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ABSTRACT OF THE DISSERTATION

Higher-Dimension Operators and Applications in SMEFT and Tidal Gravitational Effects

by

Eric Jonathan Sawyer
Doctor of Philosophy in Physics
University of California, Los Angeles, 2021

Professor Zvi Bern, Chair

This dissertation explores the effects of higher-dimension operators in scattering amplitudes,
and how such amplitudes can be used to gain insight into areas of physics ranging from
elementary particle interactions to the tidal responses of black holes and neutron stars.
Chapter 1 provides a brief introduction to higher-dimension operators and the Effective
Field Theories (EFTs) which are their natural environment. In Chapter 2, we prove a
theorem stating that operators which are ”longer” in a specific sense cannot renormalize
"shorter” operators at low loop levels. This result applies very generally, and can apply at
high loop levels given the appropriate operators. We also discuss how the theorem applies
to specifically to the Standard Model Effective Field Theory (SMEFT). In Chapter 3, we
extend this discussion of renormalization within the SMEFT by calculating a large class
of one loop amplitudes of dimension-six SMEFT operators and showing how to use these
amplitudes to compute two loop anomalous dimensions. Finally, in Chapter 4 we turn the
calculation of amplitudes with higher-dimension operators to the purpose of calculating the
effects of tides on the gravitational potential between, for example, orbiting black holes and
neutron stars. This work, which includes in principle the leading effect of tidal operators at

all loops, has direct relevance for gravitational wave detectors.
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Chapter 1

Introduction

Our understanding of physics has for centuries developed on the principle that simple rules
dominate on the scales we experience in our day to day lives, and as situations approach
the more extreme, be it on the scale of particles or on the scale of galaxies, new effects
begin to result in corrections to the familiar rules. This intuition that new physics can be
conceived as corrections to theories that work well at low energy is the foundational idea
behind Effective Field Theories (EFTs). In this context, the normal field theory require-
ment for renormalizability is discarded, with the assumption that a renormalizable theory
ultimately describes physics at high energies. However, knowledge of the high energy theory
is unnecessary for understanding the physics at low energies, which can simply be described
in terms of a low energy theory plus corrections given by higher-dimension operators. These
operators, constructed only out of the fields of the low-energy theory, capture corrections
given by the high-energy physics, and are suppressed by a characteristic high-energy scale.
The Standard Model Effective Field Theory (SMEFT) provides an illustrative example.
The well-known Standard Model Lagrangian,
e = Lo Ly e Lp g (Do) (Do) £ mele — Iagple)?
SM % 1" it uP p) e = AN
+i(IDL + elpe + qlPq + ulPu + dIpd) — (IT .ep + qT,u@ + qladp + h.c.) (1.1)



is fully renormalizable in four dimensions, with all of the terms being of dimension four.
The requirement of renormalizability leaves little room for adding additional physics, but in
the framework of an effective field theory, we can add additional higher-dimension operators

which provide corrections to the Lagrangian, and thus to the physical scattering amplitudes:

1 1 1
— r@ (5) () (6) (6)
L=L +A§i ¢, O; + 1 E@ ¢’ O, +(9<A3>, (1.2)

where operators with higher mass dimension are suppressed by more powers of the high-
energy scale A. A comprehensive review of the SMEFT can be found in Ref. [1]

Within this bottom-up approach for building an EFT, no assumption is made about the
relative magnitudes of the operator coefficients (cl@, 056) etc.). It is thus important to include
all possible operators in the Lagrangian for each operator dimension, and thus for each power
of A=t. This can prove a challenge at higher dimensions, as the number of operators quickly
grows out of hand. For example, there is only one valid operator at dimension five for the
SMEFT, fifty-nine valid operators at dimension six [2], and 1,029 operators at dimension
eight [3], not including the large variety of flavor structures allowed. The benefit of this
completeness, however, is that by experimentally searching for the effects of these operators,
we can systematically search for new physics without assuming a model for its high-energy
realization.

Along with the need to systematically explore the effects of the higher-dimension opera-
tors individually, care must be paid to understand the relationships between the operators
under the renormalization group flow. Understanding the meaning behind the experimen-
tal appearance of certain operators involves performing EFT matching at the high energies

relevant to the underlying theory, but experiments can only access data at the relative low

energies of particle colliders. The evolution of the theory between the two scales is described



by the renormalization group equation,

(10 + ) b5 + (Y = ™) | =0, (1.3)

where Fj[p1,....pn; @i ] = (p1, .., P O5(q)|0) is a form factor, and ~{]" is the anomalous
dimension, which can be computed perturbatively and describes the running of the couplings
from the high-energy scale down to the energies accessible by experiment.

In the landmark works of Refs. [4], the authors completed a systematic computation of
the one-loop anomalous dimension matrix for dimension-six operators in the SMEFT. Besides
their importance for interpreting experimental data, these calculations reveal a remarkable
structure with the appearance of nontrivial zeros in the anomalous dimension matrix [5].
These zeros implied an unforeseen structure in the SMEFT, as the general naive assumption
for EFTs is that every operator that is not forbidden from renormalizing another operator will
produce a non-zero anomalous dimension. The one-loop zeros were elegantly explained using
helicity selection rules [6], but the question remained whether they would persist at higher
loop orders, or whether this was an accident of the simplicity of the one-loop calculations.
In Chapters 2 and 3 we show that indeed there is additional structure beyond one loop in
the SMEFT anomalous dimension matrix. We make use of an elegant formalism developed
by Caron-Huot and Wilhelm in [7], which casts the calculation of the anomalous dimensions
in terms of on-shell form factors and amplitudes.

On-shell methods have gained in prominence in a large variety of physical settings, includ-
ing, for example, collider physics (see e.g. Refs. [8]), ultraviolet properties of (super)gravity
(see e.g. Refs. [9]), cosmological observables (see e.g. Refs. [10]), and gravitational wave
physics(see e.g. Refs. [11]). This is in large measure due to the ability to construct higher
loop integrands and amplitudes out of lower loop objects, and often merely out of tree level
amplitudes. This manner of construction avoids the need for Feynmann rules that are simple

to state, but which in practice lead to an explosion of terms in the intermediate stages of the



calculation. The SMEFT community has also seen a shift to the inclusion of more on-shell
methods, including the classification of interactions in an on-shell framework [12] and the
calculation of some anomalous dimensions using on-shell methods [13].

In the context of anomalous dimensions and renormalization-group analyses, unitarity
cuts give us direct access to renormalization-scale dependence. After subtracting infrared sin-
gularities, the renormalization-scale dependence can be read off from remaining dimensional
imbalances in the arguments of logarithms [7]. The direct link between anomalous dimen-
sions at any loop order and unitarity cuts is made explicit in the formulation of Caron-Huot
and Wilhelm. In Chapter 2, we use their on-shell formalism, along with an insight about
the nature of scaleless integrals, to demonstrate that non-trivial zeros in the anomalous
dimension matrix persist at any given order in perturbation theory.

In Chapter 3, we continue this analysis of the dimension-six SMEFT operators by showing
the calculation of a number of two-loop anomalous dimension matrix elements. Along the
way, we calculate a large class of the full one-loop amplitudes, which are used as building
blocks in the two loop calculation. We also verify a number of the one-loop anomalous
dimensions calculated in Refs. [4]. We will further show that additional structure can be
found in the two-loop anomalous dimensions, including the ability to set certain matrix
elements to zero using judicious choices of the renormalization scheme for the one-loop
amplitudes.

While we have so far focused on the SMEFT as our example of an EFT with higher
dimension operators, another example is the calculation of corrections to gravitational wave
signals, as detected by the LIGO and Virgo collaborations [14]. In this context, the physics
of the gravitational interaction between black holes or neutron stars binary pairs is viewed
as a process that takes place on a number of characteristic scales [15]. The wavelength
of the gravitational radiation represents the largest scale, from which the radiation may
well be represented as emanating from a point source. Zooming in, the separation between

the two bodies represents the next scale, where the bodies themselves are treated as point
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Figure 1.1: Diagram of a binary merger gravitational wave signal. The perturbative methods
discussed here are used to analyze the inspiral phase, with higher-order corrections becoming more
prominent as the merger phase approaches. Figure reproduced from Ref. [16]

particles. Indeed at this scale the leading contributions to the gravitational wave signal can
be calculated quite accurately. However, finite size effects are not included by treating the
particles as point sources. In an EFT setting, however, the separation of scales lends the
problem naturally to doing just that, but including finite size effects as corrections due to
higher-dimensional operators.

These corrections are encoded in their effects on the two-body Hamiltonian,

H(p.r) = \[p* +mi +/p* + m} +V(p.7). (1.4)

and are extracted systematically, following the general approach introduced in Ref. [17], by
matching QFT scattering amplitudes to a non-relativistic EFT. The potential is analyzed
perturbatively, either in the Post-Minkowskian (PM: expansion in the gravitational coupling
G, all orders in velocity), or in the Post-Neutonian (PN: expansion in the velocity, with
v?/c* ~ @) schemes. Either scheme produces physically equivalent results in their regions of
overlap, and both are used extensively to study the inspiral phase of the binary merger, as

illustrated in the diagram of a gravitational wave signal in Figure 1.1. The PM expansion



has the benefit of taking advantage of modern amplitude techniques, including construction
from unitary cuts of on-shell tree amplitudes. Recently, friendly competition between those
working in either scheme has led to results including the 4PM potential [18] (fourth order in
G), the full 4PN potential [19], and partial results up to 6PN [20].

These results effectively treat the objects as scalar particles with no spin or internal struc-
ture, but the EF'T methods used can also accommodate both these additional complications.
In terms of spin, progress has been made by a number of authors, including the calculation
of spin;- spiny effects up to O(G?) [21] in the PM framework. In the PN framework, recent
results include the N3LO quadratic in spin static contribution at order G* [22], the NLO
gravitational quartic-in-spin interaction [23], and the N3LO spin-orbit coupling at order G*
[24].

