitudes. These constraints are compatible
with imposing an improved high-energy behavior [46, 76] via power counting and tree-level
unitarity [2, 80], similar to the behavior of fundamental theories. We give an explicit
construction of the spin-2 (see also ref. [77]) and spin-3 cubic Lagrangians that reproduce the
Vv Kerr amplitudes (1.1) using off-shell massive gauge symmetry. We also present compelling
evidence that the v/ Kerr three-point amplitudes are unique to any spin, once the massive
Ward identities and the additional constraints are employed. The on-shell part of the cubic
action is also worked out explicitly for all spins. The on-shell method of Ward identities
turns out to be more computationally efficient than the Lagrangian approach at the quartic
order, and we discuss its implementation for spin-2 and spin-3 theories.

To find contact interactions to arbitrarily high spins, we turn to the chiral-field approach
of ref. [72]. In section 4, we analyze possible parity-preserving interactions that determine
the non-minimal cubic v/ Kerr terms. A general-spin chiral Lagrangian is parametrized up
to the quartic level, which includes interactions linear in the field strength F},,, as well as
generic Fﬁl, interactions relevant for the opposite-helicity Compton amplitudes.

In section 5, using plausible constraints and choices for the contact terms in the v/Kerr
theory, we present a manifestly local form for the quantum Compton amplitudes for all
spins and gauge groups. The amplitudes are expressed in terms of complete homogeneous
symmetric polynomials, which we observe to be a defining feature of v Kerr amplitudes.
Contact terms in the abelian sector are needed for consistency of the classical limit, and
we build them out of the symmetric polynomials guided by the constraints inherited from
massive gauge symmetry and other desirable properties.

The classical limit of the candidate Compton amplitude, studied in section 6, provides
perhaps the strongest physical constraint on the quartic interactions at high spin. The
abelian amplitude develops a divergence in the large-spin limit, unless contact terms are
added in a specific way. We analyze two variations of the classical limit for spin: the s — oo
limit of quantum spin operators [37, 51, 76] and the wavefunction scaling of coherent spin
states [39]. Given our choice of constraints, we extract from the quantum amplitudes a unique
classical color-dressed Compton amplitude to all orders in spin. Possible modifications of the
constraints and the consequences for the classical amplitude are also discussed.

Conclusions can be found in section 7. The main text is supplemented with appendices:
keeping track of the notation in appendix A, discussing contact terms within the chiral
approach in appendix B, and collecting some remarks on factorization poles in appendix C.



2 Spin-one warm-up

Before delving into the general case of higher-spin fields, let us set the stage using the familiar
spin-1 case. We will discuss three constructive approaches for dealing with massive vector
fields coupled to electromagnetism: spontaneous symmetry breaking, massive gauge invariance
order by order, and Ward identities. The point of this section is to show the importance of a
gauge symmetry for constraining the EM interactions of massive fields.

2.1 Stiickelberg, Proca and Higgs

A minimal model for our purposes involves EM interactions of a Proca field W,. In a
bottom-up construction, one could start from the free Stiickelberg theory

1
Lstiick, = —§|Ww,]2 + |mW,, — dupl?, W, = 0,W, — 8, W,,, (2.1)

where ¢ is a complex version of Stiickelberg’s auxiliary field [83]. We use the mostly-minus
metric convention 7, = diag(1,—1,—1,—1) and work in four spacetime dimensions. The
action is invariant under the symmetry

W, = 0,&, dop = mé, (2.2)

where £ is a complex gauge parameter. It can be used to remove the auxiliary field ¢ entirely,
which gives the Proca Lagrangian Lproca := Lstiick.|p—0. The equations of motion that follow
from Lp,oca then generate the standard transversality condition 0-W = 0, which is needed to
reduce the degrees of freedom down to three (complex) physical polarizations. This condition
can also be obtained as the gauged-fixed version of the field equation for ¢, or as the Noether
identities for the above gauge symmetry.

The Lagrangian (2.1) is also invariant under a global U(1) symmetry, which we can
gauge and thus couple it to an EM field A,. However, the standard procedure of adding
minimal interactions using covariant derivatives breaks the massive gauge symmetry (2.2).
In the next section, we will explain how to introduce EM interactions order by order in the
coupling while ensuring compatibility with both the U(1) and massive gauge symmetries. In
the spin-1 case, however, this can be done to all orders at once — using the knowledge that
such interactions should come from a spontaneously broken SO(3) gauge theory.

Indeed, consider an unbroken non-abelian theory with gauge field /_fu and Higgs field 5,
both in the vector representation of SO(3),

1, 5 1 - W A= - - - -
£SO(3) = _Z”FWHQ + §||Du¢||2 + 5”¢H2 - @WHZL» D¢ =0,p—gA,xo. (2.3)

Here the non-abelian Lie algebra is encoded in the cross product (ffu X gg) ;= iAﬁt?lqﬁl, with
hermitian generators té‘?l = —i€jk, and F, = 28[Mffl,] — gffu x A,. The minima of the Higgs

2.

- 2
potential parametrize the sphere of size ||¢[|? = v 6%. Therefore, we may reparametrize

the scalars in the standard way,

5: e%(ﬂ1t1+ﬂ2t2) (Uﬁh) , (24)



using the Goldstone bosons 7; and the massive Higgs boson h. Since we are not interested
in the Higgs boson, we may decouple it in the infinite-mass limit, where A\, u — oo but v
stays finite (see e.g. ref. [84]). The resulting Lagrangian is

1 1 o _
Ly =— Z(F,W)’Z— §\WW|2+ ImW,,— Dyep|* — iQW, F* W, — Q*W,W,,[?

- 1 | (sine (222) D0 — D] — mcos (2211 v - W‘ﬁol)z (2.5)

- (19D - $DP) — migW* - W) |

where F,, = 20),A,] is the field strength of the residual U(1) gauge symmetry (along the
direction of the vacuum expectation value (VEV), A, = Ai) The remaining two gauge bosons
are given mass m = gv and correspond to the complex field W, = %(AL + iAi), with field
strength Wy, = 2D}, W,}. The Goldstone bosons are equivalent to the complex Stiickelberg
field considered previously, ¢ = %(m +ima). The covariant derivatives D, = 0, — iQA,,
with EM charge Q = g, now correspond to the U(1) symmetry. The apparent non-locality
in |¢|? is canceled by series expanding in Q.

Clearly, the Lagrangian (2.5) is invariant under the U(1) gauge transformations. However,

it also inherits the following massive gauge symmetry:

SW,y = Dyé = 0,6 —iQALE,
6A, = iQ(W,.& — EW,), (2.6)

— 2 —
dip = m + 2= (1= el ) G- 96) = mé + 5.2 (G~ 96) + O(@Y).

Note that the variation 64, is not coming from the EM gauge transformation (i.e. shifts of
the massless spin-1 field), which is clear from the fact that the variation is strictly quadratic
in the fields. In contrast, both 6W,, and ¢ contain linear terms, agreeing with the linearized
massive gauge symmetry previously considered in eq. (2.2).

We may use the above symmetry to set ¢ = 0, which in the familiar language of weak
interactions corresponds to the unitary gauge, in which the Goldstone bosons are “eaten” by
the massive vector field, and only the terms in the first line of the Lagrangian (2.5) survive.
Note that in the context of higher-spin generalizations, however, not all auxiliary fields can be
gauged away in this way [73-75]. It is also not clear how to obtain a higher-spin analogue of
the Brout-Englert-Higgs mechanism. What is discussed in the following sections of paper can
be viewed as the first terms of a higher-spin generalization of the non-linear sigma model (2.5),
where the Higgs field has already been decoupled.

It is useful to briefly analyze the theory (2.5) from the point of view of its high-energy
behavior. For small coupling Q) < 1, the tree-level amplitudes do not grow too large given
that the characteristic momenta is smaller than the VEV scale, p < v = % Above this
energy scale, tree-level unitarity is violated, and instead the amplitudes must be unitarized
by loop-level resummation. Because, at these energy scales, the original Lagrangian (2.3),
with © — 0, is the better description, and since A — oo the theory must be treated non-
perturbatively. Alternatively, when we tune the quartic coupling to the perturbative regime



A < 1, then tree-level unitarity is restored if we include the Higgs boson, which now can
contribute to tree amplitudes at energy scales of the Higgs mass mj, = v2u = %\/g .

Note that the high-energy limit is in the opposite direction of the classical limit that
we will consider in section 6. Indeed, the classical limit is a low-energy limit (large-distance
limit), and as such it does not obviously care about tree-level unitarity and completion by the
Higgs boson. Nevertheless, we find that the principles that govern the high-energy behavior
also appears to be good principles for constraining classical physics.

2.2 Spin-1 order by order

In the higher-spin case, we do not have access to a mechanism analogous to spontaneous
symmetry breaking. Nevertheless, the concept of massive higher-spin gauge symmetry has
proven to be very fruitful, even if it means working out non-linear corrections order by order
in the fields. In this section, we will pretend to be unaware of the Higgs construction for
massive spin-1 bosons and will instead build their EM interactions and gauge symmetry
anew order by order. At the same time, we will use this example to introduce the main
features of our approach to higher spins used in section 3.

The goal of this paper is to describe well-separated and non-decaying massive spinning
fields. Therefore, we may omit all self-interactions involving three or more massive fields,
physical or auxiliary, as well as interactions with a single massive field (production or decay).
In other words, the matter part of any Lagrangian must be strictly quadratic in the massive
fields. For instance, the contact term Q2|W[MWV]\2 and most of the second and third lines of
the spin-1 Lagrangian (2.5) are irrelevant for our purposes. Moreover, since the infinitesimal
gauge parameters £ shift the auxiliary fields, they should be treated as massive fields, which
forces other massive fields to appear at most linearly in combination with £. For example,
the non-linear terms in the variation d¢ in eq. (2.6) are irrelevant.

The general strategy is to start from a quadratic Lagrangian Lo and the linearized
massive gauge variation dp, both minimally coupled/covariantized with respect to the EM
gauge field. Then we systematically add corrections involving more fields,

L=Lo+Ls+Ly+...,

(2.7)
=08+ +da+...,
where £,, and d,,_; are covariant polynomials of degree n in the fields? (massive or massless).
The gauge field A, only appears in the form of the field strength F},, or inside the covariant
derivative D, = 0, — iQA,,, thus ensuring U(1) gauge symmetry. Importantly, we choose to
regard D, as a derivative rather than a field when counting the interaction degree.

For spin 1, we start from a minimally coupled Stiickelberg action (2.1),

1 1
Lo = _Z(FMV)Z - §|Wuu‘2 +[mW, — Dyel?, (2.8)

2When the homogeneity degree is mentioned, “fields” means both fields and gauge parameters. Since the
first step in introducing interactions is to covariantize the derivatives in Lo, it is convenient to consider these
(D®)2-terms still be a part of L2, even though it is no longer of degree 2.



where W, = 2D,W,), and consider the linearized massive gauge transformation (2.2), with
covariantized derivatives

doW, = D&, dop = mé, doA, =0. (2.9)

However, once the minimal interactions are included, ) # 0, the massive gauge symmetry dg
is broken by the term —|W,,|2/2. To restore it, we add a non-minimal deformation to both
the Lagrangian and the gauge transformations. This is done by suitable ansétze

Ly =—iciQW"F,W", Wy =0=d1p, 514, = icQ[W,.E —EW,],  (2.10)

where ¢; are parameters to be determined. The ansétze may appear as fine-tuned, given the few
non-vanishing terms. However, to obtain the non-minimal interactions and transformations
we rely on a set of guiding principles, which we will consistently use for higher-spin cases
later encountered. These guiding principles include:

(SI)  Self-interactions of massive fields are suppressed (as motivated by the classical limit).

(PS) Parity symmetry is imposed on interactions. Specifically, the Levi-Civita tensor €, o
or (anti-)self-dual field strengths do not appear.

(PC) Power counting of derivatives: at most s + s’ — 1 derivatives in L3, where s and s" are
the ranks of the two massive fields, e.g. rank 1 for W, and rank 0 for .

(PC2) Power counting: at most s + s’ — 1 derivatives in 01, where s and s’ are the ranks of
3

the massive fields and their gauge parameters.

(MC) Minimal-coupling interactions and linearized gauge transformations dy are fixed. This
follows from disallowing the kinetic terms Lo to be modified. Combined with (SI)
it implies that the non-minimal interactions behave as £, « (F},)" 2, and for the
non-minimal gauge transformations, this implies that §,® o (F,)", where ® is a
massive field, e.g. ® € {W,,, ¢}.

From the power-counting constraint (PC), the unique non-minimal interaction is given
in eq. (2.10), where we count the derivatives appearing in F},,,. Note that (SI) implies that
the massive field variations, 6W,, and d¢, should not contain multiple powers of massive fields
or gauge parameters, because they would mix with the massive self-interactions that we have
suppressed. Combined with assumptions (PC2) and (MC), this implies 51, = 0 = d1¢.
The variation 614, is quadratic in the fields, including the gauge parameters &, ¢ that must
appear linearly. Hence the power-counting constraint (PC2), together with the Lorentz index
and reality property of the field A, implies the compact ansatz in eq. (2.10).

3Note that gauge variation thus has at least one less derivative than the corresponding vertex, which is
required in order to preserve the structure of the constraints that follow from the gauge symmetry. In fact, it
is not necessary to add this constraint if we first fix the on-shell part of L3, since this bound comes out of the
general properties of the formalism (k derivatives in a vertex plus one derivative in dp minus two derivatives in
Lo result in k — 1 derivatives for 1, in general), see also below.



Finally, the free parameters ¢; and co are uniquely fixed by requiring massive gauge
invariance to linear order in the coupling Q,

(60 +01) (L2 + L3) = O(QQ) = cpr=co=1. (2.11)

This is of course consistent with the all-order results (2.5) and (2.6), which in view of
condition (SI) become

Lp>1=0, Sp>2 = 0. (2.12)

If we wanted to proceed systematically to O(Q?), we would need to formulate appropriate
anséatze for £4 and do. For the spin-1 example we can be cavalier about the details, since
the correct solution is £4 = 024, = oW, = d2¢p = 0, but for higher-spin cases it is
unclear what are the appropriate bounds we should impose on the derivative power counts.
We cannot rely on the higher-spin literature for guidance, so we lack clear higher-order
analogues of assumptions (PC) and (PC2). Instead, we proceed by gradually increasing the
allowed derivative counts in £4 and Jo until a solution to the massive gauge transformation
is obtained. However, we require that the pieces of £4 that contribute to the Compton
four-point amplitude should not exceed the derivative count implied by the L3 interactions.
Thus the higher-order interactions should not make the high-energy behavior worse than
implied by the cubic interactions.

Note that the cubic Lagrangian obeying eq. (2.11) yields the following three-point
amplitude A(15=125=L 3), for two massive spin-1 fields with momenta p; and p, and one
photon with momentum ps,

A= 2573) = —2Q(e1- €2 e3-p1 + €27 €3 €1-p2 + €37 €1 €27p3) - (2.13)

It is instructive to plug in the on-shell spinor expressions for the massive polarization vectors,
parametrized in appendix A among other definitions and conventions. This allows us to
write the physical amplitudes simply as

s=1 5s=1 o+ + <12>2 s=1 gs=1 9— - [12]2
A(1°7,2°737) ZQQ(53 “p1) m2 A1, 2°7,37) :2Q(63 'pl)Wa (2.14)
where (12) 1= 21,(192%) 293, [12] := 214[192%] 29, and for convenience we used polarizations
vectors with saturated SU(2) indices [46],
o,
Eip = aﬁl;zmzib = <\|/§’:7|l]zwzib. (2.15)

We observe that these spin-1 amplitudes belong to the v Kerr family (1.1). Notably, the
Vv Kerr family does not accommodate [26] the amplitudes from the minimal EM coupling (2.8),
which is not entirely surprising: despite the name, the minimal EM coupling is not a consistent
interaction, as it violates the massive gauge symmetry or, in other words, it sources unphysical
degrees of freedom. As we will discuss in more detail in the rest of this work, the same holds
for arbitrary spin. Namely, the minimal EM coupling for massive particles with spin s > 1
does not give rise to the v/Kerr three-point amplitudes and it is found to violate massive



gauge invariance. Moreover, we checked up to s = 4 that the conditions (SI), (PS), (PC),
(PC2) and (MC), imposed on an off-shell cubic Lagrangian, yield the v/ Kerr three-point
amplitudes as unique solution. For s > 4 constructing the off-shell massive-gauge-invariant
Lagrangians is computationally challenging, so we will instead define a set of on-shell massive
Ward identities, introduced in the next section.

Note that, although it is a matter of straightforward computation at low spins, the
relationship between the Lagrangians and the on-shell amplitude expressions (1.1) tends
to be obscure. A way [72, 85, 86] to make it more transparent at the expense of explicit
parity is discussed in section 4.1.

2.3 Massive Ward identities

As an alternative to the fully off-shell approach above, we can phrase massive gauge invariance
in terms of (generalized) Ward identities for momentum-space correlation functions that
are partially on shell. To write the sort of identities most convenient for our purposes, we
take the perspective that the purpose of Ward identities is to prevent pure-gauge fields to
be sourced by physical fields when solving the equations of motion. This is of course true for
Ward identities in massless gauge theory, which set to zero any scattering amplitude involving
a single longitudinally polarized gauge boson. In the same way, we may view the massive
gauge symmetry (2.2) as an unphysical solution W, = 9,§, ¢ = m& of the free theory (2.1),
which decouples from the remaining fields in any S-matrix element. Note that this unphysical
solution is not constrained by the usual mass-shell condition, hence Ward identities typically
involve one off-shell leg corresponding to the pure-gauge field.

For a flexible implementation of such Ward identities, we use off-shell vertices V (...),
which we regard as pre-contracted with the corresponding planewave polarization-tensor

placeholders
e'l.“m“si = eHl- .

Hs;
i i €

for each particle . (2.16)
For s > 1, this automatically implies full symmetrization over the Lorentz indices. On the
mass shell (p7 = m?, all momenta are understood as incoming), the placeholders are simply
replaced by the physical polarization vectors:

€y — a?,#(p, q) particle i is massless, with helicity h = +, (2.17)
€y — E%(p) particle 7 is massive, with SU(2) spin indices a,b = 1,2.

Note that only ¢; are assumed to obey the usual properties expected from polarization vectors,
such as g; - p; = 0. For example, V(W1W2A3) is a scalar function of ¢;, and momenta
pi, © = 1,2,3, containing all off-shell information about the EM interaction vertex of the
spin-1 field, while the corresponding amplitude is obtained by putting every leg on shell,
which we write as

A5 2571 3) .= V(W L A3 (2.18)

)|(17273) ’
In this notation, a spin-1 Ward identity due to the Stiickelberg symmetry (2.2) looks like

_ 9 _
mV (o1 WaAs) — ip! WV(WleAg) =0, (2.19)
€ (2,3)
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where we used 8% < —ip, assuming incoming momenta. Throughout this work we use the
subscript notation (i, j,...) to indicate that the on-shell conditions pf — m? =g;-p; = 5? =0
are applied to particles {i,7,... }, in this case particles 2 and 3, for all terms displayed. Note
that requiring that the expression vanishes in the fully off-shell sense would be a different
and overly strong claim, since it is violated even by the Lagrangian (2.5). Indeed, the Ward

identity (2.19) follows from

(00L3 +01L2) |, phen = 50£3|on—shell =0(Q%), (2.20)

which is weaker than the full off-shell gauge invariance of the action at this order, as expressed
by eq. (2.11). Hereabove, §; Ly = 01(0.52/6P) is a multiple of the free equations of motion
to this order? in Q. Therefore, the second term vanishes when the corresponding legs are
put on-shell. On the other hand, once we found an L3 that is gauge invariant on shell,
one can take its (non-unique) off-shell extension and read off d;, cf. footnote 3. Indeed,

50£3 |0n—shell
can be compensated by a suitable 4.

= 0 means that JyL3 is a multiple of the free equations of motion and, hence,

In order to constructively use eq. (2.19), we first come up with an ansatz for the vertices,
schematically,

V(WiWaA3) ~ mey €2 €3 (p) — 6 terms, (2.21a)
m
V(p1WaAs3) ~ mege3 (po) — 1 term, (2.21b)

where we specify the power counting in various ingredients but omit momentum labels,
index contractions and free coefficients. We have already used the derivative-counting
assumption (PC) and parity (absence of the Levi-Civita tensor). Furthermore imposing the
reality condition V(W1 WaAs) = —V (W2W; A3), as per assumption (PS), determines three free
coefficients. Imposing the Ward identity (2.19) reduces the remaining four coefficients to one.
This last free parameter is fixed to the coupling @ by identifying the minimal-coupling (MC)
terms that originate from an appropriate kinetic term |D[MWV] 2. This gives the final result

V(WiW2As) = —Qle1- €2 €3-(p1 — p2) + €2- €3 €1-(p2 — p3) + €3- €1 €2-(p3 —p1)], (2.22a)
V(L,OlWQAg) = sz €9 - €3. (2.22b)

The kinematic form of the spin-1 vertex is identical to the 3-gluon Feynman rule, which is no
coincidence in view of the discussed construction of the Lagrangian (2.5) from non-abelian
gauge theory, which results in the same trivalent vertices as above. The on-shell amplitude
A(15=1,251 3) can be computed from the vertex V(W1 WaA3) and it agrees with eq. (2.13),
thus reproducing the v Kerr result.

An important advantage of eq. (2.19) is that we do not need to construct an ansatz
for the non-minimal gauge transformations d1, since it only depends on the free-theory
transformations dg|g—o, as discussed in eq. (2.20). This significantly reduces the number of

Tt is worth recalling that L, is chosen to contain the minimal interactions introduced via 0 — D.
Nevertheless, we can neglect the cubic part of L2 in eq. (2.20), since its variation is multiplied by d1, which is
bilinear in the fields.
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free parameters and hence allows us to compute amplitudes with higher multiplicity and
higher values of the spin s. For the purpose of computing the Compton diagram one does
not even have to solve Ward identities for all the vertices: one leg has to be the physical
spin-s field, i.e. the vertices with two Stiickelberg fields and one gauge field A can be omitted.
However, such reduced Ward identities are in general less constraining than imposing massive
gauge invariance on the full off-shell Lagrangian. Although eq. (2.19) is enough to fix the
three-point amplitude uniquely, for s > 1 the reduced Ward identities alone are not sufficient,
and they will need to be supplemented by additional on-shell constraints. We will discuss
this in detail in the next section.

