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A previous paper [Z. Bern et al., Binary dynamics through the fifth power of spin at O(G?), Phys. Rev.
Lett. 130, 201402 (2023)] identified a puzzle stemming from the amplitudes-based approach to spinning
bodies in general relativity: additional Wilson coefficients appear compared to current worldline
approaches to conservative dynamics of generic astrophysical objects, including neutron stars. In this
paper we clarify the nature of analogous Wilson coefficients in the simpler theory of electrodynamics. We
analyze the original field-theory construction, identifying definite-spin states some of which have negative
norms, and relating the additional Wilson coefficients in the classical theory to transitions between different
quantum spin states. We produce a new version of the theory which also has additional Wilson coefficients,
but no negative-norm states. We match, through O(a?) and O(S?), the Compton amplitudes of these field
theories with those of a modified worldline theory with extra degrees of freedom introduced by releasing
the spin supplementary condition. We build an effective two-body Hamiltonian that matches the impulse
and spin kick of the modified field theory and of the worldline theory, displaying additional Wilson
coefficients compared to standard worldline approaches. The results are then compactly expressed in terms
of an eikonal formula. Our key conclusion is that, contrary to standard approaches, while the magnitude of
the spin tensor is still conserved, the magnitude of the spin vector can change under conserved Hamiltonian
dynamics and this change is governed by the additional Wilson coefficients. For specific values of Wilson
coefficients the results are equivalent to those from a definite spin obeying the spin supplementary
condition, but for generic values they are physically inequivalent. These results warrant detailed studies of

the corresponding issues in general relativity.

DOI: 10.1103/PhysRevD.109.045011

I. INTRODUCTION

A. General overview

The landmark detection of gravitational waves by the
LIGO/Virgo collaborations [1,2] opened a new era in
astronomy, cosmology and perhaps even particle physics.
As gravitational-wave detectors become more sensitive
[3-5], the spin of objects such as black holes and neutron
stars will play an increasingly important role in identifying
and interpreting signals. Spin also leads to much richer
three-dimensional dynamics because of the exchange of

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2024/109(4)/045011(45)

045011-1

angular momentum between bodies and their orbital
motion. Its precise definition leads to interesting and subtle
theoretical questions, some of which we address here.
The study of the dynamics of spinning objects in general
relativity [6-9] has a long history, in both the post-
Newtonian (PN) framework [10-63], where observables
are simultaneously expanded in Newton’s constant G
and in the velocity v, and the post-Minkowskian (PM)
framework [64-102], where observables are expanded
only in Newton’s constant with exact velocity dependence.
In both approaches the interaction of spinning objects with
the gravitational field is described in terms of a set of
higher-dimension operators whose Wilson coefficients
encode the detailed properties of the objects. For the
interesting case of black holes, the values of these coef-
ficients at O(G) are known [74], with proposals for the
additional coefficients at O(G?) recently given based on a

Published by the American Physical Society
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shift symmetry [64,91,97,98] already present at O(G).'
The electromagnetic case is similar in structure [105-111]
(see also Refs. [112,113] for non-Abelian generalizations),
with the post-Coulombian (PC) and post-Lorentzian (PL)
expansions being the respective analogs of the gravitational
PN and PM expansions.

A primary purpose of this paper is to explore puzzles
identified in Ref. [64] regarding the description of spin-
ning bodies in general relativity. In that paper, results
for the conservative two-body scattering angle were
obtained through fifth power in the spin using a scatter-
ing-amplitudes-based method. A rather striking out-
come, which follows from the fact that the field-theory
Lagrangian is not directly expressed in terms of particles’
spin tensor, is that the field-theory approach of Ref. [78]
has a larger number of independent Wilson coefficients for
a given power of spin than standard (worldline) methods.
While at 1PM (tree) level the number of independent
Wilson coefficients is identical in the two approaches,
matching of physical observables starting at 2PM (one
loop) and third power of the spin can only be attained by
setting some of the field-theory Wilson coefficients to
definite numerical values, so that they are no longer
independent. This implies that the field theory contains a
larger number of physically relevant independent Wilson
coefficients. For the special case of Kerr black holes it
appears that the additional Wilson coefficients present in
the field theory are not needed [64,74,84,8591]. In
electrodynamics we find a similar situation for the root-
Kerr solution [114], related to the Kerr solution via the
double copy [115-120].

The connection between scattering amplitudes and
effective two-body interactions has been known for some
time [121-131]. Recent years have seen the construction
of new systematic methods for extracting potentials and
physical observables at high orders from scattering ampli-
tudes [108,132—137], which leverage modern methods for
calculating scattering amplitudes, including generalized
unitarity [138—143], the double copy [115-117,120] and
advanced integration techniques [144—149]. The extraction
of classical physics from quantum scattering is greatly
simplified by concepts from effective field theories
(EFTs), systematized for the gravitational-wave problem
in Ref. [150] and applied to the PM framework in Ref. [132].
By manifestly maintaining Lorentz invariance, the ampli-
tudes approach fits naturally in the PM or PL frameworks,
and produced the first conservative spinless two-body
Hamiltonian at O(G?) and O(G*) [133,134,151,152]

'"Through O(S*) Refs. [103,104] find that the Compton
amplitude derived by solving the Teukolsky equation agrees
with these previous results. However, the predictions based
on shift symmetry at O(S) are in tension with results from
the Teukolsky equation, though the latter involve a subtle analytic
continuation between the black-hole and naked-singularity
regimes.

(see also Refs. [99,153—-159]). Such methods also led to
new perspectives on the gravitational interactions of spin-
ning particles [64,68,71-73,75-78,84,160] and on tidal
effects [161-168].

Here we use both the amplitudes-based method and the
more standard worldline approach [40,45,150,169—-171] to
study the interactions of spinning particles. Since they
describe the same physics, one may expect that there is
a (usually nontrivial) correspondence between the opera-
tors (as well as between their Wilson coefficients) describ-
ing these interactions in the two approaches. Each type
of object, whether a Kerr black hole or neutron star, is
described by particular values for the Wilson coefficients,
which are determined by an appropriate matching calcu-
lation. In the worldline approach one imposes a spin
supplementary condition (SSC) [172] that identifies the
three physical spin degrees of freedom. This condition has
been interpreted in terms of a spin-gauge symmetry which
formalizes the freedom to shift the worldline in the ambient
space [45,173,174] without changing the physics. An
important aspect of an SSC is that it reduces the number
of possible independent operators—and consequently the
number of Wilson coefficients—by equating operators
whose difference is proportional to the SSC. Here we
use the dynamical mass function formalism of Ref. [170] to
explore the consequences of relaxing the SSC and to help
interpret the additional degrees of freedom.

An interesting subtlety in the amplitudes approach is
whether the complete description of a spinning compact
body is provided by a single quantum spin s > 1 or by a
suitable combination of multiple quantum spins, with
possible transitions between them. For the sake of sim-
plicity, the field theory of Ref. [78]—meant to be valid only
in the classical limit—is based on the matter states forming
an irreducible representation of the Lorentz group but a
reducible representation of the rotation group; some of its
components have negative norm. One might worry these
negative-norm states might lead to some difficulties in the
classical limit [175]. In addition, projecting onto the phy-
sical states of a quantum spin s [97,175] appears to effec-
tively remove the additional Wilson coefficients, leaving
only those included in the worldline framework, which we
affirm here. Field-theory approaches [84,85,91,98] based
on the massive-spinor-helicity amplitudes [114] are a
convenient means for restricting the propagation to a single
irreducible quantum spin. Here we use physical state
projectors [176,177] for the same purpose.

The results of Ref. [64] raises several questions:

(1) Whatis a complete description of a spinning body in

general relativity?

(2) Can one construct a worldline theory that matches
field-theory descriptions containing extra indepen-
dent Wilson coefficients? If so, what extra degrees of
freedom are needed?

(3) The field-theory construction of Ref. [64] uses
propagating reducible representations of the rotation
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group (spin representations), some with negative
norm. In the context of this construction, what
happens if only a single quantum spin propagates?

(4) Can one build a field theory based on positive-norm
irreducible representations of the rotation group that
also contain extra independent Wilson coefficients?

(5) Should a classical spin be modeled as a definite-
spin field or as a superposition of fields with
different spins? A related question on the latter case
is whether transitions between different spins are
allowed that change the magnitude of the spin vector
even in the conservative sector.

(6) Can one build an effective two-body Hamiltonian
with extra degrees of freedom whose physical
observables match field-theory results containing
extra Wilson coefficients?

(7) What is the physical interpretation of the operators
associated with additional Wilson coefficients?

To address these questions we turn to electrodynamics,
which has been useful as a toy model for gravity [105-111].
While electrodynamics cannot answer all questions about
gravity, the overlap is more than sufficient to make this a
useful test case. In addition to the absence of photon self-
interactions, electrodynamics is particularly helpful for our
questions because the additional independent operators and
their Wilson coefficients affect observables already at the
first order spin, rather than at third order as for gravity,
greatly simplifying the analysis.

We use various field theories, worldline theories and
effective two-body Hamiltonians, comparing and contrast-
ing the results from each. In particular, to help identify the
origin of the extra Wilson coefficients we evaluate
Compton amplitudes and scattering angles for three related
but distinct field theories of electrodynamics coupled with
higher-spin fields:

FT1: The setup from Refs. [64,78], except for electro-
dynamics instead of general relativity. The matter
states of this theory form an irreducible representa-
tion of the Lorentz group and a reducible repre-
sentation of the rotation group, thereby as a
quantum theory it carries more degrees of freedom
than those of a fixed-spin particle, including neg-
ative-norm states. In this theory we consider FT1s
with classical asymptotic states having spin tensors
obeying the covariant spin supplementary condi-
tion, S, p* = 0, and FT1g with classical asymptotic
states having unconstrained spin tensors. This is
equivalent to relaxing the covariant SSC, so that the
resulting amplitudes explicitly contain factors of
S, P’ When we do not need to distinguish between

H
FT1s and FT1lg, we collectively refer to them as

*With dissipation and absorption included the spin magnitude
is, of course, not preserved (see e.g. Refs. [178—180] for recent
discussions).

FT1. The results of FT1s are obtained from those of
FT1g simply by imposing the covariant SSC on the
initial and final spin tensors.

FT2: The higher-spin field is constrained to contain a
single irreducible spin-s representation of the rota-
tion group [176]. The external massive states are
traceless and transverse due to the equation of
motion. In contrast to FT1s and FT1g, only pos-
itive-norm states propagate, and as we shall see, the
covariant SSC is automatically imposed on the spin
tensors.

FT3: The same construction as for FT2 except that two
positive-norm irreducible representations of the
rotation group, one with spin-s and the other with
spin-(s — 1), are considered. While this field content
allows us to reliably capture effects linear in spin, it
is sufficient to demonstrate that such field theories
support more Wilson coefficients than FT2. We
include suitable couplings between matter fields of
different spin. Similarly to FT1, we consider FT3s
with asymptotic states having spin tensors obeying
the covariant SSC and FT3g with asymptotic states
being a particular combination of the asymptotic
states of the two fields. When we do not need to
distinguish between FT3s and FT3g, we collec-
tively refer to them as FT3.

The above field-theory constructions do not exhaust the
ways to adjust the spectrum of propagating states. For
example, one can use the chiral construction of Ref. [181],
based on the representation (2s,0) of the Lorentz group
leading to the same number (2s+ 1) of propagating
degrees as a quantum spin-s particle. We note that FT1
are not fully consistent as quantum theories because of the
appearance of propagating negative-norm states. Because
of this we use them only in the classical limit, as envisioned
in Ref. [78]. We moreover see that there is a close relation
between them and FT3, which is constructed using only
positive-norm states.

To address the question of what kind of worldline theory
has the same observables as field theories with extra Wilson
coefficients we consider two worldline theories:

WLI1: The standard worldline construction with the

covariant SSC imposed. We use the formalism of

Ref. [170].

A modified worldline construction with no SSC

imposed and consequently with extra degrees of

freedom. In the absence of an SSC we can include
additional operators and Wilson coefficients equiv-
alent to the additional ones that can be included in

FT1g through the constructed orders.

Finally, we construct two two-body effective field-theory
Hamiltonians by matching the amplitudes of field theories
with different number of internal and asymptotic degrees of
freedom. This allows us to directly construct observables
for these field theories and compare them with worldline
theories:

WL2:
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EFT1: The two-body Hamiltonian of the type in Ref. [78]
containing only the spin vector S for each body.
The parameters of this Hamiltonian can be adjusted
to match either FT2 or WL1. We may also match
this Hamiltonian to FT1, FT3, and WL2 when the
additional Wilson coefficients are set to specific
values.

EFT2: A two-body Hamiltonian containing both a spin
vector S and a Lorentz boost vector K, interpreted
as a mass dipole and inducing an electric dipole.
With suitable parameters this Hamiltonian matches
FT1g, FT3g and WL2.

B. Summary of results

We compute and compare electrodynamics Compton
amplitudes, impulses, spin kicks and scattering angles in
the theories outlined above. With a denoting the fine
structure constant, the results of these computations through
O(a?S) for two-body observables and through O(aS?) for
Compton amplitudes yield the following findings:

(1) In electrodynamics with the massive propagating
degrees of freedom of a single spin-s particle
realized as a symmetric traceless transverse s-index
tensor, as in FT2 and following Ref. [176], the
number of Wilson coefficients agrees with the
standard worldline construction [45], in accord with
Refs. [97,175].

(2) By including additional degrees of freedom either by
relaxing the transversality constraint of fields or/and
by replacing the s-index symmetric tensor by a more
general (I, r) representation of the Lorentz group, as
in FT1, additional Wilson coefficients can appear in
the classical limit. Thus, the additional Wilson
coefficients reflect the additional degrees of freedom
present in nontransverse fields.

(3) We demonstrate that additional propagating posi-
tive-norm degrees of freedom in the form of sym-
metric traceless transverse lower-rank tensor, as in
FT3, also lead to additional Wilson coefficients in
the classical limit. Thus, the additional Wilson
coefficients are not tied specifically to nontransverse
fields, but are a manifestation of additional propa-
gating degrees of freedom.

(4) By relaxing the SSC constraint on the worldline, the
Compton amplitudes as well as two-body physical
observables such as the impulse and spin kick,
match the corresponding results of field theories
FT1 and FT3.

(5) To match the worldline and field-theory amplitudes
with additional asymptotic degrees of freedom and
Wilson coefficients, a two-body EFT Hamiltonian
with both spin and boost degrees of freedom is
required.

(6) In the systems with additional degrees of freedom
and additional Wilson coefficients, the magnitudes

of spin vectors are not preserved3 in the scattering
process while the magnitudes of spin tensors are
preserved.

(7) For specific choices of Wilson coefficients, such as
the root-Kerr solution [114], the extra degrees of
freedom decouple and the system can be described
by removing the boost degrees of freedom.

These results are rather striking. Dropping the SSC
would seem to contradict the standard interpretation of
the worldline spin gauge symmetry, where local shifts in
the worldline are interpreted as a symmetry [45,173,174].
Here we are reinterpreting this in terms of certain degrees
of freedom of extended nonrigid objects, in much the
same way as the spin is interpreted as an internal degree
of freedom. As we discuss in Sec. IV, in the electro-
magnetic case there is a natural explanation in terms of
an induced electric dipole moment correlated to the mass
dipole.

This paper is organized as follows: In Sec. II we
present the field-theory constructions FT1. FT2 and FT3
for electrodynamics, giving a nonminimal Lagrangian
that contains additional Wilson coefficients compared to
the standard worldline approaches. We also describe the
classical asymptotic states in terms of coherent states and
discuss the effect of using different Lorentz representa-
tions. The purpose of the various field theories is to
identify the source of the extra Wilson coefficients.
Section III then gives the field-theory amplitudes asso-
ciated with these theories, including the Compton tree
amplitudes needed to build the one-loop two-body
amplitudes, which are also presented. To interpret these
results in the context of the more standard worldline
framework, in Sec. IV we construct the two worldline
theories WL1 and WL2 and compare their Compton
amplitudes with the field-theory ones. In Sec. V we
construct two-body EFT Hamiltonians so that the scatter-
ing amplitudes of the corresponding EFTs match those of
the various field theories. One Hamiltonian contains only
the usual spin operator and the other also contains a
boost operator. The impulse and spin kick derived from
the latter are the same as those following from the SSC-
less worldline theory. A remarkably compact form of
physical observables is given in terms of an eikonal
formula. Section VI describes the link between extra
Wilson coefficients and the degrees of freedom that
propagate in the field theory. In Sec. VII we summarize
our conclusions. Finally, an ancillary file is included
containing  Mathematica-readable  expressions  for
Hamiltonian coefficients and observables [185].

*We note that the nonconservation of the magnitude of the
intrinsic angular momentum of subsystems of gravitationally
interacting conservative many-body systems has been known for
some time, see e.g. [182—184].
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II. FIELD THEORY

In this section we construct the field theories FT1, FT2
and FT3 listed in Sec. I that we use to track the source of
additional degrees of freedom and Wilson coefficients.
We begin by discussing the covariantization of the free
matter Lagrangians, which we refer to as the “minimal”
Lagrangians, first in the framework of Refs. [64,78]
where the propagating states form a reducible represen-
tation of the rotation group, and then in the framework of
Ref. [176], in which the only propagating states are
only the 2s 4+ 1 physical states of a spin-s field. After
summarizing the coherent-state description of the
classical asymptotic states and the propagators, we then
discuss nonminimal interactions which are linear in the
photon field strength and the corresponding three-point
amplitudes. The scaling of massive momenta p, massless
transferred momentum ¢, impact parameter b and spins S
for obtaining the classical limit are [78]

p—p, q—2iq b-2i11b, S-271s, 0 (2.0)
and the classical part of the L-loop two-body amplitude
scales as A-2*L while Compton amplitudes scale as A°.*
The connection of field theories FT1, FT2 and FT3 to
worldline theories will be discussed in Sec. IV.

A. Minimal Lagrangian in electrodynamics

The extension of the construction of Ref. [78] to QED
and thus the definition of the covariantization of the
free Lagrangians for FT1 is straightforward, with the main
difference from the gravitational case being that the fields

|

(i o

p2_m2

pls) — v(s)

)

Consequently, there is no explicit dependence on the value
of s in the amplitudes that follow from L,;,, making the
large-spin limit appropriate for classical physics convenient
in this construction.

When evaluated on an (s,s) representation, the
Lagrangian (2.2) contains propagating degrees of freedom
beyond the 2s + 1 associated with a single massive spin-s
particle and some of them have negative norm in
Minkowskian signature. While such a theory is not con-
sistent as a quantum theory because of difficulties with
unitarity, we use this Langangian and its nonminimal
extension described below to find only classical observ-
ables, so that the issue is not directly relevant. One may

“This scaling enforces the correspondence principle and the
scaling parameter A can be related to 7, see e.g. Ref. [186].

must be complex. The minimal coupling involves only the
standard two-derivative kinetic term’

Lmin = _(_1)S¢S(D2 + m2)‘2’s7
(2.2)

1
Lpy = _ZF””FW’

where F,, = d,A, — d,A,, and the covariant derivative is
defined as

Dﬂ¢s = a;ld’y - iQAﬂ¢S’ Dy&s = aﬂq_ss + lQAp(:Zs

(2.3)

Without the loss of generality, we take all the massive
bodies as carrying the same charge @, and define the
effective “fine structure constant™ as a = Q?/(4x). The
PL framework expands observables in powers of a keeping
the exact velocity dependence. In L,;,, the fields ¢, and ¢,
can be in generic representations of the Lorentz group as
long as their product is a Lorentz-singlet. The most general
choice is that both fields are in the (l , r) representation, i.e.
they are represented as

b=l b=d5pE. (24)
where [ + r = 2s and ¢, and ¢, are symmetric in the @; and
B; indices, which transform in the two-dimensional repre-
sentation of SU(2), and SU(2), respectively. The cova-
riantized free Lagrangian L, in Eq. (2.2) treats uniformly
all the representations of the rotation group that are part of
¢,. Thus, the propagator derived from L, is proportional
to the identity operator 1, ) in the (/, r) representation. For
¢, in the (s,s) representation, it is

v(s) _ (v sv Vs) —
o = 0le Lok = Ay - (2.5)

n(s) H

|
nevertheless worry that the negative-norm states might
cause some inconsistency even in the classical limit, and
very likely they are the origin of the additional Wilson
coefficients [175]. As we will see in Sec. VI, the key to the
additional Wilson coefficients is the presence of propagat-
ing degrees of freedom beyond those of a single quantum
spin-s particle. This is independent of the sign of the norm
of the extra states. Moreover, there is a direct simple map

We are using the mostly minus signature. The (—=1)* factor
makes the spin-s component physical.