These works still treat the objects effectively as point particles without internal structure,
however, but recently finite size effects have begun to receive more attention in both the PN
[25] and PM [26] frameworks, including the calculation of the leading effects of the first-
relevant tidal operators. In Chapter 4 of this thesis, we greatly expand upon previous results
on the finite size effects by presenting the two-body Hamiltonian and associated eikonal
phase, to leading PM order, for infinitely many tidal deformations described by operators
with arbitrary powers of the curvature tensor. We proceed to derive the leading contributions
of various infinite classes of R™-type tidal operators and also comment on their higher-order
contributions. Lastly, we discuss the application of our methods to the case of pure R"

extensions of General Relativity.
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Chapter 2

Non-renormalization and operator

mixing via on-shell methods

Using on-shell methods, we present a new perturbative non-renormalization theorem for
operator mixing in massless four-dimensional quantum field theories. By examining how
unitarity cuts of form factors encode anomalous dimensions we show that longer operators
are often restricted from renormalizing shorter operators at the first order where there exist
Feynman diagrams. The theorem applies quite generally and depends only on the field
content of the operators involved. We apply our theorem to operators of dimension five
through seven in the Standard Model Effective Field Theory, including examples of nontrivial
zeros in the anomalous-dimension matrix at one through four loops. The zeros at two and
higher loops go beyond those previously explained using helicity selection rules. We also

include explicit sample calculations at two loops.
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2.1 Introduction

A key challenge in particle physics is to identify physics beyond the Standard Model. Be-
cause current experimental data at colliders is well described by the Standard Model, it
is unclear which theoretical direction will ultimately prove to be the one chosen by Na-
ture. It is therefore important to quantify new physics beyond the Standard Model in a
systematic, model-independent manner. The theoretical framework for doing so is via effec-
tive field theories that extend the Standard Model Lagrangian by adding higher-dimension
operators [1, 2]:

AL=) ¢O;, (2.1)

with coefficients ¢; suppressed by powers of a high-energy scale A dictated by the dimension
of O;. The resulting theory, known as the Standard Model Effective Field Theory (SMEFT),
is reviewed in Ref. [3].

As for all quantum field theories, renormalization induces mixing of these operators. This
can be parametrized by the renormalization group equation,

e
ij Ci>

1672

Tlon (2.2)

where %t]qv is the anomalous-dimension matrix and p is the renormalization scale. Usually,
%-IJJ-V is calculated perturbatively in the marginal couplings of the Standard Model Lagrangian,
which we will denote collectively as g. The complete one-loop anomalous-dimension matrix
for operators up to dimension six has been computed in Refs. [4, 5]. These calculations reveal
a number of vanishing entries related to supersymmetry [6], which seem surprising at first
because there are valid diagrams that can be written down. These zeros have been elegantly
explained [7] using tree-level helicity selection rules [8], which set certain classes of tree-level
amplitudes to zero. The tree-level vanishings imply through unitarity that certain logarithms

and their associated anomalous dimensions are not present. Although these selection rules
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are reminiscent of supersymmetric ones, they hold for generic massless quantum field theories
in four dimensions.

Might it be possible that beyond one loop there are new nontrivial zeros? At first sight,
this seems rather unlikely because the helicity selection rules fail to hold at loop level. In
this Letter, we show that, contrary to expectations, there are, in fact, additional nontrivial
zeros in the higher-loop anomalous-dimension matrix. As in Ref. [7], our only assumption
is that the theory does not contain any relevant couplings (e.g. masses). To state the new
nonrenormalization theorem we define the length of an operator, {(O), as the number of

fundamental field insertions in @. Then the statement of theorem is as follows:

Consider operators Oy and Oy such that 1(O;) > 1(Os). O, can renormalize Oy at L loops
only if L > 1(O0;) —1(O).

At fixed loop order, sufficiently long operators cannot renormalize short operators because
there would be too many legs to form a diagram with the right structure. Such zeros in the
anomalous-dimension matrix are trivial. As written above the theorem applies non-trivially
at (1(O0;) — 1(Oy))-loops, i.e., the first loop order at which there could be renormalization
because diagrams exist. However, in a general theory with multiple types of fields, the first
renormalization can be delayed even further, depending on the precise field content of the

two operators. We encapsulate this into the more general rule:

If at any given loop order, the only diagrams for a matriz element with the external par-
ticle content of O, but an insertion of O; involve scaleless bubble integrals, there is no

renormalization of Os by Q.

What makes them nontrivial is that Feynman diagrams exist that seem as if they should
contribute to an anomalous dimension, but fail to do so because the diagrams do not gener-
ate the appropriate logarithms. The Feynman-diagram language can obscure this, because

individual diagrams are not gauge invariant. While not difficult to disentangle at one loop,
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at higher loops it becomes more advantageous to work in an on-shell formalism, which only
takes gauge-invariant quantities as input. Indeed, modern unitarity methods [9] have clar-
ified the structure of loop amplitudes resulting in significant computational advantages for
a variety of problems, including the computation of form factors and associated anomalous

dimensions [10].

2.2 Renormalization and Form Factors

Traditionally, the anomalous dimension corresponding to the renormalization of an operator
O; by an operator O; is extracted from UV divergences. These can be found, for instance,

in form factors,

Filp1, . pns @ 1] = (p1, -, pn|05(q)10) (2.3)

with an operator insertion O; and external states |py, ..., p,) that overlap with states created
by O;. The divergences and associated anomalous dimensions can also be obtained from
one-particle irreducible effective actions or from scattering amplitudes, Mo,, corresponding
to form factors with the operator momentum injection ¢ set to zero.

Here we use the elegant on-shell approach developed by Caron-Huot and Wilhelm that
extracts anomalous dimensions directly from renormalized quantities [11]. In this approach,
the intuition that the renormalization properties of the theories are encoded in on-shell form

factors through their logarithms is made precise by the following equation:

e P =S, (2.4)

where F* is the conjugate form factor with an insertion of an O; operator. This relates the
phase of the S-matrix, .S, to the dilatation operator D which extracts anomalous dimensions.
We point the interested reader to Ref. [11] for its derivation.

For simplicity we use dimensional regularization. In this case the dilatation operator D
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Figure 2.1: Unitarity cuts relevant for the extraction of anomalous dimensions from one-
and two-loop form factors. The darker blobs indicate a higher-dimension operator insertion.
The double-lined arrow indicates the insertion of additional off-shell momentum from the
operator. The dashed line indicates the integral over phase space of the particles crossing
the cut.

is related to the single renormalization scale y = pyv = pr, as D ~ —pd,. Expanding

Eq. (2.4) at one loop one obtains the following description of the renormalization of O; by

O;

1
(Y = 1 8(9)8,)" (pr, -ory o] O4]0)©

1
(P1, ey PIM @ O;]0) .

™

(2.5)

On the left hand side we find the tree-level form factor of O;, the beta function ((g) of
the couplings g, the anomalous dimensions yyy, which are the objects of interest, and the
infrared anomalous dimensions g, which arise from soft and/or collinear logarithms. The
superscripts denote the perturbative order. The right hand side arises from the term MF™,
where M = —i(S — 1) is the scattering amplitude. The notation ® here refers to an inte-
gration over the phase space of intermediate two-particle states in the product. This simply
corresponds to a one-loop unitarity cut, as depicted in Figure 2.1(a). Schematically, Eq. (2.5)
says that, up to terms coming from the g function, one-loop anomalous dimensions are eigen-
values of the S-matrix, with the form factors being the corresponding eigenvectors. More

practically, this equation describes how to systematically extract the anomalous dimensions
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from the coefficients of logarithms by taking discontinuities of the form factor.

The fact that dependence on the renormalization scale is related to discontinuities in
kinematic variables is no surprise since the arguments of logarithms must balance kinematic
variables against the renormalization scale to make them dimensionless. This observation has
also been used to efficiently determine the renormalization-scale dependence of the two-loop
counterterm in pure Einstein gravity from unitarity [12].

At higher-loop orders, other unitarity cuts, matching the order of the anomalous dimen-
sion, need to be considered. For instance at two loops, the three-particle cut is required, as
well as the two-particle cut between the tree-level amplitude and the one-loop form factor

and vice versa, as in Fig. 2.1(b-d).

2.3 Non-renormalization theorem

We would like to consider the renormalization of a shorter operator Oy by a longer operator
;. This could be, for example, the renormalization of *F? by ¢%, where ¢ is a scalar and
F'is a vector field strength. For simplicity we will take O and O, to be single operators,
though in general they represent collections of operators with the same field content, but
differing Lorentz contractions or color factors. Because our arguments rely only on the field
content and basic structure of the unitarity cuts, our conclusions will apply just as well to
the more general case.

The formalism reviewed above allows us to connect the anomalous dimensions to unitarity
cuts of form factors, given knowledge of the § function of the leading couplings and the
infrared anomalous dimensions. We now show that for the leading contributions, there is
an even more direct connection between the ultraviolet anomalous dimensions and unitarity
cuts.

The appearance of the § function in Eq. (2.5) is avoided simply by extracting the anoma-

lous dimensions from the minimal form factor of O, which is defined as the one with the
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minimum number of legs needed to match the operator. We will denote this by a subscript on
the state, |p1, ..., pn)s. Because of its defining property, the minimal tree-level form factor is
local and does not depend on the couplings, g. Therefore the dependence of the higher-loop
analog of Eq. (2.5) on the 3 function drops out.

Next, we would need knowledge of the infrared anomalous dimension yg. Infrared sin-
gularities are very well understood [13-16]. Our case is special, with a rather simple infrared
structure. We are interested in the first loop order at which the higher-dimension operator
could be renormalized. This would be the first loop order for which it is possible to write
down valid diagrams. The lack of diagrams at lower-loop order means there cannot be any
log(pr) terms or corresponding g at the given loop order under consideration. In addition,
infrared singularities are diagonal for the operators with distinct fields, mixing only via color.
Therefore at this order yig = 0. Various examples will be given in Ref. [17].