3 Higher-spin gauge theory with massive gauge symmetry

Having already outlined the problem of unphysical degrees of freedom, in this section we
discuss Zinoviev’s solution to it [9] based on massive gauge symmetry, which intertwines
the primary higher-spin field with its auxiliary-field descendants, as well as with the gauge
field with which it interacts.

3.1 General Lagrangian, gauge fixing and Feynman propagator

We are now ready to review how to construct general integer-spin theories using massive
gauge symmetry. In addition to the physical symmetric spin-s field ®,,, ., which we will
sometimes shorten to ®*, Zinoviev [9] introduced auxiliary fields ®5—1, ®5=2 ... &' ®° where
the last one is a scalar field. These fields are assumed to be complex and double-traceless
PN Avps.., = 0, such that even the physical, maximal-rank field ®* contains more off-shell
degrees of freedom than the field chosen in earlier literature [73-75].

The fields {@k}zzo are subject to massive gauge transformations

50(I)Hl~--uk = 8(M1§H2-~~Mk) + makg#lu-ltk + mﬁk”(muzfus-..uk) > (3'1>

where the complex gauge parameters are traceless, & Auz.up = 0, and the numerical co-
efficients are

A =

\/(s—k)(s+k+d—3> kg d=4. (3.2)

(k+1)2k+d—2) ° o= Shvd—s¢’

Note that as = 0, implying that the physical field ®° cannot be set to zero by a gauge
choice, and the relevant parameters are {£* 2;5. Of course, for s = 1 we simply recover
Stiickelberg’s massive gauge transformations (2.2).

In ref. [76], we found that the free Lagrangian for a complex massive spin-s field that

is invariant under the massive gauge transformations (3.1) can be written as

Liree = Ly — ﬁgf; (33&)
with
s—1
Lo =— > (=1)F(k +1)G,n) G*™ (3.3b)
k=0

— 12 —



where Lr = Lgree + Lgr is the Lagrangian in Feynman gauge, obtained by adding the gauge-
fixing term Ly to the gauge-invariant Lagrangian Lge.. The Feynman-gauge Lagrangian
Ly is completely diagonal,

s

»CF - _ Z(_l)kJrl

_ E(k—1)= -
@, (0 + m?)or®) — (4)@“(“)@ +m?)erE=2 | - (3.4)
k=0

with é#(k_Q) = o Aug., denoting single traces, see also [87] for the earlier appearance of
this gauge, where it was called de Donder-like.

The gauge-fixing functions G#*) = G#1--14) contain the off-diagonal contributions and
are given by

k oz k+1 - k-1 . -
Grk) . g, k) _ 5(9%“(#1) o 1) _mam%@u(m _maanw@u(H) . (3.5)

where we use the convention that repeated all-upper (or all-lower) indices 77/“‘(1)“(’“), oM prk)
are a compact notation for symmetrization of indistinguishable indices. Note that traces of
rank-0,1 fields are defined to be zero, ®#(=2) = pr(-1) .— (.

The gauge-fixing functions have a simple gauge transformation following from eq. (3.1),

1
SoGMP) = —— (O + m?)er®) | 3.6
0G0 = 1 O+ g 36)
The appearance of the Klein-Gordon operator (0 +m?) implies that gauge-fixing constraints,
such as the equivalent of Lorenz gauge G**) = 0, are invariant under gauge transformations

2. Hence, a residual

with parameters (%) that satisfy the mass-shell constraint p? = m
gauge freedom remains present.

The diagonal form of the gauge-fixed action (3.4) is particularly advantageous when
extending our analysis to four-point amplitudes, where the propagator for each field is
required. The Feynman-gauge propagator A®) for a spin-s field is diagonal and has trivial
momentum dependence. It is unique, and we find that in d = 4 dimensions it is given by

the simple generating function [76]

3 (s) ’ 1 — ;%@
Ale, €) = €)*-A¥.(e)° = - ) 3.7
(€ =3 (8O = s T T (3.7)
where, as before, €,, €, are auxiliary vectors regarded as independent, and ¢ - €, €2, € are

standard Lorentz contractions. Remarkably, this propagator already includes the appropriate
projectors that enforce the double-tracelessness of the rank-s fields.” Note that the Feynman
propagator does not discern between physical and auxiliary fields, but treats them all on the
same footing, which is also clear from the Feynman-gauge-fixed Lagrangian (3.4).

In order to introduce interactions in the spin-s theory (3.3) one can first attempt to
minimally couple it to electromagnetism. As before, we covariantize the free Lagrangian,
and we obtain the minimally coupled interacting spin-s theory,

£2 = £free (38)

0u—Du=0,—iQA,

5While the Feynman-gauge kinetic term does not a have unique inverse, the additional requirement that
the propagator acts as a double-traceless projector gives the unique formula.
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where the subscript on £y is to emphasize that this comes from the quadratic terms.%

However, this step alone will not give rise to a consistent theory. The minimal interactions
spoil the counting of the degrees of freedom, since we have not ensured that the massive
gauge symmetry is preserved.

As was the case in section 2.2, covariantizing Lo and §p is not sufficient, and we must
add non-minimal interactions,” £3 + ..., and gauge transformations, d; + .... In section 2.2,
we discussed the systematic approach for fixing the theory at the Lagrangian level, as shown
in eq. (2.7). This involves constructing the action and gauge transformations order by order,
fully off shell. For instance, at cubic order, we need to consider two types of contributions
to the off-shell cubic vertex,

V(@703 As) = Vi, (205 A3) + Vg, (9505 A3) (3.9)

where Vp, (®5®5 A3) is extracted from the minimally coupled Lagrangian Ly in eq. (3.8), and
Vi, (®5®5 A3) from the non-minimal cubic interactions £3 linear in the field strength of the
massless boson F,,. The L3 term can be written out explicitly,

— / . o s(s—1
Vel (@195 43) = 206 (-1)"(ip2 - ex)(er - )2 (e - e)? - 20D tes

+ Ve (9705 43) (3.10)

where the first line comes from Lg and the second line comes from the covariantized @M(k)G“(k)
term. In the resummed form Vg, is given by

s—1
Vi (2102A3) = Q> (-1 (k +1)
k=0

ok E+1 .2 imk gy 2 k41 .2 2
X {zmeu(ake% — Qi1 SSrejers) + 5 €1 (—age13€s + Qi1 “Trejezers)
k g1 2 1 29 k=14 909
T 560 ((p1 - e2)€r€23 + 5(p2 - €3)€i€s) + 5 ‘12 erexeas(p2 - €1) — (1 <> 2) ¢, (3.11)
where €;; = ¢ - ¢; and e% = € - €.

The V,, interactions are constructed as an ansatz, together with the non-minimal gauge
transformations d1, and the free coefficients are fixed by requiring off-shell massive gauge
invariance. We will do this explicitly for spin-2 and spin-3 fields in section 3.3, and we will
see that it is a significant computational challenge even at low spins.

On the other hand, in section 2.3 we introduced an approach influenced by on-shell
techniques, working with identities at the level of the vertices. This approach only requires
the free-field massive gauge transformations, which lets us bypass ansatzing the non-linear

SWe emphasize that, unlike L2, the gauge-fixing term is kept quadratic, so that the Feynman vertices are
not affected by the gauge choice. Alternatively, one can also covariantize the gauge-fixing term with respect to
massless gauge transformations, but this approach will not be pursued here.

"Note that neither the “minimal EM” nor non-minimal terms are consistent interactions when considered
independently of each other. Only very specific linear combinations of such terms form consistent interactions.
Those can be found be requiring the longitudinal modes to decouple, which is equivalent to imposing the
massive higher-spin gauge symmetry.
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gauge transformations and thus provides a significant computational advantage. Moreover,
there is an immediate connection to scattering amplitudes, which is an advantage considering
our goal of comparing to the v Kerr three-point amplitudes and extending them to four points.
We will use this method to compute arbitrary-spin three-point amplitudes in section 3.3, and
four-point Compton amplitudes for spin-2 and spin-3 particles in section 3.4.

Note, however, that solving the Ward identities, which are partially on-shell, and finding
a fully off-shell gauge-invariant Lagrangian are two equivalent approaches. Indeed, consider
the cubic vertex in eq. (3.9), the Ward identities 0oV |on-shen = 0 guarantee that doV is a
multiple of the free equations of motion and, hence, §; can be read off once the variation is
kept off-shell, see eq. (2.20). Different ways of extending V, off-shell will lead to different d;,
which are related via field redefinitions. Therefore, the ambiguity in the off-shell extension
does not carry any information about the physics. Let us note, however, that, in practice,
we solve the reduced Ward identities where one of the fields is the physical spin-s field and
additional constraints are required, which are discussed below.

3.2 Massive Ward identities again

The discussion of the Ward identities in section 2.3 can easily be extended to any spin s.
At the cubic order we have the vertices (3.9) that encode interactions between two fields
from the massive spin-s multiplets and a gauge field, V(q)k@nA), where k,n=1,...,s run
over the auxiliary fields k,n = 1,...,s—1 and the physical field k,n = s. In practice, one
factorizes fields via the unconstrained polarizations €' introduced in eq. (2.16). As a result,
in momentum space V (®*®"A) becomes a scalar function of €, and p;, i = 1,2,3, which
we denote V(®§®, A3) with the subscript referring to the i-index of € We can and will
use the same polarization vectors ¢; to factorize the gauge parameters &%) g =0,...,s—1
since €;,, is merely a book-keeping device. The tracelessness of the gauge parameters is
ensured by further imposing €7 = 0.

We then consider the linearized gauge transformation dg in eq. (3.1), and exhibit all fields
that pick up a change proportional to the gauge parameter 55 *) Recalling that the same
polarization vectors can be used for fields and gauge parameters, we arrive at the following
implementation of the gauge transformations

50<I>’f(k) = makff(k) — mosz(‘I)lf(k)' ) 2y’
€=
1 0 0
HEHD) _ g en(k) 2y ottt
P} oG ” k+ 10z, 8611"/((1)1 ) 2y (312)
g 0
SaphF+2) _ pup ¢ 1(K) MPprz O O pHk+2) .
0™1 mB21 G (k + 2)(/€ + 1) der  Oeq ( ! ) €2=0

Now we consider the (reduced) massive Ward identity for a process involving three plane
waves, and apply the gauge transformation g that is due to €4) to the first leg. First, using
the relations (3.12), and plugging in Byto = Fagi1(k+2)/(k+1), we construct an off-shell

8Note that it is not necessary to impose double-tracelessness of the fields oY (k), since either the on-shell
conditions or the Feynman propagator (3.7) will automatically enforce it.
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version of the gauge-transformed three-point vertex,

. 2
k&S A.Y . kas 4y P10 o piizs Mok 41 (3) k24,5
V(§1@2A3) = makv(q’l‘pzA?’) k+1 8€1V(CI)1 ®2A3)+72(k:+1)2 deq V(q)l (I)2A3)7

(3.13)

)

where the notation reminds us that we are effectively scattering the gauge parameter &} )
Then, the massive Ward identity at three points is given by setting the above vertex to zero
after imposing on-shell conditions on legs 2,3 and tracelessness on leg 1.

Since we plan to work with the reduced Ward identities, we now state the additional
constraints that we will impose on the three point interactions for the spin-s theory:

(WI) Massive Ward identities due to Zinoviev’s gauge symmetry (3.1):

V(£ ®543))| 0. (3.14)

(2,3),e2=0 —

(CC) Current constraint following from high-energy unitarity, as discussed in ref. [46]:

O v(@50545) = O(m). (3.15)

pl —
€1 (2,3),62=0

(ND) Near-diagonal interactions of two massive fields. The cubic vertices differ at most by
one unit:’
V(0T FOn Ay

)yoy = 0. (3.16)

In addition, the previously introduced constraints (SI), (PS), (PC), (MC) should still be
imposed on the spin-s theory.

Let us discuss the new constraints. As we will see in section 3.3.3, they are needed, in
combination with the reduced massive Ward identities, to fix the three-point v/ Kerr amplitudes
uniquely.'® However, in the off-shell Lagrangian approach, the vKerr amplitudes follow
uniquely from massive gauge invariance without the need to impose additional constraints,
as we checked up to s = 4. Therefore, it is possible that (CC) and (ND) encode information
about massive gauge symmetry, which is somehow missed by the reduced on-shell Ward
identities, since they do not probe all three-point vertices but only those with one leg being
the physical spin-s field. To confirm this, we would need to push the off-shell computation
to higher values of spin, s > 4.

The (ND) constraint is obeyed by the minimally coupled theories that follow from the free
Lagrangians (3.3), so we propose that it should be extended to the non-minimal interactions.
The current constraint (CC) has been argued [2, 3, 80] to give rise to scattering amplitudes
with an improved high-energy limit. For instance, in the spin-1 theory discussed in section 2,
the massive propagator in unitary gauge (UG) becomes

_ Pubv
AUG _ _; Nuv 2
wo

9In practice, it is applied to n = s since we consider only the reduced Ward identities where the physical
spin-s field is present.

ONote that leading-Regge open-string higher-spin amplitudes violate the constraints that we are imposing.
Specifically, it is the combination of (PC)+(CC) that are too constraining for string amplitudes above s > 2.
In particular, string amplitudes involve non-minimal interactions.

,16,



In the high-energy limit p/m — oo, it is clear that the second term in the propagator
numerator give rise to a divergence. The implication for a physical process, such as the
Compton amplitude A(157% 257137 47)  is that such divergences appear in the massive-
exchange diagrams and are proportional to the contraction of the exchanged momentum p,
and the three-point vertices, namely 2 - %V(@Z@;"’Aj)h .. The current constraint (3.15)

i)
cures this type of divergences by removing the factor of the mass m from the denominator.

On the other hand, in Feynman gauge the propagators (3.7) do not contain momentum-
dependent terms. In that case, the divergences appear in the vertices of the theory. For
instance, we can modify the s = 1 Lagrangian in section 2.2 by adding the term

— 1 1
iQElF“V (WIJ — mDH(p) (Wy — mDyQO) s (318)

where ¢ is a free coefficient. The resulting Lagrangian is still gauge-invariant at cubic order,
since the structure in the brackets is invariant under the free gauge transformations (2.9).

However, it violates the current constraint, namely,

0 = -
P1- aqu(W1W2A3)‘(2 3= Qé1(2e9-p1es-pr — P eg-e3) + O(m) . (3.19)

In Feynman gauge, the terms in eq. (3.18) proportional to 1/m give rise to high-energy
divergences in scattering amplitudes, unless ¢; = 0 as required by the current constraint.

Vertex (3.18) is also an illustration of the fact that the massive higher-spin gauge symmetry
needs to be supplemented with appropriate constraints on the number of derivatives in the
interactions. Indeed, one can take any function of W,,, W, and replace them by the expressions
in the brackets of eq. (3.18), the resulting vertex being gauge-invariant. However, such a
cavalier approach induces higher derivatives for the auxiliary fields. For example, eq. (3.18) is
a three-derivative vertex, while the minimal interaction is a two-derivative one. The current
constraint is a way to improve the derivative counting at least at the cubic order. It is
reasonable to expect that v/ Kerr theories correspond to the best possible scenario [76], where
the number of derivatives is kept the lowest at all orders.

3.3 Massive gauge symmetry at cubic order
3.3.1 Example: spin-2 v/ Kerr theory

In this section, we apply the methods outlined in section 2.2 to the case of a massive
spin-2 field coupled to a photon. We work in d = 4 dimensions and start with the free
massive spin-2 Lagrangian Lo and then add non-minimal terms £3. For convenience, and
(s)

n,k’
fields (the gauge field in D, is not counted) and £ is the number of derivatives (counting

both D, and the derivative in F),,).

The minimally coupled spin-2 Lagrangian is then

following ref. [77], we decompose the spin-s Lagrangians as £ where n is the number of

e = Bl o+, 620
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L) = Da®,,, DO — 2D - ®,D - &" + D-$,D"® + D, D - & — D, SD"® + DapD%
~D,B,D'B"+D-BD-B,

ngf =V3m(D-By+ @D - B) —v2m(D-®,B" + B,D - ®") — \/im(gD-B+D-B<i>),
2 2F B BHd) 3 9= — & 2~
Lyg=-—m" (PP D) 5 (P + @P) + 2m-pyp. (3.21)

Here we recall the shorthand notation D - ®#1-Hk := D ,dPHL-Hk and Pra-t = Npo PPHL-HE
and for clarity we renamed the Stiickelberg fields to B, and ¢.
The minimally coupled massive gauge transformations dp are given by
m
ﬁnuuc )

\%glm (3.22)

00Pp = D&y +
0B, = D,¢ +
S0 = V3m( .

As before, for () # 0 this gauge symmetry is broken and we need to add non-minimal
deformations to restore it. Assuming (SI), (MC), (PC) and (PC2) the allowed ansatz for the
Lagrangian contains 37 free parameters, whereas the ansatz for the gauge transformations
contains 42 free parameters. Imposing massive gauge invariance leaves 12 free parameters in
the Lagrangian and 18 in the gauge transformations. The leftover free parameters arise due
to field-redefinition redundancies and higher-point effects, since none of them contributes to
the on-shell three-point amplitude, which is uniquely predicted and it matches the known

vKerr answer,

P 4Q
A(1572 2572 37) = af1P2g2 P (€1-€3€2-p3 + €2-€3€1-p2 +€1-€263°P1) (3.23)

(12)*

mt

+ Qe1-e2(dey-e382-p3 + dea-e3€1-po + 261 €263-p1) = 2Q 5 Py
One explicit solution for the full cubic Lagrangian L3 is

) (321

2 S . o o
cl) = T;—?FW (Dp®apD ®”,, = Do, Dy 0% + Do, D0, — 2Da®5,D 0%,

~D,®,3D,9*¥ + D, ®,,D-®*-D-9,D,8,* +D-&,D -,
~-D-9,D,®+ D,®D -, — D,®,,D*® + D,®D,®,* + Duq>Dy<i>) ., (3.25a)
2 1V2Q

m
L) =iQFm (2<EW<I>V“ +B#B,,) : (3.25¢)

F*(D-®,B, - B,D-®, — D,®B, + B,D,®) (3.25D)
where we recall that & := @1, and F), := 20,4,
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The non-minimal gauge transformations d; are

iQ 1
018 == S{ (Fu® Dy + Fu* Diay) + 5w P’ Dot |,
iQ

m2

014y, =——5{2Da®p, DI¢" — 2D,y DO, + V2 (B Do — Dpba B (3:26)

P (Bual™ — £ @pa) = m*(BuC — CBy)} -
The next step is to study the spin-2 theory in the language of massive Ward identities,

as outlined in section 3. From the free-theory part of eq. (3.22), we compute the gauge-

transformed vertices

— ipr O - m —
V(£ PoA3) = —— —V (91 P2 A —V(B19,A 3.27
(§1P2A43) 2861(123)+ﬂ(123>’ (3.27a)
V(@A) = " 00 0,8y Ag) — ipr 2V (BiBaAg) + VEMV (01 BAs) . (3.27D)
123_2\/5661661 19243 p1861 19243 P19¥2A43), .
and impose the massive Ward identities
V(§152A3)](273) = V(§152A3)](273) =0 (3.28)

together with the assumptions (SI), (MC), (PC) and (PC2). The solution yields a three-point
amplitude A(1°=2 2°=2 3) with a single free parameter c:

o c 4+c
A(1572 2572 3) = Q<m2€1-p2 ea-p1+ 261-62)(61-62 £3-p1 + €2-€3 €12 + £3-€1 E2-P3)
(0%
— %(61-632)2 €3'P1 - (329)

If we additionally impose the constraints (CC) and (ND), we find ¢ = 4, matching eq. (3.23).

In summary, the combination of massive Ward identities, the current constraint and
the (ND) assumption encodes the same information on the cubic theory as the off-shell
Lagrangian gauge invariance, but the former is considerably simpler to implement and easier
to push to higher orders.

3.3.2 Example: spin-3 v Kerr theory

We can repeat the above analysis for a massive spin-3 field coupled to electromagnetism.
We begin with the minimally coupled Lagrangian

) = e+ 251+ 5, @30
where
£5) = D,y DI 3Dy D- B + SD-BD-b + 3D, B, DAD (3:31a)

-3D,®,D-%" —3D-®"D,®, + D,H,,D'H"" — 2D-H,D-H"
+D,HD-H" + D-H*D,H — D,HD"H — D,B,D"B" + D-BD-B + D, pD"p,
L) = 2v/3m®,D-H" + 2v/3mD-Hi®, + V/3mD -3, H* + /3mHWD-3,,

)

—~

3 —— V3 = = - _
—1—\zme@H—i—\gmHD@—\/gmHD-B—\/ng-BH—\/5mD-HHB“
—V5mB*D-H, +V6mD-Byp + V6m@D-B, (3.31Db)
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V15

£5) =m0, @1 — 378, 8 + ST — S BB + 5migp + ¥ m?E, B

V15 5= -
+Tm2Bﬂq>u—,/ m2Hp — ,/ m<pH (3.31c)

Here ®),, is the spin-3 field, and for clarity we renamed the lower-rank auxiliary fields
to H,,, B, and ¢. As before, we use the shorthands D - &1k = D, OPHL-HE and
PH-h = Npo PPTHTHE . The minimally coupled gauge transformations are

V3
6(I)>\MV = 6(>\£;w) + 7m77()\,u,§1/) )

V5
5H,Lw = 8(u§u) \/>§ul/ m77utl§7

V5

(SB# = 3#5 + mgpw
 Vome,

in terms of the gauge parameters ., &, and &, where &} = 0.

(3.32)

In order to restore the gauge symmetry for @ # 0, we construct an ansatz for the non-
minimal cubic Lagrangian /Jgg) and the non-minimal gauge transformations ¢;. Assuming (SI),
(MC), (PC) and (PC2), the allowed ansatz contains 432 free parameters in the Lagrangian
and 436 in the gauge transformations. Imposing massive gauge invariance leaves 141 free
parameters in the Lagrangian and 260 in the gauge transformations. As before, the leftover
free parameters are due to field redefinitions and higher-point effects, since they do not
contribute to the on-shell three-point amplitude given by

8@

A(1573,2573 31) = " — (e1-p2) 2(eg-p1)*(e1-€3€2-p3 + €2-63€1-pa + €1-€263°P1)
4Q)
- Wé‘l'f:‘z e1-p2rea-p1(4der-e3ex-p3s + dea-c3€1-p2 + 3€1-€263-p1)

—2Q(e1-€2)? (3e1-€3€2-p3 + 3e2-63€1-po + €1-€263-P1)
(12>

=2Q¢ef p1 (3.33)
This matches the known vKerr amplitude (1.1).