®Note that this differs from the standard definition of the fine
structure constant in terms of the electron charge. To simplify
subsequent formulas, we absorb in «a the charge of macroscopic
bodies.
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which connects amplitudes in this theory with amplitudes
in a theory in which all states have positive norm.

FT2 is designed to probe the relation between the extra
Wilson coefficients and the presence of states beyond those
of a spin-s representation of the rotation group. To define it
and to compare straightforwardly with the Singh-Hagen
Lagrangian [176] for a single spin-s particle it is convenient
to choose ¢ in the (s, s) representation, which is realized
as a symmetric traceless rank-s tensor,

by = el « P11 (0,) o P (0,)0)s (26)
where as usual the parentheses on the indices signify that
they are symmetrized. We primarily focus on this repre-
sentation in subsequent sections, especially when carrying
out calculations at fixed values of the spin.

We ensure that only the 2s + 1 states of a spin-s field are
propagating by imposing the requisite constraints with
auxiliary fields, following the strategy of Ref. [176]. The
net effect of imposing transversality is that the minimal
Lagrangian £, in Eq. (2.2) is modified to

‘c;;lin = _(_l)sw)s(l)z + mz)&y + S(D(ﬁs)(l)a);) + .- .]7
(2.7)

where (D¢,) = D,¢"*>#: and the ellipsis stand for terms
that remove unwanted states, as explained below.

The coupling s(D¢,)(D¢,) originates from integrating
out an auxiliary ¢,_; field that imposes transversality via
the equation of motion. To see this, we add to the free part
of L i, the term a¢,_;0¢, as well as a standard quadratic
term for ¢b,_;, where a is a normalization. The equations of
motion are

(0% 4 m?) -t = qolm gz )

(b3* + cm),_, = (38, (2.8)
where we introduced two additional normalization con-
stants b and c. A solution to the equation of motion is
¢s_1 = 0, = 0. Requiring that this is the only solution
gives b = 0 and a = scm? such that
(0% + m2) o = 5ol (A, )F2-#s). (2.9)
Covariantization with respect to the photon gauge sym-
metry follows as usual, by replacing the partial derivatives
with the appropriate covariant derivatives, leading to the
s(D¢y)(Dg,) term in Eq. (2.7).
The process continues, as transversality of ¢, implies
00¢, = 0, which must also be imposed through an equation

7Throughout the paper, the symmetrization is defined as
f(umz-nm) = % (fmuzn-m + permutations).

of motion. More auxiliary fields are therefore needed, and
this process can be carried out recursively [176]. The
resulting couplings involving traces, multiple-divergences
like D, D, ¢35, and auxiliary fields with lower spins are
collected in the ellipsis in Eq. (2.7). Up to s = 3, the
Lagrangians generated by this procedure are

Loy = ¢ (D? +m?)g,, + (D) (D*,). (2.102)

['s:Z = _¢”1ﬂ2 (D2 + m2)$m/42 - 2(Dﬂ¢ﬂﬂ2)(Dl/q_§W2)
+ ¢/4M (D2 + mZ)CZDH - ¢yﬂDﬂDﬁéﬁpﬂ - &”ﬂDpD/@[M,
(2.10b)

['s:3 = ¢Mﬂ2”3 (D2 + mz)(}ﬂmzm + 3(D”¢MM2M3)<D”$W2M3)
— 345”/4/43 ( D? + m2)(;5vw3 + 3¢Muu3 D? D*(me

- 3 -
+ 3¢”/m3 DpD/lqﬁpW} + z (DM¢”pp) (quﬁw{i)
+2(D? + 4m?)p + m(@D, ¢, + pD,p)),
(2.10c)

where ¢ and @ in L£,_5 are ghostlike scalar auxiliary fields.
The £,_; and £,_, here are the Proca [187] and Fierz-Pauli
Lagrangian [188], respectively, and £,_; was first obtained
by Chang [189]. We note that the construction in Ref. [176]
uses only symmetric and traceless fields, and we have
absorbed certain auxiliary fields into the trace of ¢;,. We use
Eq. (2.7)—which is the arbitrary-spin generalization of
Eq. (2.10)—as the covariantization of the free Lagrangian
of FT2.

FT3 is constructed to probe whether the extra Wilson
coefficients in FT1 are due to the unphysical nature of the
extra states of this theory. Thus, we define the covarian-
tization of the free part of FT3 as being given, up to
nonminimal terms, by the sum of Lagrangians for physical
transverse fields with spins s,s — 1, ...,0. For simplicity,
here we consider a Lagrangian that involves only spin s and
s—1,

Lot = Lo + Loy = =(=1)*¢05(D* + m?) g
+ 5(Dp,)(Dpy) + -+ ] = (=1)* " hy—y (D?
—+ m2)(z7s—1 + (S - 1)(D¢s—1)(D$s—1) + - ]
(2.11)

We show below that this Lagrangian is sufficient to
describe classical physics at O(S') up to the one-loop
order. We assume that ¢, and ¢,_; have the same minimal
coupling to the photon. Somewhat loosely, one may
interpret this Lagrangian as being obtained from Eq. (2.2)
upon separating ¢, into fields obeying transversality
constraints and dropping the derivative factors that are
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responsible for the negative norms of the s — (2k + 1)
components.

The minimal Lagrangians of FT2 and FT3 make explicit
reference to the value of s, as can be seen in the explicit

expressions in Eq. (2.10), and consequently the propagators
(and vertices) have the same property. The propagators for
massive s = 1 and s = 2 fields can be easily derived from
the quadratic part of £,_; and £,_,. They are

% v — 1Py —10u, =i _ Pubv (2.12)
_p2—m2_p2—m2_p2—m2 K m2 )’ :
Hipz iV, TPy o v ‘ 1 2
= p2 1_277222 = p2 o mz 5 ®H1V1 ®M2V2 + @#1V2@H2V1 - §®H1#2®V1V2 ) (2‘13)

PuPy
2
pos

where ®,, =1, —

) _ “ij (=1)s!(2s = 2j = )11

j=0

is manifestly symmetric, transverse and traceless on-shell.

Beyond s = 2 the off-diagonal nature of the quadratic
terms in £, makes the construction of propagators more
involved. For example, the L5732 Lagrangian contains
quadratic mixing between ¢, ,,,. and the auxiliary scalar

2jl(s—2j)1(2s = )11 Wk

. The numerators are instances of the spin-s state projector P; its general closed-form expression [176],

(v VyiiVaj (P20 +] vs)
OLL:...0,,, ,, OO 0"

(2.14)

|
@; thus to derive the propagators it is necessary to
diagonalize the quadratic terms, effectively summing
over all possible insertions of such two-point vertices.
We represent the resummed propagators by a cross in the
middle,

mis s —iPa 10w 2159

o opr—m? 40ms ' ‘

2 2 _
H1p2 s . _ (p m )n(#lﬂzpus) 4p,u1p,u2p,u3 (2.15b)
40md 7
<2 2
_____ e WA 5M) (2.15¢)
40m*

Apart from the nonlocal term encoding the energy-momentum relation, the propagator for the physical s = 3 particle also

has an additional local contribution, with tensor structure

Yilal3

ity = Nuun Py M2 PP (P2 = Tm?) = 4P, Py 172 p*) = 40000 Py P PP P

Meanwhile, the contribution from the auxiliary field is
completely local, indicating that they carry no physical
(asymptotic) degrees of freedom, as expected.

B. Classical asymptotic states and coherent states

The standard description of the asymptotic states of
(massive) spinning fields is in terms of Lorentz tensors
labeled by the (massive) little group. Extending Ref. [78],

(2.16)

[
we first consider the asymptotic state £ and its conjugate £
for general (1, r) representations of the Lorentz group with
[+ r = 2s. Subsequently, we specialize to integer s and
consider the (s,s) representation, in which we identify
general consequences of transversality. In the classical
limit, these states are chosen to minimize the dispersion
of the Lorentz generators, & - M - &, where M* satisfies
the Lorentz algebra
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[M/“’, Mﬂl] = — i(,]ﬂﬂ M + nr M — ,]M Mrv — ,11//1 MW)).

(2.17)
In the rest frame, the state £ generalizes the spin coherent
states of SU(2) implicit in the construction of Ref. [78] to

those of SU(2), x SU(2),. We start by representing the
states in terms of spinors such that®

EWP)ajipr) = EP)ay---E(P)a (P, -2 (P)»
E(p) DP0) = E(p). E(p)u7(p)P.. 7 (p)P.

Here, we choose £ to be null for convenience. We note that
the final result does not rely on & being null. As with the

spin coherent states, the spinors &(p), ¥(p), &(p) and 7(p)

(2.18)

5001 = eXp(ZL[\\’g1 - Zzﬁe)aﬂéa_ﬂ?

2 = exp(aalV — MR )0,

where (N}),/ = (1/2)(¢' £ ic?),” and (N )%,
are the eigenvectors of ¢* with eigenvalues :I:l and

g =—(0Lp/2)e " Pur

are coherent-state parameters. The rest frame spinors are normalized as £§&,

They are related to unit vectors via
nj =& (o' ﬂzf()ﬂ = &y0'&,

nR = Xoa(o /})(ﬁ = 400" %o,

= (1/2)(c" £ ic*)%

are constructed by boosting their rest frame counterparts

&o» Xo» & and o,

E(P) :eXP(iﬂlA’kki)aﬁEOﬁs
exp(inp*Ky) %t 7(p)* = exp(inp*Ki)*475.
(2.19)

= exp(inﬁkf(ﬁ) ﬂfoﬁ»

where (K}),/ = (i/2)(c")/ and (K})%; = (=i/2)(a")%;
are the left/right-handed boost operators, # is the rapidity
and p* are the components of the unit vector along the

spatial part of the momentum.
The rest frame coherent-state spinors are [190]

EOa = exp(ZLN{‘F - ZZNE)aﬂga/j’

7 = exp(zpNE — 2 NE) 57 (2.20)

are the generators of SU(2), and SU(2), &+ and yg

(2.21)

:){djﬂ = —1, such thatg(p) 'E(P) =(=1)".

n; = (sin@; cos ¢, sin@; sin¢p; ,cosby ),

The rotation and boost generators in the (/, r) representation are given by

SZS +SR, IA{:IA(L‘FIA(R?
1 l
EZ A®cd®1...e1,
m=1 m—1
A l [
KE=-MN1®..10/5®1..01,
2ml 1

ng = (sin Ok cos g, sin O sin ¢, cos Og). (2.22)
lr
=— 1 ] F®1..01
2; ®.1075®1..01,
- m—1
N i
Kk=—-) 1®..106®1...01, 2.23
% 2;@) ®c®1..® (2.23)

m—1

where the summation is over the position of *. With these definitions, the expectation values of the rotation and boost

generator under the rest frame spin coherent states are

1
—(Iny, +rng) =8,

50'5‘50:2

We identify the former with the classical rest-frame spin vector Sy =

go K 50 (lnL —rnR) iK. (224)

2

(0, S) and the latter with the boost vector Kf; = (0, K).

If £ is not null, we view Eq. (2.24) as the definition for the classical spin and boost vector. The classical rest-frame spin

tensor given by

*We note that the SU(2) indices are raised and lowered by

0 -1
cw=cp=\1 o )

" 0 1
aff _ Laff
€ € (_1 0)
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Sy =& - M &y = St + Ky’ (2.25)
does not obey the SSC, where
1 1

S’év = ZSW/WIPO/)S/% KSD = (PoKy PoKﬂ) (2-26)

It contains’ an SSC-obeying component S} and an SSC-
violating one K§*, where pjj = (m,0) is the rest-frame
momentum. An important feature for generic (I, r) repre-
sentations is that K no longer vanishes identically, so that
S;" no longer satisfies the convariant SSC condition. By
suitably choosing / and r, the norm |K| can be subleading in
the classical limit or commensurate with that of the spin
vector. In this way, the appearance of K in the classical limit
appears natural, simply by adjusting the Lorentz represen-
tation in the underlying quantum system. For generic
values, the classical limit is independent of the details of
the representation. However, for the special case of the
irreducible transverse (s, s) representation then K vanishes,
as noted in Appendix C of Ref. [77].

The next step is to restore the momentum dependence of
various quantities by boosting the particle out of the rest
frame. It is somewhat tedious but straightforward to use
Eq. (2.19) and the properties of the Pauli matrices to boost
products of polarization tensors and Lorentz generators for
any (I, r) representation, as well as Eq. (2.25) and its two
components to arbitrary frames. To leading order in the
classical limit, we find

& - {Mﬂll’l’ ”"M”n’/n}.éz

=S(p)1...S(p, )&y - €+ O(g'™), (2.27)

where &, = E(p;), ¢ = p> — p; is the momentum transfer
and S(p;)* is the boost of Eq. (2.25) to the frame moving
with momentum p;. The spin tensor scales as S ~ ¢~!, and
we neglect all the subleading O(g'™") terms. The sym-
metric product of Lorentz generators {M*1¥1, ..., Mt*n} is
defined as

1
{ vy ﬂz”z}ZE(M M +M,, M

M1V 77 Haln Hala ﬂ]lf])’

1
M. ... M, } = (M M

vt ppuy

{M

Hivy M

Hnln

+ permutatlons). (2.28)
They form a basis for arbitrary product of Lorentz gen-
erators under the Lorentz algebra. The factorization (2.27)
of the expectation value of the product of Lorentz gen-
erators into the product of individual expectation values is a
reflection of the classical nature of the asymptotic states £
and €. In Eq. (2.27), the product of polarization tensors is
given by

9 . e e . .
Our convention for the Levi-Civita tensor is €yjp3 = +1.

€rijk”liqj5k
m(l++/1+u?)

- 1
(=1)E& - & =exp {——q~K] exp |:—l
m

+ O(q2)} +0(q), (2.29)

where u¥ = p*/m, generalizing the corresponding expres-
sion in Ref. [78] to general K. Equation (2.29) captures the
leading terms in the classical limit and, apart from the sign
on the left-hand side, it is agnostic to the (/, r) representa-
tion chosen for the fields.

C. The transverse (s,s) representation

We now consider the special case of the (s,s) repre-
sentation, which corresponds to symmetric-traceless
fields. The coherent-state polarization tensors have an
equal number of dotted and undotted indices; in the rest
frame, they can be written as

(€6 atwiis) = (€67 V25404 Dy (0 ),

= o, ---Eoa,Xop, - Xop, - (2.30)

With this definition, we can explore the additional restric-
tions on the coherent states required by the transversality
of 5
reads

. It suffices to analyze it in the rest frame, where it
%0

€4 =0 &= (po,0 )€ e = 0. (231)
Using the explicit form of the rest-frame momentum,
po = (m.,0,0,0), and that (¢°)*; is numerically equal to
the 2 x 2 Levi-Civita, it follows that

0 = (pouc®)“s(EoVoie e o Eoue®adl. (232)
The solution, accounting for normalization, is
oo = 3 as column vectors, (2.33)

which in turn implies z; = zz and hence the equality of
the left-handed and right-handed unit vectors n; and ng in
Eq. (2.22). Together with Eq. (2.24) this implies that

K=0S" =3~ (2.34)

for the transverse (s,s) representation, and therefore,
cf. Eq. (2.25), 55)‘*) - M. E’SY) becomes an SSC-satisfying
spin tensor. On the other hand, if we do not impose

°In this form transversality can be imposed on the polarization
tensor of a general (I # 0, r # 0) state.
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transversality, then the discussion for a generic (/,r)
representation also applies to (s, s), such that K does not
vanish and hence that covariant SSC is not obeyed. We thus
see that the (s, s) transverse asymptotic states chosen in
Ref. [78] can be replaced with more general nontransverse
ones. The polarization tensor for the transverse (s,s)
representation can be written as a direct product of trans-
verse s = 1 coherent state vectors

5(5) (p)”]”Z“'M: — g(p)ﬂl g(p)ﬂz . .E(p)/"s s

e(P)(04) s = Sa(P)1y(P), (2.35)
where the spinors are boosted from the rest frame ones that
satisfy the condition (2.33), and we normalize the polari-
zation vectors as ¢ - € = —1. For such external states, the
expectation value of Eq. (2.27) becomes

Kt(p) =0 = 3"(p) = $*(p).  (2.36)

which is simply the counterpart of the rest frame relation
(2.34). The product (2.29) simplifies to

(e & = (e &)

k
rskulq\S

(i)

O(q*)

(2.37)

= exp
+ O(q).

The transverse (s, s) representation is used in FT2 and
FT3. Because the Lagrangian depends explicitly on s, we
need to use the explicit form of the Lorentz generators,

(M) ) = —2isl PPl 80). (2.38)

Consequently, the results are given in terms of various
symmetric and antisymmetric combinations of the polari-
zation vector ¢ and momenta. To convert them into spin
tensors, we need to compute the left-hand side of
Eq. (2.27) and identify the resulting structures with spin
tensors.
We first consider the transverse £(*). Starting with O(S"),
we have
VM EY) = 2is(ey - 5,) 1 el'EY. (2.39)
According to Eq. (2.27), this combination should be
identified with S(p;)*, such that

- -l S n - K
(er-etdie =B o). 240

In amplitudes, we can use this relation to turn antisym-
metric combination of polarization vectors into spin tensors.

The classical amplitude is obtained by further taking
the s — oo limit. Similarly, at O(S?), we can use the
following identity:

s). {Mm, MP*} 5'1(1 = —4s(s—1)(e; - &) 28[’8 ]8[{084]

— (e .54)3_1(””%1”5,)
+ 17"/’8(1 8/1) - n”pe( &)
— e, (2.41)

In the large s limit, the second term is subleading, such that
we have

o large s £+ E
2eliglehad) s LB g g,

452
+O(g™),

(e1-8)"
(2.42)

which is equivalent to applying Eq. (2.40) twice. Contracting
the Lorentz indices on the spin tensors once leads to

) larges

(El'éz)s_lg(lﬂég - e 82)

+0(g™).
(2.43)

(Pl)WS(Pl)

Similar identities have been previously used in e.g.
Refs. [36,191]. They are sufficient for amplitudes up
to O(S?).

D. The nontransverse (s,s) representation

For a nontransverse field in the (s,s) representation
we can use the general results obtained for an (I,r)
representation. In particular, it has K # 0. It is instructive
to identify the origin of K, and thus the structures
governing its covariant version K", in terms of the
lower-spin (longitudinal) components of £, . This will
be important when discussing FT3 which has physical
lower-spin fields.