Thus, application of Eq. (2.4) is particularly simple for our case so that the relation

between the first potentially nonvanishing anomalous dimension and unitarity cuts is direct:

(YYD (pr, .., Pl O4]0)©
1

= T s
T

(2.6)
<p17 apn|M ® Oll()) :

With this relation at hand, it is now straightforward to argue for new non-renormalization
zeros by analyzing the allowed unitarity cuts. Eq. (2.6) gives (74Y)®) in terms of a sum
over cuts of the form illustrated in Fig. 2.1. The left-hand side of any such k-particle cut
is a naq-point amplitude, with the number of particles external to the cut equal to n, — k.
Similarly the right-hand side is an ng-point form factor, with nz — k particles external to the
cut. Now, for the minimal form factor, the total number of external particles must match

the length of O,, so we must have the relation,

ny +np — 2k =1(0;) . (2.7)
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The number of legs nxs and np are both bounded from below. For the unitarity cut to be
non-zero, the scattering amplitude on the left must have at least two external particles, that
is, napq > k + 2. On the other side, np is restricted by the requirement that the form factor
not include any scaleless bubbles. Since all legs of the form factor, including those crossing
the cut, are on shell, any such scaleless bubbles would evaluate to zero. At one loop, for
example, this implies np > [(O;), which is the same as the tree level relation. At higher
loops the particle count can be reduced depending on the number of loops in the form factor,

which produces the relation

ng Z Z(Ol) — (LF — 1) — 5LF,0 . (28)

Here Ly is the number of loops contained in the form factor. 4z, ¢ is unity if the form factor
is at tree level and zero otherwise, which accounts for the fact that there is no reduction
in particle number between tree level and one loop. By considering the possible placings
of the loops in the cut or on either side of the cut, we have Lp < L — (k — 1), implying
ng > 1(0)) — L+ k — 01, 0. Combining this with the condition on ny and plugging in to
equation (2.7), we obtain

(O = L+2— 31,0 < 1(0,). (2.9)

This inequality shows that the difference in length of the operators can preclude the renor-

malization unless

L>1(0) —10,), (2.10)

and thus completes the proof of the first form of our theorem. In summary, we have shown
that at loop orders less than or equal to I(O;) — I[(Os) there are no allowed unitarity cuts
that can capture the coefficient of log(1?), which in turn implies that 0¥ = 0. Eq. (2.9) also
shows that the contributions to the anomalous dimension at loop order L = [(O;) —1(O,) +1

are captured by cuts of the type in Figs. 2.1(a) and 2.1(b), that are given purely in terms of
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tree-level matrix elements. Cuts of the type in Fig. 2.1(c) are directly ruled out by Eq. (2.9)
and cuts of the type in Fig. 2.1(d) are ruled out because [(O;) — [(O;) + 2 legs need to be
sewn across the cut to have a total of [(Oy) external legs, so that all [(O;) — I(O;) + 1 loops
are accounted for in the cut. This observation should help in their computation, for instance
by allowing the use of four-dimensional helicity methods to evaluate the cut. It also implies
that helicity selection rules can be active beyond one loop, contrary to expectations.

Depending on the particle contents of the two operators, it might happen that there
are no allowed unitarity cuts even at a higher loop order than the one predicted by the
first form of the theorem. Instead of analyzing the unitarity cuts, this can be explained in
the more familiar diagrammatic language. Clearly, if the only diagrams that can be drawn
involve scaleless bubbles, there will be no available cut where all loops are included in the
cut. Thus, diagrams with fewer cut legs will force the form factor to include the scaleless
bubble, and thus to evaluate to zero. Then the corresponding anomalous dimension must
also be zero. This explains the more general rule presented in the introduction. As noted
above this relies on the absence of infrared singularities whenever corresponding lower-loop
form factors vanish.

Examples of zeros in the SMEFT at one loop are the renormalization of F? by ¢?F?,
and of D?¢*, F¢np?, and D¢*? by ¢*?, which were already explained using the helicity
selection rules [7], but also follow from the principles described here. In contrast to the
helicity selection rules, however, our theorem can also apply at higher loops. The full set of
zeros predicted by our rules for operators of dimensions five, six and seven includes examples
at one through four loops and is described in Tables 2.1, 2.2, and 2.3 respectively. The tables
also indicate the overlap between our theorem and the one-loop helicity selection rules of
[7]. Note we have combined some of the categories of operators of [7], since our theorem

does not need to distinguish operators based on their chirality.
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2.4 Two-loop examples

Consider now two calculations that show explicit examples, from Table 2.2, of the nontrivial
zeros in the anomalous-dimension matrix at two loops. The examples will also demonstrate
the vanishing of yr. The first example is the renormalization of Qg2 by Oye, which is the
entry (2,8) of Table 2.2.

The minimal two-loop form factor for Oy p2 includes two external scalars and two external
gauge bosons. The product MF™* in Eq. (2.4) at two loops requires either a cut between a
five-point amplitude and the tree-level form factor or a four-point amplitude and a one-loop
form factor with an insertion of Og. However, the cut between the five-point amplitude and
the tree-level form factor leaves five total external legs, and thus cannot match the minimal
form factor for Oy2p2. For the cut between the four-point amplitude and the one-loop form
factor to match the minimal form factor for Oy2p2, the one-loop form factor would have to
involve a massless tadpole, which would evaluate to zero.

We can also directly check that the (single) diagram—Fig. 2.2(a)—for the Oy — Oy2pe
renormalization evaluates to zero. By incorporating an IR regulator Ajg, we can evaluate the
integral while keeping the UV and IR dependences separate and determine the behavior of
the form factor in the limit Ajg — 0. The integral for this diagram immediately factorizes,

and each of the two loop integrals is of the form

(2.11)

dPt, (201 — k1) - &
/ (2m)P (6 = Ar) (61 — k1)* — Ar) -
This integral vanishes by the on-shell condition ki - £y = 0 and Lorentz invariance, since k;
is the only available momentum. Therefore Oy cannot renormalize Oy2p2 at two loops.
For a slightly more complex example, consider the renormalization of Ops by Oy4 at two
loops, corresponding to entry (1,6) of Table 2.2. Again, for this process the three-particle

cut between the five-point amplitude and the tree-level form factor does not produce the
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Table 2.1: Application of the non-renormalization theorem to dimension-five operators. The
operators labeling the rows are renormalized by the operators labeling the columns. xp,
indicates the theorem applies at L-loop order. (L) denotes that there are no diagrams
before L-loops, but renormalization is possible at that order, since the required cuts can
exist. Light-gray shading indicates a zero at one loop due to helicity selection rules, while
dark-gray shading indicates the entry is a new zero predicted by our non-renormalization
theorem.

F20 | Fy? | 022 | ¢
F?¢ (2) | X3
Py? I <
¢ (2)
¢5

Table 2.2: Application of the non-renormalization theorem to dimension six. The notation
is explained in Table I.

F3 ¢2F2 F¢1/}2 D2¢4 D¢2w2 w4 ¢31/}2 d)ﬁ
3 (2) X9 X9 X9 | X3 | X3
G*F? (2) | X
Fn)? X3
D" o
D*i)? (3)
P 2 |4
¢ (2)
e

correct external-particle state corresponding to the field content of Ops. The two-particle
cut between the four-point amplitude and the one-loop form factor with an insertion of O

is shown in Figure 2.2(b). By again adding an IR regulator, the result can be written as

dPr Tr| X (¢ —
(2m)P (63 — Mr)((£2 — k3)?* — Ar)
where X receives contributions from the multiple possible diagrams of the four-point ampli-
tude and includes the remaining propagators.
One can reduce the ¢ tensor integrals using standard techniques to obtain the following

result
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Table 2.3: Application of the non-renormalization theorem to dimension seven. The notation
is explained in Table I. The shortest and longest operators have been dropped from the list
of columns and rows, respectively, since our theorem requires a reduction in length of the

operators.

¢3F2 D2¢5 D¢3’¢}2 ¢¢4 F¢2¢2 ¢4,¢2 ¢7

qub X9 X9 X9 (2) X3 X3
DF¢¢2 (2) X X9 X4
F2? 1 (2) | 3) | (2) | (2) X2 | X4
D¢*p? | (2) | (2) Xs | (4)
Dyt | (3) | 3 | (2 (2) 3) | ()
¢3F2 (2) X9
D2¢5 X
Dg*)? (3)
Pyt (2) | (4)
Fo*y? X3
¢y’ (2)

dPe, ey
/(%)D CESYSE /dLIPSg1 Y, (41) (2.13)
il'(—1+¢)

= — 2(T)2_6()\IR)1_6 / dLIPSEl Y”u(gl) )

where € = (4 — D)/2, Y contains the rest of the trace in Eq. (2.12), and terms linear in

¢y cancel. Since the phase-space integral can at worst result in a log(Ar) divergence, the

factor (Ar)! ¢ ensures that the expression goes smoothly to zero as Ajg approaches zero for

all orders in €. Therefore the cut vanishes, along with the UV anomalous dimension.

2.5 Conclusions

We have derived a new non-renormalization theorem that applies to higher-dimensional

operators in quantum field theory. Since the theorem is dependent on only the number

and type of fields in each operator, it applies to generic massless theories with no relevant

operators.
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(a) (b)

Figure 2.2: (a) Diagram showing the only possible two loop contribution to the renormal-
ization of Oy2p2 by Ogs. (b) Cut of a form factor showing that O,4 cannot renormalize Os
at two loops. The solid square indicates the insertion of the ¢°® or ¢* operator, respectively.

Besides being helpful to find zeros of the anomalous-dimension matrix, the on-shell for-
malism of Ref. [11] is a good way to compute nonzero entries as well. Whenever an entry
is excluded by our theorem, it should be much simpler to compute the entry at the next
loop order compared to computing a generic entry at that loop order, because only tree-level
quantities enter the cuts. In addition, helicity selection rules [7] might then apply, pushing
the zero one loop further. For instance, it is straightforward to confirm that many of the
nonzero entries in the tables above vanish in the absence of Yukawa couplings. It would
also be interesting to combine our results with those of Ref. [18], where dimensional-analysis
counting rules are used to constrain coupling-constant dependence, and more generally to
find the full set constraints in the multiloop anomalous-dimension matrix of the SMEFT.
On-shell methods [9] are also a good way to compute amplitudes including higher-dimension
operators. Using these we have computed four-point one-loop massless amplitudes and asso-
ciated anomalous dimensions of the SMEFT dimension-six operators, which will be described

elsewhere [17].
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Chapter 3

Structure of two-loop SMEFT
anomalous dimensions via on-shell

methods

We describe on-shell methods for computing one- and two-loop anomalous dimensions in the
context of effective field theories containing higher-dimension operators. We also summarize
methods for computing one-loop amplitudes, which are used as inputs to the computa-
tion of two-loop anomalous dimensions, and we explain how the structure of rational terms
and judicious renormalization scheme choices can lead to additional vanishing terms in the
anomalous dimension matrix at two loops. We describe the two-loop implications for the
Standard Model Effective Field Theory (SMEFT). As a by-product of this analysis we verify
a variety of one-loop SMEFT anomalous dimensions computed by Alonso, Jenkins, Manohar

and Trott.
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3.1 Introduction

Effective Field Theory (EFT) approaches have risen to prominence in recent years as a
systematic means for quantifying new physics beyond the Standard Model. The Standard
Model Effective Field Theory (SMEFT) incorporates the effects of new physics via higher-
dimension operators built from Standard Model fields [1, 2]. The operators are organized
according to their dimension, which gives a measure of their importance at low-energy scales.
The SMEFT allows exploration of the effects of new physics without requiring a complete
understanding of the more fundamental high-energy theory. While systematic, the SMEFT
involves a large number of operators and free coefficients [3|, making it useful to develop im-
proved techniques for computing quantities of physical interest and for understanding their
structure. One such quantity is the anomalous dimension matrix of the higher-dimension
operators. The appearance of anomalous dimensions implies that the Wilson coefficients of
operators at scales accessible by collider experiments differ from those at the high-energy
matching scale to the more fundamental unknown theory. These also control operator mix-
ing, providing important information on how experimental constraints from one operator
affect the coefficients of other operators. This makes evaluating the anomalous dimension
matrix a crucial aspect of interpreting results within the SMEFT. Towards this goal, here we
apply on-shell methods that greatly streamline the computation of anomalous dimensions at
one and two loops and expose hidden structure.