The explicit solutions for the non-minimal Lagrangian and gauge transformations are
rather cumbersome, so we omit them in this work. Instead, we can reproduce the above
results in a simpler fashion using massive Ward identities. From eq. (3.32) we read off the
gauge-transformed vertices

- p1 0
V(M By Ag) = — 2L aelv@l%A?’) + %V(H@zz‘h) (3.34)
L m 0 0 B zpi i - V5m -
V(fl q)zAg) 8\[ 861 861 V((I)lq)zAg) 5 e 1V(H1@2A3) + 5 V(Bl@QAg) ,
= o 0 0 = =
V(§1¢)2A3) @7 7V(H1(I)2A3) ip1- 7‘/(31@2143) + \/ng(gol(bgAg)) ,
4 861 861 861
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and impose the (reduced) massive Ward identities
V(fiw‘i)QASN(Q’g) = V(f?@fls)!@’g,) = V(§1<§2A3)}(273) =0, (3.35)

together with the assumptions (SI), (MC), (PC), (PC2). This leaves two free parameters
in the on-shell amplitude. Additionally imposing (CC) and (ND) fixes the leftover freedom
and reproduces the amplitude (3.33).

3.3.3 Uniqueness of spin-s v Kerr

In the arbitrary-spin case it is hard to obtain expressions for the non-minimal off-shell
Lagrangian and gauge transformations. The main issue is that such objects are not uniquely
defined, because they depend on field redefinitions. One option is to study fixed values of
spin and choose field redefinitions that manifest some nice properties of the Lagrangians, in
the hope that such special choices can be extrapolated to arbitrary spin. In this work, we
instead focus on reduced Ward identities, which produced the same on-shell results as the
Lagrangian approach in the cases discussed above, but are much simpler to implement for
arbitrary spin. We write down ansétze for the vertices V (®}®§A3), use them to compute
the gauge variations V (£F®3A3) as discussed in section 3.2, and impose combinations of
the conditions (MC), (PC), (WI), (CC), (ND).

Imposing (MC)+(PC)+(WI) in spin-s v/Kerr theory and extracting the on-shell three-
point amplitude, we find

2s s—1 k
‘/4(157 Qs’ 3+) _ A§,0) <122>S {1 + ];1 Ck <<[1§]>k - 1) } , (336)

m

where ¢, are free parameters and Ago) = 2Q(e3 - p1) is the scalar amplitude. Imposing (ND)
does not modify eq. (3.36), whereas (CC) requires Y ;¢ = 0. However, (CC)+(ND) fix
cx. = 0 and yield the AHH amplitudes (1.1).

The calculations outlined above for the v/ Kerr theories were performed explicitly up to
s < 10. However, we do not expect any new feature beyond this spin and believe the above
results to be valid for any spin. Note that the off-shell analysis done in the previous sections
lands us unambiguously on the vKerr amplitude, and it only required the conditions (SI),
(PS), (PC), (PC2) and (MC). We believe that a complete set of Ward identities is equivalent
to the off-shell constraints, and hence it will only require the conditions (MC)+(PC)+(WI)
to derive the vKerr amplitudes. By contrast, the reduced Ward identities (with one leg
always having spin s) leave us with free parameters, which are, nevertheless, fixed with the
help of the constraints (CC) and (ND). Therefore, provided we follow the off-shell approach
or impose all Ward identities, the latter constraints are redundant.

3.3.4 On-shell cubic vKerr Lagrangians

As discussed, it is difficult to obtain arbitrary-spin expressions for off-shell Lagrangians,
due to their redundant nature. However, it is much easier to write down the part of the
arbitrary-spin Lagrangian that contributes to the on-shell three-point amplitude. In this
subsection, we derive expressions for arbitrary-spin on-shell Lagrangians that reproduce the
v Kerr amplitudes (1.1), in terms of a convenient choice of variables.
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It is convenient to re-express the spin-s field as a tensor product of s spin-1 fields in
the (generalized) double-copy sense:

Ps = pHrk2-ts — (ML @ TTH2 & ... @ TWHs) , (3.37)

where the tensor product is understood to hold in momentum space, or equivalently as a
convolution in position space. We expand the v Kerr gauge theory Lagrangian in terms of
operators contributing at different orders in the coupling g

o) lipe s sl 20
E\j@ = _Z(F””) + L5 +igly” + gLy + ... (3.38)
Up to cubic order we may assume, without loss of generality, that the non-trivial interactions
are abelian and hence g = (). Moreover, we will only analyze the Lagrangian terms that
contribute on shell at three points.

The minimal Lagrangian, obtained from the covariantization of eq. (3.3), is

£ = (-1 (DB DR B, e 1) (3.30)

where the ellipsis correspond to terms that vanish on shell. Recall that the covariant derivative
i8S Do Py = OuoPuy.opps — QA0 Py .y thus the minimal-coupling cubic interaction terms

coming from L£3” are
(=1)%i1Q0yy @1y s AFODHLHs — (B 45 D) — 2Q(e3 - p1)(—€1 - €2)°. (3.40)

In terms of spinor-helicity variables, the minimal-coupling gauge-theory amplitude for a
positive-helicity photon is then

S S
Amin(1°,2°,3%) = 2Q(€§L-p1)<127>n£2] : (3.41)
and the negative-helicity case is simply obtained by z—:?{ — €3. There is no additional
information in the negative-helicity amplitude since we will only use parity-invariant operators,
hence we can focus on the positive-helicity case.

It is now an easy task to compute the difference between the above amplitude and
the v/ Kerr amplitude (1.1) and reverse-engineer the cubic operators that correspond to the
mismatch. We decorate the on-shell part of the cubic Lagrangians with a tilde to emphasize
that they need to be supplemented by off-shell-completion terms to restore Zinoviev’s massive

gauge invariance,
Ez(f) = EN:(;,S) + (gauge-invariance completion terms) . (3.42)

At spin s = 1, one can identify two independent candidate operators that contribute on shell,

Or= W, W, o 22 p)az)z) - n2).
m (3.43)

O = WP W,r = 2 (ef py)a2]((12) - [12)),
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where Fy,, = 20,4,) and W, = 20/, W, are (linearized) field strengths for the massive and
massless fields (here ®# = W*#). Using the spinor-helicity representations on the right-hand
side, it is clear that Eél) = (1 reproduces the vKerr amplitude.

A(s)

For s > 1 we can construct the L3’ operators recursively, by tensoring the O; and
04 operators with spin-1 building blocks that are insensitive to the photon helicity. For

three-point on-shell kinematics there are only two such independent building blocks,

u= WWW IS (<12) +[12]?),
(3.44)
wwwq@y.

A9 1o

Using eq. (3.37) to decompose @, ,,, into spin-1 fields, we can now write down Ly
any spin. Through spin 3, the non-minimal interaction terms are

E:()’O) = 0, £g2) = (U + ’U)Ol + ’UOQ , (3 45>
Egl) =01, E§3) = (u+v)(u0; +v0,) . '

When combined with the minimally coupled interactions (3.40), these terms reproduce the
v Kerr amplitudes up to spin 3.

For spin 4 and higher, we find that the non-minimal v/ Kerr interaction terms satisfy
the following recurrence formula,

Egs) = (u? — 2v )E(S 2) U4£~gs_4) + (2 + u)v* 2 (O + 03) . (3.46)
For example, for spin s = 4,5,6 we have the non-minimal interactions
E§4) = u(u® 4 uv — vH) 01 + wv(u + v)Osy, (3.47a)
ENi(f) = (u® — v} (u? + uv — v?)O1 + wv(u® + wv — v?) Oy, (3.47b)
2536) = (u? — ) (u® + v?v — 20 — v¥) 01 + v(u? — v?)(u? + uv — v?)Os . (3.47c)

As an alternative to the recursive formula, we can also explore a generating-function description
of the cubic on-shell Lagrangian £3. Indeed, it is straightforward to obtain the generating
function by summing eq. (3.46) over all spins, giving an equation for the sum with solution

Z£(5 - 01 +v0,
1—v)(1—u+v?)"

(3.48)

For simplicity, we have suppressed the auxiliary generating variable, since this leads to
no ambiguity.

In terms of standard Lagrangian notation, using the fields ®#1'#s and covariantizing the
derivatives, the non-minimal cubic interactions up to spin-3 take the form

£ =—a,ro,, (3.49a)
(D G B o iQ Do, PP Db +iD[u o FY e DIToHr (3.49b)
&= —3 DB o DI — iD[ ®, o2 F" s DI 1P (3.49¢)
24— . 24 DD & PE A
_ mD[VD[ p]cr])\F)\ D[VD[Mq)p]U]H_ —D[UD[ J \F, Dy, Dlepr] oIn
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Note that the above Lagrangians have derivatives appearing only as curls of the spin-s field,
which is the general structure of interactions of massless fields, see e.g. ref. [88].
As mentioned above, eq. (3.49) contains the operators that contribute to the on-shell

)

additional terms that vanish on shell, yet they are needed to preserve massive gauge invariance.

three-point amplitude. In order to have the full cubic Lagrangian oy , we would need to add
For the highest derivative terms in Eés) we can find the completions, since they correspond
to having gauge invariance in the high-energy limit. The following leading-derivative terms
are compatible with the above on-shell analysis and high-energy gauge invariance:

(s) 225—2
s . Do . o
£3 = (—1) m2872 (@[leVlMﬂQyVQ] [us—lst—l}pr (b[/ll;Vl][/»L2§V2]"'[/J«5—1§V5—1]0'
+ q)[#l;o'][u%’/ﬂ"'[us—l;Vs—l}prllVl@[O—;Vl][NQ;VQ}...[Msil;ysiﬂp (3.50)
1 , , ,
+ §Dp(1)[ul’yl}[M’VQ]M[usfl’ysfl}meU(I)[#z;uz]"'[usfl;usfl}am
1 — - 1
+ 5<I>[H2,z/2] [“51’”51]p”1Fp“1DJ(I)[;“;V1][uz;uz]w[us_l;vs—l]U) + 0 (m25_4) ,

where the [u; v] notation is shorthand for curls, e.g. with one curl we have @r#2-[pivalps . —
DWigrapz-—pil-is and similarly for taking curls repeatedly. The Stiickelberg fields all enter

—2s+4)

Eés) as lower derivative terms, thus they are hidden in the O(m corrections.

3.4 Massive gauge symmetry at quartic order

Finding consistent quartic interactions for massive higher-spin fields is a notoriously hard
problem. In the Stiickelberg formalism discussed in this work, it requires solving gauge
invariance to quadratic order in the coupling @,

(80 + 01 + 02) (L2 + L3+ L4) = O(Q%) . (3.51)

At linear order, the above equation reduces to eq. (2.11) and the implementation of gauge
invariance has already been discussed. The new information comes at O(Q?), where the
non-minimal quartic interactions in £4 starts contributing. At this order, we need to compute
the variation of the quartic vertices under the free-theory gauge transformations, namely
doL4 and also dy(L2 4+ L3) from expanding the covariant derivatives. We also need to vary
the free Lagrangian £3|g—o under O(Q?) corrections to the gauge transformations, d, which
are quadratic in the fields and linear in the gauge parameters. Both £4 and 2 require writing
down an ansatz and hence introducing new free parameters.

The number of derivatives required in the ansatz, and hence the number of free parameters,
increase rapidly with spin. To see this, we consider the contribution of the three-point vertices
to the four-point Compton amplitude, given by

, (3.52)

ep,e_p—0

8 8 5 sxl [ F S
{80 (G 5icy) 35 VOIPP ANV (85030 + 3.0

where the Feynman propagator-generating function Ap(e, €) (3.7) has become an operator
through the substitution of its arguments by derivatives, which act on the polarization vectors
of the internal line. The lowest-derivative solution for the three-point vertices contains 2s—1
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derivatives, as discussed in the previous sections. Since eq. (3.52) contains two such vertices
and a propagator, and the latter subtracts two derivatives, we expect at least 4s—4 derivatives
in the Compton amplitude and in the four-point contact terms in £4. This will produce up
to 4s—3 derivatives in the term d9L4. We expect the same power of derivatives in the term
02Lo, and since L9 has two derivatives, do should have 4s—5.

Moreover, we need to consider the variation of the cubic vertices under the first non-linear
corrections to the gauge transformations, for instance in the term 0;£3. Both d; and L3
are partially fixed by the higher-spin generalization of eq. (2.11), but in general there are
leftover free parameters. Provided we fix the cubic amplitude, all the leftover parameters
are associated with field redefinitions and with redefinitions of gauge parameters, i.e. they
represent no physical information and can be set at will, for instance, to zero. Nevertheless,
eq. (3.51) at O(Q?) is a system of coupled equations containing many tensor structures,
and it is very hard to solve in general.

Alternatively, we can resort to the same Ward identities that provided simplification in
the cubic case. This requires computing a four-point Compton amplitude using the three-point
solutions to the cubic Ward identities and the Feynman-gauge propagators defined in eq. (3.7).

More precisely, we need to compute the abelian amputated correlation function'!
_ B _
PPy A3 A A V(®Y0hL AV (9L p05A 3¢ 4 }
(@7 P3A3A4)u1) = { P<86p 5 P)Z WW(OL p®35A3) + (3 < 4) S
+ Vi (DY DS A3 Ay) + Vi, (PFDS A3 Ay) + Vi, (PEDS A3 A) . (3.53)

The terms V., and V, pick up the quartic terms from Ly ~ (D®)? and L3 respectively,
which are due to A, inside the covariant derivatives D,,. In addition, we need the four-point
contact terms of form

Ve, (@F®5A3A,) = Ansatz®) (p;, ;) , (3.54)

where the ansatz for the contact terms must involve two field strengths £4 o< Fj,, Fly.
Let us also define a gauge-transformed amputated correlator for each gauge parameter £*,
in the same fashion as in eq. (3.13),

. 2
(€F®5 Az Ag) = may (BF D3 A3 Ag) — 0 —— (P B5 A Ag) + 5k+2<a ) (P25 A3Ay).
k+1 861 0
(3.55)
The four-point Ward identities then become
(EF@3A344)] 354 29 = 0, (3.56)

where legs 2, 3 and 4 are on-shell states, meaning that they obey p? —m? =¢? =¢; - p; = 0,

and the leg 1 is traceless €2 = 0. Likewise, the spin-s amplitude can be obtained from the
amputated abelian correlator, where all legs are taken on shell:

Ay)(152°,3,4) := <q)S<I>SA3A4> U@ )’(1 23.4) Qor1’ (3.57)

HWe refer to eq. (3.53) as an amputated correlation function, since it can be obtained from an ordinary
correlation function by stripping the propagators off the external legs.
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where have removed the coupling constant and tweaked the overall normalization to be
compatible with later formulae of color-stripped Compton amplitudes. In general, A(...)
denote amplitudes without couplings and color factors, as opposed to full amplitudes A(...).

When using Ward identities, only the free-theory gauge transformations dy| o= contribute,

so we do not have to worry about non-linear corrections d; and do. As discussed,othe number
of terms in the ansatz for d9 increase rapidly with increasing spins, so this provides a major
simplification. In general, eq. (3.56) is also a quadratic equations, since the three-point free
parameters in V(<I>f/ éjAk) get squared in eq. (3.53). In practice, however, once we fix the
on-shell three-point amplitude as described in previous sections, the free parameters left
in V(@fléjAk) are four-point contact terms, since they vanish in the factorization limit.
Therefore, we can choose to reabsorb them in the ansatz for V(®¥®5A344) and thus linearize
the system of equations (3.56).

We can also study the non-abelian case. We work at the level of color-ordered amplitudes,
hence the cubic vertices are the same as the ones discussed in previous sections, once the
abelian charge @ is replaced by the non-abelian gauge coupling @ — g/v/2. Then we compute
the non-abelian color-ordered amputated correlation function

_ o o s _ _
(PYP5A3A)ora = {AP<, ) > V(q)lfq’lpAzx)V(q’l—Pq)gA:a)}
Oep’ Oe_p =
19 9
S12 8€q 86_(]
+ Vi, (BF B A3 Ay) + Vi, (BY D5 A3 AY) + Vi, (DEDS A3 AY) .

ep,e_p—0

(3.58)

V(q)]f‘i);Aq)Vg(quABAll)

Note that in this case we only need one massive-exchange diagram, given by the first line,
since the other one in eq. (3.53) contributes to a different color ordering. Instead, we need
to add the gluon-exchange diagram, given by the second line, where V,(A4;A4;A}) is the
color-ordered three-gluon vertex and the derivative operator (0/0e,) - (0/0€_q) contracts the
Lorentz indices corresponding to A, and A_, polarizations.

As before, ‘752 and ‘733 are the quartic terms coming from Lo and £3. Then we need
the four-point contact terms involving two field strengths,

‘754 ((I)]f(f'gAg,Azl) = Ansatz(k’s) (pi, EZ') . (359)

Note that in the abelian case (3.54) the vertex Vi, (®F®5A3A4,) must be symmetric under
1 < 2 exchange and 3 <> 4 exchange separately. In the non-abelian case, instead, the
vertex is only symmetric under the combination of both exchanges, therefore the ansatz
will contain additional free parameters.

In the rest of this section, we will apply the Ward identities outlined above to the cases
of spin-2 and spin-3 particles and will derive explicit abelian and non-abelian Compton
amplitudes. The latter are color-decomposed as follows:

A(15 25 3,4) = 24 [TCSTC4A(1S, 2% 3,4) + T“T A(1%, 25 4, 3)} = (DB A3A0)] ;5549
(PSP A3Ay) 1= 2T 3T (D D5 A3 Ay)ora + 2T4T (D3P Ay As) ord - (3.60)

Namely, when extracting the ordered amplitudes from the four-point color-dressed amplitude,
we choose to strip 2¢? along with the color factor. We can also relate the amputated correlators
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of the abelian and ordered type, using g% = 2Q?,
<(I)SCT)SA3A4>U(1) = <<I)SCT)SA3A4>OH1 + <(I)Si)SA4A3>Ord, (361)
which is an echo of the usual Kleiss-Kuijf relation for color-ordered partial amplitudes.

3.4.1 Quartic spin-2 interactions

We can consider the opposite-helicity amplitude A(1°=2 25=2 3~,4%) between two massive
spin-2 fields and two massless spin-1 bosons. We first construct an ansatz for the off-shell
quartic vertices between the rank-2 field ®? = ®* and the auxiliary fields {®!, ®°} with
the following schematic derivative counts:

V(923 A5A4) ~ 0,
V(®ID3A34,4) ~ P, (3.62)
V(®)D2A4344) =0,

where the last vertex is set to zero from the start, as it is consistent with our guiding principles.
In the abelian case, imposing Ward identities yields the amplitude [76]
(BIL4*(U + V) (13)(3[1[4][42]

s=2 §s=2 9— 2 2
Ayqy (19724 2°7%37,47) = e 4U(U? +V?) (3.63)

13)(32)[14][42
L (193 >£ I ](3U2+V2+WE—W?F)+C(_21,
m

where we use the variables U = 1((1]4|2] — (2/4]1]) — m[12], V = ((1]4]2] + (24/1])
introduced in ref. [76], as well as W3 = %((12) & [12]), and the contact term is

%) = 25((12) + [12])°(13)(32)[14][42] + 5 ({12) - [12])(13)(32) [14][42]
5 (1141 12) ((B[114)12)(12)? + ((12) + [12]) (1]312)(28)[14] + (2[3[1)(13) 42]))
+512(12)[12](13)(32)[14][42] ). (3.64)

The three coefficients ¢,, are free parameters not fixed by the Ward identities, nor by off-shell
gauge invariance. In the non-abelian case, were we use the same power counting for the
derivative in the vertices V(®F®2A3A,) as above, and after imposing the Ward identities
we obtain the color-ordered amplitude

(LA + V)T (13)(3[1]4][42]

A(1572 25723741 = - AU(U? + V2
( ) mBsiatiy m8s1o ( ) (3.65)
13)(32)[14][42 - ’
+ ( ><m4z£ Il42] [t13(3U2 + V2 + W2 = W2) — dm®V(U — W,)] + C?)
12
The contact term now contains one additional free parameter,

~(2) I 2 @ 214 412 21412
%) = —50%) + Sa2)2)((23)° (14 — (13)%42]?) (3.66)

which we cannot fix in the absence of further constraints.
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We can also consider the consequences for other helicity sectors, since our procedure
gives amplitudes expressed in terms of covariant polarization vectors. Specializing to the
positive same-helicity amplitude gives

(12)%[34]

(2)
eVl R (3.67)

Ay (1°=2,2°7% 31 47) =

where the contact term contains an additional five free parameters,

c?) = [ijf (e5(12)3[12] + c6(12)2[12]2 + c7(12)[12])

(3.68)

+ <Tlnzﬁ> (cs[12] + co(12))([13]%[24)% + [14]*[23]%).

Finally, the non-abelian color-ordered amplitude, in the positive same-helicity sector, is
given by

(12)4[34] Lo

A(1572, 2572 31 4) = Ci, (3.69)

m2siatia

and there are no new free parameters compared to the abelian case, i.e. C’f}r = —%C’f}r.
In later sections of this paper additional structures and patterns will be used, such that

we can fix these free parameters. In particular, we will choose to use ¢,~; = 0 and ¢; = 1/2.

3.4.2 Quartic spin-3 interactions

We can also consider the amplitude A(1573 2573 3,4) between two massive spin-3 fields and
two photons or gluons. The Lagrangian can be written in terms of a rank-3 field ®3 = ®#7
and three lower-rank Stiickelberg fields {®2, &1 ®°}. In the abelian case we consider an
ansatz for the off-shell quartic vertices with the following derivative count,

(3.70)

We will not show the details of this calculation, as it is much more involved compared the
lower-spin cases that we already elaborated on.