The coherent state in FT1 can be decomposed as

+ (u&6) + (uPEL-2) + ...,

(2.44)

gﬂl.../lS = 51(4:>ﬂx

Hi--Hs Hi---Hs

where the spin-(s — k) component is represented by

(ukEL=R) —(° 1/zu u, e € (2.45)
s — \ g (1 C g - Cug) - :

The states with even k have positive norm and those with
odd k have negative norm. We may now compute products
involving these polarization tensors. We have
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L8 )l
g(ls)_(uzggs—l)):_\/g(gl 82) & q+0(q2). (2.46)

m

At O(S1), we plug Eq. (2.44) into Eq. (2.27) and find that

Y M - (wE) = iv/s(ey - £) 7 (uhet — use)

+ 0(q),
(&™) M - 8 = —iv/s(ey - 87 (18 - wi#)
+ O(q), (2.47)

while all the other &£ M . (ukES™) vanish at the
classical order. We note that contractions like (1¢E{"™) -
M (EESTY and (ukEPTHY M (kESTY) give
identical result as Egs. (2.39) and (2.47) in the limit
s > k. They contribute an overall factor that can be
absorbed in the normalization of the states. In this sense,
we can identify the above combination with K* or K*.
More precisely, we have

= (61 - 8) 7 [ (€] + 8) — (e + &)
large s 5] . 52
—

7
— (&1 &) (] + &)

K(p)".

large s 51 . 52
—

K(py), (2.48)

Using these two relations in the product &, -&,, we
find that

E1-&E = (e,-8) +/s(ey-uy + 8 -uy) (e - &)+ ...

K _
= (g -gz)w%sl et (2.49)

where the first term comes from E(ls) (€S 4+

(u, € ss_])) - &, and the ... contains the contraction between
£L) and the states with spin less than s — 1. Again, similar
contractions between lower-spin states contribute an overall
factor that can be normalized away. We thus get the relation
between the transverse &\ - £ = (¢, - 2)* and the full
result £, - &, up to the first order in ¢ and K,

R () [CR S Ry SREE D)

which is of course consistent with Egs. (2.29) and (2.37).
The relations (2.48) and (2.50) are used to extract the
O(K') terms in FT3. More generally, the contractions

) e s 1/2 _ . k
e ) = () e (-0 esy

m

55” ML M) (ugggs—'d)
s\ 1/2 k -
= <k> (k) (&1 - &) H (2iuy'e")
=1

= 552(e, - &) [ ] (2iudel?)
j=1

=

(2.52)

can be used to show that for the s to s — k amplitudes,
k /2 k(4 €\
(q-K)* — s*%(e; - ) ) (2.53)

EW M, M} (uRESTY) ~ KRSmE (2.54)

m

which are necessary to identify the structures related to

K*S"* in the amplitudes. Recall that the notation u&&%" ™
includes a factor s¥/2, cf. Eq. (2.45). We leave for future
work the detailed study of structures of higher orders
in spin.

Apart from states created by the operators'' £0) . az's)
and £6-1 -ags_l) of the fields with definite spin, in FT

we may also choose asymptotic states with indefinite
spin, which are normalized linear combinations of these
definite-spin states (and, in general, also of lower-spin
fields). In a quantum theory such a choice is disfavored as it
breaks the little-group symmetry. In the classical theory,
effectively with a single asymptotic state, this is not an
issue. We therefore also evaluate amplitudes in FT3 with
asymptotic states

(EW) '“?s) + gls=) .ags_l))|o>, (2.55)

l9) :E

Similar states have also been considered in Refs. [81,180].
We will refer to these amplitudes as AF3¢; in terms of
definite-spin states they are

AFT3g — l(AFTSs + AFT3S
2 §—8

s—1—s5—

| + AFT3S

s—1—s

+ AFTSS )

s—s—1

(2.56)

There is no simple polarization tensor that can be assigned
to the state |g); the closest analog of the sandwich of
Lorentz generators and polarization tensors is the expect-
ation value of the (field) generator of Lorentz trans-
formations in the state |g). While it does not have a
simple interpretation in terms of the § and K vectors,
the interaction (2.61) will supply the requisite factors of

""We denote by aTS the creation operators of the field ¢
corresponding to the state labeled by the rest-frame polarization
tensors in Egs. (2.18) and (2.19).
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momenta for such an interpretation to be possible,
cf. Eq. (2.48).

E. Nonminimal Lagrangian

We are primarily interested in amplitudes in the classical
limit, where the spin s is taken to be large. We expect that
the relevant interaction terms do not depend on a particular
representation of the spin, and thus are Lorentz singlets
constructed from covariant derivatives, photon field
strengths, ¢, and Lorentz generators (2.17) in the same
representation as ¢,. Moreover, we consider for the time
being only those interactions that survive in the classical
limit. The close relation in Eq. (2.27) between Lorentz
generators and the spin tensor and the scaling of momenta
in the classical limit imply that the number of derivatives on
the photons must be equal to the number of Lorentz
generators. Under these guidelines, we can write down
the following nonminimal linear-in-F,, interactions up to
two powers of spins:

(_1>S£non—min = QCIF/qusMWq_ﬁs

oD, Lo

+ T F,,(D,pMP*D* ¢, +c.c.)
i0C, o

- 70(;1Fb)p(l)p¢s§”§ ¢S - C.C.)
lQD2 a vp 4,

- 2m2 aMFU/)(Drx¢.vM "M /¢.\' - C'C')7

(2.57)

where for later convenience we choose'” to scale the Wilson
coefficients by Q so that at each order amplitudes display
overall powers of a, and the Pauli-Lubanski spin operator
St is defined as
u—= b gupo

St = 7t M,D,. (2.58)
We note that the C; operators are the electrodynamics
analogs of operators [40,41,45] of general relativity, and the
D;’s are the electrodynamics analogs of the typical exam-
ples of “extra Wilson coefficients” of Ref. [64]. From the
effective-field-theory point of view, we can write down
another operator that contributes classically at the second
order in spin,

10D,
‘CDzb = mt

0uF o), (DypsM¥ M, D"DP)p — c.c.).

(2.59)

While C, and D, give independent contribution to three-
point amplitudes at O(S?) and O(S'K!), see Sec. I A,

“Neutral particles can also have nonminimal couplings
analogous to those in Eq. (2.57). The corresponding Lagrangian
is obtained by the double-scaling limit Q0 — 0, C;, D; — oo with
fixed products QC; and QD;.

TABLE I.  Field-theory amplitudes, corresponding Lagrangians
and external states. The Lagrangians are given in Egs. (2.2), (2.7),
(2.11), (2.57), and (2.61).

Field theory Lagrangian Amplitude External state
FT1 ‘CEM + Emin + Enon—min -AFT]S Spin's
AFTle Generic
FT2 ‘C’EM + Efnin + £n0n_min AFTZ Spin-S
FT3 Lom+ Lo + Lo AT Spin-s
AFT32  Indefinite spin

the above D,,, operator gives independent contribution at
O(K?). Since the purpose of our current work is to
understand the existence of extra Wilson coefficients, for
simplicity we will not consider this operator further.

Table I collects the Lagrangians of the four effective
field theories that are our focus noting also the notation
we use for their corresponding amplitudes. FT1 are des-
cribed by the same Lagrangian, Ly + Linin + Loonmin- 1O
compute amplitudes in these two theories, we do not need
to specify a particular value for s. As discussed in Sec. II C,
the representations of the rotation group with spin s — 2k
that are part of the field ¢, have positive norm and are
therefore physical, while those with spin s — (2k + 1) have
negative norm. In contrast, FT2 is described by the
Lagrangian Lgy + L5 + Loon.min, and contains only the
physical spin-s degrees of freedom. When computing
the amplitude AFT'S, we restrict the external states to be
the physical spin-s states, which are transverse such that the
resultant spin tensors satisfy the covariant SSC according to
Sec. II C. Meanwhile, we keep the external states generic in
AFTIE - As a result, the amplitude AFT'¢ contains explicit
SSC-violating terms compared to AFT'S,

We show in Sec. III that despite having the same physical
spin-s external states, A"T'S and A2 are different for four-
point Compton scattering in the classical limit. In particu-
lar, the Compton amplitudes from FT2 depend only on C,
and C, while AFT'S also depend on D, and D,, similar to
the appearance of additional nontrivial Wilson coefficients
in general relativity [78]. The differences between these
amplitudes vanish for

Ci=C=1, D, =D, =0, (2.60)
and reproduce the root-Kerr amplitudes of Ref. [114], so
that the additional D; operators do not contribute, in much
the same way that additional operators do not contribute to
the Kerr black hole. The similarity of the root-Kerr solution
in electromagnetism and the Kerr solution in general
relativity follows from the double copy.

These results indicate that additional lower-spin degrees
of freedom are the origin of the extra Wilson coefficients.
We consider an interpolation between FT1 and FT2 in
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Sec. VI to understand the effect of the state projector.
In FT1 these degrees of freedom have negative norm; a
natural question is whether lower-spin states with positive
norm have similar consequences. FT3 explores this
question. With some foresight which is justified in
Sec. VI, we choose the nonminimal interactions of ¢;
and ¢,_; in Eq. (2.11), valid through the quadratic order
in spin, to be

Lt = OCF,,pM",

2i0C -
L2OCWS e DR — e
m - s :
i0C, v 3
— Wa(l‘FWp(qu’)SS#S ¢s - C.C.)
2i0C -
OO 0 DR — )
m s
(2.61)

and the Lagrangian of FT3 is given by the third line of
Table I. We shall see in Sec. III that the Wilson
coefficients C; and C, appear at O(K') and O(S'K")
order of the Compton amplitudes respectively, and that
there exists an effective map between the D; and C;
coefficients. As discussed in Sec. II C, we need to include
couplings between ¢, and ¢, , to access the O(K?)
interactions, which we omit for simplicity.

Similar to gravity, operators describing tidal deforma-
tions under the influence of external fields are necessary
to describe the electromagnetic interactions of generic
spinning bodies. Simple counting of classical scaling
|

g3, €3

indicates that in QED they first appear O(S?). At this
order in spin three independent operators are

Q°E o7
Tlequﬂ¢sMﬂDM/6¢s
Q°E,
m2

2E _
n % F o F oo Dip MY M2 DO, + O(M?).

(—I)XEFZ =

+ Fqup”(ﬁsMMM/lp&s

(2.62)

Including them we find that all E; Wilson coefficients
vanish for the root-Kerr states in much the same way as
the D; coefficients vanish for these states in FT1.

III. SCATTERING AMPLITUDES

In this section we first compute the 1PL (tree) Compton
amplitudes of the higher-spin effective Lagrangians intro-
duced in the previous section and summarized in Table I.
We then use them as the basic building blocks of the O(a?)
two-body amplitudes through generalized unitarity.1 In
addition, classical Compton amplitudes are also observ-
ables that can be directly compared with worldline com-
putations along the lines of Ref. [192]. The comparison will
be given in Sec. IV.

A. Three-point amplitudes

We start with computing and comparing the three-point
Compton amplitudes from the theories in Table I.
Assuming that all the momenta are outgoing, the
Feynman rules for FT1 are given by

As % = (=1)*&, - M3(p1, p2, g3, €3) - o,
P1 D2

Ma(pr:p2, gs: €3) = 23 i1 = 2001 Mywgses — ——=es - prMouprds

W, 2D

CQ v v C2 v
+ —3es pi{M", M, Y5 — —es - pr{Mu, M3 aspias

2D,

T

{Muw Mp/\}p/fnggQ)f .

The symmetric product between Lorentz generators is defined in Eq. (2.28).

In the classical limit, the massive spinning particles are described by the spin coherent states (2.30). We first consider
FT1g with generic coherent states that do not satisfy the transversality. The expectation values of Lorentz generators are
given by Eq. (2.27), which lead to the classical spin tensor S, that do not satisfy the covariant SSC. The three-point

amplitude is

BFor simplicity, we suppress a factor of Q in the three-point Compton amplitudes, and a factor of Q7 in the four-point Compton

amplitudes, where Q is the electric charge of the massive body.
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q2,€2  g3,€3 43, €3 G2,€2 q2,€2  (¢3,€3
1 % % pi D1 % % pi D1 Lii ff pa
FIG. 1. The three Feynman diagrams describing lowest-order Compton scattering.

i < . C
-AFTlg (=1)°&, - & {263 P11~ 21C18ung€l§ + mfies ‘PlS;wCI?S”ACI%

2iD, c,
S,wplqg( €3 P1+—€% P1Si,pid5 —

=2(-1)°¢;- &, {63 - p1 —iCS,,q5¢5 — (Cy — Dy)es - py 1

C
2 2

where in the second equal sign we have used Eq. (2.25) to
expose the SSC preserving S-part and the SSC violating
K-partin S#. As expected, the extra Wilson coefficients D;
appear with the SSC-violating terms. If we further restrict
the external states to be transverse, the K-part becomes
subleading in the classical limit and thus drops out. This
leads to the three-point amplitudes A5T!S and A5T?

AT = AT = 2(—¢) - &,)° {63 - p1 —iC1S,,q5¢4

C
2 — (3.3)
This amplitude only depends on the C; Wilson coefficients.
The fact that A5T!S does not contain any additional Wilson
coefficients is analogous to the three-point gravity ampli-
tude of Ref. [78], which did not contain any additional
Wilson coefficients either, connected to restricting the
external states to traceless and transverse spin-s ones.

For FT3, we can similarly restrict the external states
to be spin-s. The resulting amplitude AT is the same as
Eq. (3.3), i.e.

€3 PlSﬂu‘]zS ,161/31] .

AI;TIS — AFTZ AFT3S (34)

We may also choose the indefinite-spin states (2.55); the

corresponding amplitude A§T3g receives contributions from
both the spin-s and spin-(s — 1) external states,

2i ‘ 7
AFT3§ + n\l/g (e 8) el g3+ 8- q3)
x[Cies p1) + Co(Er - f3-E4)]

=2(-1)*¢, - &, {53 -1 —iC S, 4564

L G P q-K
2 263 P1SuwasS*ids + (i€ — 1es - py P

. > , 4K
+ (iCy = Cy)S,,q5€ P ]

(3.5)

q
€3 PlSyy‘hSM/l‘h + ZDZSﬂl/q’ie’&

2D,
2 Sﬂaqé‘gg)]

-K

m
K - K\ 2
+D2€3'P1<—q )] (3.2)
m
|

where we have used Egs. (2.48) and (2.50) to obtain the
final expression in terms of the boost vector K. The
appearance of the Wilson coefficients C; and C, associated
with SSC violation. We find that, up to O(K?) terms,
the additional Wilson coefficients in FT1g and FT3g are
related as

AEE — AFTIE for i€y =1-C 4+ D; and

lC2 == D2 - Cl' (36)

The extra factor of i in this map reflects the unphysical
nature of the spin-(s — 1) states in FT1 vs their physical
nature in FT3. While this map is not an equivalence of
Lagrangians, it provides a simple relation between the
amplitudes of FT1 and FT3. A similar map also exists at
O(K?) if we include such interactions in both FT1
and FT3.

B. Four-point Compton amplitudes

At four points, the Compton amplitudes are given by the
three Feynman diagrams in Fig. 1, with the relevant
propagators and three- and four-point vertices derived from
our field theories. While the Lagrangian of FT1 is inde-
pendent of s and therefore general properties of Lorentz
generators and coherent states are sufficient for amplitude
calculations, the explicit dependence on s of FT2 and FT3
Lagrangians requires that for them we choose a particular
representation. As noted in Sec. II C, we choose the (s, s)
representation, for which the coherent states are given by
Eq. (2.35) and the Lorentz generators are listed in
Eq. (2.38). Specifically for four-point Compton amplitudes,
the Feynman rules for FT2 and FT3 simplify considerably
because every vertex has at least one on-shell massive
particle represented by the symmetric, traceless and
transverse polarization tensor. Thus, when deriving the
three- and four-point vertex rules we can ignore all the
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interactions covered by the ellipsis in Eq. (2.7) because
they only include traces or/and longitudinal modes of the
external on-shell particle. For the same reason, we can also
ignore all the (resummed) propagators that involve lower-
spin auxiliary fields.

The spin-independent part of the Compton amplitude is
common to FT1 though FT3,

54 (P1 fa-f3- P1>’ (3.7)

FT123| 0 _( 1)
e (p1-2)?

where 1 = €q¥ — €/¢". For the (s, s) representation, we
do not need to distinguish &, - £, and (e, - &)° as their
difference is higher order in § and K. Up to the overall

|

factor &, - £4, Eq. (3.7) reproduces the classical limit of
the scalar QED Compton amplitude given in, for example,
Eq. (2.8) of Ref. [110]."

1. The linear-in-spin Compton amplitudes

Consider now spin-dependent parts of amplitudes of
the four field theories. For FT1, here and after we choose
¢, to be in the (s,s) representation to streamline the
comparison with FT2 and FT3. We first consider A"T'S in
which the external states are transverse. Evaluating the
linear-in-spin part of the three Feynman diagrams in
Fig. 1 with the propagators and vertices following from
the Lagrangian of FT1 leads to

. iCy w 2iC?
Eillwsl = (—& '54)“5(171),4,, (P1' ) (fz q2p 3 3 q3p gi)Pl/H'p ! f fzp
2iD{(2C, - D, —
- 1((191 'lﬂlz)m12 )p'pflzw $'pual- (3.8)

The amplitude A} {5 depends on both the C; and D; Wilson coefficients."

We note that D, appears only together with the

combination p, Vs fg’1 P1,- Repeating the calculation while relaxing the transversality on external states leads to the

Compton amplitude,

ETC11g|Sl = (-1)%&, -54{S(pl)ﬂv{

2iD,(2C, = D, —=2)
+ 2
(P1-q)m

2iD,
(P1-q2)°m

(Pl' )

We note that the first term is formally identical to
Eq. (3.8) for FT1 except for the replacement S — S,
while the second term is proportional to the SSC con-
dition S,, p1.

Proceeding to FT2 of a single transverse spin-s field,
we extract the classical O(S') Compton amplitude from
explicit calculations for s = 1, 2, 3 using the Lagrangian
given in the third row of Table I. Unlike FTI1, the
amplitudes are now given in terms of explicit polarization
vectors instead of spin tensors such that we need to convert
the former into the latter. Since the classical amplitudes in
terms of spin tensors scale as O(q") and the spin tensors
scale as O(g™"), in a fixed-spin calculation, the classical
part of the O(S') amplitude is among the O(gq) terms of the
full quantum amplitude [78]. At this order, the massive

“In Ref. [110] higher order in ¢; terms are also included since
they are needed when feeding the Compton amplitudes into
unitarity cuts for building higher PL two-body amplitudes.

The gravitational analog of this amplitude is of O(S2).