A systematic and complete computation of the one-loop anomalous dimension matrix for
dimension-six operators in the SMEFT is found in the landmark calculations of Refs. [4].
Besides their importance for interpreting experimental data, these calculations reveal a re-
markable structure with the appearance of nontrivial zeros in the anomalous dimension
matrix [5]. These one-loop zeros have been understood as stemming from selection rules
that arise from supersymmetry embeddings [6], helicity [7], operator lengths [8], and angular

momentum [9]. Perhaps even more surprisingly, nontrivial zeros in the anomalous dimension
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matrix of the SMEFT appear at any loop order and for operators of any dimension [8]. In
addition, a surprising number of the associated one-loop scattering amplitudes vanish as
well [9, 10], suggesting additional zeros may appear in the anomalous dimensions at two
loops. Here we apply on-shell methods to identify a new set of vanishing terms in the two-
loop anomalous dimension matrix of the SMEFT. As a by product of our two-loop study,
we also confirm many one-loop anomalous dimensions computed in Refs. [4], via both the
generalized unitarity method [11] and an elegant new unitarity-based method due to Caron-
Huot and Wilhelm for directly extracting anomalous dimensions from cuts [12], which builds
on insight developed in earlier work on A/ = 4 super-Yang-Mills theory [13].

On-shell methods have proven to be quite useful in a variety of other settings, including
collider physics (see e.g. Refs. [14]), ultraviolet properties of (super)gravity (see e.g. Refs. [15—
18]), theoretical explorations of supersymmetric gauge and gravity theories (see e.g. Refs. [19,
20]), cosmological observables (see e.g. Refs. [21, 22]), and gravitational-wave physics (see
e.g. Refs. [23]). They have also been used as a convenient means for classifying interactions
in EFTs such as the SMEFT [24]. In addition, general properties of the S-matrix, such as
unitarity, causality and analyticity have been used to constrain Wilson coefficients of EFTs
[25], including the SMEFT [26].

In the context of anomalous dimensions and renormalization-group analyses, unitarity
cuts give us direct access to renormalization-scale dependence. After subtracting infrared
singularities, the renormalization-scale dependence can be read off from remaining dimen-
sional imbalances in the arguments of logarithms [16]. The direct link between anomalous
dimensions at any loop order and unitarity cuts is made explicit in the formulation of Caron-
Huot and Wilhelm [12]. In carrying out our two-loop analysis we make extensive use of their
formulation. Very recently the same formalism and general set of ideas was applied in
Refs. [27, 28] to compute certain SMEFT anomalous dimensions.

In general, two-loop unitarity cuts include both three-particle cuts between two tree-level

objects, as well as two-particle cuts between tree-level and one-loop objects. Consequently,
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our exploration of two-loop anomalous dimensions will require computing one-loop matrix
elements first. On-shell methods, in particular generalized unitary [11, 29, 30], are especially
well suited for this task. Because we feed one-loop matrix elements into higher-loop calcu-
lations, we find it convenient to use D-dimensional techniques which account for rational
terms. To carry out the integration, we decompose the integrands into gauge-invariant ten-
sors along the lines of Refs. [31, 32]. In this form, the integrands can be straightforwardly
reduced to a basis of scalar integrals using integration by parts technology (as implemented,
e.g., in FIRE [33]). These one-loop amplitudes are among the building blocks that feed into
the two-loop anomalous dimension calculation.

Using the unitarity-based formalism, we indeed find that many potential contributions
to the two-loop anomalous dimension matrix vanish for a variety of reasons, including the
appearance of only scaleless integrals [8], color selection rules, vanishing rational terms at
one loop, as well as appropriate renormalization scheme choices at one loop. These vanishing
contributions go beyond those identified in our previous paper [8]. Of the new vanishings,
perhaps the most surprising is the finding that additional zeros can be induced at two loops
by slightly adjusting the MS renormalization scheme at one loop. This is tied to the fact that
two-loop anomalous dimensions and local rational contributions to one-loop amplitudes are
scheme dependent, and can therefore be set to zero by appropriate finite shifts of operator
coefficients, or, equivalently, by a finite renormalization of the operators, or the addition of
finite local counterterms.

For simplicity, we use a non-chiral version of the Standard Model, with zero quark and
Higgs masses, zero Yukawa couplings, and without an Abelian sector, but point out overlap
with the SMEFT in Section 3.5. We note that although we only utilize Dirac fermions here,
on-shell methods are well suited for dealing with chiral fermions as well (see e.g. Refs. [14,
29]). In any case, this model is a close enough cousin of the SMEFT that we can directly
verify a variety of one-loop SMEFT anomalous dimensions calculated in Refs. [4], finding

full agreement, and make some predictions about the structure of the two-loop anomalous
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dimension matrix.

The paper is organized as follows. In Section 3.2, we explain our conventions, list the
higher-dimensional operators in our simplified version of the SMEFT, and summarize the
on-shell methods that we use to obtain anomalous dimensions. In Section 3.3 we explain
the use of generalized unitarity in constructing full one-loop amplitudes, and we discuss the
appearance of numerous zeros in the rational terms of the amplitudes. We also explain how
finite counterterms can produce additional zeros in the rational terms of many of the one-
loop amplitudes. Examples of additional vanishing contributions to the two-loop anomalous
dimension matrix are presented in Section 3.4, including those that arise from finite coun-
terterms at one-loop. In Section 3.5 we discuss the overlap between our simplified model
and the full SMEFT in the basis of operators used in Refs. [4], and discus the implications
of our results for the latter theory. We give our conclusions in Section 3.6. Appendix 3.A ex-
plains the projection method used for integration in detail and lists the gauge invariant basis
tensors. The explicit D-dimensional forms of the full one-loop amplitudes, as well as their
four-dimensional finite remainders, are relegated to the ancillary files [34] and Appendix 3.B,

respectively.

3.2 Setup and formalism

We now present our conventions and explain the on-shell formalisms that we use for obtaining
the anomalous dimensions. One procedure for doing so is to extract them from ultraviolet
divergences in amplitudes. This procedure follows the generalized unitarity method for
assembling scattering amplitudes from their unitarity cuts [11, 11, 14, 29]. While we describe
the procedure for obtaining the anomalous dimensions in the current section, we leave a more
detailed discussion of the generalized unitarity method for Section 3.3, where it will be used
to construct full amplitudes.

As a second method, we apply the recent formalism of Caron-Huot and Wilhelm [12],
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which directly expresses the anomalous dimensions in terms of unitarity cuts. This method
is particularly effective for computing anomalous dimensions, and is our preferred method
beyond one loop. We show how this method helps clarify the structure of the anomalous

dimension matrix at two loops and exposes new nontrivial zeros.

3.2.1 Conventions and basic setup

To illustrate our methods we will consider a model with dimension-four Lagrangian given by

Ny
1 N
Lo = — FiF + Dyp D5 — A (€2 +i Y Om Do, (3.1)

m=1

where the gauge field strength, Fy,, is in the adjoint representation of SU(N), while ¢,
and ¢ are fundamental representation Dirac fermions and scalars, respectively. The index
m on the fermions denotes the flavor; for simplicity we take a single flavor of scalars. The

covariant derivative is given by

1
(Dtbm)s = (830 + g S THAL) (W) (32)

where T} is the SU(N) generator. We normalize the generator in the standard amplitudes
convention by Tr[T°7T"] = §® which differs from the usual textbook one, and we define
fabe = —i Tr[[T*, T T¢] and d®¢ = Tr[{T, T°}T¢] for later use.!

This model theory has the general structure of the Standard Model, but with all masses
and Yukawa couplings set to zero, and with only one gauge group. Here we also use Dirac
instead of chiral fermions; the basic methods apply just as well to cases which include chiral
fermions in the context of Standard Model calculations, as in Ref. [29].

To mimic the SMEFT we modify this Lagrangian by adding dimension-six operators

INote that our structure constants, fo€, carry an extra factor of /2 relative to standard textbook
conventions [35].
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supressed by a high-energy scale A:

L£=LY+ % > 0, (3.3)
k

where the list of the operators that we consider here is given in Table 3.12. Note that our
simplified model contains representatives from all of the operator classes of the basis used
in Refs. [4], other than the classes ¥?F¢ and 9?¢* (>X H and ?H? in the notation of
Refs. [4]), since operators in these classes must always have one uncharged fermion. We

defer a comparison to the full SMEFT to Section 3.5.
At first order in ¢;/A?, renormalization induces mixing of the dimension-six operators, as

parametrized by
. dc;
G = ——
0log

= CjYji - (3.4)
If the coefficient of operator O; appears on the right-hand side of the RG equation for the
coefficient of operator O;, as above, we say that O; renormalizes O;, or that they mix under
renormalization. Sometimes we write the corresponding anomalous dimension as 7;. ;. In all
tables which describe anomalous dimensions we will display v;; = 'y;-g to facilitate comparison
with Refs. [4]. The anomalous dimension matrix -;; depends on the dimension-four couplings
g and ), in the combinations

2
-9 g N A
_ N —
I ’ (4m)%’

(3.5)

which we sometimes refer to collectively as g(4).
We extract anomalous dimensions from both amplitudes and form factors. We define a

form factor with an operator insertion as

E(1™ . onq) = (K, .. k' Oi(q)]0), (3.6)

2We note that Ogs has no nonzero four-point amplitudes through two-loops, and therefore cannot renor-
malize any of the other operators [8]. We still include it here for completeness.
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Label Operator

Ops 3 E

O(p2r2), (plo)Fl Er,

O(p2r2), d* (' T ) F) F,
O(p21), (¢" D) (¢! Dyp)

O (D24, (0lo)O(eTe)

Oy (¢Tp)?