Solving the massive Ward identities yields 53 free parameters in the on-shell amplitude
A(1573,2573 3, 4), with 21 free parameters that only appear in the opposite-helicity amplitude
A(1573/257337,47) and 32 free parameters that only appear in the same-helicity amplitude
A(1573,25=3 31 4%). We omit the explicit expressions since they are rather cumbersome, and
we will study Compton amplitudes for spins s > 3 in more detail in the next section.

4  Chiral higher-spin gauge theory

In the previous section, we have seen how to simplify the study of massive-gauge-invariant
Lagrangians through the use of on-shell Ward identities. We have applied these identities at
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three points to re-derive the v Kerr amplitudes from first principles, and we have extended
them to four points to compute new results for the Compton amplitudes. Ward identities
require constructing ansitze for all vertices V(®¥®3...) and fields ®¥ with 0 < k < s. This
quickly becomes computationally intense, and we were able to find explicit results at four
points only up to spin s = 3.

In this section, we make use of a complementary new approach to massive higher-spin
theory [72], which in four dimensions allows us to forego auxiliary fields altogether. The
approach amounts to trading the SO(1,3) symmetric tensors ®,,. . for SL(2,C) chiral

symmetric tensors ®,,  a,.. Recall that SO(1,3) symmetric traceless tensors correspond to
H1 L ghts
. O51181. O-asﬂs .
t0 Po,ay...a0, as the fundamental field is a radical reformation, that nevertheless encodes the

non-chiral tensors @, 5 5 =Py 0 in SL(2, C) notation, hence switching
same on-shell degrees of freedom. In principle, any rank-2s SL(2, C) tensor field is capable
of describing the degrees of freedom of a spin-s particle. However, in general, the off-shell
field contains a lot of redundant components upon reduction to the Wigner little group
SU(2), and eliminating them requires additional constraints. Preserving such constraints
when interactions are turned on has been the main difficulty that we were dealing with in
the previous sections. The advantage of the chiral-field formulation is that ®,,. «,, contains
exactly 2s+1 components, which is the number of physical degrees of freedom of the massive
spin-s field. Therefore, no further constraints are needed. The price to pay is that the parity
properties of the interactions become highly non-trivial, and it is best to treat the theory
perturbatively as an expansion around the chiral sector. Even the familiar spin-1 W-boson
Lagrangian (2.5) develops spurious poles in the mass and has an infinite geometric series
expansion in the fields, as we will see below.

4.1 Spin-1 in chiral formulation

As an illuminating example of the chiral-field framework, let us return to the spin-1 case, for
which the transition from the non-chiral formulation is well established [86]. For simplicity,
we use a real uncharged Proca field, to be generalized shortly. Consider the standard Proca
Lagrangian and add a topological term (proportional to the derivative 0,[e"**W,0,W,]),

1 m2 ) 1 m2
7Z(WMV)2 + 7(Wu)2 - geuupaW'LWWpo = *ZWQ’BWag + o5

The mass-independent kinetic term now only depends on the anti-self-dual field strength in
the SL(2, C) notation W,? := (¢),%0,W,,, where o*¥ = ol#G¥]. We then “integrate in” a
new chiral symmetric spinor field ®,5 by effectively adding the quadratic form

W2 (@)

i (ﬁm@aﬁ _ Waﬁ> (\/imq)a 45— Waﬁ) (4.2)

to the action (4.1). This corresponds to multiplying the path integral by an irrelevant
Gaussian integral. The new Lagrangian can be integrated by parts and rewritten as

m2
2

m
V2
where the trace is over the SL(2,C) indices. We can now integrate out the original vector
field W,,, which gives the new kinetic term —1 tr(c#79,®) tr(0,,0°®) = —101 D80, p.

2
m?cba%aﬁ + w2 W, tr(oh9,®), (4.3)
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We thus obtain a chiral spin-1 Lagrangian'?

13#@@63 ) m? af _. 1 H m?

D) 1 Pap + ?q) D5 =: —§<8 ®(0,P) + ?<<I>|<I>) ) (4.4)

where in the last step we converted to bra-ket notation, |®) := ®,3, instead of writing out

the spinor indices. This is convenient when the number of spinorial indices becomes high.
The chiral gauge-interacting Lagrangian for massive spin-1 was first introduced in ref. [86]

for the purpose of describing electroweak vector bosons. Adapting it to a general non-abelian

gauge group, with |®) transforming in a matter representation, we find the chiral version

of the action (2.5) to be given in the bra-ket notation by

m_ DID 2 by m a
£ = (@I{[DID]© gy o)~ mP{oge) + 0@ (4.59)
= (D, D"®) — m(D]8) + ig(®|F-|®) + -2 (@] {|D|D| @ |F-| }|®) (4.5b)

92 — =
— S @{|DID] @ [F-|F-|}®) + O(F%) + O(@Y).

The arrows over the covariant derivatives

<

(7 .
DaB = 8a3 —i—lgAaB,

/ 1 !
N . _ A, = AT, T = T°, tr T°T¢ = 5500, (4.6)
D% = 9% — jg A%,

indicate on which matter field they act, and this notation implicitly assumes that the
covariant derivatives do not act on the field-strength factors |F_| of the massless gauge
boson. The minus label emphasizes that this is the anti-self-dual part of the field strength,
|F_| :=F_," := (6#6")o" F, where the (anti-)self-dual parts satisfy 3e,,p0F% = :tiF“iV.
These labels are also correlated with the gluon helicities that are allowed to appear in the
tree-level amplitude. Hence, at leading order interaction terms with k factors of |F'~| only
contribute to amplitudes that have k negative-helicity gluons.

The gauge-group indices are subsumed by the indexless bra-ket notation, and we can
assume without loss of generality that kets |®) belong to the fundamental representation
and bras (®| to the anti-fundamental representation of the gauge group. (The Lagrangian is
also valid for general complex or real representations.) Although the indexless notation is
convenient for dealing with SL(2,C) indices, it admittedly obscures the multiplication order
of the non-abelian gauge-group generators. To be more precise, let us write the generic term
in the expansion of eq. (4.5a) such that the non-abelian order is displayed, at the expense
of having explicit spinorial indices:

— = .
(@{|DID| @ ||+ [F_| }|®) i= (Dae®P)*(F) % oo (FEm)o T T (DF1®y5) , (4.7)

n

12The overall sign of the Lagrangian (4.1) comes from that of eq. (4.1), which includes the same overall (—1)!*
oscillation that can be observed e.g. in the non-chiral action (3.4) and which comes from the mostly-minus
metric convention. In the chiral formulation, we choose to drop it starting from eq. (4.5).
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Here and below, the star is used to flip ¢ =& —g and conjugate the gauge-group indices —
but without conjugating the spacetime indices (which would otherwise imply an unwanted
chirality switch). For instance,

(D50)5 = (9,50 — ig A T°®P) " 1= 0, 5(9*)57 4 ig(®*)7 TEA s . (4.8)

Note that the action (4.5) obeys the following reality condition:

/ dz £* = / dz L, (4.9)

which we will always demand of a chiral-field Lagrangian, and this will imply that the theory
can be equivalently described in a conventional (i.e. non-chiral) formulation using a real-valued
Lagrangian.'® In particular, this condition allows for a consistent projection of the theory
to the case of real-valued generators,'* such as the adjoint representation of SU(N.) or the
fundamental representation of SO(V,), considered in ref. [72].

4.2 Cubic vKerr Lagrangian for arbitrary spin

After having introduced the chiral-field framework in the familiar spin-1 context, it is now
straightforward to generalize it to the spin-s case. In particular, we combine the kinetic terms
and minimal cubic interactions of ref. [72], and then add appropriate cubic non-minimal
interactions to restore parity invariance of three-point amplitudes. The resulting cubic
Lagrangians are simple, and we give the new result without further ado.

The family of chiral spin-s Lagrangians that reproduce the three-point v Kerr gauge-
theory amplitudes (1.1) can be written compactly as

2s—1 . “
L) = (D, ®|D"®) — m*(@[9) + > S (@|{|DID|%® |F_|}[®) + O(F?).  (4.10)
k=0

We have used the ® symbol to denote symmetrized tensor product [32]. Here we additionally
define it to symmetrize the internal spinor indices. In the higher-spin multi-index notation,
in which all indices denoted by the same letter are understood as symmetrized among
themselves, we may write more explicitly

<(I)’q)> = ((I)a(28))*q)a(2s) ) (411)
(D, ®|D"®) := (D, @)Y DI, o,
— — * c c .
(@|{|D|D|“* @ |F_|}|®) := (Da(k)q‘/(k)(I)a(k+1)7(28_k_1)) (F9) T DV(k)ﬂ(k)¢5(k+1)7(2s—k—1)7

where D0 = Diay (i Dagysy) a0d DE)BE) .— D(@i(Br ... D&k)B)
As explained in ref. [72], the on-shell wavefunctions for the massive particles, described
by the chiral fields, are simply |®) — |p)?$/m?®. To guide the reader, it may be helpful to

13Strictly speaking, the equivalence between the chiral and the usual tensorial approaches has been shown
only for the lower spins and minimal interactions [85, 86]. However, given that we do not see any obstruction
in getting any consistent cubic and quartic amplitudes within the chiral-field approach, it seems plausible that
it covers all possible interactions at all orders.

4Tn our current conventions, which are tailored to hermitian generators, the real representations of SU(N,)
or SO(N,) actually have imaginary-valued generators.
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evaluate some of the Lagrangian terms by plugging in on-shell wavefunctions, and obtain
explicit matrix elements. For example, consider on-shell three-point kinematics applied to
the first two terms of eq. (4.10),

2s
o — HdpH\ H — c3 = <21>
(D@DIB)| = ig(4,2100) — (0B AMB))| =207y )L (412)
Here we generalize the subscript notation (i1,...,4%,) introduced in eq. (2.19), to indicate

that we extract the n-particle component of the corresponding Lagrangian operators, and
we impose the usual on-shell conditions. Eq. (4.12) shows that the chiral “minimal-coupling”
terms reproduce the v Kerr amplitudes (1.1) for a positive-helicity [72], but not for a negative-
helicity gluon. Since the two v Kerr amplitudes are related by a parity transformation, the
minimal-coupling chiral-field Lagrangian explicitly breaks parity. However, let us now show
that the non-minimal terms restore it.

Let us evaluate the three-point matrix element of the non-minimal coupling terms. They
are non-vanishing only for the minus-helicity gluon and evaluate to

ﬁ<‘1’|{|5\5|®’“®|ﬂ|}|q>>‘ - —i\@Tc3<23><31>[21]kM.

(23-1) P (4.13)

We can now sum the kinematic factors over all powers k:

25—1 2s 2s
kz:% (23)(31)[21])F(21)25 7+ = <23>(31>([2[12]1]_<<211>>> =V2(p1- e3)([21)% - (21)%),

(4.14)
where we used the identity (23)(31) = v/2(p1- £3)([21] — (21)) to make locality manifest.
When the non-minimal matrix element is combined appropriately with the negative-helicity
amplitude (4.12), the (21)2% factor is canceled out, and instead replaced by [21]%*. We get
the chiral-Lagrangian amplitudes as

<21>25 S ©S 9— C. — [21]28
o Pl A(1°%2%3 ):2gT3(p1~83)m28 .

A(15,253%) = 29T (p1 - €5) (4.15)
In summary, we have shown that the action (4.10) restores parity at the three-point level
and yields the known vKerr amplitudes [41].

Although we refer to eq. (4.10) as the cubic Lagrangian, it also automatically incorporates
higher-point vertices. For instance, the non-minimal cubic terms can be shown to give the
following contact-term contributions to the opposite-helicity Compton amplitude:

7 — — 2
o OHIDIDIF @ )] = St 1) a2l e ) (1T
+ﬁizk<21>28_k_1<23><31>{[[22‘a’11>>([2\1+4]1>k—mk[21]k)TC3TC4 (4.16)
+
—W(<2\1+3y1}k—mk[21]k)TC4T03} .

The first line comes from the non-linearity of the self-dual field strength, and the other two
lines are more complicated as they come from the gauge-field dependence of the powers of
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covariant derivatives. Note that the expression is local, as the spurious denominators can
be canceled against the numerators after expanding out the powers in k. Furthermore, note
that this contact term does not respect massless gauge invariance by itself, as it needs to be
combined with the corresponding cubic exchange diagrams in a gauge-invariant amplitude.
The gauge-invariant contact terms will be discussed in the next subsection.

Eq. (4.16) illustrates a general property that the (anti-)self-duality of the explicit field
strength in the Lagrangian gives rise to a helicity-selection rule, but only at the lowest
multiplicity for which it starts to contribute to an amplitude, whereas at higher multiplicities
it includes both helicities. Namely, the operator on the left-hand side contains only a negative-
helicity gluon at three points, but both helicities at four points and higher. However, the
leading-order helicity separation of the terms involving |F4 | is very helpful, since the strategy
is to add such terms only when they are needed. For instance, to restore parity in amplitudes
with k negative-helicity gluons one should consider operators involving k field strengths |F_|.

4.3 Parity of Compton amplitudes

Before we proceed to discussing quartic interactions in more detail, let us recall that, by
construction [72], the first two “minimal-coupling” terms of the Lagrangian (4.10) imply
(21)%5[34)2 [T T N TeaTes
m?$~ 2519 14 13

A(15253%,47) = —24° , (4.17a)
where the Mandelstam variables are s12 = (p; + p2)? and ti; = 2p; - pj. This same-helicity
amplitude is known to follow from its factorization limits [24, 70, 89] onto the three-point
amplitudes (4.15), as well as to have a well-behaved classical limit [38], given below in
eq. (6.44). From minimality considerations, it is expected to correspond to a vKerr object,
so we do not wish to modify it in any way. In particular, we have checked that the tower of
non-minimal cubic terms in eq. (4.10) does not contribute to this amplitude, which is not
trivial in the non-abelian case, in which |F_| contains terms quadratic in the potential A,,.
Although we are discussing a chiral-field framework, we maintain our parity assump-
tion (PS), as stated during the non-chiral construction of gauge interactions in the previous
sections. Parity demands that the negative-helicity counterpart of eq. (4.17a) be
5 [21]5(34)2 [ T3 T4 . TeaTes
m25=2s19 t14 tiz |

!

A(1%2537,47) = —2¢

(4.17D)

The cubic Lagrangian (4.10) alone is consistent with this amplitude for s = 0,1/2, but already
for s = 1 it must be corrected by a quartic contact term involving |F_|F_|, as seen in eq. (4.5).
Since the desired same-helicity amplitude (4.17b) for v Kerr is known from non-Lagrangian
considerations, we leave specifying higher-spin F? terms for future work.

From now on we focus on the opposite-helicity sector. We have explicitly computed the
corresponding amplitude from the cubic Lagrangian (4.10) through s = 5. Thus we found
the following closed-form expression for the color-ordered amplitude for any s > 1:

— N2R2S—2 t14 2s—4 R25_4_j J ‘ o
A(15,2537,47) = — 4+ 13222y Y (1)t 21 i
( ) s12t14 512< r 2] ;) mith & (21)™[21]
<13> [42} 25_2R25*2*J’ (3‘1’4] 25—3 (418)
/ ' i+1 [0 125—i—2
s [N 2 (L7 + 21F) = oy 3 U YR
J= =
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where N = (13)[42] + [14](32) and R = (1]|1+4|2]/m? = (U + V))/m?. The result for the
second color ordering may be obtained from the above by relabeling:

A(15254%,37) = (=1)PA(2°1%37,4%) := (-1)* A(1°,2°,37,47)|, - (4.19)

Recall that a color-stripped amplitude is sensitive to the ordering but not to the color
representation of the matter particles, so we may move the bar freely between them.
Interestingly, these results automatically satisfy the amplitude-level parity constraint

LA 20 3hs ahe ) = AT payirs 200y 30 40 ) (4.20)

11 ) “io Y3 Feyd

This roughly means that flipping helicities amounts to swapping left- and right-handed Weyl
spinors. For example, the parity equivalence of eqgs. (4.17a) and (4.17b) is implied by the
spinor conjugation properties (192°)* = [1,2;] and [34]* = (34). Here and below, we assume
that energies satisfy pJ,pJ > 0 > pJ, p?, which is the interesting kinematics for the Compton
scattering process.'® In view of the relabeling property (4.19), the color-stripped version of
eq. (4.20) may be rewritten as a constraint on a single ordered amplitude:

[A(1%2%37,47)]"

B, = (-1 A152437,4%) |10a, (4.21)
22b—722b 34

which can be directly verified. Here we have reinstated the little-group contraction with
the SU(2) spinors z;,, and in this purely bookkeeping context they are treated as real so
as to implement the index conjugation of eq. (4.20).

At four points, we can rearrange the conjugation and two-fold relabeling of the parity
constraint (4.21) into two Zg operations: (1 <» 2) and (3 <> 4)|cc.. Any kinematic block
may be decomposed into the even and odd pieces with respect to these operations, and the
parity property will follow, as shown in table 1. In the following, we will therefore organize
our contact terms so as to make these Zs properties explicit.

Note that the choice of color factors in table 1 follows from the eigenvalue of the
permutation (1 <+ 2). This is because, as shown in eq. (4.19), the (1 <+ 2) exchange relates
the two color-ordered amplitudes A(1% 2% 3,4) and A(1% 2% 4,3), which multiply the color
factors TT4 and T“T, respectively, and hence it determines the relative sign between
these color structures. This argument is easiest seen once the matter particle is taken to be
self-conjugate and, for instance, charged with respect to SO(N,) gauge group.

4.4 Quartic interactions for v Kerr

Let us discuss the quartic contact interactions that should be added to the cubic chiral-field
Lagrangian (4.10). A fully general approach to the contact-term freedom is described in
appendix B. Here we focus on operators involving two field strengths of opposite helicity,
and we choose them such that at four points they give rise to kinematic structures with
well-defined properties under the two Zo transformations described in table 1.

15For generic real kinematics, there is a subtle, convention-dependent overall sign in eq. (4.20) and below,
which depends on particles’ energies due to spinor conjugation properties

k)" = sgn(k°)[k], p*)" =sen(@’)lpal & "= —sen(®")Ipa) -
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kinematic Zo X Zo resulting consistent

12 ‘ (3 4)]ce. parity color factor
+ + even {T, T}
- - even [T, T]
+ - odd {T, T}
- + odd VASAS

Table 1. The kinematic building blocks of the Compton amplitude can be assigned Zo X Zgy charges.
The consistent color factor follows from the first charge, whereas the (spacetime) parity of the amplitude
is the product of the two charges. The first column assumes bosonic spin-s particles, the fermionic
case is obtained by reversing the signs of this column (without affecting parity).

We consider the four-point contact interactions of the following schematic form,'6
g2
Ly=— Z Cijkl (P Dk © Fi |P) + (higher-derivative Mandelstam terms), (4.22)
i7j7k7l

where the operators §; contain combinations the self-dual and anti-self-dual field strengths
|F4|, ©;k are constructed only out of covariant derivatives, and c;ji; are the free Wilson
coefficients. SL(2,C) covariance requires the self-dual field strength F; to be contracted with
derivatives whenever it appears inside §;, which we choose to act only on the matter fields,
namely |B\F+]B\ Similarly, © ji; have an even number of derivatives. We furthermore split
§; into the two types of operators that either depend on the commutator or anticommutator
of the gauge-group generators:

Fi= {15,195 or  Fi=[T°,T°15 . (4.23)

Let us consider the following six distinct structures quadratic in the field strength:

cc’ 1 PR
S = g HPIDIFIB).
1
5 = 1(!FC|D\FC DI +|DIF{ [DIF)), ™
1 /
85 = J(1F<DIF{|D| ~ [DIFS [D|F<), *
| L (4.24)
81 = 1 {(F s (DIFY (D)% — (DIFY D)y (F)}
1
5% 1{<F6>a1a2<Dch D)%+ (DIFY | D)y (F2) 2
8 = 717, 1DIFE Do,

Here S‘{d is a scalar, as all of its spinorial indices are traced over. Operators 356’ and Sgcl
are spin-1/2 operators With indices a1 and f; contracting into (®| and |®), respectively.
Operators Sic/, Sg and 36 are spin-1 operators, as they have two pairs of indices contracting

SNote that the displayed operators (®|D;x © §; |®) form a slightly overcomplete basis, see appendix B for
further details.
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into the bra and ket states. All these §; operators have derivative counting 4, and at four
points they correspond to the following spinor structures (after setting 7¢ = 1//2):

<21>23

<(I)’3:1|®>’(273—,4+ <3|1‘4] m2s (+7+)7
2s—1
(OI19) gy ey = BB + 2030) 20 (),
2s—1
(OIR510)] g 4vy) = 5 G (231 — (24)30) 20T (1), .
25—2 :
(ORI oy = 2 (23701 — 2022 BUT ),
25—2
(OF519) ey = 5 (@370 4 202312 2T (),
2s—2
(15619 ) = 528) 31 124)001) Z (+4).

Here the (£, 4) charges indicate the properties under the Zg x Zy exchange of particles at
the lowest relevant spin. The first charge determines the color factor, as shown in table 1.
The second charge then indicates if, at the lowest relevant spin, the consistently dressed
contact term obeys the parity constraint (4.20). Assuming that contact terms come with
s-independent Wilson coefficients, we observe that neither of the terms (4.24) is ruled out.

In addition, we should allow for additional derivatives in the form of the ©;;; operators,

1
Djt == sy | DIDI® @ [DID4 [ © | D4y DI (4.26)

— =
Apart from the matter derivatives |D|D|, that are already familiar from the cubic La-
grangian (4.10), the building blocks of @, can be written out with spinorial indices

— = — = — 5 — = — = 2N B
|DID|:= (|D|D]+|DID4]),, |D+|D| := (ID|D|+|D+|D]) /7, (4.27)

where | D | acts only on the field |Fy| and its derivatives via the adjoint-representation action.
For example, if we make all indices explicit, we can write

+ +c . cde pd +e
Dozd ® Fﬂ ) 8(a(a —|— gf A FIB)B) . (428)

Higher derivatives | Dy |“*®|F, | are defined recursively in an analogous way. Most importantly,
we define ]D+\ not to act on any of the other fields, |F_|, (®| and |®), nor on the matter
derivatives |D| and |D|

Let us consider an explicit operator and show how it is used. Taking §¢ with abelian
generators 7¢ = 1/4/2 and assuming 2s > j + k + [ + 2, the four-point matrix element is

(13)(32)[14][42]
o 2s+k+1—2

[21]j[2‘1—|—4|1>k(—<2|2+4|1])l<21>2sfj7k7172'
(4.29)
Now that we have discussed the generic structure of operators that contribute to the

(PDjk © Fo6|P)|(2,3-a+1) =

opposite-helicity Compton amplitude, we move on to studying a specific class of such operators
that are connected to the v Kerr amplitudes in the next section.
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5 Quantum Compton amplitudes for vKerr

In this section, we will present our final formulae for the opposite-helicity spin-s Compton
amplitudes in the v Kerr theory, which combine the results obtained in sections 2 and 3
using the principle of massive gauge symmetry [9], and those obtained in section 4 using the
chiral-field formalism [72]. In addition, we constrain our Compton amplitudes using ansétze
based on observed patterns and classical-limit analysis. The latter is considered in section 6,
whereas in this section we focus on the quantum Compton amplitudes.