S (P aupf5 + i as,fy ) P -
1/1f2 fz pl,l:| + S(Pl),wp1 |:

55 Populfy G fs + 15 ngf”ﬂ)]}.

21C2

SR

2iD(C; + )

TRPALE pl,,(lefzw — 15 f3)

(3.9)

polarization vectors appear in two structures, (¢; - £4)* and
(&1 -&4)°" le[”e4] The terms proportional to (& -&)°
belong to the quantum spinless amplitude, which can be
ignored here. We then use the relation (2.40) to convert the
second structure to spin tensors. The final classical ampli-
tude is obtained by extrapolating the finite-spin results
to generic s and taking the s — oo of that expression. At
O(S"), the amplitude after the replacement (2.40) is in fact
independent of s, as we have explicitly checked for s < 3.
After identifying the classical part, the final answer for the
classical Compton amplitude is

Adls = (=&1 - 8)*S(p1)
ic,

X m( ’é”qz,,fé’” +f§”613pf/2”1)17u
| 2ict 2i(Cy — 1?2
f fa + ———5 iS5 Pl -
T Y prqm2 TN
(3.10)
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Notably, this amplitude is independent of D, and it can be obtained from Eq. (3.8) by setting D; to a special value,

Aidls = Afglg for Dy =Cp - 1. (3.11)

In other words, for this special value of Dy, item FT1 effectively propagates only the spin-s states. Moreover, the special value
C, = 1 and D; = O reproduces the root-Kerr Compton amplitudes [114]. The appearance of additional Wilson coefficients in
AFTIS compared with AFT? can be attributed to the additional propagating degrees of freedom.'®

Finally, FT3 amplitudes also receive contributions from lower-spin states. We first restrict the lower spins to only appear
in the intermediate states. Repeating the same steps as for FT2 we find that spin-(s — 1) intermediate states contribute as

) 2iC? ,
AT s = Af s 4 (—&1 - 84)'S(p1) (m_—%l)mzplpf’z”f?lpu : (3.12)

We note that the O(S') amplitude does not change if we include intermediate states with spin less than s — 1. Comparing
with Eq. (3.8), we find that the two amplitudes are formally related by the same map as Eq. (3.6),

AfPls = APl for i€, =1-C, +Dy. (3.13)

Furthermore, this map persists even for amplitudes with external lower-spin states. To see this, we first rewrite Eq. (3.9)
using Eq. (2.25),

u pA pA 21C2
(5 a0 f5 + 15 a3, 15 ) p1a +

2K(pl);4ply |:D1 -

- iC
A§T1g|sl = (=1)*¢, '54{5(171),,,, [m f fs,)
2iD,(2C, = D, - 2) ,
+ pipfS 5 pa| +
(p1-q)m?  TIEIITH

SOU=CAD) i gy >]} (3.14)
P19

c
p )12 (&5 + ) fS Fapph

(P1- a2

We then find .A4FT3g, with external states in Eq. (2.55), from the Lagrangian of FT3. The momentum dependence of
vertices is essential to express the contributions with spin-(s — 1) external states in terms of K#, using Eqgs. (2.48) and (2.50).
The result is

_ , 2iC?
Al = (=1)E '54{ [S(Pl),w 1 -4 ) 3 (15 a5 + 15 435 Pu +pl

2i[(C, — 1)+ C3 K(p1),ru [ iC, —1
(P '(]2)’"2 m (p1- 92)2

;flcl (P2 foft = Ffo )} } (3.15)

f f’ip

Pipf3f Pu] (s + ) f 3,),11’?'11

Now comparing Egs. (3.14) and (3.15), we find that

Echg|sl = AAF;,Tc}g|sl for iCy = 1 - Cy + Dy. (3.16)

The robustness of this map demonstrates that the terms tagged by the extra Wilson coefficients present in the amplitudes
(and observables) of FT1 and FT3 carry new physical information compared to FT2.

2. The quadratic-in-spin Compton amplitudes

Feynman-diagram calculations using the propagators and vertices of FT1 as well as properties of transverse coherent
states show that, at O(S?) the Compton amplitude depends on two distinct contractions of spin tensors:

ETCIIS|S2 = (_‘El ' E.4)5(‘5‘(p1)/ll/S(pl)/1()'/YMMLD- + S(pl)ﬂﬁs(pl)ﬂykyw)' (317)

"In Ref. [175], a similar computation was carried out for s = 1 and observed a similar effect. Their amplitudes are equivalent to our
D, =0 case.
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Their kinematic coefficients are given by

XHvio —Mﬂw lo +C1Dl +D,(C, =D, - 1)
2

C2(p1 ) (1 - ) P[5 a5f5 = 15 a5150), (3.18)
o Co [Propialf2' 6  ay + 08T ay) | P55 0 = 152" 08)
" (P142)? (1~ a2)
2Cypy (fp”f Q36 =I5 Y“a4rs) 2(Ci—1)p, L pis y
+ p\J3 (1271 2 2J3 + mg 2J3 +2C1 15, 1. (3.19)

The dependence on Wilson coefficients indicates that both terms originate from both £;, and £, min» and the Lorentz
algebra was used to reduce a product of three Lorentz generators to a sum of irreducible (symmetric) products. We also note
that the D, and D, dependence only appear in X*,

Choosing general asymptotic states instead of transverse ones leads to the amplitude AFT'¢, Apart from the replacement
S—Sin Aﬂﬂ 52, the amplitude contains terms proportional to the covariant SSC conditions:

4 cl |52 = (_l)sgl : ‘2:4 [S(pl )ﬂl/s(p] )ﬁa‘)c'/w/lo + S(pl )/Ms(pl )AVX”D + S(pl );tvplfs(pl )ﬁay/ug
+8(P1)uwPiS(P1)1PTV™ + S(P1)wS(P1) . PIVY]. (3.20)

where the additional kinematic coefficients are given by

Ci(Dy — Dz) CiD(q - q3)
( fPﬂ fin q fﬂﬂ fﬁrf) 4 p
(p1- qym? !5 T2 T I TS T e P

2C,D, 2D?

v gy 2 OVl T s o ol 1508~ 181740
2D,

b D1 IS [ g + BV a3p)
(p1 - q2)?m? la\42J 2 2p 3/3 2 93p
2(Cy(Cy =Dy —1)—D,D,) 1

(@2 + @3)" P1pf5 F5°P1a

(p1 - q2)m* 2R S

G, (Cy Dl )
m

yy/ln —

(P = 11 F)

_|_

+ P13+ P18 Py + 2 P55+ F3 ), (3.21)

2D? 2D%(q> - g3)
y ZWPm( Hraf S = 5 G3af3) + W PipfY Praf?

C
+W[’1p(%fz plaf3 qop + g3 f3 Plafz q3p)
-
C,—-2D,D
W)fpla(%fz fa' - Q2f3ﬂf2ﬁ )+

2CCy o, 2C2D1
- m 2 fSa -

2C,C o
m pla(qgf zﬁf 3ﬁ/I - q’éf?f”f 2/1)

plpPla(f ﬂfg'l ﬂ”’lf ﬂf%ﬁ ) (3-22)

2C,D
= it 4P1pP1a(f§”f§ﬂQ2ﬂ—fgﬂfgﬂ%ﬂ)

(P1-g2)m
3 C,(Cy+D;—1)
mt

plﬂ( gafZ(lﬂ + paff‘aa ) (323)

I

We proceed next to the O(S?) tree-level Compton  amplitude is contained in the O(¢?) terms of the quantum
amplitude of FT2. Repeating at this order the classical  tree-level Compton amplitude. Thus, we extract these
scaling argument we described at O(S 1) shows that, in a terms from explicit s = 1, 2, 3 calculations, extrapolate
fixed-spin calculation, the classical tree-level Compton  them to large spin and keep only the leading term.
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The massive polarization vectors now appear in four
structures,

(1 -&4)",

(€1 84)" 185 84),

ylel's,

(€18

() - 22) 2l el

e e el g, (3.24)

where the first two correspond to the quantum spinless and
O(S") amplitudes that can be ignored here. We use the
replacement (2.42) and (2.43) for the last two structures. It
turns out that the dependence on s is simple so that we can
extrapolate it to obtain the general s dependence and take
s — oo limit. The kinematic coefficient of $#/S,” can be
accessed by any s> 1; in the large s limit, it exactly
reproduces the AX* shown in Eq. (3.18). The structure
SHvSP* appears for s > 2. A careful analysis with s =2
and 3 gives identical results, so that we postulate that the
coefficient of $#*SP* is independent of s. Thus we find that
the tree-level Compton amplitude of FT2 is

AE,TCHSZ = (—¢& '?4)S(Sﬂusﬂa/?””” + 8,84, 1),

5 Ciar- 43) Ci(Cy—1)
Xﬂu/lo‘ _ 1 HY rlo
20?2 oy g
X pi,(f a5 1% — [ a51%). (3.25)

where X* is defined in Eq. (3.19). These coefficients
depend only on C; and C, and are independent of D,
and D,. We again observe the same pattern as in the linear-
in-spin case,

AFTIs AFT2
4cl |S 4c1 |s2

for Dl = Cl - 1. (326)
We note that the special value of D; also removes the
dependence on D,.

Similar to O(S'), the O(S?) Compton amplitudes of FT3
receive contributions from lower-spin intermediate states.

Keeping the external states transverse, we get

FT3S

Al = Al s + (—e

¢,C, i
X | ———— p1, ([ G54
(p1 - ga)m? Plf3 ]y

€4)'S(P1)wS(P1)s0

-y 9513 )|
(3.27)

Just like the previous cases, the same formal relations
hold between the additional Wilson coefficients in FT1
and FT3. Indeed, comparing Egs. (3.27) and (3.17), it is
easy to see that

Adle = AL

iCZZ 2_C1’

for iC, =1—-C,; + D, and
(3.28)

which is identical to Eq. (3.6). This demonstrates that the
relation between extra Wilson coefficients and extra

propagating degrees of freedom holds also at O(S?). A
comparison between Ay o\* and Ay ;* at O(S'K') and
O(K?) requires that we include in the Lagrangian of FT3 a
spin-(s — 2) field ¢,_,, and additional operators that con-
tribute independently at O(K?), for example Eq. (2.59) for
FT1. This is because the effect of O(K?) operators show up
at O(S'K"') in the four-point Compton amplitudes due to
the commutator [K2, K] ~ SK. Finally, we note that the
spin-transition Compton amplitude .45~*~! under a fixed-
spin calculation may superficially contain a super-classical
contribution that does not cancel between the two matter
channels. Consistency of the theory requires however that
in the large-spin limit this term is subleading. We will
assume that this cancellation holds as s — oo. It is non-
trivial to carry out explicit calculations to demonstrate this,
but would be worth investigating.

C. Two-body amplitudes

In previous subsections, we have explored and under-
stood the effect of various types of interactions between
higher-spin fields and photons on Compton amplitudes,
and the number of Wilson coefficients necessary to
describe such interactions. We found that, under suitable
conditions like allowing spin magnitude change, this
number is indeed larger than that required to describe
the interactions of SSC preserving spins. The rationale of
this exercise is to eventually understand their effects on
two-body observables, such as the momentum impulse and
the spin kick. It was originally suggested in the context
of gravity that a larger number of Wilson coefficients may
be required to describe more general interactions [64].
We therefore proceed to expose the photon-mediated
two-body amplitudes and, in later sections, the observables
that follow from them as well as their comparison with a
wordline perspective. We use the generalized unitarity
method [138,139,141] to construct the relevant integrands,
while taking advantage of the simplifications introduced in
Ref. [193]. To reduce the encountered loop integrals to
known ones we make use of integration by parts [144,148]
as implemented in FIRE [194,195].

We use the momentum and mass variables

my=mi—q*/4, mi=m3—q*/4, y_p 'Pz
m1m2
P1=pri1+49/2=-ps—q/2, pr=pr—q/2=-p3+q/2,

(3.29)

which are originally used for the expansion in the soft
region of gravitational amplitudes in [149]. We primarily
focus on FT1 because this is what we compare with a
worldline theory. Unitarity guarantees that the two-body
amplitudes of FT2 can be obtained from those of FT1 by
setting Dy = C; — 1 and imposing the covariant SSC,
while the two-body amplitudes of FT3 can be obtained
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using the map between the extra Wilson coefficients
proposed in the previous subsection.

1. Tree level

The structure of the two-body amplitude at tree level and
in the classical limit is

IMGS = (4rma) (€ '54)(52 : 53) (i%) (3.30)

where ¢ is the photon momentum, and the numerator d is
a function of momenta and spin tensors which scales as
dT1 ~ ¢° in the classical limit. Our results for FT1g through
the quadratic order in spin are as follows:

dT |spintess = 4iym, i,
drlgis = ~4m381,, (Con g = Dyayyitig®).
dt \‘;Fslf = 4iCy(1yC 28 4,82, 4"
- 4’.SP1W%S§1‘L1(C1(1)D1(2)172,4132p

+ Ci2)Diyltruity, = Dy1)Di(2)Yiti,ity, ),

d1lpng = i YCo)SY 4,8 1,,4” — YCo(1) (S 11,9, )

— 2D,y S 111,9,8" 12,9). (3.31)
where the spinless case agrees with Refs. [108,110,191].
The notation Cy;y and D) refers to the C; and D;
coefficients associated with body j. If the external states
are transverse, (£; - E4)(E, - &) = (e - &) (e, - &)°, then
the spin tensor obeys the covariant SSC, such that,

dI FTls _ dI FT2 _ dI|FT35 —

7. QHY = v
sisy = “Llslsg 510 —4C1 ()M Sy T’

dI‘FTlS _ dI’FTz — dI|FT3S _ 41'C1(1)C1(2)SP1quS2/‘Pqp’

sisy LSS, 58
2iCyyym
FTls _ FT2 _ FT3s __ 2()X"M2
dI‘stg - dI’sfsg - dI|sfsQ - ﬁl—Sl 951"
2 1

(3.32)

The small velocity expansion of the first two expressions
agrees with the results of Ref. [191]. They are related
to Eq. (3.31) through the replacement S; — S; and
St = 0, which holds to all orders in spin at tree level.
We note that, to first order on K’, the amplitudes of FT3g
can also be obtained from Eq. (3.31) through the Wilson
coefficient map Eq. (3.6).

In Sec. V we compare observables from the amplitudes
AFTl2 of FT1 and those from worldline calculations in
the absence of an SSC. We find a perfect match both at
O(a), which follow from the amplitudes above, and at
O(a?) which follow from the one-loop amplitudes we now
summarize.

2. One loop

While four-point Compton amplitudes are not relevant
for the tree-level two-body scattering, they are an integral
part of two-body scattering at one loop. The generalized
unitarity method [138,139,141] provides a means to con-
struct the classically relevant parts of the latter in terms of
the former. We should therefore expect that the precise
intermediate states contributing to Compton amplitudes
have observable consequences for the scattering of two
matter particles. In particular, we note that intermediate
states of spin different from the external spin can be
projected out either by using only transverse spin-s fields
or by choosing particular values for the extra Wilson
coefficients, see Eq. (3.11). Since before loop integration,
the part of the one-loop two-body amplitude that is relevant
in the classical limit is literally the product of two Compton
amplitudes summed over states, the latter observation must
have hold at one loop as well. Thus, we may follow this
strategy to compute the one-loop two-body amplitude
of FT1g.

The complete one-loop amplitude exhibits classically
singular, classical and quantum terms. The former two are

iMY) = (4702 [Cons (I + Ig) + iMers], (333

where the first one, given by the box and crossed-boxed
integrals

/ _/ diz 1
D7 ] @) (- q)2(2py - £ + i0)(=2p, - £ + i0)

dé¢ 1
Iy = ,
X / (20)! (6 = q)* (21 - £ + i0)(2p, - £ + i0)
(3.34)

is the classically singular part, while the second term,
containing the triangle integral

di¢ .
IA:/(2”)df2<f—Q)2(2ﬁl~f+i0)’ (3.35)

is the classical part [131,132].
The spin-independent part of the amplitude is

_(gl : 84)(52 ’ <Z;3)(dI|spinless)2?
i(my + m;)

4/ —q*

Cbox | spinless —

iMA+V|spinless = (51 : (2:4)(52 : 53) (336)

As its tree-level counterpart, it agrees with Refs. [110,196]
and it is the same in all three field theories.
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The linear-in-spin part of the classically singular term is

~(&1-8)(& &) (dr

FTlg _

box S} SO

FTlg
ar|7).
spinless * 4T S189
(3.37)

As the spin-independent part (3.36), it is given by the
product of tree-level amplitudes, in agreement with
the expected exponential structure of the amplitude in
the classical limit [132,133,151]. The corresponding
expression at higher powers of the spins should be given
by the integration by parts (IBP) reduction of such products
of trees summed over all the possible ways of distributing
the spins in the two factors.

The classical part of the one-loop two-body amp-

contractions of spin tensors. As at tree level, we write
explicitly the amplitude AFT'¢ for FT1 and obtain the
amplitudes in other theories via S — § and other limits on
Wilson coefficients. The structure of i+ | S is

€ (e, &
‘M _( 1 2° 3 n,n (ny.n l)
1 a4+ ny i — (04 111251 17425
|s,1522 E :
1
(3.38)
through second order in spin, the spin-tensor contractions

of O™ are the following:
(i) Linear in spin:

1,0,1) _ (1,0,2)
litude can be organized in terms of the various possible oo Sﬂu”zu%» ol Sﬂyulﬂ% (3.39)
|
(i1) Bilinear in spin:
0(1‘1'1) = S//]wquZMpqp’ 0(1’1'2) = SIIWIZZDSZypall)’ 0(1’1'3) = Sl]lbi‘quyS/ZIUi‘MQ(n
Ol — 8'S,,,, O = S0, S, 0119 = S5, S,
OLT) = 8101y, S, ), OULS) — S0y ,q,8% 1,4, O = 8y ,q,8% 15,4,
O = 80, ,q,8% 15,4, OUMY = S0ty 115, S ity 1, (3.40)
(iii) Quadratic in spin:
0ROl _ s qbswqp’ 0202) _ (S"”uzﬂqy) ’ O203) _ Sﬂbslﬂyﬂ
0(2‘0'4 = SM uluSlﬂpﬁ;]]’ 0(2’0‘5 = S"”ulvslﬂpuz, 0(2’0'6 = SM Mzuslﬂpﬁg,
O (2.07) (Sﬂyuluqv) ’ O (208) Sﬂv”ly‘]vs uﬂqm O (2.09) (Sﬂyulyub) . (341)

All contractions that contain the covariant SSC constraints, S}

OUm-m2:i) at linear order in spin are

alloh) = Y
(= Dy

1
(L

+ [C%(U - ()’2 =+ l)cl(l)

and we collect the coefficients up to quadratic order in
spin in an ancillary file. As we reduce A" to AFT!S, the
coefficients of the surviving spin structures under the
covariant SSC are unchanged. To obtain the amplitude
for FT2 we further impose D; = C; — 1, which also makes
the D, dependence vanish up to the quadratic order in spin
as in the Compton amplitudes. Similarly, to obtain the
amplitudes AT we use the relations (3.6) to replace
the coefficients D, and D, by C; and C, after imposing the
covariant SSC. Last but not least, we can also obtain A3

+ 1)C1(1) +

1) + Dy,

iu» Vanish for AFTLs - AFT2 and AFT3s The coefficients of

[2C1(1)I’7’ll + (C%(l) - 2C1(1)D1(1) + D%(l) + 2D1<1))ﬁ12],

(y* = 1)Dy ),

+ (3y* = 1)Dy(p)ims}, (3.42)

up to linear order in K from A'T'¢ by simply using the
relations (3.6).

IV. WORLDLINE THEORIES

What worldline theory can reproduce the field-theory
results of the previous sections? In the field theories where
multiple spin states propagate, the spin vectors magnitude is
no longer conserved so to match this one needs to introduce
additional degrees of freedom on the worldline. Because
these additional degrees of freedom are constrained by the
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Lorentz generator algebra, the natural choice is to find these
degrees of freedom in the spin tensor itself. In Sec. V, we
construct a two-body Hamiltonian that explicitly exhibits
these additional dynamical variables. In this section our task
is to find a modified worldline that produces the same results
as the field theory.

We start from a standard worldline construction [170]
with the SSC corresponding to WLI1, listed in Sec. I. We
see that the results we obtain for this theory then match
the field theory containing only a single massive quantum
spin state [97,175], which is related to the fact that both
necessarily preserve the spin vector magnitude. To match
field-theory results when multiple quantum spin states are
present, we introduce additional degrees of freedom on
the worldline by releasing the SSC, corresponding to
WL2. As in general relativity this has no physical effect
at first order in the coupling [64], but starting at second
order in the coupling, physical differences can appear; in
general relativity physical effects start at cubic order in
the spin tensor, but in electrodynamics this occurs at
linear order.