Opr Dp242); i(p( D, g ¢p7u¢r)
o%;;@% i1 (T°D, — DT )8, T 4)
on (DY 1bn) (pyuthr)

o (D VTP ) (V1 TPy )

Table 3.1: List of dimension-six operators considered here. For simplicity, we take the
fermions to be Dirac. The labels mnpr are flavor indices and abc color indices. Note the
operator Ops is normalized slightly differently than in Refs. [4], as are the color matrices T
in the operators O(py2y2), and Oysy,. We will occasionally drop the ( ); and ( ), subscripts
to refer to pairs of operators collectwely.

which are matrix elements between an on-shell state (ki, ..., k,|, with particles of momenta
{ki...k,} and helicities {h;...h,}, and an operator O; that injects additional off-shell mo-
mentum ¢. The states might also be dependent on the color and flavor of the particles, but
we leave this dependence implicit for the moment. Form factors are especially useful when
dealing with on-shell states with fewer than four particles, where kinematics would otherwise
require the amplitude (with real momenta) to be zero. From the perspective of form factors,
we can think of an amplitude with an operator insertion as a form factor, but where the

higher-dimension operator injects zero momentum, ¢ = 0,

A1 n®™) = (ko | 0i(0)]0) (3.7)

When the inserted operator is the identity, we recover the usual scattering amplitude, which
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depends only on the dimension-four couplings. We denote such an amplitude as

Aty = (KR 0) = (KRR M = kL <kt (3.8)

Unless otherwise stated, we use an all outgoing convention where all the particles are crossed
to the final state. When crossing fermions there are additional signs on the right-hand side
of Eq. (3.8) that we leave implicit here. In general we can write the form factors (and

amplitudes) as color-space vectors,
Fi(1,....n)=> CUF;(1,... n), (3.9)
J

where the Cl are a set of independent color factors. In the context of amplitudes, these
correspond to color-ordered [36] or, more generally, primitive [37] amplitudes. The color
factors Cl! depend on which particles of the amplitude are in the adjoint or fundamental
representation of SU(N). Here, we only need the decomposition into a basis of color factors
without using special properties of the coefficients. For the various processes we consider,
the tree and one-loop amplitudes are listed in Appendix 3.B.

We use the conventional dimensional regularization and MS-like schemes throughout, in

which the amplitudes and form factors, F; satisfy the renormalization-group equations

where 9, 1= 0/0u, 0 == 0/9gW, B := B(gW) is the B-function of the collection of marginal
couplings, ;" are the anomalous dimensions of the higher-dimension operators, and ~/}*

are the IR anomalous dimensions, arising from soft and/or collinear divergences®. For later

3The relative sign between UV and IR anomalous dimensions is merely a convention.
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convenience, we introduce the shorthand
Ay =~V — 4R, (3.11)

The appearance of both kinds of anomalous dimensions stems from the fact that there is a
single dimensional-regularization parameter, ¢ = eyy = €1r, and single scale, u = pyy = g,
for both the UV and IR divergences. As usual we take e = (4 — D)/2.

The perturbative expansion of the different quantities we consider is denoted by

E:E(O)+Fl(1)+ﬂ(2)+“a
A= AD 4 AV 4 AP
Vi =g AN A

B=pM 4 5@ ... (3.12)

where each order in the expansion includes an additional power of the dimension-four cou-
plings, g™, as defined in Eq. (3.5), compared to the previous order. Since the operators we
consider here have a least four fields, except for the F? case, any of the generated four-point
tree amplitudes are local, and directly correspond to the operator. The amplitudes generated
by the F'® operator also contain a vertex obtained from the dimension-four operators. Thus,
the four-point tree amplitudes have no powers of ¢(*, with the exception of the four-point

amplitudes generated from the F operator.

3.2.2 Anomalous dimensions from UV divergences

Anomalous dimensions are traditionally extracted from countertems associated to UV di-
vergences. For instance, in Refs. [4] the full one-loop anomalous dimension matrix of the
SMEFT was calculated by extracting the 1/e divergences of the one-particle irreducible (1PI)

diagrams that generate the one-loop effective action in the background field method. Alter-
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natively, one might extract the anomalous dimensions from on-shell amplitudes. Here, we
use the full one-loop amplitudes to calculate the one-loop anomalous dimension matrix of
our model, and thereby verify a representative set of the anomalous dimensions calculated
in Refs. [4].

An efficient way of determining UV divergences at one loop was presented for the (-
function in Ref. [38]. Here we adopt this method to calculate one-loop anomalous dimensions.
In general, the renormalization of O; by O; at one loop is determined by calculating the
matrix element with external particles corresponding to O;, but with an insertion of O;. In

general, one-loop matrix elements can be expressed in terms of a basis of scalar integrals

AV =N "0 Lo+ as I+ Y a3 s, (3.13)

comprised of boxes I, ¢, triangles, I3 5, and bubbles, I5 5, where the corresponding coefficients,
a;,b; and ¢; are gauge invariant and generically depend on color and the dimensional regu-
larization parameter €. The integrals can then be expanded in €, producing both UV and IR
poles in e. Only the scalar bubble integrals contain UV divergences, so we write a formula
for the anomalous dimensions in terms of the bubble coefficients a; ;, whose € dependence
can be ignored for this purpose. However, some care is required because of cancellations
between UV and IR divergences. We delay a detailed discussion of the infrared structure
of the amplitudes to Section 3.3. For the moment, we just recall that the 1/¢ pole in the
bubble integrals in Eq. (3.13) does not contain the full UV divergence of the amplitude. The
reason for this is that there is an additional 1/e pole which originates in bubble-on-external-

leg diagrams, which are scaleless and set to zero in dimensional regularization because of a

cancellation of UV and IR poles,

1 1
oc————l—log’uﬂ. (3.14)
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Hence the bubbles on external legs give an additional UV contribution,

1 IR (1) 4(0) . 1 IR 4(0)
— 5o A = _Z%:VWAZ, , (3.15)

where 7, is the so-called collinear anomalous dimension of particle p, and the sum is over
all external states of the tree amplitude. For the vectors, fermions and scalars in our theory

the collinear anomalous dimensions are given by [39]
YR = g%y, Y = g0k, RO = —3%40p, (3.16)

where by = (11N — 2Ny — N/2)/3 is the coefficient in the one-loop [-function of ¢, and
Cr = (N?—1)/2N is the Casimir of the fundamental representation. While we only consider
one flavor of scalar in our model, we include the parameter N, in the S-function and elsewhere
to track contributions from scalar loops.

In addition, there are contributions to the 1/e UV pole proportional to the one-loop

[B-function of the dimension-four couplings, related to the renormalization of such couplings

1 ~
5o (n = L)AL, (3.17)
€

where g = g /g9, n is the number of external states and L; is the length of the operator
O;, i.e., the number of fields it contains. We therefore conclude that the sum over bubble
coefficients is related to the UV anomalous dimensions by

1 . 1 i .

Similar formulas have recently been used in Ref. [28]. There are multiple methods by which
one might calculate these coefficients. We do so by using generalized unitarity. For the

purposes of extracting the UV divergences, it suffices to evaluate four-dimensional cuts [7, 38].
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However, we are interested in obtaining the full amplitudes, including rational terms, as a
stepping stone towards calculating two-loop anomalous dimensions, so we use D-dimensional
unitarity cuts as described in Section 3.3.

The approach we outlined is very powerful at one loop, but at higher loops becomes
more difficult to use, because it requires two-loop integration. In particular, at higher loops
simple decompositions of integrals along the lines of Eq. (3.13) do not exist. One might still
construct the amplitudes using unitarity methods, and then extract their UV divergences by
carrying out the loop integration, but one would like a simpler technique that avoids much of
the technical complexity. Furthermore, to calculate two-loop divergences, one must also keep
track of evanescent one-loop subdivergences, which contaminate the result. By an evanescent
subdivergence we mean a subdivergence whose corresponding counterterm vanishes in strictly
four dimensions, but which cannot be ignored in dimensional regularization (see e.g. Ref. [40,
41]). While not physical, these evanescent subdivergences greatly complicate higher-loop
calculations, and it is better to use a method that avoids them, whenever possible. Ref. [16]
gives a nontrivial two-loop example for Einstein gravity showing how on-shell methods can

efficiently bypass evanescent effects [15] to determine renormalization-scale dependence.

3.2.3 Anomalous dimensions directly from unitarity cuts

A much more direct way to obtain anomalous dimensions is to focus on the renormalization-
scale dependence encoded in the logarithms, and not on the divergences. The logarithms are
detectable in four-dimensional unitarity cuts. Any dimensional imbalance in the kinematic
arguments of the logarithms must be balanced by renormalization-scale dependence, so one
can directly determine the renormalization-scale dependence and any anomalous dimensions
by collecting the contributions from unitarity cuts. For example, this strategy has been
used to greatly simplify the extraction of the two-loop renormalization-scale dependence in

Einstein gravity [16].
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The formalism of Caron-Huot and Wilhelm [12] gives a rather neat way to carry out this
strategy , allowing us to extract the anomalous dimension at L-loops directly from phase-
space integrals of lower-loop on-shell form factors and amplitudes. Among other useful fea-
tures, this makes potential zeros in the anomalous dimension matrix much more transparent
than with conventional methods [§].

By considering the analyticity of the form factors with respect to complex shifts in mo-
menta, along with unitarity, Caron-Huot and Wilhelm derived the following compact equa-
tion:

e PR = S Y, (3.19)

which relates the phase of the S-matrix, S, to the dilatation operator, D (ignoring trivial
overall engineering dimensions). The dilation operator acts on the conjugate form factor F;.

Writing S = 1 +iM, Eq. (3.19) can be rewritten more practically as

(e7™P —1)Fr = iMF}, (3.20)

where the scattering amplitude, M, acts as a matrix on the form-factor, yielding its imagi-
nary part via the optical theorem?. The right-hand side of this equation is defined to be a
unitarity cut. As we discuss below, this equation precisely captures the notion that the scale
dependence of F; is encoded in the coefficients of its logarithms. We note that the use of the
complex conjugate form factor, F*, only affects the imaginary part, which do not affect our
calculations through two loops. Therefore, we drop the complex conjugation henceforth.