In order to set the stage, we quote a chiral-field Lagrangian that is fully compatible
with the final spin-s Compton amplitudes, given later in this section. That is, the v/ Kerr
theory that we choose to work with in this section is

L = (D, ®|D'D) — m?(®|D) + Z @;{;p\p;@k@\p [}®@) + O(F_?) (5.1)
25—4 25—3—1 2
_k<zl:0 2) TS <I>|{(ID|DI+m )©|D|D|% ©| D|D.[**o|D.| D|7¢-H )06} |0).
J

The second line involving §s = {7 ¢ T} F¢|® ]l<_)|Ff|B\ corresponds to a chosen non-
minimal £4 completion in the opposite-helicity sector, which we will motivate in the following.
The fully negative-helicity sector needs further operators O(|F_|?) to restore parity, however,
we will not need them in this paper.

While we have shown in section 3 that such principles as massive gauge symmetry, parity
and power counting, among others, can be used to fix the cubic interactions uniquely, the
contact-term freedom in the opposite-helicity Compton amplitudes, or in the £4 interactions,
is substantially more difficult to pin down from first principles. Nevertheless, in the discussion
below we will make a heuristic choice and commit to explicit contact terms that are simple
and give consistent classical properties, discussed in detail in section 6. Other choices of
contacts terms are possible, which we will briefly discuss later.

5.1 Abelian Compton amplitude

We now consider the spin-s Compton amplitudes for the abelian v/ Kerr theory. They can
be obtained by plugging in U(1) generators T¢ = 1/4/2, and for convenience also setting
2 = 2Q? = —1, in the chiral-field Lagrangian (5.1).
After some non-trivial work, the family of spin-s abelian Compton amplitudes in the
opposite-helicity sector can be written in a compact and manifestly local form:

A (152,347 = <3|1:i(ff3;';4v)28 - <13>Tf4|slt|fj[42] PR 4 <13><3§3£34] 12 pes-1)
_ <13> (:’);Z[_l;] [42] (12>[12]P4(2S_1) + C(S) ) (5.2)

The quadratic and cubic part of the chiral-field Lagrangian (5.1), give rise to the first four
terms above, of which the first three terms were obtained already in ref. [76]. The additional
contact term C®) accounts for non-minimal quartic interactions, and below we will find an
expression that explains the choice made in eq. (5.1).
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Notation. Let us explain the notation used in eq. (5.2). P,gk) are local polynomials that
are central to our presentation of the amplitude. They are functions of the spin-dependent
variables U, V, (12),[12], where we recall that

U= (]2 - (2l1) ~mliz], V= (1424 2u). (63)

A priori, there is little reason to expect that the polynomials that multiply the helicity-
dependent factors in eq. (5.2) have a simple structure, given the intricate form of the amplitude
in eq. (4.18). However, from explicit calculations at fixed s, we find that the PT(Lk) polynomials

are exceedingly simple when expressed in appropriate variables.

For integers n > 0 and k > 0, we define!” the symmetric homogeneous polynomials

n k k
Pk = S = 1 + perms, 5.4
" ; Tai(si =) (s —s2)(s1—<3) (61— sn) (5:4)

where “+ perms” is shorthand for inequivalent terms obtained by permuting the ¢; variables.
The appearance of denominators is innocuous, since one can easily check that the residue of
a potential pole 1/(g; — ;) is always zero, hence they are polynomials of degree k —n + 1.

For the Compton amplitude (5.2), we only need P7(l]24 that depend on up to four variables,
and we globally identify them as

g1 :=U+V = (1/4]2] — m[12], ¢ :=—m(12), (5.5)
@ i=U -V =—(24/1] - m[12], S = —m[12]. |
To be clear, let us write some of the relevant polynomials in various forms:
PY = = U+ V),
2s 2s 2s 2s
(2s) 5i S5 (U+V)*-(U-V) i g
Py = + = = D S
G1—% S2—¢ 2V i+j=25—1 (5.6)
25—1 i J
PE V= S ddd.

it jtktl=2s—4

In particular, note that the (U + V)2 factor in eq. (5.2) is simply the one-variable polyno-
mial Pl(QS), so every term in the Compton amplitude is multiplied by some polynomial P,gk).
Indeed, this observation, which was already made in ref. [76] for the case n = 2, is crucial
for constraining the contact term C®). The ubiquitous appearance of these polynomials

motivates us to conjecture that:

the complete spin-s Compton amplitude for v/ Kerr theory should be a finite
superposition of only the symmetric homogeneous polynomials quk).

"For k < 0 we define P*<% = 0. Note that P\*) appears in the mathematics literature under the name
“complete homogeneous symmetric polynomials”, although we do not make use of any established property.
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Constraints. Therefore, to determine C'®) we assume that it is a linear combination of
these polynomials:

C) = cGph] . (5.7)

Furthermore, we impose the following heuristic constraints on the complete amplitude:

well-behaved classical limit s — oc;

o amplitudes with s < 2 not modified: C5<2?) =0,

e compatible with massive higher-spin gauge invariance;

¢ s-independent numerical coefficients;

e parity invariance imposed, see eq. (4.21);

o all contact terms have spinor-helicity structure ~ (13)(32)[14][42];

¢ classical spin quadrupole fixed by s = 1 amplitude;

¢ no dissipation effects, nor contributions from non-perturbative considerations.

We find that the simplest contact term C(®) that satisfies all of the above constraints is

e = - OB (12) + pua)) (P2 - P2, 63)

The overall normalization is fixed by the classical limit, which will be further discussed in
section 6. The relative normalization of the two quk) is fixed by the requirement that for
s = 3/2 they cancel each other out. The appearance of the overall (12) + [12] factor comes
from compatibility with the massive higher-spin gauge invariance, specifically, the s = 2 case
in eq. (5.8) matches the ¢; contact term in eq. (3.64). The absence of dissipation effects is
equivalent to considering hermitian (or CPT-invariant) interaction terms, corresponding to
imposing exchange symmetry of the massive states, 1 <+ 2, on the contact term C®). While
this constraint appears compulsory for a QFT, it can be relaxed for the purpose of describing
irreversible processes, such as classical dissipation of the Kerr Compton amplitude [90].
Similarly, here we will not consider terms analogous to polygamma contributions that
appeared in concert with non-perturbative contributions in the Kerr case of ref. [90].

Note that while the third and fourth terms of the amplitude (5.2) are also contact terms,
they originate from the cubic part of the action, as discussed around eq. (4.16). Furthermore,
they are related to pole terms of the non-abelian v Kerr amplitude via the Kleiss-Kuijf
relation, as will be discussed in the next subsection.

The contact term C(*) has the same helicity structure, (13)(32)[14][42], as the third
and fourth terms in the amplitude (5.2), which is no accident, as the classical limit is not
well-behaved without such a contribution. Specifically, the fourth term in eq. (5.2) generates
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s lol%[v][ % [ 2 | i |
P 0| 1 |20 |3U%4V? | 4UU24V?) | 5U10U2V24 V4
p&Y olo| 1] 2v 3U24V2 AU(U?+V?)
p&Y 0] 0] 0 0 1 2U+W,)
P PPl o] 0|0 0 —oW, | W2 —AUW, + 3W?2

Table 2. Low-spin examples of how the polynomials Pq(LZS) contribute to the abelian spin-s Compton
amplitude. Last two rows contribute starting at s = 2, compatible with the analysis of ref. [76]. Here
W = 2((12) % [12]).

a divergence in the limit s — oo that needs to be canceled!® by C'®), as we will discuss in
section 6.5. We also checked that in the s — oo limit our choice of contact term give rise to a
spin quadrupole moment ~ S? that matches the corresponding spin-1 result, which is the
preferred choice in the literature [47]. However, in principle this condition can be relaxed
independently of the other constraints, as discussed in section 6.6.

It is possible to add further contact terms that have other helicity structures, but given
our current limited analysis, we do not see the need for such terms. However, if dissipation
effects were to be taken seriously, for example from analysis of some putative classical v/ Kerr
system, then additional spinor-helicity structures would likely be needed.

Checking contact term. We can now check that the £, contact term in the chiral-field
Lagrangian (5.1) has the correct matrix elements to reproduce the C (5) contact term. Adapting
eq. (4.29), we find that the matrix element is given by

1 — = = = > — o _
> —s5res (®I{(DIDI+m*) ©|D|D|% 0| DD 0] D+ DI 0 Fo} | @)

J k l (2737ﬂ4+11)

(13)(32)[14][42] 2=t 227 o oeiia
= i Yo D (ata)sts g T T, (5.9)
E<I=0 j=0

where we used the shorthand notation (5.5) for the spin-dependent variables ¢;. The sum
can be further rewritten in terms of the promised combination of polynomials:

2s—4 25s—3—1
() SN bk = —m((12) + [12])(P4(25) - PQ(QH)) . (5.10)
k<i=0 j=0

This matrix-element contribution should be further multiplied by ¢2{7*, T4}, which in the
abelian amplitude we replace by 2Q? = —1, thus matching eq. (5.8).

18 Alternative contact terms can be found that satisfy all the desired properties, with identical classical limit
as C®). A simple alternative such choice is

_A9E2)A4H2 g g (2P + T (a2) + 2) P2

m4s—2
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Figure 1. In the massless limit, the abelian opposite-helicity Compton amplitude (5.2) grows as
1/m*=2. Its same-helicity counterparts (4.17) have a tamer, explicitly 1/m2*~2, dependence and are
thus not shown. The data were obtained for the kinematics t13 = 2, t14 = —1, s12 = —1, but the plots
look similar for other generic kinematic points, as well as for the non-abelian amplitude (5.11). The
dashed straight lines are exact power-law functions oc 1/m**=2. The inset shows the zoomed region of
O(1) masses, where the mass dependence is no longer described by a power law.

Note that the maximum derivative count of the chosen contact-interaction L4 is %7
as also seen on the left-hand side of eq. (5.9). However, all terms in the sum (5.10) have at
least two powers of ¢3 or ¢4 (each proportional to m), which reduce the maximum derivative
count down to %. This agrees with our expectation from the pole contributions to the
opposite-helicity Compton amplitude. Indeed, the minus-helicity cubic interaction in the
Lagrangian (5.1) contains 4s—1 derivatives, its plus-helicity counterpart has the minimal
one derivative, and the massive propagator reduces the number of derivatives by two. The
resulting derivative count corresponds to the leading divergence at high energies, which can
be probed numerically by taking m — 0 with fixed momentum invariants. The amplitude’s
behavior in such a limit is illustrated in figure 1.

As a summary of the abelian calculation, we note that the chiral Lagrangian (5.1) gives
abelian amplitudes that reproduce the established results for s < 3/2 in the literature. For
spins 0 < s < 1, the amplitudes agree with those constructed from factorization properties in
refs. [24, 70], and for s = 3/2 the amplitude (5.2) reproduces the one obtained in ref. [46] using
the current constraint (3.15). At higher spins, s > 2, the first three terms of eq. (5.2) were
obtained in ref. [76], but it was suggested that new terms would be needed to restore massive
gauge symmetry. We have now seen that the cubic chiral Lagrangian (4.10) automatically
gives the fourth term, while the fifth “true contact” term C'*) comes from the chosen quartic
interaction, both of which start to contribute at s = 2, as expected. Table 2 shows how the

])(23)

relevant polynomials P,™"’ contribute to the low-spin abelian amplitudes.
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5.2 Non-abelian Compton amplitude

Here we consider the non-abelian spin-s Compton amplitude generated by the chiral-field
Lagrangian (5.1). Let us focus on the color-stripped amplitude that multiplies the color
factor 2¢2TT°. We have found a compact and manifestly local form for it:

BILAU +V)>  (13)(3[1]4][42]

N ) (o, (13)(32)[14]42] o,
A(1%2%37,47) = - . Py + 5551y t13F,
1 2)(14((42 _ 1
= 32215[281]2[ Va2 D avp®) - Low,

where the polynomials Pék) and the contact term C®) are identical to the ones given for

the abelian amplitude, see egs. (5.6) and (5.8), respectively.

If C®) is omitted, the amplitude (5.11) matches numerically the presentation (4.18) of
the same amplitude. However, the contact term is necessary for consistency between the
abelian and non-abelian results, as expressed by a Kleiss-Kuijf relation [91]:

Ay)(152°5,37,47) = —A(1°,2%37,47) — A(1°,2%47,37). (5.12)

The two orderings on the right-hand side are related by the relabeling property (4.19), which
follows from the assumed consistency of the amplitude in the adjoint representation of SU(NV,).
Since the contact term (5.8) is symmetric under the same relabeling 1 <+ 2, it contributes
to each of the two orderings equally, with a factor of —1/2. One could consider including
further contact terms that are odd under this Zs symmetry, in which case they would not
contribute to the abelian amplitude, only the non-abelian one. Currently, we have no good
reason to include such terms, but neither can we exclude their existence. In particular, the
consistency of the classical limit for the non-abelian amplitude does not require additional
contact terms. In fact, as will be discussed in section 6.7, contact terms that are odd under
this Zo symmetry will not contribute classically, unless some of the assumptions used for
C®) in section 5.1 are relaxed.

Note that the above non-abelian ordered amplitude (5.11) matches the known v Kerr
results for s < 1 [24, 70], obtained by the on-shell sewing of v/ Kerr three-point amplitudes. It
also matches the non-abelian s = 3/2 amplitude that can be computed from the cubic spin-
3/2 Lagrangian given in ref. [46], and this is compatible with the absence of a non-minimal

four-point contact term C'(5=3/2)

= 0. For s = 2, the amplitude is consistent with the analysis
of massive gauge invariance done in ref. [76] and in section 3.4.1.

It might be helpful to display the full amplitude assembled from egs. (5.2) and (5.11):

13)(3]1

(U+V)28—<m4L‘”[42]t14P§28) (5.13)

- TesTes  TTe[ (3]1]4)2
A(1%,2%37,47) :292{{ + M@’ 4

S12t14  S12t13 mAs
N (13)(32)[14][42]

m4s

trgtya (PY7Y = m2<12>[12]PAEQS_1))}

(13)(32)[14][42] ( [T T]

m4572

S Tc3’ TC4 S S—
; 2V P {4}(<12>+[12})(sz2 _p{? 2>)>} .
12 m
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This is the complete opposite-helicity spin-s Compton amplitude that can be computed from
the chiral-field Lagrangian (5.1). In particular, the {7, T} contribution in the last line
corresponds to the contact term C'®) that follows from the chosen £4 interaction.

As can be deduced from the factorization of color and kinematic structures in eq. (5.13),
the first two lines of the amplitude obey the BCJ partial-amplitude relations [92, 93],

A(1%254%,37)= %A(ls, 25 37,47)
Ay (17,25,3747) = 212 A(1°,2°,37,47)

t13

: (5.14)

lines 1-2 of eq. (5.13)

whereas the third line, containing the commutator and anticommutator contributions, does
not fully adhere to these relations. The third line contributes for s > 3/2 and, curiously, still
exhibits an enhanced behavior in the classical limit that partially satisfies'® the BCJ amplitude
relations. As already alluded to, further contact terms could in principle be added to the
amplitude (5.13) that might enhance some desirable properties. However, there are no obvious
additional contact terms that would fully restore the BCJ relations, either for the quantum
Compton amplitude or in the classical limit. Any attempt to restore the BCJ relations
would modify the factorization channels and thus implicitly modify either the three-point
amplitudes or the exchange spectrum for spins s > 3/2, as already discussed in ref. [70].

As discussed, the constraints from the classical limit inform us about the abelian contact
terms, which multiplies the anticommutator {7, 7*}. One may wonder if a similar analysis
would require new contact terms proportional to the commutator [T, T°]. However, in our
classical-limit analysis we find that such contact terms will not contribute to the classical
amplitude, unless their numerical coefficients violate our assumptions and grow as a function
of the spin eigenvalue s, see section 6.7.

6 Classical Compton amplitudes for v Kerr

A major reason for studying the v/Kerr theory is that it exhibits interesting behavior in the
classical limit, corresponding to a charged rotating ring (or disk) [40-42], in close analogy
with the ring singularity of a classical Kerr black hole. We thus proceed to analyze the
classical limit of our Compton amplitude.

6.1 Classical kinematics and variables

Classical Compton scattering corresponds to a process where the massive particle is only
slightly deflected and the radiation (massless gauge bosons) is soft. One can extract classical
physics from the scalar quantum Compton amplitudes by parametrizing Compton momenta
and kinematic variables such that, when 2 — 0, they behave as [34]

pr=pi~1, ¢t =3 tpd)t ~ by = (pa—p3)t ~ R, X! = (BloM|4] ~ Ry (6.1)
and the independent Lorentz invariants behave as

pP=m*~1, @ =2 q=-¢~", paq~h  px~h (62

9The third line of eq. (5.13) contains superclassical contributions that obey the BCJ relations, and classical
contributions that violate the BCJ relations.
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In the classical limit, we can identify the physical parameters w, 6 as follows:

2
. 2
w:—M, 6080:1—1—2%2:14—5,

2m
where w is the energy of the radiation in the rest frame of the v/Kerr object, and 6 is the
deflection angle of the radiation, due to the scattering with the massive object. The variable

(6.3)

€ = (p-q1)?/(m?q?) is known as the optical parameter.
The classical limit reduces the non-spinning color-dressed amplitude in eq. (5.13) to

A@=27034%) =

= 07(

The color factors are best expressed in terms of the commutator and anticommutator

TesTer  TeaTes
S12t14 S12t13 >

[Tes, T4 1{T°, T%}
?p-q) 2 (p-qu)?

(6.4)

) o0

of the gauge-group generators, as the corresponding kinematic factors scale differently.
In the classical limit, the kinematic factor multiplying the commutator scales as O(h™1),
while the factor of the anticommutator scales as O(h°). So in order to obtain a proper
classical limit containing both terms, we assume that the commutator and anticommutator
themselves scale as

[T, T ~h,  {T%, T} ~1. (6.5)

The above limit corresponds to considering large representations of the gauge group, in which
case the commutators become suppressed compared to the anticommutators. This is the
appropriate limit for classical color charge (see e.g. ref. [94]).

Next we consider classical spin, which is a vector quantity S* = ma”. We will mostly
make use of the transverse spacelike vector a*, p-a = 0, and call it a ring radius in analogy
with that of a Kerr BH, for which its magnitude |a| = v/—a?2 corresponds to the size of the
ring singularity. In the classical limit, we assume that the ring radius is a macroscopic length,

so in Planck units it must scale inversely with #,

1
K ~ —
a . (6.6)

The classical helicity-conserving Compton amplitude can be written as an entire function
in the following four spin-dependent, helicity-independent and dimensionless variables

r=a-4q, y=a-q,
I L a-xpqL (6.7)
z = |a|—/——, w=———"".

m p-X

The z variable is sometimes called the spheroidicity parameter [95]? and is not to be confused
with the SU(2) little-group wavefunction, for which we use the same letter.

In addition to the four spin-dependent classical variables that can appear to any power,
the classical Compton amplitude can be a non-trivial function of a single dimensionless

20Tn our convention, z = 2w|a| has an extra factor of two compared to ref. [95].
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kinematic variable, which we take to be the optical parameter £&. However, we need to account
for the Gram-determinant relation, G(p, ¢, q1,a, x) = 0, which in the classical limit gives a
relation between the optical parameter and the above spin-dependent variables

m2q2 _ (w o 33)2 o y2

(p'QJ_)Z— 22 2

£l =

(6.8)

In principle, the optical parameter £ can be eliminated, however we choose to include ¢ in
our ansatz to avoid introducing spurious poles in the spin variables x,y, z, w. Thus we allow
for inverse powers ¢!, with integer I > 0, since the combination z2/¢~1 = (—a2q2)1 is local.

At intermediate steps we will encounter Levi-Civita tensors contracted with four of the
five vectors p*, g*, qi, a*, x*. Since the ring radius is a pseudo-vector, certain contractions
involving it can be reduced to simple dot products. For example, we have the following

useful relations in the classical limit:2!

G X TRY) O SPAS o (F P S
pqL 3 w §)’

ie(p,q, X, a)
prX

(6.9)

=w-—=z,

where we divided by appropriate dot products so as to make the right-hand sides have
classical scaling and no helicity dependence.

Taking into account all of the above classical variables we can now assemble a generic
ansatz for a classical tree-level amplitude that is broad enough to capture every physical
theory. A helicity-conserving Compton amplitude for a classical spinning non-abelian massive
object should have the form

v)2 o0
A(L,2,3,4%) = [TC3,TC4]m <5<x,y, 2 w) + Izlzﬂs—fw,y,z,w))
= (6.10)

+1{T037T64}(p.7><)22 E(x,y,z,w)—i—izﬂfflgj(x,y,z,w) )
2 (p-qu) —

where the £,&,&r,Er are general functions that must be analytic at the origin (i.e. have
a Taylor series expansion around the spinless case). In fact, based on the structure of
our quantum amplitudes, we expect that the functions must be analytic everywhere in the
complex plane C*, hence they are entire functions.

The requirement of locality (absence of spurious poles) gives the following refinements
for the &’s

2
E(x,y, z,w) = E(x,y,2,0) + wE'(z,y,2,0) + %5”(3«“,% z,0), (6.11)
and there is a analogous three-term expansion for £. The reason that w can appear at most

quadratically is that it contains a spurious pole in the variable p - x, which can be canceled
by the same overall helicity factor of the amplitude (6.10).

*'We denote €(p, q,q1,a) == €upop'q”q" a’, and the Levi-Civita tensor is normalized as €*'** = 1.
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For the &’s (and &;’s), the analogous locality constraint combined with the Gram

determinant constraint gives the refinement??