Specifically, we compute the tree-level Compton
amplitude to quadratic order in spin and probe-limit
O(a?) two-body impulse and spin kicks to linear order
in spin with a scalar source. We do so initially using
WL1 with the covariant SSC imposed via a Lagrange
multiplier. Then, we switch to WL2 by removing the
Lagrange multiplier terms enforcing the SSC constraint.
This Compton amplitude of the modified worldline
formalism has the same spin tensor dependence as found
in the classical limit of the amplitude AFT'¢ of field
theory FT1 without a physical state projector limiting it
to the states of a single quantum spin. We find that not
only do the equations of motion consistently evolve all
the degrees of freedom, but that it is possible to match
the observables of the modified worldline with the field
theory, with a direct correspondence between the Wilson
coefficients of the two formalisms. The key consequence
is that both have a larger number of independent Wilson
coefficients than the conventional worldline approach in
which the SSC is imposed. We emphasize that the match
is rather nontrivial.

A. Worldline action with dynamical mass function

We begin with a brief review of the worldline
formalism, following Ref. [170]. The worldline formalism
seeks to describe the evolution of a body of matter in
terms of its spacetime location and internal degrees of
freedom. We refer to the spacetime location of the body
“center” in coordinates as z/(A) where A is a real
parameter which parametrizes the worldline, called the
worldline time. For now we denote the internal degrees
of freedom of the body as ¢“(1) where a is an index
running over all of those internal degrees of freedom.
Below we take these degrees of freedom to track the

orientation of the body but for now the particular
structure of these degrees of freedom is not important.
The body’s evolution is described by an action which is
reparametrization invariant under monotonic redefinitions
of the worldline time A = A'(1). The reparametrization
invariance can be imposed directly through the introduc-
tion of an einbein field e(1). The einbein is defined to
transform under reparametrizations as

ey =% o).

= (4.1)

A generic reparametrization invariant action is then of
the form:

Sle,z,¢] = /_wﬁ<zé,¢,§>ed/1,

where dots indicate differentiation with respect to A.
Defining the conjugate momenta as usual,

(4.2)

d(Le) _ d(Le)
o T T e

Pu = s (43)

the Hamiltonian form of the action can be written as

[5e)

(_ﬂaq}a - puzﬂ - eH(Z7 p,(f),ﬂ'))d/l,

(4.4)

Sle,z, p, ¢, 7| :/

—0o0

and p, = and H are reparametrization invariant. It is
useful to introduce the notation

T sy P!
|p| - P”P;u pﬂ :m (45)
For a free particle, the Hamiltonian H = —|p|+m

produces the geodesic equation of motion. In general,
H=—|p|+m+6H(z,p,¢,n) for some function S§H
containing all additional couplings. The on-shell con-
straint imposed by the einbein’s equation of motion is
always H = 0, which then determines |p| = m + SH. So,
it is useful to introduce the dynamical mass function
M(z, p,¢,x) as the solution for |p| imposed by the
einbein equation of motion: |p| = M(z, p, ¢, ). Then,
we can take the Hamiltonian:
H(z,p.¢.7) = =|p| + M(z. p. . 7). (4.6
Note that this is equivalent to taking H = p*> — M? as in
[170], up to a redefinition of the Lagrange multiplier e.
In the context of electrodynamics it is possible to add
the minimal coupling through the dynamical mass func-
tion but then the conjugate momentum of the body is not
gauge invariant. Instead, by taking p, to be the kinetic
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momentum (the conjugate momentum plus QA,), we can
have p, and consequently M be gauge invariant at the
cost of shifting p,z# to (p, — QA,)Z". Thus, to couple
the worldline particle to electromagnetism it is simplest
to use the action:

Sle,z,p.¢. 7] = /oo

—00

+e(\/P'py— Mz, p. ¢, 71'))) di, (4.7)

<_pyzﬂ =+ QA;:ZM - ”ad’a

with a gauge and reparametrization invariant Lorentz-
scalar dynamical mass M.

B. Worldline theory with SSC

1. Worldline spin degrees of freedom

The standard worldline formulation incorporates spin
in a way reminiscent of rigid bodies in classical mechan-
ics. For a moving body, there is some point defined as
the center of that body, tracked by the worldline, which
moves in spacetime and we assume that other points of
the body move along with that center in “quasirigid”
motion, as defined in Ref. [197], requiring that the
internal structure is essentially unchanged.17 The orienta-
tion of the body is tracked by a tetrad e,(4) that
represents the change of internal body displacements
undergone during the motion with respect to some
arbitrary default frame. Capital Latin indices are used
for the body’s internal Lorentz indices while lowercase
Greek indices are used as spacetime indices. As usual,
the tetrad satisfies

et et gt = g, Guve"a€’p = Nap- (4.8)

Internal body displacements are defined in the body’s

center-of-momentum frame, so that p¥ is instantane-

ously taken as the time direction. Thus by definition
we take

ety = pt. (4.9)

Beyond this condition e, may be any tetrad satisfying
Eq. (4.8). Any such tetrad can be decomposed into (1) a
tetrad which is parallel transported along the worldine,
then boosted by a standard boost so that its timelike
element is boosted to p¥, and (2) an arbitrary little-group
element of p#. The three little-group parameters of p*
can then be taken to be the ¢“ coordinates. The spin
angular momentum of the body is the generator of

"More precisely, quasirigidity is the requirement that the
multipole moments of the body’s current density and stress tensor
evolve only by translating along the worldline and Lorentz
transforming according to the orientation tracking tetrad.

Lorentz transformations of the body orientation about
the body center, and so is given by

s —_p %"

y =T | (4.10)
! do* | p—o

with Lorentz transformation parameters 6*. A short
computation with the above definitions reveals that they
enforce the covariant SSC:

S,.p* =0. (4.11)

In addition,

1 .
) S, =m0, (4.12)

where the angular velocity tensor Q* is defined by
De”B
DA~

Using the spin tensor and the arbitrariness of the default
frame of the body, the action for a spinning body takes the
form

& 1
S[ev 5’)(’ <, pve’S] = / <_(pﬂ - QAII)ZM +ESI4UQ”D
+e(lpl - M(z.p.9))
+ gﬂsﬂypl/ +)(/4 (6”0 - f’ﬂ)) da.

(4.14)

v _ ,,AB
QW — e"A

(4.13)

Lagrange multipliers &, and y, enforce $*p, =0 and
ey = p*. This formulation of the action imposes the
covariant SSC S, p* = 0, corresponding to the WL1 theory.

One can shift the definition of the worldline z# and in
doing so one finds that the definition of the spin changes as
does the constraint satisfied by the spin. Thus, one can
change to a new SSC through a shift of the worldline. In
this formalism, the ability to locally shift the definition of
the worldline in this way may be thought of as a gauge
transformation [45,173,174] and the Lagrange multipliers
supplied to enforce the covariant SSC and e*, = p*
correspond to a gauge fixing. Because the SSC removes
the Sy, components of the spin tensor in the body’s center-
of-momentum frame, these timelike components are not
physical degrees of freedom. (Even when an SSC other
than the covariant SSC is considered, these timelike
components are determined by the other degrees of free-
dom using the appropriate SSC.)

2. Equations of motion with SSC

The variation of Eq. (4.14) in Minkowski space gives an
electromagnetic version of the Mathisson-Papapetrou-
Dixon (MPD) [6,7,198] equations:
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oM oM o 1 OM | Ps OM 5
g L IM n Py OM . L — 25w P’ = Qpr( p_ﬂa_pp+pma,agl’p)
¢ Mai)# MaAo.p Mz_%SaﬂFaﬂ )
; . OM
Pu = _QF”DZU+TZI4’
: . . oM oM oM _ oM
S = Puty = P = 2,0 Gag 25 G = G hn P g P (4.15)

In varying to find these equations of motion we find that
the equations of motion are consistent with simply taking
X, = 0and soif p* = e is imposed as an initial condition
then never adding the y, term to the action still preserves
this condition for later times.

At linear order in spin the generic symmetry consistent
dynamical mass function is

oc,
M=m- o S*F,,.
for constant free mass m and Wilson coefficient C,. With
this form of the dynamical mass function, the equations of

motion to linear-in-spin order are

(4.16)

: 0C o, P oCi -1,
&= <1+2—mzs PFap Z‘FTS’J Fyp?

+ O(8?),

) L 0Ci o,
Py =—0QFuz2 _z—mlsp 0, F s

) C
S/w = puzy - pvzy + % (Sﬂprv - Svap/l) + 0(82>

+0O(8?),

(4.17)

These linear-in-spin equations of motion depend only on a
single Wilson coefficient following from the fact that with
the SSC imposed, the only independent linear in spin
operator is the one in Eq. (4.16). This is similar to the
situation in general relativity where the SSC allows only a
single independent Wilson coefficient at the linear in spin
level [45]. The appearance of two Wilson coefficients in the
field theory [cf. Egs. (2.57), (3.8), and (3.9)] and one
coefficient in the worldline with the SSC imposed is the
analog of the similar appearance of a different number
of Wilson coefficients in general relativity between the
field-theory and worldline descriptions starting at the spin-
squared level in the action [64].

C. Worldline theory with no SSC

In Sec. IV B 1 we reviewed that an SSC (and particularly
the covariant SSC) is natural for the worldline formalism
for quasirigid bodies. Here we consider a modified version
of the worldline formalism in which we “remove” the SSC.
This corresponds to our worldline theory WL2. It explicitly
introduces additional physical degrees of freedom into the

theory. Remarkably we find that this modified worldline
theory cleanly matches the field-theory results of FT1g at
2PL O(S'), including its extra independent Wilson coef-
ficients. This then allows us to interpret the appearance of
extra Wilson coefficients purely on the worldline, tying
them to additional dynamical degrees of freedom. A similar
construction was described in Ref. [175]. We find that these
extra degrees of freedom allow for the magnitude of the
spin vector to change.

1. Removing the SSC

Consider the worldline action,

Sle, &, x.z,p, e, S| = /oo

—0o0

1
(—(pﬂ - QAM)Z” + ESWQ’”
+e(lp| - M(z,i),S)))dﬁ, (4.18)

which is identical to Eq. (4.14), except that the Lagrange
multiplier terms that enforce the SSC are dropped. By not
including these, the interdependence between the definition
of the body center degrees of freedom (z, p) and the body
orientation degrees of freedom (e,S) is removed. As
already noted, in Eq. (4.14) the SSC implies that the
Sy, components of the spin tensor are not independent
physical degrees of freedom. In contrast, in Eq. (4.18) with
no SSC imposed we are explicitly promoting these timelike
components to be treated as physical. As we shall see, this
does not lead to inconsistencies in the equations of motion,
but instead adds dynamical degrees of freedom.

The variation of Eq. (4.18) with no SSC imposed results
in equations of motion,

. . 1 oM p,oM
o= PR — Lo 27 pu,
Mop,  Map,
. oM
Pu = _qF;wZ +W’
. . oM
S/w = pMZ,, - pyZﬂ - 28” @
oM oM oM
2 —— — Dy 4.19
+28. Sam = o vt g P (4.19)

Comparing to Eq. (4.15) we see that only the equation of
motion for the worldline trajectory z# differs from the case
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with the SSC imposed. Moreover, the absence of the SSC

Lagrange multiplier term results in this equation being simpler.
At linear order in spin the generic symmetry consistent

dynamical mass function is

WSMF,,pP,

M=m-Llgur, - (4.20)

oD, .
“m
for constants m, C;, D;. In this case, instead of the
single Wilson coefficient C; we have the additional
coefficient D, analogous to the appearance of a second
coefficient in the field theory FT2. To give a physical
meaning to D, it is useful to define the spin vector S¥ and
mass moment vector K#:

K*=-S"p,, (4.21)

1
SH — 3 eHvpo ﬁyspm

where €¢j1,3 = +1. The boost vector K* is precisely what is
eliminated when the covariant SSC is imposed, or equiv-
alently what is algebraically constrained when a different
SSC is used. The complete information in the spin tensor is
recovered from these two vectors by

S = prKY — K p¥ + €D, S,,. (4.22)

Directly, K* is the generator of “intrinsic” Lorentz boosts
(where by “intrinsic” we mean acting only on the internal
degrees of freedom). As well, — % can be interpreted as the
displacement between the actual worldline z#(1) being used
and the worldline z{,,(4) that would trace out the center of
mass of the body. To see this, look at the total angular
momentum J#:

Jw =2 pt = pit + S = (Zﬂ _ﬁ> P =p <ZU - ﬁ)

Pl 1P|
+ep,S,. (4.23)
We can see that if the definition of the worldline is shifted
by — % to a new worldline z# = z# — % then the resulting

new spin tensor S"#* would satisfy the covariant SSC. In the
conventional worldline formalism this is considered as an
allowed redefinition which should lead to a physically
equivalent theory (in that whether the spin and coupling
expansions are performed about one or the other should not
affect observables). Here we do not require it to be so.

In the previous discussion, the bodies were treated as
pointlike. It is useful to remind ourselves of the meaning K
in the context of classical extended bodies. A familiar
analysis of the spin vector can allow further insight into the
meaning of K¥. Let J be the generator of rotations about the
origin (not body centered) acting on a matter distribution
with energy density £(x) and linear momentum density
g(x) in a region V of space,

J= [/x X go(x)d’x. (4.24)

When the center of the body is identified with the point z,

the orbital generator of Lorentz boosts is of course,
L =zxp. (4.25)

Thus, the “intrinsic” generator of rotations (the spin) of the
body is given by a familiar formula,

S=J-L-= /(X —z) X p(x)d’x.  (4.26)

Now performing the same analysis for the generator of
Lorentz boosts, let K, be the generator of Lorentz boosts
about the origin acting on the matter distribution,

Ko = [ (190 - xE)d'x. @27
v
The “orbital” generator of Lorentz boosts is then
Kowial = Pt — Ez, (428)

where E and p are the total energy and momentum of the
body. Thus, the “intrinsic” generator of Lorentz boosts of
the body is

K = Ko — Kopita = Bz — / XE(X)dSX. (429)

14
Let zcowm be the center-of-momentum position of the body
in the center-of-momentum frame (E = |p|). Then, auto-
matically,

1 K
ZcoM — EX/X@(X)&X = Zcom — 2 —m (430)

This precisely establishes the interpretation of —% as a

displacement between the worldline around which the spin
and coupling expansions are performed and the worldline
which tracks the center of mass of the body.

Note that we use a different convention in this section
compared to Sec. II. In particular, the worldline K and the
field-theory K are related by an analytic continuation,
iK — K with both K and K being real, while the rest-
frame spin vectors are simply equal, S <> S. We comment
further in Sec. VH on the rationale behind this analytic
continuation.

Writing K* as a spatial integral moment of the energy-
momentum tensor as above identifies it as a mass dipole
moment of the body about the worldine position z*.
This identification can be made directly from Dixon’s
formalism [198]. For a body with a charge density propor-

tional to its mass density then — % K* would be the electric

dipole moment of the body. However, for a generic object
it is not necessarily the case that these densities are
proportional and so we need not assume that the electric
dipole moment is —l%K”. In particular, in the body’s

center-of-momentum frame its energy is simply its
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dynamical mass function minus QA, and in that frame
(4.20) becomes

Q(C, - D, 0cC,
m

M=m+ )EK - =—B- S+ O(F?).

(4.31)

Thus the induced electric dipole moment d and magnetic
dipole moment g relative to the worldline center z:
a-_L2=-b) K. _ 26 (4.32)
m m
Immediately, 2C is the gyromagnetic ratio of the body
(which should take the value 1 for a classical distribution of
mass and charge which are proportional). For a distribution
in which mass and charge are proportional, C; — D; = 1.
Here we consider the possibility that it takes a generic value
different from 1. The value of C; — Dy =1 is explicitly
required by a worldline formalism which is assumed to
have worldline shift symmetry [45,173,174] because the
definition of the electric dipole moment immediately

implies a shift of the dipole moment by — %K" whenever
the worldline is shifted by —%. Thus, C; — Dy # 1 breaks

the worldline shift symmetry.

Of course, to have a proper description of extended
bodies that fits into the WL2 framework one should
understand the constraints on the energy and momentum
distributions arising from the Lorentz algebra. It would also
be very interesting to directly connect extended objects
with appropriate distributions of energy and momentum to
the extra Wilson coefficient of WL2.

2. Equations of motion with no SSC

With the dynamical mass function (4.20) we find
equations of motion in WL2 to linear order in spin:

H C D
o2 (118 gr, O o, )
m 2m m*
D
Q 1 /)S/)(,—Fo—‘u-f—Q ISﬂDFW) /)+O(SZ)
m3
" QC : _ 0D - a
Py =—0F,z IS/’ 0,F g m31 9,50, F yup
+0O(8?)
& = L (g o)
m P
QD vo V7 o
_m—;(FﬂpppS Po — F ﬂppSﬂ pa)
QD 7 (o2 v (o3
m31 (p"S“’F,,p° — p*S*F,,p°) + O(S?).

(4.33)

If one begins the time evolution with initial condi-
tions satisfying the covariant SSC and C; — D; = 1, the

covariant SSC is preserved dynamically. C; —D; # 1
produces violations of the covariant SSC. In light of this,
notice thatif C; — D, is setto 1 in (4.33) and covariant SSC
satisfying initial conditions are chosen, then the equations
of motion (4.33) reduce to the equations of motion (4.17).
Consequently, this modified worldline formalism is strictly
more general than the conventional WLI as it contains the
WLI1 as a special case when appropriate initial conditions
and Wilson coefficient values are selected. In order to “turn
on” the SSC and reduce to the conventional worldline
formalism we can set D, to the special value D; = C; — 1
at any stage of calculation and use initial conditions
satisfying the covariant SSC.

3. Worldline Compton amplitude

Using the WL2 equations of motion we compute the
classical Compton amplitude to order O(aS?) for general
values of C;, D; The classical Compton is obtained by
computing the coefficient of the outgoing spherical electro-
magnetic wave produced by the response of the spinning
body to in an incoming electromagnetic plane wave as in
Appendix D of [108] or as is done for gravity in [192]. In
particular, we consider an incoming plane wave vector
potential in Lorenz gauge,

ALn(x) — eikuréﬂ

and the response of a spinning particle to this potential
using the equations of motion of WL2. The O(«) pertur-
bative solutions can be returned to the current,

58
5A,

(4.34)

JH(X) =

- [ (sz(X—z) L2
oo m

—SMp,p"))0,5(X — z)) di.

(C,'S*™ +D(p*S"p,
(4.35)

Then, treating that current as a source we compute the
perturbation of the vector potential. The large distance
behavior of the perturbed vector potential allows one to
read off the Compton amplitude A* by

ikr—iwt

1
- A””§U+0<ﬁ>. (4.36)

AM(X) = eik-xgﬂ +

The Compton amplitude can then be extracted directly from
the current by using the Lorenz gauge solution to the wave
equation at large distances. Doing so one finds

JH =2 AWE,, (4.37)
where J* is the Fourier transform of the current evaluated at
the outgoing photon momentum.

Using the current computed from the worldline equa-
tions of motion, the resulting classical Compton amplitude
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is found to fully agree with the A"T'¢ Compton amplitude
in (3.7), (3.9), and (3.20) (with the S? terms matching up to
contact terms, which we did not explicitly include either on
the field theory or in the worldline theory).