In dimensional regularization, the dilatation operator is related to the single renormal-
ization scale, u, as D = —pn0,, reflecting the fact that F; can only depend on dimensionless
ratios s;;/p (ignoring the overall engineering dimensions), and that logarithms in s;; kine-

matic variables must be balanced either by u or by each other. The dilatation operator then

4In our notation the optical theorem states, 2ImF; = MF} for form factors or 2ImM = MM for
amplitudes.
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Figure 3.1: Unitarity cut relevant for the extraction of anomalous dimensions from one-loop
form factors. The darker blobs indicate a higher-dimension operator insertion. The double-
lined arrow indicates the insertion of additional off-shell momentum from the operator. The
dashed line indicates the integral over phase space of the particles crossing the cut.

acts on the form factors as

where we have used the renormalization-group equation (3.10). This, together with equation
(3.19), gives us a powerful means to extract anomalous dimensions.

While Egs. (3.19) and (3.21) are valid non-perturbatively, we can expand in perturbation
theory to obtain order-by-order expressions for the anomalous dimensions. At one loop the
expansion yields

1
A+ 6800) B = ——(ME)®, (3.22)

where the superscript denotes the order in perturbation theory. On the right-hand side
(MF;)M indicates

(ME)V =33 M)V @ FY L, (3.23)
k=2

c

where the sums are over all kinematic channels and the ® denotes a sum over intermediate

two-particle states in the product. For a given kinematic channel this is given by the Lorentz-
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invariant phase-space integral

(MR O FY L, =Y / dLIPS, Y " (1--- k|M|ey e52) O e ds - - n| 0;]0) )

h1 hg

=Y / dLIPS, Y A© ke, =M YO (ke ) (3.24)

hi,ho

where the sum over helicities also includes a sum over different states crossing the cut. In
summary, (MF;)®) corresponds to a sum over all one-loop two-particle unitarity cuts, as
depicted schematically in Figure 3.1.

After rewriting the expression in terms of four-dimensional spinors, the two-particle

phase-space integrals can be easily evaluated following the discussion of Ref. [12],

A cosf  —sinf e A\
- , (3.25)

sinf e cos 6 Ao

=~

A

N~

where the \; and \; = Af spinors depend on the momenta of the external legs and the A\, and
5\; = \.* spinors on the momenta of the cut legs. With this parametrization the integration
measure is simply,

1 27 d(b % .
dLIPS, = — 2 cosfsinfdl . (3.26)
167 0o 2m J,

In the definition of the phase-space measure, here we have included an additional symmetry
factor of 1/2, relative to the usual volume of two-particle phase space, i.e., 8r. This is
generally convenient but requires some care when non-identical particles cross the cut, where
we will need to multiply by two to cancel the symmetry factor.

Next consider two loops. Expanding Eq. (3.20) through this order, we obtain

AP + 5¢j6(1)8] FO 4 [A%-(f it 5@'6(2)8} FY .
3.2

o1 1
—in [A%(;) + 5i,€5<1>a] [Afy,g? + 5,@-5(”8} FO = -~ (MF)®).
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(b)

Figure 3.2: Unitarity cuts relevant for the extraction of anomalous dimensions from two-
loop form factors, using the same notation as in Figure 3.1. The darker blobs indicate a
higher-dimension operator insertion. The blobs with a hole indicate a one-loop form factor
or amplitude.

On the right-hand side of this equation, (MF;)? denotes collectively the three two-loop

unitarity cuts displayed in Figure 3.2,

(ME) (2)_22[ 2%2(1®F()k+21+( 2ﬁ2)°)®F k42

M)V 2 B,y (3.28)

In the first term we find two-particle cuts composed of the one-loop amplitude and the

tree-level higher-dimension form factor depicted in Figure 3.2(a). These are

(ME)D @ FY, Ly = [ dLIPSy Y (1 WM ) (165 |01 10)

hi,ho

= /dLIP82 STAOQA k= =) PO 0 n) . (3.29)
hi,h2

Similarly, the second term, shown in Figure 3.2(b), is a combination of cuts composed by

the tree-level amplitude and the one-loop higher-dimension operator, which are

(MEE)O @ D, = /dLIPs2 S (L R M|E ) (52 | 0;]0)©

hi,h2

= / LIPSy " AO(L, - k=07 =05 FO( 62, ). (3.30)

hi,h2

Finally, the third term is composed of three-particle cuts involving two tree-level objects, as
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in Figure 3.2(c)

(ML) g FO, / ALIPS; 37 (1 KMIE 2 () O it ] 0;|0)©)

hi,ha,h3
- /dLIPS3 ST A0k =l =0y Y EO (O O 0 n) . (3.31)
hi,ha,h3
A parameterization analogous to (3.25) for the three-particle cut is given in Ref. [12]. We
will not evaluate any three-particle cuts in the present work, so we refer the reader to this
work for more details.
We can rearrange Eq. (3.27) to put it into a more convenient form for extracting two-loop

anomalous dimensions. First, note that the imaginary part of Eq. (3.27)
1 1
—im 3 A + 5ik5<l>a} [ U 4 6,80 ] FY = ——Im(MF)®, (3.32)

does not feature the two-loop anomalous dimensions. Using the optical theorem again, we

write its right-hand side in terms of unitarity cuts
m(MF)® = (MMF)®, (3.33)

where the relevant cuts are the iterated two-particle cuts in Fig. 3.3. For instance (MM F;)®

contains terms of the form

/ dLIPS,dLIPSy > N7 (- ey O gz |0 O et d - |00) @, (3.34)
hi,ha b,k
which correspond to cuts of the type in Fig. 3.3(a). Note that Eq. (3.33) does not include
a factor of 1/2 from the optical theorem because the imaginary part can arise from cutting
either the one-loop amplitude or form factor, which give identical contributions.

Eq. (3.32) does not contain the two-loop anomalous dimensions but instead captures the
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L el

(a) (b)
Figure 3.3: Iterated two-particle cuts that appear on the right-hand side of Eq. (3.33).
exponentiation of one-loop anomalous dimensions and the associated logarithms. Nonethe-

less (3.33) can be used to simplify the real part of Eq. (3.27), which yields

A9+ 05800| ReF (M + | A9 + 6;80] B (3.35)
= —lRe(MFi)(Q) = —1(/\45 - MMF)®.
m m

Note that the right-hand side can be rewritten using

(MF, = MMEF,)® = KM - %MM) (F - %MF)} o [Re(M)Re(F;)]|@

(3.36)

and with this we arrive at

1
89+ 0,800| ReF(" + |9 + 6;6@0] F¥ = —— [Re(M)Re(F)]* . (337)

J
We use this equation to extract two-loop anomalous dimensions. In practice Eq. (3.37) simply
instructs us to drop the imaginary parts of the one-loop matrix elements when calculating
the cuts in Figs. 3.2(a) and 3.2(b). On the left-hand side, we now see the appearance of
one-loop anomalous dimensions and the S-function, as well as the one-loop form factor F, (1)

2)

The two-loop UV anomalous dimension ”yg-v contained in A’yi(f ) is the object of interest,

(2

but to extract it we first need to remove %I]R , which requires an understanding of the IR

singularities, which we discuss below.
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Simplifying strategies

A strategy that greatly simplifies the analysis is to choose an external state with the minimal
number of external legs that is sensitive to the operator of interest, i.e. select the operator’s
minimal form factor. In this way we can avoid terms of the form 3 (”)8Fi(0) in Egs. (3.27) and
(3.37), since, under this choice, Fi(o) is local, and thus does not depend on the dimension-four
couplings, ¢¥. This strategy was used in Ref. [8] to prove nonrenormalization theorems at
the first loop order where diagrams exist.

More generally, the S-function can no longer be eliminated by using minimal form factors
whenever the one-loop form factor with an O; insertion, Fl-(l) , produces a nonzero result with
the chosen external states. In addition, the S-function acting on the one-loop anomalous-
dimension matrix is nonzero if the matrix elements themselves are nonzero. For example, to
determine the renormalization of Ops by itself at two loops, we would evaluate Eq. (3.37)
with the external state (1*2+3%|. In this case the term B32OF l(mog) would vanish, though the
term SVOF l(plg) would remain.

Unlike the S-function, the IR anomalous dimensions are non-trivial to eliminate. Ref. [12]
removes them by subtracting, at the integrand level, form factors of global symmetry cur-
rents, such as the stress-tensor, which are UV finite but contain the same IR divergences.
Alternatively, one can use the same on-shell methods to calculate them and subtract them af-
ter integration. At one loop, the structure of infrared divergences is well understood [42-44],
and it is straightforward to subtract them after integration. We explain how to carry this out
at the level of the amplitudes in the next section. Furthermore, whenever we are interested
in a leading off-diagonal element of the anomalous dimension matrix, the IR anomalous
dimensions does not appear, since the infrared divergences are diagonal in the operators
(excluding color).

Finally, form factors are useful for operators with only two or three external fields, since

they allow nonzero results when kinematics would otherwise set amplitudes with fewer than
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four external particles to zero. Here we generally set the operator momentum insertion ¢ = 0
and work in terms of amplitudes whenever possible, i.e. whenever there are four or more

external states.

3.2.4 Comments on evanescent operators

When extracting anomalous dimensions from UV divergences in dimensional regularization
one must carefully keep track of evanescent operators [40, 41]. These operators are non-
trivial in D-dimensions, but whose matrix elements vanish for any choice of external four-
dimensional states. In the context of the SMEFT an example of an evanescent operator

would be the Lorentz—Fierz identities

OFierz,L = (V707 (Wh7u007) + (WA YT (.07 )

OFierzr = (VY UR) (WhybR) + (v ) (WEv.R) | (3.38)

(where we raised the flavor indices for convenience) which are identically zero in four but
not in arbitrary dimensions. More generally one can easily construct such operators by
antisymmetrizing over five or more Lorentz indices. In the context of our model, an example

of such an evanescent operator is

(VYW VoY) (VA A1) . (3.39)

One-loop diagrams might contain a 1/e divergence proportional to the matrix element of
an evanescent operator. While this does not affect one-loop anomalous dimensions because
we can take the external states to be four-dimensional, when inserted in a higher-loop di-
agram in the context of dimensional regularization such evanescent operators are activated
and can generate both UV divergent and finite contributions. In fact, they are needed to

properly subtract subdivergences. These effects must be taken into account in order to
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correctly extract two-loop UV divergences and their associated anomalous dimension. In
practice we can deal with the effects of evanescent operators [40, 41], but the number of
them grows with dimension and loop order (especially in the presence of fermions). For
this reason it would be desirable to avoid them when possible, since they are a technical
complication due to the use of dimensional regularization, and ultimately we would expect
that they do not affect the physics [15].