Er(z,y,z,w) = E1(z,y, 2,0) + wEi(z,y, 2,0). (6.12)

The reason we only expand to linear order in w is that the Gram-determinant relation (6.8)
allows us to reduce any quadratic term ~ w2£~!. Further locality constraints can be obtained
by considering the absence of the simultaneous poles in p- ¢, and ¢? in the first line of (6.10).
However, we will not need these here, as we will in practice get the physical pole terms
correct from the quantum amplitude.

Hermiticity and parity invariance of the quantum theory translates to further Zo x Zo
constraints on the functional form, see table 1. Exchange symmetry of the two massive
particles (equivalent to time-reversal symmetry w — —w) demands that the variable z appears
quadratically 22 = 4w?|a|? in the amplitude. Exchange symmetry of the massless particles
combined with parity demands that the variable y also appears quadratically in eq. (6.10).

Hence the entire functions satisfy
E(x,ty, £2,w) = E(x,y, z,w) Er(x, Yy, +2z,w) = Er(z,y, 2, w) , (6.13)

and likewise for the entire functions € and &7, which have identical expansion patterns.

Although in this paper we will not consider dissipative effects, in order to include such
effects one may need to relax the exchange symmetry of the massive legs, since the incoming
and outgoing v/ Kerr object may not be related by CPT symmetry. This means that dissipative
effects show up as odd functions in z  |a| [90], and correspond to non-hermitian interactions
that violate time-reversal symmetry.

From the known literature [28, 37, 39, 96], the first few spin-multipole orders are known
to exponentiate up to quadrupole order

2

E(x,y, z,w) = g(:ﬁ,y, z,w) =" C’)(ag) =e” <1 +w+ u;) + O(ag) (6.14)

and the remaining functions have currently no known non-zero contributions
PEr(@,y, z,w) = O(@™321) = 22 (2, y, 2,w). (6.15)

6.2 Spin variables for quantum amplitudes

Before we can discuss the classical limit of amplitudes involving spin, we need to introduce
an alternative basis for quantum amplitudes. Starting from generic Lorentz generators M,
we can obtain the Pauli-Lubanski pseudo-vector

1
S = 5" py Mo, (6.16)

which is a spin operator that acts on Lorentz-group representations. The Lorentz generators
are normalized as [M", MP7] = i(p"? M — (u <> v)) — (p <> o).

221n principle, the second term could admit the form w&}(z,y, z,0) — L& (x,y,2,0), since the non-locality
cancels against the positive z powers in eq. (6.10), however, such odd-z powers can only appear in time-reversal
asymmetric amplitudes (dissipation).

— 46 —



We will not make much use of S#, as we prefer to work with spin operators that act on
the physical states, i.e. little-group representations. First we introduce the appropriate spin
expectation values, then we extract the needed operators. For spin 1/2, we can construct
a ring-radius vector as

1 /- - 1 - 1 -
Gk — i p — ~ (1ISH1) = — —~ [1|SH
@ = — 5 (o [1) + (1o"[1]) = —5(1[s#1) = - —[1s*]1],  (6.17)
with spinors for momentum p = p; defined as |1) = [1%)2,, |1] = [19]24, |1) = [19)z,, |1] =
1%)Z,. The magnitude of this vector is |a| = vV—a? = 5 |z|?, where |z|> = 2,27 = 2120 — 2221
gives the squared norm of the corresponding SU(2) wavefunction.
The spin-s ring-radius vector is defined by the expectation value

1

(IS, (6s)

at = —(Zaia)287lﬁ(<i‘0#|1] + <1|0u|i]) -

and it is related to the spin vector by the usual relation S* = ma*. The magnitude is
la| = V/—a? = 5|2|?*/m, which for properly normalized wavefunctions |z|> = 1 becomes the

expected relation between the spin quantum number and the ring radius |a| = s/m.
We can also define quantum-mechanical spin operators Sk and a* acting on the space

2s

of spin-s wavefunctions (2)*° 1= z, ® 2, ® - -+ ® 24, related to the spin vectors S* and a*

through an expectation value,
SH = <5‘“> = (2)25 S GH. (z)25 ) at = (ak) = (2)28 -at - (2)25, (6.19)

where the spin operators can be extracted from eq. (6.18) by taking 2s derivatives with
respect to both z,, Z, variables,??

1 29 09

SHY o bibas SH Gk =
( )al a2s (28)'2 i azaj 8ij )

3|

(6.20)

The spin operator Sk satisfies the appropriate quantum-mechanical properties and transver-
sality,

A

(5", 8] = ietr S, 52 = —s(s+ 1)1, puSt =0, (6.21)

where the SU(2) structure constants are given by the Levi-Civita tensor e#” = P2¢7#P, Note
that S is a spacelike vector, hence 52 is negative in mostly-minus signature.

In order to express scattering amplitudes in terms of the spin variables defined above,

t24

we begin by defining the Weyl spinors of particle 2 through a Lorentz boost“* acting on the

23 Alternatively, it is not difficult to work out the Clebsch-Gordan coefficients needed for changing from
spin-1/2 to spin-s representation. This gives the following representation of the spin-operator:

(58")47 = 5"

ghp2e=lpl o ikl
2 1741 2 /70?0125 kA
where Cf are the binomial coefficients and A, B, k,l =0,1,...,2s.
24The Lorentz boost guarantees that the |2) and |2] spinors automatically satisfy the Dirac equation for

5
slB

particle 2, and obey the same normalization constraints as in eq. (A.3).
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spinors of particle 1, satisfying Ap; = p1 + ¢ = —p2 and Ag; = &9,

2) = 27 = = (11) + 5 - lal1])

6.22)
1/- 1 - (
_ aly . __ -
2] = 2920 = (11 + 5 -lalT))
such that the corresponding “bra” Weyl spinors are
_ 1/, 1 -
(2] = (2 = (] - 5 -[1ldl).
¢ m (6.23)

21 = z[2°| = — (11| - 5 (Tlal).

where the variable ¢ is a boost-dependent coefficient (see also ref. [38])

/ 2
c= l—Zqu:coshg. (6.24)

Here ( is the rapidity boost gained by the BH due to the Compton scattering (note that
q* < 0), e.g. an initial BH at rest recoils and gains the 3-momentum |p| = msinh (. In the
classical limit, the recoil is insignificant, ¢ ~ &, and in all of our classical calculations ¢ =1 is
a good approximation. We can also write the Lorentz boost explicitly in terms of (,

o ZC 4uPv 5 ruw
A= exp(sth LM ). (6.25)

This boost can be used to relate the massive polarization vector € to the conjugate of
the polarization vector &,

_ _ q-€1 1
ey = Mel =&l + oo (p’f + 5(1“) : (6.26)

although this will not be needed for any calculation, as we will use spinor-helicity formulae.
The spin dependence of the Compton amplitude is encoded in the two spin-dependent and
crossing-(anti)symmetric complex vectors,

P %(awyz] + (2l01]), (6.27a)
. %(awyz] - (2lo" 1)) (6.27b)

Given their spinorial weight, p and p are natural spin-1/2 variables, however, one can span
the spin-s variables by taking products of the vectors. For integer spin, there is a quadratic
map between the massive polarizations and p, p,

1

€5=5— (p“p” — P = p? - ie“””TpaﬁT) : (6.28)

and further relations can be found in appendix A.
While the physical meaning of these vectors is less clear, their spin dependence can
be made explicit with some algebra,

oM =2mieat —p“—q 4 ,
€ (6.29)

-.m 1 _
P = Ialg(p’f —ph) — EE“(p,q,a),
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where we again use a short-hand notation for the partially contracted Levi-Civita tensor
e“(p,q,a) = €"P?p,q,a,. We have also used the identity |z|? = 2m]al, since the latter is
the more convenient variable in the classical limit.

6.3 Classical limit: infinite versus coherent spin

In section 6.1, we introduced the macroscopic spin vector S# = ma*, and the appropriate
classical variables used to parametrize any classical Compton amplitude. In order to map the
quantum Compton amplitudes to these classical variables, we need to take a classical limit,
where the ring-radius vector a” emerges from the expectation values of the corresponding
quantum operator a*,

(almarz ... gtn)y 5 gMghs ... ghn (6.30)

This is equivalent to taking a limit where the quantum variance and higher central moments
of the operator vanish,

n

n

(qTa") - J@") =2 o. (6.31)
i=1 i=1

One can formulate a consistent classical limit for spin in various ways (see e.g. refs. [37, 39, 41,

51, 76]). In this paper, we will discuss two distinct approaches in parallel, and demonstrate

that they produce the same classical Compton amplitudes. The two approaches differ in

which quantum states are used, and what variables are scaled with respect to A. They are

(I) large quantum spin s — oo, with fixed wavefunction normalization z,z% = 1;

(IT) coherent spin states, with wavefunction scaling z,, Z, ~ ﬁ such that z,z% ~ %

The limit (I) is practically implemented by re-expressing the spin-s quantum amplitude
in terms of the operator a*, acting on the spin-s representation wavefunction. To simplify the
calculation, the rule (6.30) can be used such that the variables that scale classically according
to the A-scalings (6.2), (6.5), (6.6) can be pre-selected, and quantum O(h) terms can be
immediately dropped. Finally, the limit s — oo can be taken to obtain the classical amplitude

A1,2,3,4) = lim A(15253,4). (6.32)

One must be careful to identify the s-dependence appropriately when working at finite spin,
in order to enforce the scaling hs ~ O(1).%

While this approach requires some delicacy, it has practical advantages for the case where
amplitudes are only known up to a fixed spin, since the s — oo limit is delayed until the very
last step and can be carried out with only partial knowledge of the s-dependence.

The spin-s amplitudes are polynomials of spin-1/2 quantum variables; variables that
can be re-expressed exactly in terms of the ring-radius vector a* of a spin-1/2 state, given
in eq. (6.17). This conversion to a can be done via the p#, p* vectors (6.27) and their

identities (6.27).

%31n particular, naively neglecting terms like sp - ¢, based on the scaling of the momentum ¢* ~ i violates
the classical limit. Making use of the relation |a| = s/m, we find that such terms contribute classically as

h—0
sp-qL —— mp-qdilal.
§— 00
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Wi mt | 1 T lal o(1¥)
W_ /m? —q-a 0 O(h3)
U/m? l+gi-a | —g.0°lal — 5p2p-qiq-a | O(?)
Vim* || ~lalp-qL —5tzie(p, q,q.L,a) O(h?)
(3lpl4l/m* || Zlalp-x —yi€(p, q, X, @) o(n?)
(3|p4]/m* || 2x-a —Lp-xq-a O(1?)

Table 3. In classical limit (I), the six spin-dependent quantum variables are expanded using the
spin-1/2 ring-radius vector a*. The identity 2m|a| = 1 has been used for the leading contribution on
the first and third line. The £ scalings indicate the final behavior of the variables, relevant for the the

macroscopic ring-radius vector. Note that Wi = 3 ((12) & [12]).

In table 3, we summarize the map between the quantum variables and the leading few
orders in the classical limit. The & scalings in table 3 reflects the final scaling after the ring-
radius vector has become macroscopic, since this is more useful for our purposes. Note that
one might naively anticipate that the A’ column will give all relevant classical contributions;
however, this is not true as quantum and superclassical terms have the potential to conspire.
While in principle all orders in & should be kept to maintain the relation hs ~ O(1), in
practice we find our classical amplitudes are insensitive to terms beyond &' so that we can
pre-select the relevant terms.

All variables in table 3 are in principle linear in a*; however, we have made use of the
identity 2m|a| = z,2% = 1 for two of the terms, in order to not artificially add divergences
in the classical limit.

Once the spin-s amplitude is expressed in terms of the spin-1/2 ring-radius vector
at = (a*), we need to re-write it into its correct quantum-mechanical representation. This is
done using the spin-representation change formula for products of such objects,

aMghe ... gt — (2‘(92;){{)' <d(’“d“2 . &Hk)> +0@@?), (6.33)
which introduces combinatorial factors of s that are sensitive to how many spin operators are
present. The correction terms O(a?) correspond to contributions that have Casimir factors
ntitia? ~ ntitis(s +1). We will later argue that these terms are always suppressed in the
large-s limit, and can be dropped from any classical-limit calculation. Note that this does
not mean that all Casimir factors are suppressed; here we mean only those that are coming
from the above spin-representation change formula.

Note that in the letter [76], we introduced a complimentary scaling of the spin variables,
where we scaled the wavefunctions

1
Za s Za ™~ —= while 2q2% ~ 1, (6.34)

Vh

26While the identity 2|a] =1 can be freely used in finite spin quantum amplitudes, the infinite-spin limit

requires that |a| gets replaced by |a| via eq. (6.33). This introduces spin-dependent combinatorical factors
that alter the naive classical behavior and may introduce divergences in s.
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instead of the quantum spin number s ~ A~!. The scaling (6.34) works at fixed quantum spin
s and can be implemented numerically. However, it is ultimately unphysical as it requires
the wavefunctions z, and Z, to be large and independent. This can only be achieved if we
analytically continue the ring radius to complex values, and thus z, and z% are no longer
related by complex conjugation (hence SU(2) is generalized to SL(2)). Nonetheless, this
unphysical approach is still able to reproduce a remarkable portion of the classical information
contained in the physical classical limit of (I). Notably, the final scaling of the variables in
table 3 can be read off immediately given that @ scales as h~!. However eq. (6.34) misses
any classical contributions of |a| terms, as such terms are now subleading compared to a*.
Therefore, in this paper we implement limits (I) and (II), although the scaling in eq. (6.34)
can reproduce all classical results in the upcoming sections up to missing |a| terms.

The coherent spin states construction (II) involves a similar scaling of the wavefunctions
as eq. (6.34)

_ 1 il a1
za,zawﬁ, while 22t~ 5 (6.35)

but now the normalization of the wavefunctions is no longer constrained. Despite the
superclassical scaling of |z|?, the coherent-state approach avoids divergences due to the
fundamental differences in the setup of the scattering. As explained in detail in ref. [39], one
should scatter coherent spin states in place of the massive spin particles. Schematically, the
coherent state is constructed from a sum over spin eigenstates |s, {a}),

|coherent) = e~ 1#°/2 i m\s {a}) (6.36)
= /@28 ’
where here {a} denotes the set of SU(2) little-group indices (not to be confused with the
ring radius). The classical amplitude corresponds to the & — 0 limit of an infinite sum
over diagonal finite-spin amplitudes,
1
291

In principle, there could be non-diagonal contributions where the spins of external massive

5 2t 4y _ 13 —|z|200 s 58 gt 4+
A(1,2,3%4%) = lim e > A(15 25 3% 4%) . (6.37)

s=0

particles differ, s; # so. However, we will neglect such contributions in this paper, since
we have not included off-diagonal interactions between physical fields in the Lagrangians
in sections 3 and 4.

In this approach the A — 0 limit must be taken after resumming the coherent states,
such that there is no distinction?” between the spin-1 /2 expectation value a* and the classical
ring radius a*, and there is no need to change representation [39]. Thus limit (II) generates
different scalings for the expansion of the spin variables directly in terms of the classical
ring radius a*, as shown in table 4.

While in table 4 we have indicated the distinct A scaling of each term, we will find that
the classically relevant terms remain the same as those indicated in table 3. Note that in this
approach possible s divergences are traded for possible wavefunction divergences, however
any spurious divergence automatically cancels out because of the overall normalization e l#l?
in eq. (6.37).

2TCoherent states and classical ring radius satisfy the identities a* = (coherent|G*|coherent) = a*.
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| I h! | next term |

We/m® | —2mlal| 0 = ale? o)
W_ /m? 0 —q-a 0 O(R?)
U/m? 2mal qia | —5mp-qiga— gslalg® | O(R?)
V/m? 0 |p-qilal/m| —5ezie(p,q,q1,a) O(h?)
(3pl4] /m? 0 2|alp-x/m —ie(p, g, x, a)/m” O(n?)
(3pl4] /m? 0 2x-a —pxg-a/m? o(n?)

Table 4. Scaling of spin variables in the coherent-state approach. Note that Wi = 3 ((12) £ [12]).

6.4 Same-helicity intermezzo

Let us first analyze the same-helicity amplitude (4.17), whose spin dependence can be factored
out fully from the helicity and pole structures. In the large-s limit (I) the spin-dependent
term can be expanded as

2s 2s 5)! R
<?7]L_2>s ~(tqa)® =) (25(31){'),,{;,((1 @)k = () + 0(a%), (6.38)
= 1!

where ~ implies we have only kept up to O(R°) in table 3. We first used the binomial
expansion, and then the representation change formula in eq. (6.33). Equating the finite
sum with the exponential operator is justified from the finite-spin representation of @, and
the difference will only involve contributions O(a?) that are proportional to powers of the
Casimir @ ~ s(s + 1). Another source of such Casimir contributions, in the above O(a?)
term, come from their appearance in the spin-representation change formula (6.33).

Now let us show that the O(a?) terms in eq. (6.38) are suppressed in the classical limit.
While in the large-wavefunction limit (6.34) such terms are clearly subleading, in the proper
large-spin classical limit (I) it is not a priori clear whether they are classical or quantum
since there are s-dependent combinatorial factors in eq. (6.33). In table 5, we work out a few
examples of such multipoles. To get these results, we used explicit matrix representations of
the spin operator and matched the symmetrized products of the formulae in table 5 with the
spinorial expression of the same-helicity amplitude. Note that all above operator products
are symmetrized over all orderings, which we also assume throughout this paper.

We can work out the O(a?) terms to any order in the spin-multipole expansion,

.2 __A2200(Q'&)n_2 n—2—3s o 2@ 1
O =~ 712::2 -2 (n—2)(n+1)—12s5  ~ * 4s +O(52)7 (6.39)

which clearly vanish in the classical limit s — oo. For the O(a?*) terms, one can also work
out the general behavior,

0(@a') = a'q! i D V0 (i) (6.40)
22 9(n—4)! O, 3252 ’ ‘
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edd O(a?) O(a*)
dipole a-q 0 0
quadrupole 3(a-q)? —&d2q2 0
octupole %(d . q)3 —i 11:33582 a’q? (a-q) 0
hexadecapole || h(a-q)t | —1ZEat(a-q)? | §TEEeRlEEY ad
dotriacontapole %(d -q)° —% 273:13532 a’q*(a - q)? é20(54_—2i?54(r18§§?1—_3225; 82)&4q4(& -q)

Table 5. The same-helicity factor (21)2%/m?* converted to quantum-mechanical spin operators
at finite s, where the columns give leading and subleading orders in the Casimir a2, and the rows
give the multipole expansion. Here s := s(s + 1) stands for the quantum-mechanical “square”, and
transversality projectors are inserted as ¢ := (q- q) — (¢-p)?/m?.

where

Tns = (n—4)(n —2)(n +1)(5n — 11) + 3(n — 2)(129 — n — 10n?)s (6.41)
— 3(642 — 253n + 5n?)s? + 360(n — 5)s> — 540s*,

On,s = ((n = 2)(n + 1) = 1255) (n—4) (n+1)(30 — 23n + 5n?) = 5!(n = 3)(n — 2)s + 6153 ).

)

This also vanishes in the classical limit.
From the observed patterns, we can conjecture the leading-s behavior of each O(a?")
Casimir term,

-a
0(a2) = (—1>na2"q2nﬁw +0 (Snlﬂ) . (6.42)
Given that these corrections vanish increasingly fast as ~ 1/s™ in the classical s — co limit,
this suggests the Casimir terms generated in eq. (6.33) are always quantum.

We are able to crosscheck that the O(a?) terms are indeed quantum by computing the
classical amplitude via the coherent-spin approach (II). Considering again only the factor
(21)?* and summing over all spins generates

00 2s
ey (ziy %) = ¢ 02/ caa 4 O(n), (6.43)
s=0 ’

where the wavefunction normalization |z|?> = 2mla| cancels out against a similar term in
(12), as seen in table 4.

In summary, the classical same-helicity (helicity-violating) Compton amplitude takes
the following simple form in the classical limit,

(6.44)

- Tes, T4 1 {Tcs, T
A(1,2,3+,4+):29264"1[34]2<[ T T, }>

?-qr) 2 (p-qu)?

which means that it is given by the Newman-Janis shift of the non-spinning Compton
amplitude for a charged scalar [38, 41].
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6.5 Opposite-helicity analysis

In contrast to the same-helicity case, the color structure and poles cannot be fully factored
out in the opposite-helicity color-dressed amplitude (5.13). This remains the case in the
classical limit, such that the abelian and color-dressed amplitudes differ by more than just
their pole structure (6.10).

Non-abelian amplitude. We will proceed by first considering the terms proportional to
the commutator [T, 7] in eq. (5.13), computing the classical spin-dependent functions
£ and & in the first line of eq. (6.10).

After factoring out the scalar amplitude (6.4), the first spin-dependent function in (5.13)
can be expanded in the large-s limit (I) as

2s
s - s s (2s)! - s
U+V)*~(1+qL-a+lalp-q/m)* = ’;) (25— k:)!k;!((u'a—i_ |alp - g1 /m)*
fla 1
— <€¢u-a+|a|p'lu/m> + O<3) ) (6.45)

Here =~ implies that we only keep terms where each ¢, ¢, is matched with a a factor, since other
contributions are h-suppressed, and the last step involves changing the representation of the
spin operator (6.33). The O(1/s) terms coming from the representation change of the ¢, - a
factors can be obtained by swapping ¢ — ¢, in the corresponding all-plus formula (6.39),

0(%) = (¢ + (q;fy)az ej:: + 0(812) : (6.46)

Other such O(1/s) terms come from the representation change of the |a| factor; however |a|
is a mathematically ambiguous operator and its precise definition is not needed.?® In the
following, we will neglect all O(1/s) contributions in the representation change formula (6.33),
since they are both irrelevant and uninteresting terms. Thus only the leading-order term
contributes to the classical function £(x,y, z,0) in eq. (6.10),

lim (U + V)% = lim <eq¢'d+‘d|p"ﬂ/m> = et (6.47)
5—00 5—00
where x = ¢, - a, z = |a|p-q./m and a* = (a*).

In the coherent-state approach (II), we first resum the s dependence and then expand
the variables according to table 4,

,2m|a‘ Z U + V eme\a|+U+V etz ¢ O(h) , (6'48)

such that we confirm the result in eq. (6.47). Note that here we have written the SU(2)
wavefunction normalization |z|? in terms of |a| in order to not confuse it with our classical
variable z, which uses the same letter.