4. Worldline impulses

For computing observables with these equations of
motion we consider the probe limit of a spinning particle
of mass m scattering off of a stationary scalar source. For
simplicity, we consider only the probe limit; even so, the
result is sufficiently complex to demonstrate a rather
nontrivial comparison with the field-theory calculations.
The source—a point charge moving with four-velocity
u,—has vector potential,

QMZM

A, (x) =
) dry/(x - uy)* —x - x

(4.38)

The solutions to the equations of motion of the probe in
powers of a = Q?/(4x) are of the form
Z(A) =b* +ul A+ aéz’('l) (A)+ a25z’(’2) (A)+0(a?), (4.39)

PH(A) = mu + adpl, (2) + a*dp(,) (2) + O(a’),  (4.40)

§#(2) = S + adS[})(2) + 88y, + O(@).  (4.41)

The impact parameter b* is defined to be transverse on the

Computing the momentum impulse and spin kick to
O(a?) and O(S') in this way gives a perfect match to the
corresponding observables obtained from AFT'2 when the
worldline Wilson coefficients C; and D, are identified with
their field-theory counterparts, as detailed in Sec. VG
below. The results of WL1 can be recovered from the
more general results of WL2 by setting the special value
D, = C; — 1. To express the impulses, it is useful to define:

Vri=1

y=u U, V=", (4.42)
14
W= u —yuh, i = ub —yul, (4.43)
and to decompose the impulses according to
Ap’l':aAp]( )—I—a Apl —l—O(S )+ O(a?),
S?_wy”+ﬂmy”+060+m¢yemﬁ

Then at order O(«r) and with the notation |b| =
we find the impulse

/~b"b,,

2p* 2

Aph =S
Pra) = 2bP T mpoloP

initial momentum, b - p; = 0. The initial momentum mu; |b|?
defines the initial four-velocity u{. All perturbations of p* 28 wu
and S* asymptotically vanish for 4 — +oco while the 1§p 31 22[(C1 D) + (D) — Cy)yuh)]
trajectory perturbations are logarithmically divergent with myy” v ||
the worldline time due to the long range nature of the (4.45)
Coulomb potential. Due to this logarithmic divergence, in
order to treat the O(a?) and higher solutions correctly, all  and the spin kick
the perturbations may be set to O at an initial cutoff time
A = —T. Impulse observables are then computed by taking w 4
the difference in observables at time 7" and —7 and at the Asl(a‘> - W (S] 0 b - S] b )
end taking the limit 7 — oco. Equivalently, the perturbations : ) )
may be given representations in terms of standard Feynman X (Dyyuy = Cyuty). (4.46)
integrals and computed using dimensional regularization,
such as in Ref. [162]. At order O(a?), we find the impulse,
|
b 20, 3b"b*Sy,, + |b|*S*
Apt, . = — - L < 21(C? - C\D, = D))i! + D,(Cy — Dy —23)yith
p](a—) 2m171)|b|3 m1y2114\b|2 m y3v3|b|5 K 1 11 1)”1 + Dy (C, 1 )7”2]
CZ—DI(ZCI —D1 —2.)}/2 vp ﬂ+l/l l/l
2 1 byS U 272
+ m2r 0 b 1w |+ )
S, SIS ) y
m%]/61)6|b|4 [(D -C )7’ ”2”1 + (Dl}' - Cl) 2] + ”Zm 7/7U7|b|3 {[( Dl) + 2D1]7u/14
+[Ct = C\Dy = Dy = D,(C, = Dy = 3)yith} (4.47)

and the spin kick,
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T

[(C}—CiDy - Dl)(b[ﬂslpy]ﬁ/f - ﬁ[flsl,)"]bp) +Dy(C, =D, - 3)}’(17[”31,)”] ity — 5{[2#31/]17”)]

(Clb["uﬁ} - Dl]’b[ﬂul{])bﬂsllm(cl”g — Dyyuf) - [C% -D,(2C, - Dl)yz]b[ﬂsl/)y]bﬂ}

ASY = —
1(a?) m%y3v3|b|3
4
———12
Nl
+ R {(c —DI)ZVZLV!E”SI Ui + (C, —Dlyz)Qﬁng, “ih
miy®v0|b|? ’ ’

+ (C1 = Dyy*)y[(C, = Dy — 1)17[2#81/]5!7 +(Cy =D, + l)ﬁ[{lslpy]ﬁg}}'

The nontrivial nature of the above results give us
confidence that we have indeed identified a worldline
model whose results match those of the field theory. It
would of course be useful to carry out further comparisons
to field theory, not only beyond the probe limit but also
more importantly to higher orders in the spin, especially for
the case of general relativity. Given the rather different
setups, a direct proof that the field-theory and worldline
descriptions will always yield equivalent results appears
nontrivial.

V. EFFECTIVE HAMILTONIAN INCLUDING
LOWER-SPIN STATES

References [64,78,79,168] extend the spinless
Hamiltonian of Ref. [132] to the case of spinning bodies.
This corresponds to the two-body effective description
EFT1, which is composed of the collection of all
independent operators containing up to a given power
of spin, each with arbitrary coefficients determined by
matching to either field-theory or worldline results. Here
we explicitly consider operators up to linear in spin.
We also construct a second EFT Hamiltonian, referred to
as EFT2, extending the degrees of freedom of S$* to
include the intrinsic boost, K*. Interpreting the
Hamiltonians as quantum operators allows us to obtain
scattering amplitudes, which we then match to the
quantum-field-theory amplitudes found in Sec. IIIC.
This determines the coefficients in the Hamiltonians. A
suitable expectation value of the Hamiltonian operators
are then reinterpreted as classical Hamiltonians. The
corresponding equations of motion can be solved to give
the impulse, spin and boost kick along a scattering
trajectory, which we then compare to the corresponding
observables obtained from the worldlines WL1 and WL2,
described in Sec. IV. We find that the extra Wilson
coefficients that appear in WL2, FTlg and FT3g are
naturally accounted for in EFT2. Finally, we find a
compact eikonal formula [199-202], extending the spin
results of Ref. [78] to account for the appearance of the
intrinsic boost operator, that matches the results obtained
from the equations of motion and worldline. Eikonal
representations are automatically compact because they
encode the physical information in a single scalar
function.

(4.48)

|
A. Hamiltonian 1: Solely spinning degrees of freedom

We consider an effective description of the binary
containing only spin degrees of freedom, which leads to
equations of motion that preserve the magnitude of the spin
vector. We refer to this effective description as EFT1. This
is the same treatment as the one of Refs. [64,78,79] except
that here we consider electrodynamics instead of general
relativity. We briefly describe this Hamiltonian and then
proceed with a more extensive description of a modified
Hamiltonian which contains a boost operator and allows for
spin-magnitude change.

EFT1 contains the usual spin vector degrees of freedom,
along with the usual commutation or Poisson-bracket rela-
tions for spin. In terms of the quantum-mechanical states that
describe the bodies, this construction implies that we may
take them to belong to a single irreducible representation of
the rotation group. In particular, we choose the asymptotic
scattering states to be spin coherent states [190], which
are labeled by an integer s and a direction given by a unit
vector 71 [78], as in the field-theory discussion in Sec. II. To
build the most generic Hamiltonian that accommodates these
spin degrees of freedom, we need only consider the spin

operator S. This is in accordance with the classical descrip-
tion of these particles, where one describes such a spinning
object in terms of the spin three-vector S.'®

For simplicity, here we limit the discussion to a
Hamiltonian for one scalar and one spinning particle
valid to linear order in spin. This center-of-mass (CoM)
Hamiltonian is given by (see Ref. [78] for the correspond-
ing one in general relativity),

Hy = \/p2 +mj + \/p2 +m}+ VO p?)

L-S
+ Vv (@2, p?) 2 L (5.1)
where the potentials are
a (g a\?
V) = 50 + () 00 + o)
(5.2)

"®For compactness, for r and p we do not distinguish a
quantum operator from the corresponding classical value by
using a different symbol, as in Refs. [78,79].
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and we have taken the particle 1 to carry spin S, with the
binary system carrying angular momentum L = r X p. For
these operators we have the commutation relations,

[S1.6.81,] = i€ijxSix. [ri. 8151 = [pi. $1,] =0,

For any operator that is a function solely of r, p, Sl the spin

magnitude is preserved, since all such operators commute

with the spin Casimir, i.e.,
St.0]=0.

O={r.p.S}. (5.4)

Similarly, at the level of the classical equations of motion
the above implies that the spin magnitude is a conserved
quantity. Further details may be found in Ref. [78].

B. Hamiltonian 2: Inclusion of boost operator

In this subsection we expand the degrees of freedom so
that we are able to properly describe the field theories and
worldline theories that also contain additional degrees of
freedom, allowing the spin magnitudes to vary by their
interaction with the electromagnetic field. To this end,
inspired by the worldline construction in Sec. IV C, we extend
the above Hamiltonian to include the generator of intrinsic
boosts K. We start by motivating this choice. We proceed to
describe how does one build the most general two-body
Hamiltonian out of the available operators for the problem at
hand. Finally, as an explicit illustration, we build the
Hamiltonian linear in the spin and boost of one of the particles.

In order to have a Hamiltonian whose amplitudes match
those of FT1lg and FT3 we are prompted to consider
additional operators. The natural choice is operators built
out of the vector K, already encountered in Eq. (4.23). The
operator K should act on the intrinsic degrees of freedom
of the body, hence it commutes with both r and p.
Accordingly, the commutation relations are
[ri. Ky ] = [pi. K1 ;] =0, (5.5)

|

8. K, ] = ie;u Ky 1,

Parity : P'rP = —r,

Time reversal: TrT =r,

see e.g. Sec. 2.6 of Ref. [203]. Furthermore, we construct
terms that have classical scaling. The scaling of our
operators in the classical limit is

1
rNEr, lel() s (58)

where / is a small parameter that characterizes the classical
limit (usually associated with 7).

P'pP = —p,
T'pT = —p,

where the first relation simply implies that K, is a vector
operator. To fully characterize the operator K, we need to
specify the commutation relations with itself. Motivated by
the connection to the worldline we take

[1%1,1'71%1,]‘] = _ieijkgl,kv (5.6)

which identifies Kl with the generator of intrinsic boosts.
The operator algebra is completed by the commutators
familiar from the case without the K, operator given
in Eq. (5.3).

Alternatively, the introduction of K; may be motivated
by the requirement that the spin magnitude should
change under time evolution via the constructed
Hamiltonian. In the quantum-mechanical language, this
requires an operator that does not commute with S§7. It
follows that it must also not commute with Sl, ie. it
must have tensor structure under intrinsic rotations. The
simplest object that satisfies this criterion is a vector
under intrinsic rotations that commutes with both r and p.
This reasoning leads to the introduction of an operator
obeying the commutation relations (5.5), while (5.6) still
needs to be motivated by the interpretation of K, as the

boost generator. We indeed find that inclusion of K,
leads to scattering amplitudes between states of different
spin magnitude, similar to our field-theory constructions
above. Furthermore, while in these scattering amplitudes
the change in spin is minute, s — s — 1, the effect is
resummed to a finite change via Hamilton’s equations, as
we see in Sec. VE.

We proceed to construct the effective Hamiltonian.
The first question is to find the complete set of terms
that can appear. We constrain these based on symmetry
considerations: the Hamiltonian is invariant under parity
and time reversal (see, however, the discussion in Sec. V H).
To take advantage of these constraints we list how our
operators transform under the action of these symmetries:

LA A A A

Two additional properties that reduce the number of
operators are on-shell conditions and Schouten identities.
The former capture the freedom of field redefinitions in the
quantum-mechanical context or the freedom of canonical
transformations in the classical context. The latter stem
from the fact that we work with more than three three-
dimensional vectors, hence there must be linear relations
among them. While these considerations are not important
for the purposes of this paper, they can significantly reduce
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the number of terms one needs to consider when looking at
higher orders in spin and boost (see e.g. Ref. [64]).

Using the above one may systematically construct
independent terms in the Hamiltonian. At linear order in
spin and boost we have

(5.9)

The Hamiltonian valid to linear order in spin and boost is
then

Hy = \[p? + md +\/p? + mk + VO, p?)
L-S r-K
+ VO p) T VO p)

(5.10)

where we used the operators in Eq. (5.9) and the potential
coefficients given in Eq. (5.2). The Hamiltonian has an
additional operator containing K, compared to the one
in Eq. (5.1).

C. Amplitudes from the effective Hamiltonian

Having identified the general form of the Hamiltonian
that can capture the classical physics of our field theories
with additional degrees of freedom, Eq. (5.10), we proceed
to determine its coefficient functions V(). We follow
closely Refs. [64,78,79] where analogous calculations were
carried out for Hamiltonians depending only on the spin
operator. As in that case, we consider scattering of spin-
coherent states [190]. These states may be superpositions of
fixed-spin-magnitude states or more general superpositions
that involve states of different spin magnitude, similar to
the field-theory construction in Eq. (2.44). For our purposes
it is sufficient to consider incoming and outgoing states
whose spin parts are identical. However, we note that it is
possible to also consider different incoming and outgoing
states. Since the incoming and outgoing states are taken to
be the same, the amplitudes are expressed in terms of dia-

gonal matrix elements of S and K. A coherent state Is) =
s, i) with fixed spin magnitude s and direction 7 is the
state of highest weight along the direction 7. Similarly
with the field-theory discussion in Sec. II B, for such a state

we have

(s|S|s) =S =si, and (s|K|s) = 0. (5.11)
We build a generalized coherent state | ¥) by superimposing
states |s) with different values of s, such that
(PIS|¥) =S and (P|K|¥)=K, (5.12)
where on the right-hand side of the above equation we

have the classical values of S and K. These classical
values depend on the details of the construction of |¥), but

the exact dependence is not important for our purposes.
Finally, these states are built such that they obey the

property

(PS5, }|P) = S,...S,

1

1 by

(5.13)

up to terms that do not contribute in the classical
limit, where the {} brackets signify symmetrization and
division by the number of terms (see also the discussion
in Sec. II B).

We may now proceed to compute the EFT amplitudes.
For the details of such a computation we refer the reader to
Refs. [78,79], where corresponding computations are
carried out for the purely spin case. We give here the
result for the amplitude obtained from H,. The correspond-
ing amplitude from H; follows by setting the coefficients of
any operators containing K to zero. The EFT amplitude
may be organized as

M = MPE 4+ M2+ L (5.14)
where we have explicitly written the first and second

PL contributions and the ellipsis denotes higher PL orders.
We have

dra (0)

Pt = 20 agl)Lq 'S, + a(12>iq ‘K], (5.15)
and
ML = M- + (470)? ajer
dD_lf 2§E
Q)P €2 +q)*(€* +2p - €)’
2 2.2
R0 s g ]L (519

lq|

where the triangle subscript in M%™" indicates that the
origin of the contribution is a one-loop triangle integral.
Here p and p — ¢ are the incoming and outgoing spatial
momenta of particle 1 in the CoM frame respectively and
L, = ip x q. We also use

E\E,
E?

E=E +E and &= (5.17)

where E , are the energies of particles 1 and 2, which are
conserved in the CoM frame [see also Eq. (5.21)]. The
vectors S; and K that appear in the above two equations
are the classical values of the corresponding quantum
operators. They depend on whether one chooses to scatter
the |s) or |¥) state as shown in Egs. (5.11) and (5.12). The
IPL amplitude coefficients take the form
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N LR

while for the 2PL amplitude we have

(0)2
1-3
% = e 4 2pec0pe0 4 L =38(T)

2E¢ ’
(1) (0) (1)
1 c 1 0 0 1 (3¢—1)c)’c
a(z) = %— Efcg )ch ) —Efc(1 )Dc(l ) +2—E§11
2)\2 0) (1
L Ee(e?) —2¢e))
2p? ’
o _ o 1o (0) 0)y.(2)
a, = —% - EEfCI (¢;” —=2Dc;’) + Eéc; 'Dc
0 (2
(1 - 35)62 )C(l : (5 19)
2E¢ ' '
and
Qiter = (cgo))2 - cgo)cgl)Lq -S, + cgo)cgz)iq ‘K. (5.20)

In the above we have used shorthand notation ¢\ =

¥ (p?) and D = #.

D. Hamiltonian coefficients from matching
to field theory

We are now in position to determine the Hamiltonian
coefficients that capture the same classical physics as the
field theories discussed in Sec. II; we do so by matching the
corresponding scattering amplitudes including their full
mass dependence. We start by specializing the field-theory
amplitudes to the CoM frame. We then match each field-
theory construction to an appropriate Hamiltonian and we
discuss our findings.

The CoM frame is defined by the kinematics

Py = —(Ez’—P)7
p-q9=q°/2,

pP1 = _(EI’P)’

q=(0.9), (5.21)
together with ¢ = p, + p3 and p; + pr + ps + ps = 0.
To align with the field-theory construction, we express the
barred variables defined in Eq. (3.29) in this frame,

p1 = —(E1.p), P2 = —(Ea, -P),
p=p-4q/2, p-q=0. (5.22)
For the asymptotic spin variables we have
1 - _ -
St = m, (e"*py,S1, + PLKY — pYKY). (5.23)

with

P-S; PSS _
S = S\ +———p ),
: ( my ! ml(E1+m1)p>

p-K p-K
K = (P L K, + P’ ﬁ),
m m(Ey +m;)
where S| and K| correspond to the values in the rest frame

of particle 1. Finally, we may use Eq. (2.29) to express the
wave-function products & - &4 and &, - &5 as

- L,-S iq-K
. _ _ q 1 q |
e e A

& =1,

(5.24)

(5.25)

up to terms that do not contribute to the classical limit.
The second product in the above equation follows from the
fact that we take the corresponding particle to be a scalar.
Note that the K; used here agrees with that from the
worldline (4.21).

Using the above relations we express the field-theory
amplitudes in terms of the same variables as the EFT ones.
Then, we may match them and extract the Hamiltonian
coefficients. In particular, we have

1
Mg.ecel and szL _ Mé(l,gl )

IPL _

e 5.26
4E\E, ( )

We use the above equations to match to the field theories
as follows:

EFT1 <> FT2 and EFT2 < FTlg. (5.27)

Our first EFT Hamiltonian EFT1 contains only operators
that preserve the spin magnitude. Hence, it can describe the
field theory that contains a single particle of spin s (FT2).
Our second Hamiltonian allows for transitions between
particles of different spin magnitude, and hence can
describe a field theory that contains particles of different
spin magnitude (FT1g). Regarding FT3, the amplitudes we
have computed may be mapped to those of FTlg via
appropriate relabeling. We expect this to be true for all
amplitudes that may be computed in the two theories, in
which case the same should be true for the Hamiltonian
coefficients. Finally, FT1s may be thought of as a restric-
tion of FT'1g where we only allow for spin-s external states.
We discuss the possible matching of FTls to our two
Hamiltonians separately.
For the 1PL matching of EFT2 to FT1g we find

o0 _ Moy D mmay = EC,(m +E))
! 4E1E2 ’ ! 4E1E2m1(m1 + El) ’
-Ci+D 1
052) _ myy(=Ci + D, +1) , (5.28)
4FEE,

where y is defined in Eq. (4.42). We give the 2PL
coefficients in the Supplemental Material [185]. Impor-

tantly, we find ¢\’ = ) =0 if D, = C, — 1, such that
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all K; dependence in the Hamiltonian vanishes for this
choice. For this reason, both the 1PL and 2PL coefficients
related to the matching of EFT1 and FT2 follows from the
above by setting D; = C; — 1, hence we do not report them
separately.