We expect the on-shell methods presented above to completely sidestep the issue of
evanescent operators when obtaining anomalous dimension, at least through two loops.
Ref. [16] provides a nontrivial demonstration that complications from evanescent operators
can be completely sidestepped using on-shell methods and by focusing on renormalization-
scale dependence instead of divergences. In the two-loop formulas used here, anomalous
dimensions and associated logarithms are given directly in terms of four-dimensional unitar-
ity cuts of tree and one-loop objects. This automatically eliminates most of the evanescent
dependence, except for finite shifts in one-loop matrix elements with evanescent operator
insertions. We expect that any remaining evanescent dependence in the one-loop amplitudes
or form factors to be eliminated by finite renormalizations [41]. Given the usual subtleties
of dealing with evanescent operators, it would, of course, be important to explicitly verify
that including or not including evanescent operators in the one- and two-loop anomalous

dimension matrix amounts to a scheme choice.

3.2.5 Anomalous dimensions and non-interference

As noted in Ref. [45] helicity selection rules imply the non-interference of SMEFT tree-
level matrix elements when constructing cross sections. This has important consequences
in the context of the SMEFT, where the possibility of measuring the coefficient of higher-
dimension operators at colliders can be impacted by the vanishings in the interference of the

Standard-Model tree amplitudes and those of higher-dimension operators, when computing

o1



cross sections. A connection between one-loop anomalous dimension and interference terms
can be seen in Eq. (3.22), where, upon setting ¢ = 0, the form factors become amplitudes
and the right-hand side directly captures the interference of tree-level dimension-four and
dimension-six amplitudes. Note that this holds even when the anomalous dimension is not
zero, in which case this equation relates the interference terms to simpler objects, namely the
one-loop anomalous dimensions and tree-level matrix elements. Of course, in a realistic cross-
section calculation one would not integrate over the full phase space, due to experimental
cuts.
At two loops the connection between zeros in the anomalous dimensions and non-interference

is not as direct, since it requires cancellations between both sides of Eq. (3.27). Eq. (3.32)
shows that, in general, the imaginary part of the interference term is given by the square of
one-loop anomalous dimensions times tree-level matrix elements. Instead of non-interference,
Eq. (3.35) shows that a vanishing two-loop anomalous dimension would imply that the real
part of interference term is simply is related to the product of one-loop anomalous dimensions
and one-loop matrix elements. It would be interesting to further investigate the consequences

stemming from these observations, even in the presence of experimental cuts.

3.3 One-loop amplitudes and anomalous dimensions

In this section we describe our generalized unitarity calculation of the one-loop amplitudes
with an insertion of a higher-dimensional operator in our simplified model. We then extract
the one-loop anomalous dimension matrix of this theory. Finally, we comment on the struc-
ture of rational terms in the amplitudes and on the ability to set some of them to zero with
a judicious scheme choice. The results in this section are building blocks needed for the two-
loop analysis in the next section. In addition, they provide one-loop anomalous dimensions

that can be cross-checked against those in Refs. [4].
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3.3.1 One-loop amplitudes from generalized unitarity

The generalized unitarity method [11, 29, 30] for constructing one-loop amplitudes can be
found in various reviews, for example see Ref. [46], but here we briefly review the proce-
dure for the one-loop case. To construct the full one-loop amplitudes to all orders in the
dimensional-regularization parameter €, we begin with the D-dimensional four-point tree-
level amplitudes with or without insertions of the dimension-6 operators (given in Appendix
3.B). By using D-dimensional tree amplitudes, we ensure that the cuts appropriately capture
the coefficients of the D-dimensional box, triangle, and bubble scalar integrals that form a
basis for the full one-loop amplitudes, as in Eq. (3.13). In general, the coefficients have ¢
dependence, and expanding in € produces rational terms that would not automatically be
included if a purely four-dimensional approach to the cuts were used [11]. Besides ¢, the
coefficients only depend on the Mandelstam invariants s = (k; + k2)?, ¢t = (ko + k3)? and
u= (ki + k3)2.

We construct the cuts in the standard way. For example, the integrand-level s-channel

cut with an O,, operator insertion is given by

42:0>

ZCM ([aifn[i} Iy st + ai?n[ﬂ Ly 50+ aé:”[ﬂ Iys + ag’n[i] ]2’8]

i

= Z Z C[J]AS)) (17 27 g?l ) 532)[]] Z C[k]A(O)(_‘g}ZLQJ _g?l ) 37 4)[k] (340)
states j k
+ > D CHAO@ 2,00 67y ) CMAD (632, — 03, 4)
states j k

where the sum over states includes the helicity and the color, and, for this case, ¢, =
—(0; + k1 + k3). The Cl are the appropriate color factors for the associated amplitudes.
Since the cut legs are on-shell, where 2 = (2 = (. Often, the external particles will restrict
A%O) to be nonzero only for certain cuts or placements within the cuts, depending on the
field content of the operator inserted.

As an example, the cuts of the amplitude Ag(lw%?) 4), are shown in Figure 3.4, where
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1 (d) 4 1 (e) 4

Figure 3.4: The necessary cuts for constructing a two-fermion, two-vector amplitude. For an
amplitude with an insertion of a higher-dimension operator, one should insert the operator
into either side of the diagrams when possible. The wavy lines are vector bosons, the lines
with arrows fermions and the dashed lines scalars.

the operator Ops should be inserted on either side of the cuts, when the tree amplitudes
exist. Other amplitudes with four-point operators require only the cuts corresponding to
their correct external particles. The color factors CUIC¥! can be reduced to the appropriate
color basis of the full amplitude, C!, based on the external particles. Doing so determines
the contribution from each color-decomposed cut.

We evaluate the cuts using the D-dimensional state sum completeness relations,

" * " MEY 4 K'Y
states h q kz

U O u; = Z ﬂz(‘h)uz(h) =k,

states h

(3.41)

where ¢ is an arbitrary reference vector with ¢? = 0.
The next task is to merge the cuts and to integrate. One can merge the cuts at the level

of the integrand to find a single integrand that has the correct cuts in all channels. However,
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is it is generally simpler to merge the integrated results from each cut, treating each cut as
an off-shell object, but dropping contributions that do not have a cut in the given channel.
Integration is done by projecting each cut for a given process onto a basis of gauge-invariant
tensors, as described in more detail in Appendix 3.A. Although the methods we use to extract
anomalous dimensions do not require us to keep track of evanescent divergences, because
the projection technique is fully D dimensional, we track them and confirm that they do not
enter our calculations of various entries in the two-loop anomalous-dimension matrix. An
alternative is to use spinor-helicity methods [47] which are much more powerful when the
number of external legs increases. These have been successfully used for both chiral [29] and
higher-loop calculations [48], but then additional care is needed to deal with subtleties that
arise from using dimensional regularization.

After projection, the cut integrand is rewritten in terms of inverse propagators. We
reduce the remaining integrals to the basis of scalar integrals in Eq. (3.13) using integration
by parts relations as implemented in FIRE [33]. Cut merging is then straightforward, as
the coefficients of integrals in the merged amplitude can be read directly off the results from
each cut, summed over the possible particles crossing the cut. For example, the s-channel
cut in Eq. (3.40) yields the coefficients of the s-channel bubble and triangle, as well as those
of the (s,t) and (s, u) boxes in Eq. (3.13).

The full set of D-dimensional four-point one-loop amplitudes for the dimension-six oper-
ators in our model are given in the ancillary file [34]. These expressions are valid to all orders
in €, but to obtain the finite, renormalized expressions needed to feed into our calculation of
two-loop anomalous dimensions, we need to subtract the UV poles.

The one-loop amplitudes are IR divergent. The IR singularities of gauge theories are well
understood [39, 42-44], and can be expressed in terms of lower-loop amplitudes involving the

same operator insertion and external particles. The explicit form of the one-loop infrared
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singularity, for example, is given by
AW = 1WA (3.42)
where the IR operator I() is given by [39, 42, 43]°
Yoy Yo 1] ( — 2 ) (3.43)
€2 T? €| \2kpky)

where the sums are over external particles. The color charge T, = {7} is a vector with

ee’YE

- T, T,
I<1>:F(1_€)ZZ T

p=1 q#p

respect to the generator label a and a SU(/V) matrix with respect to the outgoing particle p.
The infrared divergence includes a 1/¢? pole, with coefficient given by the cusp anomalous
dimension 73;559) = 4g?, and 1/e poles, with coefficient given by the collinear anomalous
dimension of particle p given in Eq. (3.16). By obtaining the IR dependence of the one-loop
amplitudes from Eq. (3.42), we can subtract it from the full one-loop amplitudes. As always,
the definition of the IR-divergent parts carries with it some arbitrariness as to which finite
pieces are included.®

The remaining poles in € are UV poles, which we then match to the appropriate tree-
level counterterm amplitude containing an insertion of the operator O;. A complication is
that there can be multiple operators corresponding to the same external particle content,
but with different color structures. Therefore, in these cases the coefficient of a single color
factor in the loop amplitude is insufficient for the purpose of determining the anomalous
dimensions, and in principle all the color factors for the given process and operator insertion
must be considered simultaneously. For example, the one-loop amplitude with an insertion
of the Opy2y2), operator and four external scalars determines the renormalization of both
the Op2)

and the O(p2,4), operators, where the operators are given in Table 3.1.