Continuing with the large-spin analysis, we find the second spin-dependent term in

the commutator sector of the color-dressed amplitude (5.13) generates contributions to

28In the complete amplitude odd || terms are guaranteed to cancel out by time-reversal symmetry. The
even factors can be defined as |a|> = —a* and |a|f(a) |a| = —a®f(a) + O(1/s) for some function f.
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both &(x,y,2,0) and &' (x,y,2,0) in eq. (6.10). Namely, after factoring out the scalar
amplitude, we get

_t14<3‘ﬁ+p‘4]P(25) ~ _(1 mx-a
2(3)1]4] ? 2 2p-xal

—e?%sinh(|alp-q.)

J((1+q1-a+alp-g)* - (1+q1-a—lalp-q1)*)

500 _eql_aX'ap'QL

sinhe(Jalp-q1) -
= —e®sinh z —we*sinhc z, (6.49)

sinh 2z

where w = (x - a)(p-q1)/(p- x) and sinhcz = In the first line we have dropped
higher orders in A, whilst in the limit s — oo we used the simplified representation-change
formula (6.33) that is insensitive to the Casimirs O(a?). An analogous, but simpler, calculation
using coherent states confirms the result. Note that the odd powers in z cancels between
egs. (6.48) and (6.49), as is guaranteed by the time-reversal symmetry of our Compton
amplitude. See eq. (C.2) in appendix C for a brief discussion on the non-trivial 1 <> 2 identity
satisfied by the pole terms of our Compton amplitude.

In the large-spin approach, the entire functions are generated when resumming the
binomial with the relevant combinatorial factors dictated by the representation change
formula in eq. (6.33). In comparison, in the coherent-state approach, the entire functions are
generated by the infinite sums in s. These infinite sums can in general be rather difficult to
perform. However, the special polynomials in our amplitudes ensure that sums encountered
are remarkably simple. They are variations of the following two cases:

> 1 (k) eSt
Db =t e, (6.50a)
k=0 "

— 1
Y b=
2 3

This means that the coherent-spin approach is vastly simpler for our amplitudes than it

eCl

+ cyce($1,62,93,64) - 6.50b
(61 —<2)(s1 —s3)(s1 — <4) yelst, <2, 53,%0) ( )

could have been.

Continuing the amplitude analysis, the third term in eq. (5.13), proportional to Py~
vanishes in the classical limit, as confirmed by both the large-spin limit and coherent-spin
approach. The last two terms in the color-dressed amplitude require a more careful treatment.
Individually, they contain divergences: in the large-s limit they appear as divergences in s,
but as superclassical 7~! terms in the coherent-state approach.

Once we factor out the relevant scalar amplitude and the color factor [7'%,T], the

relevant terms in the non-abelian amplitude (5.13) have the following behavior:

13)(32)[14][42 s
term 4: t13t14 < mi§_2z£’1|]i]2 ] <12>[12]Pé2 ) ~ O(S) ,
(6.51)
, (13)(32)[14][42] 1 (25)
term 5: t14 2 (3] TA]2 2V P, ~ O(s),
where, in the second line, we use the following h-expansion for the V prefactor,
1 1. _ 3
Vi=gp-a - jielqr,p,q,a) + O(R) . (6.52)

,55,



Compared to table 3, we have used the identity 2m/|a| = 1 in order to get the softer scaling
V ~ h, such that the powers of ¢*, ¢/ and powers of a* match in this expression. Remarkably,
the divergences of the O(s) behavior cancel between the two terms, so that in the sum the
following finite classical contribution is obtained:

(13)(32)[14][42]

—t1 t13(12)[12] PV — 2V P*|

m4s—2<3|1‘4]2 (6 53)
2 _ .2 ; = :
5§— 00 (U} -z ) Qze(qlnp? q, CL) -
20 W — 2 )Ig - 2L P49 g
By 2) - == 2 By, 2)
where E and E are entire functions given by
e¥ —e*coshz + (x — y)e* sinhc z
E = — — 6.54
(2,9, 2) =) =22 + (v = —y), (6.54)
~ 2z coshy — 2xe® cosh z + (22 — y? + 22)e® sinhc z + (22 + y? — 2?) sinhcy
E(z,y,2) = :

(& —y)? = 22)((z +y)* - 2?)

The cancellation of the individual divergences also follows in the coherent-state picture, where
the superclassical pieces cancel and the classical terms match eq. (6.53).

The full non-abelian sector of the classical amplitude, generated independently by (I)
and (II), is given by
2_ .2

. 2 —
25](9X))(6$ cosh z — w e®sinhc z + Wz E(z,y,2)
(p-qL (6.55)

S S UG L IRTO T )=, 7
p-qL

"4(17 év 3_7 4+)|[TC3,TC4} = 29

where we recall x = a-q,y=a-q, z=la|p-q./m, w=(x-a)(p-q.)/(p-x). Note that the
Levi-Civita term is not an independent variable and can be written as a function of z,y, z
using eq. (6.9) and the classical-limit Gram determinant (6.8) such that

2 _ 22)7%(})’ 441, = z(w?+ 2%) — w(z?— y*+ 2?). (6.56)

(w
pb-qL

One can read off the entire functions in eq. (6.10) from the above expression

2
E(x,y,2,0) = e” cosh z—%E(w, Y, Z)—I‘ZQE(.T, v, 2), &'(x,y,2,0) = E(x,y,z)—2zE(x,y,2),

E'(x,y,2,0) = —e%sinhc 2+ (22— >+ 22)E(z,y,2), Erlzy,zw)=0. (6.57)

We will postpone further analysis of the expression until we have the full color-dressed
classical amplitude.

Abelian amplitude. The abelian amplitude shares many terms with the non-abelian sector
such that the first two terms of the classical abelian amplitude are identical to those in
eq. (6.55) up to differing pole structure. The difference lies in the treatment of the shared
diverging term, i.e. term 4 in eq. (6.51). In the abelian sector, the cubic Lagrangian does
not generate a term that cures the divergence in O(s), suggesting the amplitude is only
consistent if we add contact terms to cure the divergence.
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Following the construction of contact terms explained in section 5.1, we find the simplest
consistent contact term to be
(13)(32)[14][42]

2m4s—1
It conspires with the divergent fourth term, such that a classically finite result is obtained:

_ (13)(32)[14][42]

cl) = — ((12) + 2)) (P - A7), (6.58)

. 2
(12)[12]P* Y 4 o) 0 ((5_ qi))zw . * B(x,y,2), (6.59)

where E is the same entire function (6.54) that appeared in the non-abelian sector. The
corresponding classical abelian amplitude is then

2 _ ,2
E(:r,y,z)) . (6.60)

5 a— (p-x)? . w
Ay1y(1,2,37,47) = -2 (e cosh z — w e”sinhc z +
(DL 459, (p ) QJ_)2 (
Once again the entire functions &, &', " can be read off from the amplitude and correspond
to the functions defined in (6.57) where E is set to zero.

As mentioned at the end of section 5.1, the choice of quantum contact term C'*) is not
unique, even after imposing classical consistency. An example of an alternative contact term,
which is fully consistent with our constrains, is
(13)(32)[14][42]

m4572

C/(S) — _

(12)[12] (2P + %((12) +[12)) ). (6.61)

However, C’ (*) and all other such quantum contact terms contribute identically to c)
in the classical limit, such that the abelian amplitude is uniquely fixed, given our chosen
constraints below eq. (5.7). In section 6.6 and section 6.7, we discuss the consequences of
weakening certain constraints in our contact-term construction and discuss how it introduces
free parameters in the classical amplitude.

Color-dressed amplitude. We can now assemble the full, color-dressed classical Compton
amplitude in the candidate v/Kerr theory. It is given, to all orders in spin, by

A(1,2,37,4T)

T3, T 1 {Tcs Tea . w2 2
= 292(]0 : X) {<[ (p QJ_% {(p QJ_)2}>(€CC cosh z — w e®sinhc z + E(m,% Z))
LT(C; qL; ( (w?+2%) — w(a?—y*+ 22)>E(l‘, v, z)} , (6.62)

It is instructive to inspect the spin-multipole expansion at low orders. We first note the
similarity in the expansion of the two entire functions F(z,y, z) and E(z,y, 2),

2 1
E(z,y,2) = Lfoo+ 35 (3x + 32 —I—z)—l—%x(%‘ + 2 +22%) + O0(a"),

1 1 1 1
—z+ — —— (2 2 1.
6T 13 +120(3:c + 97 +z)+360x( 2? +y° + 22°) + O(a?)

The relationship between the monomials in the E and E expansions is captured by the

) (6.63)
E(z,y,2) =

differential equation

0 3p 1
a)\ E(Azx, \y, )\z)‘ = §E(x,y,z). (6.64)
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The classical amplitude (6.62) expanded up to the octupole order is then
A(1,2,37,4%) = 26*(p - x)?
{( [T, T 1{T,T“}
¢*(p-q) 2 (prqu)?

wwa Z2 —’UJQS‘Q— 2 Z2 (14
_6q2(p-cu)<( +2) mwlet -yt ))}+O( )- (6.65)

>(1 +r—w+ %(w - 1’)2 + é(w —z)(2wz — % — 22))

The expansion up to quadrupole order matches that of the exponential e*~", consistent
with ref. [97]. This follows from our chosen constraints below eq. (5.7), since the finite-spin
classical limit of the spin-1 amplitude has this expansion. However, in principle, this property
can be relaxed, see section 6.6 below for more details. Starting at the octupole order, the
spin multipoles deviate from the exponential pattern, which they need to, since factors of w?
and higher powers would give rise to unwanted poles. Our classical amplitude is free from
unphysical poles and has the expected factorization properties, see appendix C.

As a final minor remark, we note that beyond quadrupole order the amplitude (6.62)
does not exhibit the spin shift symmetry a* — a* + ¢*/q? proposed in refs. [47, 48]. While
the variables x,w are invariant under the shift, the breaking is due to the dependence on
y? and 22 in (6.62). Therefore, the classical amplitude (6.62) differs from the analogous
gauge-theory Compton amplitudes obtained in ref. [47]. The difference in the result is due
to contact terms proportional to 22, as discussed in section 6.7.

6.6 Observations on spin universality

The three-point vKerr amplitudes exhibit a universal behavior in a fixed-spin classical
limit, a property referred to in the literature as spin universality [29-31, 47, 51]. Indeed,
the quantum amplitudes can be exactly expressed as an exponential of the spin operator
sandwiched between spin-s eigenstates [51],

Aann(1°,2°,3%) = AP (e509) (6.66)

even before any limit (e®9) — e®9 is taken.

More generally, a fixed-spin classical amplitude is typically obtained from some A — 0
procedure while working with a fixed quantum spin number s, giving a pseudo-classical
amplitude of the form

2s
Aa(15253,..0 = S 5l lallart a4 0@t (6.67)
k+1=0

Here the tensors cffll) u, contain the physical information that informs us of the S ket multipoles

at finite s, and O(a?**1) denotes terms not accessible from a computation involving finite-spin
representations. Since a proper classical limit should correspond to s — oo, the classical
amplitude can in principle be inferred from cﬁollk However, in practice, the amplitudes
might not be known beyond a certain fixed s, thus complicating matters.

Families of amplitudes that exhibit spin universality will have S¥*!-multipole coefficients

that are independent of s,

1 1
el = i (6.68)
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and as such they can be determined by a calculation involving any quantum amplitude of
spin 2s > k + (. This is a very desirable property, since each multipole can be computed from
a single quantum amplitude, rather than from an infinite family of amplitudes.

Let us briefly discuss the v/Kerr family of same-helicity Compton amplitudes, which
clearly exhibit a version of spin universality, similar but not identical to the above three-point
case. The quantum same-helicity amplitude has the form (6.38),

A(1%2% 3%, 4%) = AL () 4 o(éq%ﬂ) O, (6.69)

where A is the scalar amplitude, and the expectation value (e&'q) consists of the exponen-
tiated spin operator acting on the spin-s wavefunctions. The correction terms O(q?a?/s)
correspond to Casimirs that originate both from spin-representation change (see eq. (6.33))
and finite-representation identities of the a operator, and the terms O(h) come from small
q factors that are not balanced by corresponding a factors. If we ignore the two last terms
in eq. (6.69), we can read off the spin-multipole tensors in eq. (6.67) from the exponenti-
ated quantum multipole moments, such that c,(fl’,l_).uk = 010 Qu, - - - Qu,, /!, and we define the

pseudo-classical amplitude as
Aa(1%,253%,47) = AP e, (6.70)

which also happens to be the correct classical amplitude. That is, the s dependence is
completely absent on the right-hand side, which thus exhibits spin universality. While the
terms that we neglected in eq. (6.69) do not exhibit spin universality, this is not of any practical
issue, since those terms are easy to identify and remove, by hand, from any finite-s calculation.

We can apply the same analysis to the general-spin opposite-helicity Compton amplitude.
The sector of the non-abelian amplitude (5.13) proportional to the commutator [T, 7] in
the classical limit behaves in an analogous way to the same-helicity amplitudes. One can
define the pseudo-classical amplitude by computing the fixed-spin quantum amplitudes and
neglecting any Casimirs generated from the spin-representation change (6.33). However, the
individual terms of that amplitude do not necessarily exhibit it, for instance the third term,

)

proportional to 132(25_1 , has an explicit dependence on s

s e ). e

t13t14

where < indicates that we extracted the pseudo-classical terms. Thus the term seemingly
breaks the spin universality. However, this s-dependence is canceled against a similar
contribution on the second line of eq. (5.11), such that the non-abelian amplitude as a whole
is spin universal. The observed spin universality is partially explained by the fact that, in
the non-abelian color-stripped amplitude, only the superclassical terms ~ k™! survive when
multiplied by [T, 7] ~ A, and thus these terms are chiefly pole-term contributions that
inherit the spin universality of the three-point amplitude. However, as discussed in the next
subsection, contact terms can also develop a superclassical scaling if they grow with s, and
thus in principle alter the universality properties.

In contrast, the abelian sector of (5.13), proportional to the anticommutator {7, T},
does not exhibit spin universality, as there is residual spin-dependence even after neglecting
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the Casimirs in the representation-change formula. The full color-dressed amplitude has
the following non-universal contribution
Aa(1°,2°,37,4%) — A(1,2,37,47)
2 w2 — 22 (6.72)
=g° (p-x) 5 W72 o (coshz + (z + 1 — 2s)sinhc 2){T, T},
(p-qr)?2s(2s —1)

and since only {7, T} appears the breaking of spin universality is in the abelian sector.

Note, here A is the proper classical amplitude and A is the pseudo-classical one, as is
clear from the indicated s dependence.

The breaking of spin universality in the abelian sector can be traced back to a sole term
in the abelian amplitude: the P2(28_2) contribution in the contact term C®). If we remove it
by modifying the contact term C'®) — C®) — AC®) where the offending term is

(13)(32)[14][42]

AC(S) = 2m4571

2s5—2)
)

((12) + [12]) P (6.73)

then the abelian amplitudes also exhibit spin universality. However, this modification violates
one of our main constraints used in the construction of the contact term, listed in section 5.1,
since AC3/2) P2(1) # 0. Thus, with this modification, the spin-3/2 amplitude obtained in
ref. [46] would receive corrections. Such a modification is not necessarily in conflict with the
constraints given by massive gauge invariance; however, it would potentially require worsening
the high-energy behavior of the spin-3/2 quantum amplitude, which appears undesirable
from a fundamental-theory perspective. It is also important to note that, for the purpose of
classical scattering, the AC®) term is irrelevant, and whether or not to keep it depends on
one’s preferences. We choose to work with the original contact term (5.8), were cB/2) = .

6.7 Consequences for other contact-term choices

So far we have restricted our analysis to the amplitudes and contact terms that satisfy
the constraints listed in section 5.1, which result in a unique color-dressed classical ampli-
tude (6.62). As expected, if we break one or several constraints, the classical amplitude is
no longer unique and depends on free parameters.

For instance, let us consider loosening the constraint on the spin quadrupole; that is, we
no longer assume the quadrupole is given by the spin-1 quantum amplitude. We can modify
the abelian contact term by C®) — C) 4+ AC®) | where

(13)(32)[14][42]

() =
ACH) = 522

Wy (PP —wi P - pY), (6.74)

which is constructed to satisfy all other constraints listed in section 5.1. In the classical limit,
the free parameter § survives and the classical abelian amplitude is deformed to

2 2
w- —z
)7

2

Y
AU(l)(l, 2,37, 4+) = —M(ez coshz —we®sinhcz 4+ (1 — ¢

(p-qu1)? E(z,y,2)) . (6.75)

The one free parameter modifies the classical amplitude to all orders in spin, starting with

the quadrupole. To restore the spin-1 quadrupole, which is the expected result even if it is
not currently proven from first principles, the parameter must be fixed to 6 = 0. Exploring
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more complicated but similar modifications AC®), constructed from polynomials PQ(k) and
P4(k), suggests that removing the quadrupole constraint always lead to the one-parameter
classical amplitude (6.75).

In section 5.2, we choose to not add any contact terms proportional to the commutator
[T, T°], since the candidates were irrelevant in the classical limit. In order to contribute
classically, such contact terms must have kinematic dependence that is superclassical O(h~1)
and are ruled out by restrictions on helicity structure and spin dependence. Let us now consider
relaxing more constraints so that we do get non-abelian contact terms in the classical limit.

If we constrain ourselves to the (13)(32)[14][42] helicity structure, contact terms that
respect the symmetries of the amplitude, see section 4.4, are forced to be subleading in
the classical limit. Contact terms can only contribute classically if we allow for coefficients
that explicitly grow with s, breaking one of the constraints introduced in section 5.1. For
example, the following terms grow linearly in s:

(13)(32)[14][42] ,

300~ UUBL _pieirs 7o
(6.76)
ACE) ~ g (13) <fnizufl] [42] VP4(28) [T, 7],

where we restored the non-abelian commutator for clarity. Both examples above give the
same classical-limit expressions,

UJ2 — 22 252 ~

= B(x,y,2)[T%,T%], 6.77
w-ap-a vl | (8.77)

and will contribute from the S* spin-multipole order.

ACED ~ —(p-x)?

There exist other relevant contact terms that do not have explicit s prefactors, if we allow
other helicity-dependent structures. Starting at s = 2 the structure (13)2[42]% — (23)2[41)? is
compatible with massive gauge invariance, as shown in eq. (3.66). A viable contact term is then

211912 _ 214112

AC(S) ~ <13> [42] . <323> [41] P4£28+1)[T637TC4] ) (6.78)
m*s—
The term contributes classically as
2

AC) ~ —(p- )2 B(a,y, 2) [T, T, 6.79
( )(p_qJ_)g ( ) ] (6.79)
and will contribute starting with the spin octupole. Note that this contact term is odd in

w, as opposed to the (w? — 22) prefactor present in all other contact terms and inherited

from the helicity structure (13)(32)[14][42]. When attempting to match to the spin-shift
symmetric result in ref. [38], we note the need to add contact terms with more general helicity
structures, given the mismatch is not proportional to (w? — z?). However, such contact
terms seem less natural from the quantum amplitude structure, obtained from the chiral-field
Lagrangian (5.1), and would require further justification for their inclusion.

7 Conclusion

The present paper builds upon recently introduced ideas for describing higher-spin amplitudes
for Kerr black holes, such as massive higher-spin gauge symmetry [76] and the chiral-field
approach [72], and applies them to the gauge-theory case known as vKerr [41].
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The classical vKerr object should correspond to a rotating charged ring (or disk) of
matter [40] interacting with an electromagnetic or non-abelian gauge field. For our purposes,
it is simply an interesting toy model where we can learn about the same features that
one encounters for a Kerr BH. The connection between Kerr and v Kerr comes from the
classical double copy [40]. Its quantum counterpart at three points corresponds to the spin-s
AHH amplitudes [24], while at the Compton level the correspondence is expected to be less
immediate for higher-spin cases [46, 70].

Construction of higher-spin gauge-theory Compton amplitudes has seen some recent
activity [47, 53, 56, 59] as a stepping stone for obtaining gravitational amplitudes. While
the gravitational Compton amplitudes can be inferred from general-relativity matching
calculations using black-hole perturbation theory [67], a suitable gauge-theory framework
for vKerr has not been explored. Since it is currently not clear what is the precise physics
that controls the contact ambiguities of the v Kerr Compton amplitudes, we explore a range
of possible approaches and constraints in this work. In the forthcoming paper [82], we will
report our detailed findings regarding gravitationally interacting massive higher-spin theories
relevant for Kerr Compton amplitudes.

There are several complementary higher-spin ideas used in the current work: off-shell
higher-spin gauge symmetry, its on-shell version in the form of Ward identities, and the
chiral-field description. A priori, massive fields are non-gauge systems with complicated
second class constraints that are hard to control, and the main idea behind introducing
the gauge description of higher-spin fields is to make the constraints manifest themselves
as gauge invariance, which is conceptually easy to impose, see e.g. refs. [9-11, 77-79] and
the recent ref. [98]. The free Lagrangian L is invariant under the linear gauge symmetries
do, and the interactions are constructed order by order in fields, starting from the cubic
terms L3 and from the deformations J§; of the gauge symmetries that are linear in fields.
Importantly, certain constraints on the number of derivatives have to be imposed on the
deformations. An observed guiding principle for targeting v Kerr objects, as well as Kerr
BHs, is to look for the interactions with the lowest possible number of derivatives and hence
the best possible high-energy behavior.

Using Ward identities on amputated correlation functions (off-shell amplitudes) has
immediate practical advantages. The deformations d;~1 of the free gauge symmetry dg are
not needed explicitly, and the amputated correlation function evaluated on shell directly gives
the amplitude, which is the main objective. In order to constrain the Compton amplitude,
one can solve the reduced Ward identities at the cubic level, i.e. only for the vertices that
actually contribute to the exchange diagram.