We conclude this subsection by commenting on FT1s.
Given that FT1s is defined as a collection of amplitudes that
are a subset of the ones of FT1g, the most appropriate
matching procedure is to extend to FT1g and follow the
analysis given above to match to EFT2. Alternatively, one
can also match EFT1 to FT1s as was carried out in Ref. [64]
following similar steps. In this case, the effects of the lower-
spin states propagating in the field-theory amplitude are
captured by the vertices of the Hamiltonian. By examining
the resulting Hamiltonian, we find that some of the
coefficients [in particular cgl)(pz)] admit only a Laurent
series around p? = 0. This is a familiar phenomenon in
QFT where one integrates out a state that may go on-shell in
the processes of interest, and, borrowing the terminology of
that context, we refer to it as a nonlocality.19 A nonlocal
quantum description may be consistent as long as one
always considers amplitudes with appropriate external
states. However, we find that the observables computed
from this Hamiltonian match the corresponding ones from
WLI1 or those from WL2 only for the choice D; = C; — 1,
for which the nonlocality vanishes.

E. Observables from the equations of motion

Having analyzed the implications of interpreting our
Hamiltonians as quantum operators, we proceed to consider
them as generating functions of the classical evolution of
the system. In particular, given a classical Hamiltonian
H,y(r(1),p(1),S: (7). K (1)) of the form (5.10), the classical
time evolution of any quantity f(r(z),p(z),S;(¢), K,(2)) is
determined by f = df/dt = {f,H,}, where the classical
Poisson brackets {f, g} are given directly by the quantum-
operator algebra of Egs. (5.3), (5.5), and (5.6) with f - f
and [f, 9] = i{f. g}. This leads to the explicit equations of
motion

oH, PR oH,
e e N Ry
P 1= s, STk, M
oH, oM, oH,
_ % g, 29 s 5.29
p or 1 oS, 1 K, 1 ( )

We stress that not every Hamiltonian which contains some
coefficient that does not admit a Taylor expansion around p> = 0
is nonlocal in the sense described here. Indeed, it is certainly
possible to alter the Hamiltonian coefficients by performing a
field redefinition in the quantum-mechanical context or a canoni-
cal transformation in the classical context, which may potentially
remove such a behavior. In addition, when dealing with more
than three three-dimensional vectors there exist Schouten iden-
tities that might cause the coefficients of the Hamiltonian to have
apparent singularities in the p> — 0 limit.

The addition of K, as a dynamical quantity changes basic
properties of the equations. Specifically, the magnitude of
the spin S; is no longer conserved.

We solve the equations of motion order by order in a.
Given that H, = E| + E; + O(a) at zeroth order in the

coupling, with E; , = |/m} , + p?, we see that perturbative
solutions to these equations take the form

E,+E,
E\E,
p(t) =p O + ap (1) + ?p@ (1) + ...,
Si(t) =8 + a8V (1) + 287 (1) + ...,

K, () =K'” + aK!" (1) + 2KP (1) + ...

r(t) = b + pOt +arM(6) + ?r? (1) + ...,

(5.30)

where b©), p(©), SEO), and K(lo) are constants determined
from the initial conditions. The constant b is the usual
impact parameter for the scattering process. Substituting
these expansions into the equations of motion, using the
explicit Hamiltonian (5.10) and separating orders in a, we
obtain integral expressions for

O(1) = {r(0).p" (1). 8" (). K" (). (5.31)
These depend on lower-order solutions O™ (z), with
O0<n<mn, as well as the Hamiltonian coefficients
¢\ (p?) and their derivatives evaluated at p? = (p(©)>.
Working iteratively, we obtain explicit expressions for
O"(t) by performing simple one-dimensional integrals
with respect to . We choose the integration constants by
enforcing O™ () — {0,0,0,0} as t - —co for all n > 1,
ensuring that (), p(0) SEO), and K(lo) characterize the initial
conditions. Without loss of generality, we can choose (%) -
p® = 0 and identify () as the incoming impact parameter
vector. In particular, we choose

b0 = (=.0.0).  p =(0.0.p).
0 0 0 0 0 0 0 0
SE ) = (ng)’ Sgy)’ S<IZ))’ Kg ) = (K(lx)’ Kgy)’ K<IZ))

(5.32)

Following the above procedure, we finally obtain
(p,S;,K;) in the outgoing state from the limit t - +oo,
given as functions of the incoming {5, p(®, ng’ Kgo)}.

As we emphasized, a key consequence of including K;
in the Hamiltonian is that the magnitude of S; is not
conserved under time evolution. Indeed, it is a straightfor-
ward consequence of the equations of motion that

d

4s1-K3) =0

(5.33)

which reduces to the equation for spin-magnitude con-
servation only if K| is constant throughout the trajectory, as

045011-31



ZVI BERN et al.

PHYS. REV. D 109, 045011 (2024)

would hold for a rigid object with no internal degrees of
freedom other than the spin. Explicitly, solving the equa-
tions of motion we find that the spin magnitude does indeed
change. We define the change of the spin and boost
magnitude as

AS? =8S3(t = 00) — S3(t = —00),
(5.34)

We have that through 1PL they are given by

0) (0 0) (0)\ (2
4aE,Er(K\)SY) — K S\ el (p2)

AS? = AK? =
! ! bpoo(El +E2)

+ O(a?), (5.35)

in accordance with Eq. (5.33). Thus the spin magnitude is
conserved to 1PL order if we choose the initial condition

K
if ng = 0. However, starting at 2PL order, this is no longer
true. In particular,

) =o. Similarly, the boost magnitude is also conserved

2 _ AK2
ASl|1<(]°)_>o - AK1|K§°>_>0

0)\2 0)\2 2 2
4PBRE((S1) + ()P ()
b’ pe(E) + Ey)?

+ O(a?).

(5.36)

As expected, the spin magnitude is conserved if we choose
D, =C; -1, as can be seen by combining the above
equations with Eq. (5.28).

The above equations further imply that for an object with
D, # C, — 1 the intrinsic boost, and hence the induced
electric dipole moment [see Eq. (4.32)], is not a constant of
motion. In particular, even if a body has K; = 0 at some
moment in time, time evolution induces nonzero values for
K. In other words, a body which satisfies the covariant
SSC at the initial time violates it at later times.

It is interesting to ask whether we could instead remove
S| and have a system that is described only by K;. Up to
1PL order it is consistent to have S; = 0 with K; # 0, as
can be seen in Eq. (5.35). However, at 2PL order we find
— AK?

00

AS |s<l |s<l°>ﬁo

0)\2 0)\2 2 2
_ACEEY(KY) + (K" (ph)
b*ps(Ey + Ey)?

+ O(a?).

(5.37)

As for Eq. (5.36), this only vanishes for the special value
D; = C; — 1. Hence, without the special choice, a non-
rotating body starts spinning via the electromagnetic
interaction if it starts with nonzero intrinsic boost K.

The dynamics that we consider here are an extension of
those that satisfy an SSC along their evolution. Indeed, at
any step of the calculation one is free to set D; = C; — 1
and retrieve the evolution of an SSC-satisfying body. Such
a restriction would remove all K; dependence from the
Hamiltonian as we mentioned below Eq. (5.28) and render
K, to be a constant of motion that does not affect the
dynamics.

The complete results of solving the equations of motion
through O(a?) as outlined above are quite lengthy, hence we
give the explicit solutions in the Supplemental Material
[185]. A much more compact way to represent the amplitude
is through an eikonal formula, which we give below.

F. Observables from an eikonal formula

Analyzing the results of the perturbative integration of
Hamilton’s equations as described in the previous section,
we find that the outgoing-state observables can be simply
expressed in terms of derivatives of an eikonal phase, which
is a scalar function of the incoming-state variables. This is
motivated by the analogous eikonal formula found in
Ref. [78] for the pure spin case, except now there are
additional degrees of freedom from the intrinsic boost. At
the order to which we are working here, the eikonal phase
coincides with a two-dimensional Fourier transform of the
EFT amplitude.

For convenience we rename the incoming-state quan-
tities, called {b(®, p(o),S(l()), Kgo)} above, now simply as
{b,p,S1,K,}. Then we denote the outgoing-state observ-
ables by {p + Ap,S, + AS|, K, + AK, }.

We find empirically that the changes in the observables
P, S;, and K, are given in terms of an eikonal phase
x(b,p.S;,K,) as follows: The impulse is given by

dy 1 dy dy 10
Ap__—f—_{)(’_}—f—/DL()(v%) DL(Z?%)

" 20b
0 2

which simultaneously gives contributions orthogonal and
along p. In this formula p - b = 0 so all the b-derivatives
are projected orthogonal to the incoming momentum p.
The spin and boost kicks are given by

(5.38)

88, = 1.8} +5 01 1S} + Dulr 1:81))
~ 5 {DLl). 81} +0G)

MK, = (1K} 300 0 Kb} + Dl (K )
DLl 2) K} + OG) (5.39)

The brackets here are given by the Lorentz algebra,
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{8181} = €ijxSies {811, Ky} = €Ky,

{KlivKlj} = _€iijIkv (5-40)
with all others vanishing. We also define
of of '\ 9g
D . = —€;; S i T K i -, 5.41
L(f.9) €jk< 1 6S1j+ 1 aK1j> oL, ( )

which is a K-dependent extension of the operator Dg; of
Ref. [78]. The angular momentum L and the incoming
impact parameter b are related by L=>bxp and
b =p x L/p*, implying (9/0L;) = €;;x(pi/p*)(0/0b;) in
Eq. (5.41). An all-orders generalization may follow along
the lines of Eq. (7.21) of Ref. [78] by including K, although
at higher orders in a the radial action may be more natural
than the eikonal phase [151].

The appropriate eikonal function is proportional to the
two-dimensional Fourier transform (from ¢ space to b
space) of the EFT amplitude as given in Eqgs. (5.15) and
(5.16), while keeping only the triangle contribution in
Eq. (5.16) [78],

1 d*q
Y= 4Ep| ) 227

eTab (M'PL 4 M2PL) + O(a);  (5.42)

the box contribution to the amplitude is effectively included
in the exponentiation of the tree-level amplitude M!'PL,
Explicitly, we have

(1) (2)
E 2
7= a% [—a(lo) log |b|> - |Z|12 bxp-S, +—‘Z|12 b- K1:|
(0) (1) (2)
EE |a a a
+,mzm [ﬁ—ﬁb xp-S +—|b2|3b-K1] +0(a?),

(5.43)

where the amplitude coefficients af,m)(pz) are given in

terms of the Hamiltonian coefficients cﬁlm) (pz) via the same
relations (5.18) and (5.19) found from the EFT matching,
here all evaluated at the incoming momentum p. The above
relations hold for general values of the Hamiltonian

coefficients ¢\ (p?).

G. Comparison to observables
from the worldline theory

Having in hand the observables Ap, AS;, and AK;
obtained from Hamilton’s equations resulting from an
EFT matching to a QFT amplitude, we are in a position
to ask how these compare to equivalent observables
obtained from a worldline theory as in Sec. IV. We find
that the observables of the spinning-probe worldline theory
without an SSC match precisely onto those from the probe
limit of FT1g via the transformations of variables detailed

below—these are in one-to-one correspondence with the
transformations used to relate the EFT amplitudes to the
covariant forms of the field-theory amplitudes in Sec. V D.
As discussed in Sec. IV C4, the probe limit provides a
nontrivial check.

In the worldline theory, we considered a probe/test
particle with mass m,, initial momentum p/ = muj,
and initial spin tensor S}, scattering off the field of a
background Coulomb source with velocity u5. The changes
Ap and AS/” from the initial to the final state were
expressed in terms of these quantities and the initial impact
parameter b*.

Using three-dimensional vectors in the rest frame of the
background source, we identify

Wy = (1.0.0.0),  ph=myul = (my.p). (5.44)
so p here is the spatial momentum of the probe in the
background frame, with p?> = m3(y? — 1), and m,y is its
energy, where y = u; - u, is the relative Lorentz factor.
For the spin tensor in the probe limit, just as in (5.23) and
(5.24), we decompose it into components S and K| in the
probe’s rest frame,

S\ = e"Ptuy,S,; + ul Ky — ui K, (5.45)
and we then relate these, respectively, to three-dimensional
vectors S and K in the background frame by the standard
boost taking w5 into uf,

p-S DS
St = S+ )
! <m Ymi+nf
p-K, DK
Ky = K+ ) 5.46
1 (m i+’ (540

Note that for the complete translation of the observables,
we must consider all of (5.44)—(5.46) applied to both the
initial state quantities and to the final state quantities.
Finally, for the impact parameter, we have b* = (0, b, ),
where this should be related to the vector b appearing in the
solution of Hamilton’s equations by

pXSl 1 < pK1 >
PO (g, P ), (547
m(y+1) m " p (3-47)

b :bcov +

which is the Fourier conjugate, under (5.42), of multipli-
cation by the factor £, - €, in Eq. (5.25), in the probe limit.

Taking the solutions for Ap/ and AS/” from solving the
worldline equations of motion, given in (4.44), and
converting them into three-vector forms using the trans-
lations given in the previous paragraph [again, being
careful to apply (5.45) and (5.46) separately to both the
initial and final states, using the initial and final momenta],
we find expressions for Ap, AS;, and AK; which precisely
match those coming from solving the equations of motion
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coming from the Hamiltonian matched to FT1g, given by
(5.38) and (5.39) with (5.43), (5.28), and [185].

H. On the reality of K

We conclude this section by commenting on the
reality properties of K;. In the quantum theory K, is an
anti-Hermitian operator for any finite-dimensional repre-
sentation”” of the Lorentz group, which implies that its
expectation value K in any such state is imaginary. On the
other hand, if we allow for an infinite-dimensional repre-
sentation, K | may be taken to be Hermitian, which would
result in K; being real (see e.g. Sec. 10.3 of Ref. [204]).

We first consider the implications of choosing a finite-
dimensional representation, given that these are the repre-
sentations employed by our field-theory constructions. In
this case, for the Hamiltonian to be a Hermitian operator,
we need the coefficients of all Hamiltonian terms that
contain an odd number of factors of the boost operator to
be imaginary. This is indeed so for FT3g, while for FT1g
the coefficients are real. For the 1PL coefficients, this
can be seen by combining Egs. (3.13) and (5.28). In this
way, the unphysical nature of the lower-spin states in FT1g
results into a non-Hermitian Hamiltonian. Interestingly, the
Hermitian Hamiltonian corresponding to FT3g breaks
time-reversal symmetry, which can be seen by combining
Eq. (5.7) with the fact that time reversal is an antiunitary
operator (see e.g. Sec. 2.6 of Ref. [203]).

Secondly, we examine the case of infinite-dimensional
representations. For these, all Hamiltonian coefficients may
be taken to be real. This implies that time-reversal sym-
metry is satisfied. Furthermore, this case meshes well with
the classical interpretation of K; as a mass moment, which
implies that K, is real.

While the above seem to suggest the use of a field theory
for an infinite-dimensional representation, we do not
attempt such a construction in the present paper. Instead,
we find that the analytical continuation below Eq. (4.30) is
sufficient for our purposes. In particular, such an analytical
continuation allows for the matching between our field-
theory and worldline constructions, and also results in a
Hermitian and time-reversal symmetric Hamiltonian. We
defer further analysis of this issue to the future.

VI. WILSON COEFFICIENTS AND PROPAGATING
DEGREES OF FREEDOM

We have seen in the previous section that the Compton
amplitudes computed in FT'1s depend on additional Wilson
coefficients compared to those of FT2 (see Table I for the
Lagrangians for these field theories). In Sec. IV we showed

Here we refer to the size of the spin space available to the
particle (e.g. the states |1/2,41/2) for a spin-1/2 particle), in
other words the size of the little-group representation. In contrast,
the complete Hilbert space of a particle is always infinite due to
the momentum assuming continuous values.

that the number of Wilson coefficients of FT2 matches the
usual worldline formulation WL1 with an SSC imposed.
We also found a modified worldline theory, WL2, con-
taining the same number of additional Wilson coefficients
as found in FT1s, FT1g and FT3. Thus, additional Wilson
coefficients (relative to e.g. FT2 or WL1) are a reflection of
additional degrees of freedom in the short-distance theory.
In FT1 some of these extra states are unphysical, having
negative norm, see Sec. II D. In this section we elaborate on
the rationale behind FT3, which may be thought of as a
rewriting of FT'1 such that all states have positive norm, and
demonstrate that the same outcome—physically relevant
extra Wilson coefficients—can also result when all states
have positive norm.

As in previous discussions of FT3, we focus on fields in
the (s,s) representation. We begin by separating such a
field into components with definite spin. While the external
states of the amplitudes AFT' are transverse and thus spin
s, the intermediate states may contain lower-spin compo-
nents, some of which are unphysical. We use factorization
and gauge invariance to study the exchanges of lower-spin
particles in amplitudes with spin-s external states in FT1.
We find that the map given in Eq. (3.13) yields the results of
FT3s from those of FT'1s; the imaginary unit in Eq. (3.13) is
indicative of the negative-norm nature of the exchanged
states of FT1. We also discuss from a general perspec-
tive the intermediate-state spins that can contribute in
the classical limit and construct their contribution to the
Compton amplitude. This analysis sets on firm footing the
field content we chose for the Lagrangian of FT3. Because
of the structure of the Lorentz generators in the (s, s)
representation (2.38), the trace part of intermediate states
can be projected out by simply choosing traceless external
states, such as the coherent states in Eq. (2.30). We
therefore focus on the consequences of transversality or
lack thereof.

A. Resolution of the identity and amplitudes
with lower-spin states

As reviewed earlier, a field in the representation (s, s) of
the Lorentz group contains states of all spins between 0 and
s. To develop a general picture of the interplay and
couplings of these states it is useful to formally expose
them in the Lagrangian of FT1. We use the resolution of the
identity operator in this representation,

N
v(s) _ § (v Uy Vil ---Vs)
6#(5') B Z ( n ) Wpay -+ Uy, U Leeu PﬂnJrl---ﬂs)’ (6.1)
n=0
with the on-shell transverse projectors P20 =
@’(’}‘41 Zi...@:ﬁ>, which is the j = 0 term in the summation

of Eq. (2.14) and the symmetrization follows the definition
in footnote 7. For example, for the two-index and three-
index-symmetric representations this becomes
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1 2 2%
5,(“]5,,22) = Puyis, + 2u, ”177”2 + Uy, U,

(1 g2 sV3) _ pritavs (v 1/21/3
5141 51425/43 - Pﬂlﬂzﬂs + 3” IP

Uy, u’“'u"ZPz + Uy, Uy U U U

+ 3M HaH3

(6.2)
The projectors used here single out the longitudinal
components of fields but not traces. We ignore trace states;
while they are propagating, in four-point Compton ampli-
tudes they can be projected out from all diagrams that do
not include loops of higher-spin states by choosing trace-
less external states.

By inserting the resolution of the identity (6.1) into the
nonminimal interaction £, min of FT1, we can expose and
identify the couplings of all the definite-spin components of
¢,.>' For example, in the O(S!) interaction F whsMP g,
by using u# — i0"/m, we get

iy - (_1)” O1--Ps V\H1---Fs Vnt1---Vs

b M p, = ;Wqﬁé P (M )5 O 0, P
X (0"(273)””“”% +c.c., (6.3)

where (0"¢y),, |, =0"...0",,, , isafieldinthe (s—n,

s—n) representation of the Lorentz group, and the pro-
jector 77”"1'1 " singles out its spin-(s — n) component. In
Eq. (6.3) each term in the summation is given by partial
derivatives and is thus not invariant under the photon gauge
transformation. We only use this equation as a guide to
construct an effective field theory in which an s-index tensor
nonminimally couples to an (s — n)—index tensor.

Schematically, we identify Pyt (9"dy),, v =
(Ps—n)p,,,..u, as an off-shell spin-(s — n) field and assign
to it the kinetic term is given by Emm defined in Eq. (2.7).
We further replace all the remaining partial derivatives by
their covariant version. For the coupling F,, ¢ ;M me at the
linear order in spin, this prescription leads to the following
interaction between ¢, and ¢,_;:

1
aF;w[ (1 a‘M ap...ogf.. /}Dﬁl¢ﬂ2 +CC] (64)

This interaction agrees with the one included in FT3 for
C, = C, [see Eq. (2.61)]. If we further relax the require-
ment that the interaction has to be mediated by the Lorentz
generator, we get one more gauge invariant structures and
thus arrive exactly at Eq. (2.61).