A single double-traceless tensor ®,,, .. .., also known as the Fronsdal field [99], is sufficient
for describing a single free massless spin-s field; similarly, there is a part of §g which is the
usual massless gauge symmetry. It is then not surprising that, at least at the cubic order, the
leading part of the vertex coincides with the one of a massless spin-s field. For the EM and
gravitational interactions, the simplest vertex is known to have 2s — 1 and 2s — 2 derivatives,
respectively, see e.g. refs. [100-102].2% Tt would be interesting if there is a more direct relation

29Note that the are also electromagnetic and gravitational vertices with one and two derivatives, respec-
tively [101], whose existence seem to also play a role for massive higher-spin fields.
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to higher-spin gravities (theories with massless higher-spin fields that are governed by infinite-
dimensional gauge symmetries) beyond cubic vertices, which require infinite multiplets of
massless higher-spin fields, e.g. via a higher-spin analog of the Higgs mechanism.

We employed the chiral-field approach for constructing interactions of massive higher-
spin fields, proposed in ref. [72]. The main idea is to rely on field variables ®4, . q,, that
are in (2s,0) representation of the Lorentz algebra sl(2,C). The central advantage is the
relaxation of the transversality constraint; however, parity invariance is not automatic. At
least for low spins, the chiral fields are directly related to the (spin)-tensor fields via certain
parent actions [85, 86]. There exists other ideas for controlling the degrees of freedom for
massive higher-spin fields, which would be interesting to apply in the future: the covariant
ones [103-106] and the light-cone gauge [13, 102, 107].

Additional assumptions were used to narrow down the vKerr Compton amplitude,
including consistency with previously known patterns. The need for additional constraints
does not immediately imply that the massive higher-spin gauge symmetry is less restrictive.
Indeed, gauge symmetry is a way to construct all consistent interactions, and extra assumptions
related to minimality of interactions is needed in order to land on the correct theory describing
the dynamics of Kerr BHs and v/Kerr objects. Other compact objects can be modelled by
turning on higher-derivative non-minimal interactions. It would be interesting to see if
the minimality of the interactions imposed at higher orders will automatically fix the free
coefficients at lower orders, starting from the quartic one, see e.g. ref. [54] for an example
of the cubic-quartic interplay. For example, this is what happens in higher-spin gravities:
while consistency at the cubic order leaves infinitely many parameters free, the higher-order
consistency fixes them completely, see e.g. refs. [108-110]. The same effect can be observed
in supergravities, but (gauged) supersymmetry still leaves infinitely many free parameters
to be seen via counterterms. Another interesting direction would be to relate our approach
to recent versions of the worldline formalism with spin [111-116]. For instance, one could
explore realizations of massive gauge symmetry on the worldline, or see if connecting the
two approaches can help nail down the BH amplitudes uniquely.

One effect that has not been considered in the paper at all, but can in principle be
implemented is the spin-changing interactions. Indeed, one can add various vertices of type
s—s'—1 or s—s'—2, for electromagnetic and gravitational interactions, respectively. On the
same footing one can introduce mass-changing interactions. Such interactions have recently
be considered in refs. [58, 81, 117]. Provided both types of interactions are introduced and
the masses are kept discrete (with arbitrarily small gaps), one gets a spectrum that is similar
to string theory, i.e. infinitely degenerate in spin with mass gaps of order o’ -1 Therefore,
the complete effective theory of BH dynamics is a string-like theory in 4d, whose spectrum
contains massive higher-spin fields and a graviton. Whether it is valid beyond the EFT
regime can be an interesting question on its own.
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A Variables and conventions

The massive Weyl spinors for particle i = 1,2 are defined following ref. [46],

R "
|é] = |i%]zia , 3] = |i%]Zia
where the unbarred spinors are incoming, and the barred spinors are outgoing. The z, and
Zq variables are SU(2) little-group spinors, they describe the physical (spin up or down)
wavefunction for a massive particle. The little-group indices are raised and lowered using
the SU(2) Levi-Civita symbol, e.g. 2¢ = €™z, and z, = €42°, where €' = €51 = 1. Under
*

complex conjugation, the variables behave as (z,)* = z* and (2%)* = —Z,.
The massive spinors obey the on-shell constraints, i.e. the Dirac equation:

pioclil=mli),  pioli)=mli. (4.2)
They are normalized as

i) = [il] = mlsf?, (i) = [il] =0, (4.3)
and, in general, the spinor brackets are antisymmetric (ij) = —(ji), [¢j] = —[ji]. The

natural contraction of the SU(2) spinors is
|2il* = ziaZf = zi1Zi2 — Zi27i1 (A.4)

and we often assume the constraint |2;|? = 1 to have properly normalized wavefunctions.
Note that the wavefunctions can also be defined projectively as “rays”, in which case |z|? # 1
but the overall scale is irrelevant. With either the constraint or the projective interpretation,
the z, coordinates parametrize the 3-sphere (SU(2) group manifold).

Having introduced the massive spinor-helicity variables, we can now construct massive
polarization vectors for particles 1 and 2 out of their massive spinors,

Qo] (2o (A5

\/im I 2 \/im ’

such that they are null, €2 = 0, and satisfy transversality p; - €; = 0. The individual little-

H_
El—

group components can be extracted by taking derivatives with respect to the wavefunctions

z¢, see ref. [46] for more details.
We will consider Compton scattering in an all-incoming convention. The incoming massive

VKerr object (with momentum p; and spin s) and massless plane wave (with momentum
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ps and helicity hs) scatter and produce outgoing vKerr object (—p2 and s) and massless
plane-wave (—p4 and helicity —hy), where

PL+pa+ps+pi=0, pi =ps=m?, p3=pi=0. (A.6)

For convenience, we also make use of the following independent momenta

p=p1, q=p3+pa, 4L =ps—ps3, (A.7)
which satisfy
p*=m?, ¢t =2p-qg=—-¢, q1-¢=0. (A8)
For the opposite-helicity configuration hs = —1, hy = 1, we choose the massless polarization
vectors as
—u _ (3lo"[4] +u_ (3lo"|4]

e P = , el =21"7—""= A9

S /2[34] LT V2(34) (A.9)
which corresponds to picking the gauge where py - e5 = 0 = p3 - 51, although all the
amplitudes written are gauge-invariant. We can thus encode the helicity information in a
complex vector x* := (3|o*|4].

Vector variables. Note that for the opposite-helicity Compton amplitude one can trade all
spinorial variables for the following (over-)complete basis of six vector variables

Y T N 7 (A.10)

defined in egs. (6.1) and (6.27). Any quantum opposite-helicity Compton amplitude must
be built out of Lorentz invariants formed by these six vectors. There are at most nine
independent such dot products:

paL, ¢, X,
PP, PqLs  PX, (A.11)
p-p, PrqL, pX.-

The simple linear relations that eliminate the remaining dot products are

1
p*=m?, i =—-¢%, p~q=—§q2,
N _ 1 _
Pt =—p*, P p=-50 P, (A.12)

G- qL=q-p=q-X=qxX=pp=x =0,
as well as the simple quadratic relation

. 2 — - D 2
R CAY) mQ(p 2 (A13)
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There are further more complicated non-linear relations, most of which follow from Gram
determinant relations, since the six vectors span an overcomplete basis in four dimensions.
The following quadratic identity, in principle, allows to eliminate the spinless variable p - x:

20-pp-X—P qLP-X TP qLP" X
2p?

prx= (A.14)
However, since it comes at the expense of a spurious non-locality, this relation must be
used with some care. Likewise, the Mandelstam variables ¢ and p - ¢ can be eliminated
at the expense of spurious non-localities:

2 _
2 1L 4(p-pp-x—m?p-x)"— (p-x)*(q-p)>
_72 — )

m (p-x)*—(p-x)? (A.15)
(b g )= P XaL PP Xap=2-q1p X) +a'(p-x)*
4(p-x)?

In principle, we could also consider Levi-Civita terms built out of the six vectors, however,
they all reduce to combinations of the nine dot products (A.11). This can be deduced from
the three dualization identities

i€ goxe = g X" — a{x",
i€ q 1 pXo = "X — X", (A.16)
i P P popo = P (D1 - B) — P (D1 - p) + D PP

Let us check that one can re-express the spinorial Compton variables into the above
vector variables; we have the helicity-independent variables

W, =2 ((12)+ (12)) = —p .
W- =2 ((12) - [12]) = p-p,
1 1. (A.17)
U = S (14[2) — (241) ~m{12] = p-p+ 5p-as
V= S((1H4[2) + (214 = Sp-ar

Compton building blocks. For the matrix elements considered in eq. (4.25), we have
the following expressions:

<‘I)‘31’(I>>‘ (2,3-4+11) <3!1\4]2 =(p- X)2v
(31141((23)41] + [24)(31) = S0~ )0
(30114]((23)[41] ~ [24](31)) =~ (0 ) ).

s=1/2 1
~3
1
~3
(RIS 1153 401y = 5 (23241 — [24(31)) =~ (0 1) X).
1
=3
1
)

<(I>‘32’(I)>| (2,3-4+1) —

s=1/2
<(I>‘§3’(I)>| 23/ At1) T

(A.18)

(BI5319) 171 ey = 5 (ZHPHI + [247(31)2) = (0074 (- x)?).

(BI5619) (1) = 5 2 B[40 = (00~ (7 X))
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K\s||o| 3|1 |3 |23 ]3] 1|4
0 [[1]6 |20] 46 | 87 | 146 | 226 | 330 | 461
1 || 2|10 |28 | 58 | 102 | 162 | 240 | 338 | 458
2 || 3| 14|37 74 | 127 | 198 | 289 | 402 | 539
3 ||4| 18|46 | 90 | 152 | 234 | 338 | 466 | 620
4 |['5| 22|55 | 106 | 177 | 270 | 387 | 530 | 701

Table 6. The number of independent four-point operators for the opposite-helicity Compton amplitude.
The operators are classified by spin s and the power k of Mandelstam variables. The C, P and T
symmetries are not yet imposed, which would reduce the counts.

] “0‘3‘3‘122‘30‘620‘105‘1(238‘252‘

Table 7. Counting independent operators for the interesting case where the two Mandelstam variables
as well as x - p are absent. These are given by the tetrahedral numbers (2s — 1)2s(2s + 1)/6 times a
factor of 3, because of the three possible quadratic monomials of p - x, p- x.

Using the above vector variables, together with the linear and non-linear constraints, one
can build up independent matrix elements for the Compton contact terms, which are in one-to-
one correspondence with independent local operators. We find that the number of independent
four-point operators for the opposite-helicity Compton amplitude are given by the formula

Ny = (25 +1)(4s> +2s + 1)(k +1) — NG, (A.19)

where k is the power of the Mandelstam variables ~ D; - D; (where no chiral indices are
contracted with the fields).

The function N SG,? is the subtraction needed from the naive count, and it is due to Gram
determinant relations as well as the non-linear constraint eq. (A.14),

25 — 1)? k=0
NGD _ s( ’ A2
sk {35(25 —1)(4s — 1) + 4ks*(2s + 1), k>0 (420

and we use the rule that Mandelstam variables are reduced to the lowest power possible using
the Gram-determinant relations. Note that these operators are counted without imposing any
crossing or CPT symmetries, and thus they include abelian, non-abelian and non-hermitian
terms (dissipative). See tables 6 and 7 for the explicit counts at low spin s and low powers
k of Mandelstam-variable factors.

Under the two Zy symmetries (combinations of crossing symmetry and complex conjuga-
tion, as in the parity constraint (4.21)) of the amplitude, these variables transform as

U— -U, V-V, Wi —- Wy,
162 { = * (A.21a)

DX——DXs P X7PXs P X—P X
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U—-U, V-V, Wi — +W4,
334 + cc. - * (A.21b)

PX7TPXs PXTT PN PXTPX

The polynomials PQ(k) and P4(k) are invariant under the latter symmetry, while they pick up a
factor of (—1)*+1 under the former. For bosonic states ®°, the Compton amplitude is invariant
under both symmetries, and for fermionic states it is odd under the first symmetry and even
under the second. In terms of our polynomials, this translates to {PQ(kZOdd) , UPQ(k:even)}
depending only on powers of {U?, V2}, and likewise {szinteger) , U szhalf_imeger)} depending
only on powers of {U?, V2 W2 UW.,}, since these variable combinations are invariant under
the symmetries.

B Chiral contact-term freedom

Here we present a way to classify the terms that can be freely added to the basic chiral-field
Lagrangian (D, ®|D"*®) — m?(®|®). As we have seen in section 4.2, such non-minimal terms
are required to restore parity. Moreover, they are needed to describe compact objects that
are more complicated than black holes.

By definition, the set of non-trivial contact terms is the quotient by field redefinitions
of all possible contact terms that do not vanish on shell. In practice, one often wishes to
impose certain (anti)-symmetry with respect to the exchange of the massive legs due to
the reality condition (4.9), but let us not take it into account for the moment. In order to
write down the on-shell non-trivial terms, we need to know the on-shell jet space (in the
mathematical sense) of the gauge fields and the chiral massive fields. The former amount to
the gluon’s (anti)-self-dual field strengths F*? and Fi"B . It is quite easy to show that all of
their derivatives that are distinct on shell can be parametrized by

Fan+2),6(n) ._ pab DaBFfa 7 Fan),f(n+2) . pab Da'BFf’B 7 n>0, (B.1)

where all like indices are understood as symmetrized. Meanwhile, the on-shell derivatives of
the massive field are in one-to-one correspondence with the following set of spin-tensors:

@04(2372k+n),6.(n) — Da(nfk)'y(k)ﬂ(n)(I)a(stk)’y(k) 7 n>0, 0<k<n. (BQ)

Any contact term is a linear combination of singlets in the tensor product of the appropriate
number of the above spin-tensors. Total derivatives can be modded out by requiring one
external leg not to have derivatives.

Let us denote the irreducible representation corresponding to a symmetric spin-tensor
Tem),B(n) aq (m,n) and discuss the relevant lower-point vertices. For instance, the set of
three-point operators of the type (D...D®)*(D...D®)F, is spanned by singlets in

(25 — 2k +n,n) ® (25 — 2k +n/,n') ® (0,2) . (B.3)

Since all undotted indices must be contracted between the first and the second entry, we have
2s — 2k +n = 2s — 2k’ + n’. The two dotted indices of the third (field-strength) entry, on
the other hand, may be contracted either with both (matter) entries or with one of them.
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This means that either n = n’ or n = n’ 2, and hence k = k’ or k = k' & 1, respectively.
Note that the AHH amplitudes (4.15) did not require us to introduce any operators of this
kind. Instead, the actual 2s three-point operators in the Lagrangian (4.10) belong to the
type (D...D®)*(D...D®)F_, for which we consider

(25 — 2k +n,n) ® (25 — 2k +n',n’) ® (2,0). (B.4)

The singlets require n = n’, therefore k = k¥’ or k = k' &= 1, where only the first option is
realized in eq. (4.10). Moreover, only the k = n operators were shown to contribute, i.e.
for each dotted derivative index of (D ... D®) one undotted index is contracted between a
derivative and ®. This is clearly a small subspace of possible cubic vertices.

More generally, we know from purely on-shell considerations [24] that there are 2s
independent three-point couplings contributing to the minus-helicity amplitude (excluding
the covariant-derivative coupling constant). On the other hand, if we assume the maximum
number of derivatives is 2(2s — 1), as suggested by the cubic Lagrangian (4.10), we observe
s(6s — 1) off-shell operators of the type (D...D®)*(D...D®)F_. This overcounting can be
explained by the possibility to generate trivial interactions via field redefinitions ® — & +
(D...DF_)(D...D®), which we have not tried to rule out here. In other words, the present
analysis gives us a significantly overcomplete set of off-shell operators. At each multiplicity n,
however, we may make a suitable choice, such as the three-point action (4.10), which will
automatically include certain higher-order contributions, but the same analysis at the next
order will once again give us access to the entire space of (n + 1)-point couplings.

At the quartic level, there are three types of contact terms that are given by the singlets
in the following tensor products:

(25 — 2k +mn,n) ® (2s — 2K +n/,n') @ (m +2,m) ® (2,0) (B.5)
for terms of the type (D...D®)*(D...D®)(D...DF_)F_,

(25 — 2k +mn,n) ® (2s — 2K +n',n') @ (m +2,m) ® (0,2) (B.6)
for (D...D®)*(D...D®)(D...DF_)Fy, and finally

(2s =2k +n,n) ® (2s — 2k' + n',n") ® (m,m +2) ® (0,2) (B.7)

(D...D®)*(D...D®)(D...DF})Fy.

The cubic Lagrangian (4.10) suggests that only a limited number of possible contact
terms should be relevant if we are interested in modeling black holes, for which a certain
minimality concept is believed to exist. In particular, [72] explains that no terms of the third
type (D...D®)*(D...D®)(D...DFy)F, are needed at all. In fact, the spin-1 action (4.5a)
contains only certain terms of the first type (D...D®)*(D...D®)(D... DF_)F_ and none
of the second type (D...D®)*(D...D®)(D ... DF_)F;. More generally, we need terms of
the first type to restore parity and cannot entirely rule out the terms of the second type.

Let us illustrate this general method on a few lower-spin cases. To bound this problem,
we need to formulate a power-counting assumption applicable in the chiral-field formalism.
Note that we cannot use our intuition from the non-chiral actions, as even the three-
point assumption (PC) of having at most 2s—1 derivatives is explicitly violated by the
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s 0| |1]|3%]| 2] %] 3
count || 0| 0 |0 | 15 | 84 | 279 | 714

Table 8. Number of singlets in the four-point chiral operator product space (B.6).

cubic chiral Lagrangian (4.10), which contains 4s—1 derivatives, including those in the field
strength. Taking this 4s—1 counting as a given, we can minimally extend it to four points
by assuming that

(PC3) the number of derivatives in higher-point vertices contributing to an amplitude should
not exceed the momentum counting of the cubic diagrams in this amplitude.

This assumption is consistent with the all-plus amplitudes, such as (4.17a), that follow
strictly from the minimal-coupling part of the Lagrangian (4.10) and thus require that all
additional terms involve at least one F'~. For instance, the cubic vertex for positive helicity
has 1 derivative, so the cubic diagrams contributing to A(1%2%3%,47) have 1 +1 -2 =0
derivatives, if we take into account —2 derivatives from the propagator. Since we insist that
all higher-point vertices depend on the four-potential A, through the field-strength, such
a counting forbids any vertices that only involve FT.

Applying this to the opposite-helicity case, we observe that A(1% 2% 37,4%) contains only
up to 1+ (4s — 1) — 2 = 4s — 2 derivatives, judging by the trivalent diagrams. Since two
derivatives are contained within the two corresponding field strengths F~ and F'*, there are
a maximum of n + n’ +m = 4s — 4 derivatives that need to be addressed when classifying
singlets in the tensor-product space (B.6). The counts produced by our code are given in
table 8. As explained above, these counts only give an upper bound for the number of
independent operators under the described assumptions.

C Details on factorization poles

In this appendix, we give some useful formulae for checking the factorization channels of the
v Kerr Compton amplitudes, both in the quantum and classical cases.

First we note that the residues of the physical poles in the abelian Compton amplitude (5.2)
can be shown to match those of the corresponding AHH amplitude [24],

((13)[42] + (23)[41)™
— t13t14(3|L[4]Z2 pOIGS, (C.1)

mAsty3tiy msty3

(<3|1|4]2(U + V) (13)(3[1]4][42] P2<25>>

poles

where the two massive poles are located at t13 = (p1 + p3)2 —m? =0 and at t;4 = (p1 +
p4)? —m? = 0. While the AHH amplitude on the right-hand side also contains so-called
spurious poles, (3]1|4] = 0, the left-hand side is manifestly free of them. The absence of
spurious poles is, of course, a consequence of working with amplitudes that originate from
a local Lagrangian (5.1).

Note that there is an obvious asymmetry between the appearance of the two denominators,
t13 versus t14, on the left-hand-side of eq. (C.1), but not on the right-hand side. However,
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this is an artifact of our chosen compact presentation of the amplitude (5.2). The following
non-trivial identity holds for generic kinematics and spin:
GUAPU + V) A3 EIE2] e _ GO = V) (@23)BI14M41) e,
mAsti3tiy mistys 2 mAstyztiy mistyy 2

. (C.2)

Thus, in principle, one could average over these two presentations of the pole terms, and
obtain a manifestly symmetric presentation, at the price of a slightly longer formula.
For the non-abelian color-ordered amplitude (5.11), the physical pole structure again
match those of the corresponding AHH amplitude [24],
(311|4]2(U + V)25 (13)(3|1]4][42] 25) . (13)(32)[14][42]

- PP t13Py> C.3
m*ssiat14 mAssiy 2 mAssys 13572 (C.3)

- ORI 1y a2y )+ 2v P

((13)[42] + (23)[41))
812t14<3’1|4]25—2 ’

poles

poles

where the t14 = 0 residue matching follows from the abelian case (C.1), but the sj2 = 0
residue matching is more non-trivial as it requires several many terms.

It is interesting to also exhibit the factorization properties of the classical all-spin
Compton amplitude (6.62). On the massless factorization pole, s;o = ¢> = 0, the classical
Gram determinant (6.8) reduces to

O=(w—z—y)(w—2x+1y), (C.4)

where the two solutions correspond to the two choices of helicity for the propagating gluon.
On the massless pole, the only surviving term in the classical amplitude (6.62) comes from
the interplay between the functions E and E,

2.2 - 2_ .2
w?—2 ie(q1,p: g, a) = w2z -
E ——F e E —x)F
5 (Bloy2) + =22 BBy, 2)) — (B(@,y.2) + (w=2)E(z,y,))
2 .2 2 R
= % (E(w, y,2) £ yE(z,y, z)) = eV 4 O, e577), (C.5)
where the terms proportional to O(e*#, e*~#) cancel against the first two terms in eq. (6.62).

The remaining exponential factor corresponds to the product of the classical three point
amplitudes, etV = P3¢ x ¢*pPaa,

On the massive pole t14 = 0, the kinematics enforces all momentum dot products to
be at least of order O(h?):

p1-p3+p1-pat+p3s-pa=0 = P1-P3 =54 =0(h?). (C.6)
Therefore, we should take w,z — 0 and p-q; = %qz, such that the classical amplitude (6.62)
on the factorization pole simplifies to
{ _ (p : X)2
) t1a—0 q2

=2¢°(p-e3)(p - ef )e"T=T.

tinA(1,2,37, 47 —2g> e ([TCS, T + {TC3,TC4})

(C.7)

This is once again the expected product of three-point amplitudes e® = eP+?® x e7P3'% where
the mismatch in the frame choice of a* is thus shown to be irrelevant.
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