Having identified the off-shell component fields that
exist within the off-shell field ¢;, we may explore how the

*'The projectors may be replaced with their off-shell-trans-
verse version, constructed from (1, — p* p*/ p?). However, this
yields a nonlocal Lagrangian. Moreover, transversality needs to
be only an on-shell property, so using Eq. (6.1) is sufficient.

amplitude changes if we restrict both the on-shell and the
off-shell states to (25 4 1) states of spin-s particles. We
study this by building the four-point Compton amplitude
involving only massive spin-s degrees of freedom with
on-shell methods. On general grounds, we should find
AFT2; o carry out this calculation, we need to find products
of spin-s polarization tensors and the projector, similarly to
the products involving Lorentz generators we computed
in Sec. I C. We then subtract it from the corresponding
amplitude AT to obtain the contribution from the lower-
spin degrees of freedom, i.e. the difference between AFT!S
and AFT?_ In Sec. III, the Compton amplitudes of FT2 are
computed from fixed value of s and then extrapolated to the
generic case. Here, we will keep s arbitrary, but only
consider the linear order of spin; this will be sufficient to
illustrate the main points of our discussion.

We evaluate the products in question explicitly starting
from low and fixed values of the spin, extrapolating to
arbitrary s and then taking the classical limit. We find

VPO (py +g5) - &Y
= g(lv) . (Z/‘A(LS) (1 + sgl . q3€4 .2qj" + -..> 5
€] '84’7’1

5(1S) PY (py+qy) - MM - E(S)

:ggs).MW_g‘(‘nleS(Pl& Plfﬁz)& 960 g 4
-Eqm

(6.5)

where we used the on-shell conditions and transversality
and ¢, and g5 are the momenta of the Compton amplitude
photons. We have omitted terms that do not contribute in
the classical limit of the Compton amplitude at O(S!).
Using Eq. (6.5) it is straightforward to compute the pole
part of the Compton amplitude. To complete the amplitude
we construct an ansatz for the missing contact term and fix
it by demanding gauge invariance for the two photon
external lines. We find that the difference A3 between
the amplitude without the spin-s projector, Aﬂﬂ“, and the

amplitude with the spin-s projector, which is indeed A2,
is given by

FTl1s
A4 c T 'A4 cl A4 cl

_ _(_1)55({) EY2i(1-Cy +D,)?
m? P19

pi-f2-S(p1) - f3- pr-

This is exactly the difference between Eqs. (3.8) and (3.10).
The sign difference compared to Eq. (3.12) reflects the
negative norm of the spin-(s — 1) states that are part of ¢,
compared to the positive norm of the analogous states
in FT3. Equation (6.6) also manifests that choosing

(6.6)

045011-35



ZVI BERN et al.

PHYS. REV. D 109, 045011 (2024)

& q

i

e py e by

FIG. 2. The three-point amplitude involving a massive spin-s
particle (thin line), a massive spin-(s — n) particle (thick line) and
a photon (wiggly line).

D, =C,—1 for AFT!s is equivalent to consistently
inserting the spin-s physical-state projector.

B. Lower-spin states and their scaling
in the classical limit

Having identified the relevance of the lower-spin states
for Compton amplitudes, we now proceed to examine the
processes whose classical limit receives contributions from
such states. While, as already noted, in FT1 such states
have negative norm, we may either construct field theories
such as FT3 in which their norm is positive so they are
physical, or we may simply use maps such as (3.13) or
(3.28) to modify the amplitudes of FT1 to agree with
amplitudes with physical intermediate states.

We wish to characterize the classical scaling of the
transitions from the spin-s to the spin-(s — n) state via the
emission of a photon. There are several distinct structures
that can appear in such an amplitude, as illustrated for
example in Eq. (3.1). For illustrative purposes we focus on
the first term in that equation which arises from the
covariant derivative in the quadratic Lagrangian L, of
FT1; other interactions may be treated similarly with
similar expected conclusions. We moreover interpret the
lower-spin field as the longitudinal components of a higher-
spin field, as discussed in Sec. I D. Thus, the three-point
amplitude we consider here and illustrated in Fig. 2 is

$Sn — oo P1€§S) . (ugégs—n))’

3,min

(6.7)

where all momenta are outgoing, the matter momenta are
p1 and p,, u; = p;/m and the photon momentum is g.
Using the explicit form of the polarization tensors in
Eq. (2.45), this three-point amplitude becomes

. _ ) S 1/2 q-é€ n
S =63 pi(ey - E)7" (n) ( 1) . (6.8)

m

where we used the on-shell conditions p, = —p; — ¢ and
e-p1 =0. For n<s and 1 < s we may approximate
(5) ~%. We may use the scaling of polarization tensors
implied by their embedding in a nontransverse (s, s)
representation of their Lorentz group to obtain the scaling
of the transition amplitude. Together with Eqs. (2.46),
(2.47), and (2.54), Eq. (6.8) implies that the transition
three-point amplitude A37%" depends on ¢ and K as

Qan 37 q3 3> q3 27Q2

B I S I

17]71 47]74 lapl 4ap4

FIG. 3. Representative diagram of the contribution of the spin-
(s — n) exchanges in the Compton amplitude. Legs 1 and 4 are
massive spin-s particles, legs 2 and 3 are photons, and the
intermediate thick line corresponds to the spin-(s — n) particle for
some n > 0.

s—s—n
3,min

~q"K" ~ ¢°. (6.9)
Thus, the transition three-point amplitudes scale as ¢° in the
classical limit, so they are classical.

We now discuss the contribution of three-point ampli-
tudes to the residue of four-point amplitudes. Since in
Eq. (6.9) the polarization tensors have already been used to
generate the factors of K, the expression of the amplitudes
that is useful for residue computation is Eq. (6.8) together
with the fact that the sum of a product of spin-(s — k)
polarization tensors over all the physical states yields the
projector onto the spin-(s — k) states. It is then straightfor-
ward to see that the pole part of diagonal amplitudes, whose
diagrams are illustrated in Fig. 3, is

S—n—s§

s—s—n
AS_>S|exchange _ 3:p1.q2.PY"3:—P.q3.p4
4 lspin-(s—n) — 2D, -
(s—n) states P14
s—s—n s—n—s
A35p1,q3,P 31—P»‘12~P4:|

2pi - qs

sn

~ e - E. S—n
g, b )
« K%‘gl) <613'€4>
m m
(9 E " (92 Ea\"
m m '
where we assumed that the relevant higher-spin theory has
standard factorization properties. The second term in (6.10)

follows by interchanging ¢, and g;. In the large s limit,
Egs. (2.40), (2.42), and (2.43) imply that

(6.10)

(512”'181 QS’1'1§4>" 5 (gmi;l” {iqz -S(p1) - g3
_nis%‘S(Pl)'S(m)m]n
W[iqz's(l’l)‘%]"- (6.11)

We observe that for any n the explicit factors of s cancel in
Eq. (6.10), i.e. the various factors combine such that
the only spin dependence is through (e - &)* and S*.
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However, since the square parentheses in Eq. (6.11) scales
as ¢" and the propagator in Eq. (6.10) scales as 1/¢, only
for n = 1 the exchange term has a classical contribution.
Heuristically, the existence of one matter propagator allows
for transitions to spin states that differ from the external by
one unit i.e. s > s—1— ).

A similar argument reveals the contribution of transition
three-point amplitudes to off-diagonal s — s —m two-
photon amplitudes. It is intuitive that intermediate spin-
(s — n) states can contribute if 0 < n < m. For n > m, we
find that the existence of one matter propagator in the
four-point amplitude allows for the state n = m + 1 to also
contribute. Indeed, factorization together with Eq. (6.8)
imply that

s—5—n S—n—s—m
As_m_m‘exchange o |: 3:p1,q2,PY " 3:=P.q3.p4
4 spin-(s—n) — 2 :
pin-(s=n) 2p1-q2

(s—n) states
s—s—n S—n—>S—m
3:p1.93.P 33—P-42»P4:|

2p1-q;
sn—m/2

~ (€1 -84)7"
2py - qr

(e
()

where we assumed that n > m and that, as before,
the relevant higher-spin theory has standard factorization
properties.”* Equations (2.40), (2.42), and (2.43) imply
that, as in the diagonal amplitude, the factors with an equal
number of &; and &, can be effectively written in the large s
limit as

(flz €143 '54) neme (g - Ey)"T
= —

m m (2ms)"—"

{i%'s(m)'%

1 n—m
-, S .S . ,
s g2 -S(p1) - S(p1) 613}

(6.13)

and similarly for g, <> ¢3. Equations (2.52) and (2.53) can
be used to write the remaining unbalanced dependence on
€, and &, as a linear combination of K and S vectors of
degree larger or equal to m, which contains at least one term
with m factors of K and has an overall factor of s~/ [see
e.g. Eq. (2.53)]. The overall factors of s cancel out, as in the
case of diagonal amplitudes. The terms with m factors of K

2An expression analogous with Eq. (6.12) can be written for
m > n. Both in that expression and in Eq. (6.12) the sum over
intermediate states yields an on-shell transverse projector. Trans-
versality of external states implies, however, that the momentum-
dependent terms in that projector are subleading in the classical
limit, which justifies why no projector is included in Eq. (6.12).

and one power of S if n > m and the terms with m factors of
K and no power of S if n = m exhibit classical scaling. In
other words, suppressing factors of g and S, we have
A757™ ~ K™ as its three-point counterpart in Eq. (6.9).
This dependence prompted us to restrict our analysis of
FT3 to a single power of K or an arbitrary power of S and
no K, i.e. m < 1, since these are the terms we may probe by
considering a spin-s and a spin-(s — 1) field. It would be
interesting to extend FT3 with further lower-spin fields and
access nonlinear dependence on S and K. Consistency of
the theory should lead to the cancellation of possible
superclassical terms.

The arguments above can be repeated to analyze the
possible intermediate states that can contribute to higher-
point tree-level amplitudes. For example, starting with
Eq. (6.9), the two-pole part of a diagonal s — s three-photon
amplitude can receive contributions from suitable combina-
tions of intermediate states of spin different from s. Further
contributions from single-pole terms depend on the scaling of
four-point contact terms; for example, if it is the same as for
the three-point amplitude, A3~*™" ~ (¢ - K/m)", then such
four-point amplitudes contribute to single-pole terms of the
five-point amplitude. Such higher-point amplitudes are some
of the ingredients of higher-PL spin-dependent calculations,
so it would be interesting to investigate them further.

C. Lower-spin states in the Compton amplitude

With the information we acquired from the analysis of the
soft-region scaling of amplitudes with states of different large
spin we may construct Compton amplitudes using a standard
on-shell approach: We start with three-point amplitudes with
the appropriate scaling and use them to construct the O(S)
exchange part of the Compton amplitude. We then fix the
contact terms by demanding gauge invariance and that their
dimension is the same as that of contact terms arising from
the Lagrangians of FT1, FT2 and FT3.

The three-point amplitude is shown diagrammatically in
Fig. 2. With n = 1 and all-outgoing momenta, its expres-
sion that follows from a Lagrangian such as that of FT1 is

Aé_)s_l = (_1>55§‘?) : M3(P17P2’ Q3’€3) : (uzgzs_l)),
(6.14)
where M5 is given in Eq. (3.1). Using Egs. (2.46) and

(2.47), the linear-in-S or K part of the three-point amplitude
to leading order in s can be written as

Ag—m—l
1y 2= D= s (er - g)(er E)
T (6.15)

where the ellipsis stands for terms of higher order in s
and gq.
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Next, we sew together two of these three-point amplitudes to obtain the residues of the two matter-exchange poles of the
Compton amplitude corresponding to the two diagrams in Fig. 3. Focusing solely on the spin-(s — 1) exchange, we have

J4s(Cy =Dy = 1)*(py - &) (€1 - q2)(pa - €3) (84 - q3)

Res(A4,Cl|spin-(s—1))|2p]<q2:0 = (_1)

mZ

XY (e ) (e E) (6.16)

phys ¢, states

where €, and e5 are photon polarization vectors. The physical state sum is evaluated using

= \s— = \s— s— s=1)_v, =Vs—1
S (e e )T = ey (PO B

phys &, states

(6.17)

and Eq. (6.5). Given that the residue scales as g, we may replace the projector with the identity, as all the other terms are

subleading in small ¢g. The residue becomes

J4s(Cy =Dy = 1)*(py - &) (€1 - q2)(pa - €3) (84 - q3)

(e1-84)°".

ReS(A4,cl|spin—(s—1)) |2p1-q2:0 - (_1>

To complete the amplitude we need to add the other
exchange channel, with a pole at p; - g3 = 0, and to find
the contact term so that the result is invariant under photon
gauge transformations, &; — ¢€; + Ag; with i =2 and sep-
arately i = 3. Allowing for at most two powers of momenta
in the contact term, its effect is only the replacements

(p1-e)(e - q) — P;ffz,ﬂydf,

(Ps-€3)(84-q3) = ng&aﬂgf’ (6.19)

with f; , defined below Eq. (3.7). Thus, the classical
Compton amplitude of two spin-s particles due to an
intermediate spin-(s — 1) exchange is

J(e1-84) " 4s(Cy =Dy —1)?
1) = (-1 BTG
m P1-92
Xpr-fr-eps-fz-E+ (2 3).

(6.20)

'Aésl,_c)ls | spin— (S -

Finally, replacing the polarization vectors &, and &4 in terms

of the spin tensor as in Eq. (2.40) and keeping only the

classical terms leads to
Aftzls|spin—(s - 1) = ‘A?t

A —Ajg. (6.21)

o =

where for the second equality we used Eq. (6.6). Thus,
we explicitly identify the difference between AYT1S and
AETclz as due to the propagation of an intermediate (s — 1)-

spin state.

VII. DISCUSSION AND CONCLUSION

In this paper we addressed a puzzle regarding the
description and dynamical evolution of spinning bodies

2 (6.18)

|

in Lorentz invariant theories, with an eye toward applica-
tions to the two-body problem in general relativity. Their
gravitational or electromagnetic interactions are described
via an effective field theory of point particles in terms of a
set of higher-dimension operators each with a free Wilson
coefficient. Reference [64] found that the amplitudes-based
framework of Ref. [78] leads to additional independent
Wilson coefficients in observables compared to the usual
worldline description. These additional Wilson coefficients
appear to vanish identically for black holes, but seem to
contribute to scattering observables for more general
spinning objects starting at the second order in Newton’s
constant and at cubic order in the spin.

To identify the origin and the physics described by the
extra Wilson coefficients we analyzed the simpler case of
electromagnetic interactions of charged spinning bodies.
This theory is inherently simpler than general relativity
because it has no photon self-interactions and more impor-
tantly the analogous effects are already present at linear
order in spin. We constructed several such electromagnetic
field theories: one with two physical propagating higher-
spin fields, another with multiple physical and unphysical
propagating higher-spin states packaged in a single higher-
spin field, and finally one with a single quantum spin. When
available, we also considered several possible classical
asymptotic states. In the classical limit we found that simple
maps connect the amplitudes of the various cases and
reached the conclusion that the presence of states beyond
those of a spin-s particle leads to additional Wilson
coefficients. These Wilson coefficients govern transitions
between states of different spin which in turn lead to changes
in the magnitude of the classical spin vector even for
conservative dynamics. While the magnitude of the spin
vector can change in theories with additional propagating
states, the magnitude of the spin tensor is conserved.
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We found that these results have an interpretation in a
more conventional worldline framework and exposed it by
analyzing two distinct worldline theories. The first one
corresponds to the standard construction [40,170] where a
spin supplementary condition is imposed. The second
theory relaxes this constraint, introducing additional
degrees of freedom. As for field theories with transitions
between states with different spin, the dynamics of this
theory allows for changes in the magnitude of the spin
vector along classical trajectories.

While the results of all of our field theories can be
obtained as limits of results of these two worldline theories,
we did not find a worldline theory that reproduces
observables obtained from AfT!S whose asymptotic states
are limited to a single quantum spin. It would be interesting
to pursue the construction of such a theory; to this end it
may be profitable to interpret A as a sequence of
absorption amplitudes and match them with a worldline
theory with additional nonasymptotic states, along the lines
of Ref. [178]. Another interesting direction would be to
generalize FT3, which was constructed using spin s and
(s — 1) states, to include spin (s — k) state with k > 2, in
order to describe interactions beyond the spin-orbit case.

We evaluated tree-level Compton amplitudes to provide a
direct comparison between the various field and worldline
theories. We carried out this comparison to second order in
the spin tensor. Field theories restricted to propagate only
the states of a spin-s particle preserve the magnitude of the
classical spin vector, and the results match those of the
worldline with a spin supplementary condition imposed,
compatible with Refs. [97,175]. In contrast, if states of dif-
ferent spin propagate and transitions are allowed between
them, the field-theory Compton amplitudes contain addi-
tional Wilson coefficients and match those of the worldline
with no spin supplementary condition. The results of the
theory with propagating states of a single spin-s particle are
reproduced for special values of the Wilson coefficients; thus,
for these values, the SSC condition is effectively imposed
(albeit not actively), and the spin gauge symmetry is restored.
This holds true both for the field theory where some of the
additional spin states were negative norm [78] and for the
alternative construction with all positive-norm states.

To establish a closer connection between the extra
degrees of freedom present in the various field-theory
descriptions of spinning bodies and classical observables,
we constructed a pair of two-body Hamiltonians where the
obtained amplitudes match the field-theory amplitudes [78].
The first of these Hamiltonians is the standard two-body one
including the standard spin-orbit terms. The second incor-
porates the mass moment as a new (boost) degree of freedom,
and is the one that can match both the field theories
with transitions between states of different spins and the
worldline with no spin supplementary condition imposed.
We carried out detailed comparisons of the impulse, and
spin and mass-moment kicks through O(a?S) between the

predictions of these two-body Hamiltonians and the corre-
sponding worldline approaches and found agreement to this
order. It would be interesting to generalize our field theory
with two propagating fields to contain multiple propagating
fields and in this way verify the connection to the worldline
through O(a?Sk2).

We also succeeded in finding a compact way to express
scattering observables via an eikonal formula. The spin
eikonal formula of Ref. [78] provides a direct connection
between amplitudes and scattering observables and bypasses
explicit use of the Hamiltonian. We found a generalization of
this formula, which is valid through O(a?S), compactly
contains the intricate results of Hamilton’s equations for
scattering observables and includes extra degrees of freedom
(in the form of the rest-frame boost vector) and all Wilson
coefficients. It would be interesting to extend this compari-
son to higher powers of the spin and boost vectors. While this
eikonal formula was not derived from first principles, its
existence strongly suggests that a first-principles derivation
should exist.

Our primary conclusion is that, whether using a four-
dimensional field-theory or a worldline description of
spinning bodies, the extra Wilson coefficients are directly
associated with additional propagating degrees of freedom.
These extra coefficients induce a dynamical change in the
magnitude of the rest-frame spin vector even for conser-
vative dynamics. This change in spin magnitude is neces-
sarily associated with a change in the mass moment, which
in turn induces a change in the electric dipole moment. It
would be very interesting to identify physical systems where
these additional degrees of freedom lead to observable effects
whether in electrodynamics or general relativity.

We expect that carrying out similar field-theory, world-
line and effective two-body Hamiltonian constructions
and comparisons for general relativity should be straight-
forward. We look forward to studying the phenomena
described here in detail for the case of general relativity
where they were originally observed.
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