1 2

In some cases the IR structure is trivial, e.g. when the IR anomalous dimensions are zero

5The difference with the formulas in those references is due to our normalization of the SU(N) generators.
In physical quantities this arbitrariness cancels between real emission and virtual contributions.
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simply because there are no lower-loop amplitudes for a given operator and given external
state. Our examples in Section 3.4 follow this pattern. For instance, in the example of
O(p2p1), renormalizing Oyay, at two loops, there is no tree level or one-loop amplitude with

1

an insertion of O(pz2,4), which has an external state of four fermions, simply due to the lack

1
of Feynman diagrams. Since the full IR dependence is proportional to lower-loop amplitudes,
this implies there cannot be an IR divergence at two loops. This same reasoning underpinned

the non-renormalization theorem in Ref. [8]. More generally, one needs to account for the

infrared singularities.
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3.3.2 One-loop UV anomalous dimensions

After subtracting the IR singularities, the only remaining 1/e poles in the amplitudes corre-

spond to the desired one-loop anomalous dimensions,

éps = G2(12N — 3bg)cps

_ ~2 (3N? — 7) + 2Nby N2 —4
Clp2F2), = g —5Cp, — Clp2F2); T —75—C(p2F2)y

N NZ

5\ <1+N)C(¢2F2) s
. 5 2N? — 5 —2Nby
C(p2F2), = g Ncps + 26(9021:2)1 + N Clp2F2), | + )\40(9021:2)2,
, ) N+1 2(N — 2)(N, +9) AN -2
C(D2QD4)1 = g C(D2 1)1 + 3N C(D2§04)2 + 3 3 N (D@QwQ)

)\ 2C D2 ,
, L, (36NCp — 2N ~ (N, +9) 3(N — 2)(N + 1)
C(D2904)2 =g C(D2<p4)2 ON C(D2<)£,4)1

22N — 1)
3—NC(D<’021/)2 ) + )\ ( (N - 2)C(D2¢4)1 + 8(N + 1)C(D2¢4)2) ,
C(pg2y2y, = 0,

) /1 1 ) 4
CPD<,021ZJ2)2 = 92 (ENSC(D2<P4)2(5PT + 5(—9]\7 + N )Cp D242)s + — Nfc (Dp20?)s 5

3
2 wwr 2 TWW wwnr
= 3Vrcluty, — g ( oty ~ N"?wn))

cmnpr ~26 (NZ B 1) T
Cwhn =9 TNz G

mnpr

— 52 S .mn r
(¢4)2 =g (_?(C(Dgﬂ’lﬁ)zépr + C€D<P2'¢J2)2 mn)

2 wwnr MWWN mnpr 3 mnpr
—l——J\ff(é,,mc’()lp4 + Sprciyiy) + 6l p — =

3 N (@2
2Nf mnww Tww muwwn wwr
3N (2N (d,rc Clypty, T 5mncp )= (0 prCipdys T (5mncp 4)2)) . (3.44)

Here N is left as a parameter to track contributions from scalar loops. In our model it

should be set to unity. These anomalous dimensions have been extracted directly from the
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F? (PF?)1 (¢PF?)2 (D*¢")1 (D?¢%)2 (D@*¢?)1 (De*%)2 (¥h)1 (d%)s
F3 0 0 Vi ? f ﬂ g9
(p?*F?) 0 0 0 0 P 0
(9% F?)y 0 0 0 0 0 P
(D*e")1 | 0 0 0 0 0 0
(D*¢Y)2 | 0 0 0 0 g9
(Dp??) | O 0 0 0 0 0 0 0 0
(Dp??)y | 0 0 0 0 0
(') 0 0 9 f 0 0 0 0
(Y2 | 0 ) 0 f 0 0

Table 3.2: Structure of the zeros in the one-loop anomalous dimension matrix. The () entries
indicate there are no contributing one-loop diagrams, whereas a 0 alone indicates that there
are one-loop diagrams that could contribute, but actually give a vanishing result. The
operators labeling the rows are renormalized by the operators labeling the columns.

scattering amplitudes, and, as a cross-check, we also used the unitarity cut method explained
in the previous section [12] for computing directly the anomalous dimensions. The structure
of the anomalous dimension matrix is summarized in Table 3.2. It is worth pointing out
the simplicity in the renormalization and mixing of (Dy¢%*)?); and (*);, which is due to
these operators being a product of global symmetry currents, which heavily constrains the
kind of states they can overlap with. This is special in our model, which does not contain
an Abelian gauge field. In the presence of the latter, the operators would be a product of
gauge symmetry currents (just like (Dp?1?), and (1)*)y) which are renormalized [49], so the
anomalous dimension matrix will receive contributions proportional to the Abelian gauge
coupling.

We use these results to verify a representative set of the one-loop anomalous dimension
calculated in Ref. [4], including entries from nearly all classes of operators. Additional
details about this verification is given in Section 3.5. This provides a nontrivial check on our

one-loop results, which we then feed into the two-loop anomalous dimension calculations.
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3.3.3 Structure of one-loop amplitudes and rational terms

ol + 0+
Fr T s R
> > > > > + + | | + | |
+ + T + + S- ~ N N N S D D >
R - + o+ | [ | | £
r +r £ S S S ? ? \S P P P P P
S = S S U e~ T < =T << < <D<
F? L LRL R 0L RIRIL 0 0 0 0
(@*F) [ R 0 R L R 0 0 0 0 0 0 ¢ ¢ ¢
(¢*F) 'R 0 R L L 0 0 0 0 0 0 ¢ ¢ ¢
D" | ¢ 6 ¢ 0 0 Lg 0 ¢ 0 ¢ 0 9 0 @
(D*", |0 6 @ R 0 Lg 0 ¢ 0 ¢ Lg 0 0 ¢
(D*Y?), |9 ¢ ¢ 0 0 0 0 0 0 0 Lg 0O 0 O
(D*Y*)y |9 ¢ ¢ R 0 Ly R 0 0 R Ly Ly Ly Lo
Wh |¢ ¢ 9 9 ¢ & R 0 0 R L L L L
W |9 ¢ ¢ ¢ ¢ & R 0 0 R L L L L

rational amplitude

amplitude with both logarithms and rational terms
trivial zero, no contributing one-loop diagrams

zero explained by angular momentum selection rules [9]

zeros “accidental” to our model

S co= &

zero from an appropriate local counterterm

Lo zero rational term from an appropriate local counterterm, logarithmic terms remain.

Table 3.3: Structure of the zeros, rational terms, and logarithms in the full one-loop helicity
amplitudes. In this table each entry indicates whether the operator of its row produces the
amplitude with external state corresponding to its column. V denotes a vector boson, ¢ a
fermion and ¢ a scalar.

After subtracting the infrared singularities and renormalization, the amplitudes are finite.
The full set of results for our renormalized and IR-subtracted amplitudes is given in Appendix
3.B. The renormalized helicity amplitudes include a large number of zeros, including those
which would otherwise be rational contributions. A number of these zeros were pointed

out in Ref. [10], and explained using angular-momentum selection rules in Ref. [9]. These
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selection rules explain most of the observed zeros, leaving some “accidental” zeros, displayed
as a blue 0 in Table 3.3. These zeros can be considered an accident of the simplicity of our
model, and in a more general theory with an Abelian gauge field, we expect that such zeros
should not occur. In each case, the entry directly below the blue zero shows that while the
accident holds for that particular operator, another operator with identical particle content,
but different color structure, produces a nonzero result in MS. Intuitively, this is because
only the first of each pair of operators is a product of global symmetry currents in our model
(c.f. our discussion in Section 3.3.2). Alternatively, these “accidental” examples can be
shown to follow from angular momentum selection rules combined with selection rules for
gauge charges (i.e. color selection rules), as described in Ref. [9].

Perhaps more interesting is the surprisingly large number of amplitudes—with shaded
(red) rectangles around 0 entries in Table 3.3—which do not evaluate to zero in the standard
MS renormalization scheme, but which are proportional to a linear combination of the tree-
level amplitudes of the dimension-six operators. These amplitudes can therefore be set to
zero by an appropriate choice of finite counterterms. This corresponds to a scheme change,
showing that these amplitudes are scheme dependent. Explicit examples of how these rational
shifts are related to the scheme dependence of the two-loop anomalous dimensions is discussed
at length in the next section.

Similarly, for a number of amplitudes (marked Ly and in a shaded red rectangle in
Table 3.3), all rational terms in the amplitude can be removed with an appropriate choice
of finite counterterms, leaving behind logarithmic terms which cannot be subtracted in this
way. These logarithmic terms do not appear to be of the right form to produce local results,
so we may expect that they also do not produce contributions to the two-loop anomalous
dimensions via Eq. (3.37). It would be interesting to investigate this, but we refrain from
doing so here. Remarkably, only a small number of the one-loop amplitudes contain rational
terms that cannot be removed via finite counterterms.

As expected, however, some amplitudes do contain non-local rational amplitudes, pro-
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hibiting such a simple subtraction by a local counterterm. It is interesting to note that all
the nonzero rational amplitudes of (D?*¢?),, (D¢?1?)s, (1)1 and (¢p*), are non-local but can
be individually set to zero by the introduction of an F® finite counterterm. This procedure,
however, will always introduce new diagrams which make other (} entries in the same row
nonzero. For example, since the ® tree contains nonzero four-vector tree amplitudes, en-
tries in these columns will no longer be zero. Another interesting observation is that the
UV divergence in the only nonzero amplitude of (Dp?1)?); cancels between terms, but the
logarithms remain.

The vanishing one-loop amplitudes strongly suggests that many contributions to the
two-loop anomalous dimension matrix should vanish, beyond those identified in Ref. [8]. For
many of the two-loop anomalous dimensions, these zeros imply that the only contribution to
the final result comes from the three-particle cut, making their evaluation much simpler than
expected, since only four-dimensional tree-level objects are involved. In a number of cases,
including multiple examples in Section 3.4, the three-particle cut also vanishes, thereby
immediately implying that the corresponding two-loop anomalous dimension is zero. Of
course, the amplitudes corresponding to the entries of Table 3.3 with shaded (red) rectangles
are not zero when working strictly in MS, so one would need to evaluate the two-particle
cuts in order to determine the corresponding anomalous dimensions in this scheme.

Finally, the appearance of many zeros in Table 3.3 suggests that even more zeros in
the two-loop anomalous dimension might be found by using the helicity selection rules of
Ref. [7] or the angular momentum conservation rules of Ref. [9], given that the remaining
three-particle cut only involves four-dimensional tree amplitudes, which are often restricted

by these selection rules.
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3.4 Two-loop zeros in the anomalous dimension matrix

In this section we use the results of the previous section and the tools in Section 3.2.3 to
obtain two-loop anomalous dimensions in our simplified theory. These calculations will unveil
a number of mechanisms that give rise to a wealth of new zeros in the two-loop anomalous
dimension matrix. As mentioned in the previous section, two-loop anomalous dimensions
are scheme dependent” This makes the question of whether a two-loop anomalous dimension
is zero somewhat ill-defined. We will show explicit examples of anomalous dimensions that
are nonzero in the MS scheme, but for which we can find a scheme in which they are zero. In
addition, we demonstrate the cancellation of logarithms in the evaluation of Eq. (3.37) when
they appear. For simplicitly, throughout this section, we assume the case of a single flavor of
fermion, drop the flavor indices, and set Ny = N, = 1. In all the cases we consider here, the
one-loop amplitudes required for the two-loop computation are infrared finite, simplifying

the discussion.

3.4.1 Zeros from length selection rules

First we summarize the results of our previous paper, which points out a set of nontrivial
zeros in the two-loop anomalous dimension matrix of generic EFTs [8]: operators with longer
length—those with more field insertions—are often restricted from renormalizing operators
with shorter length, even if Feynman diagrams exist. Specifically, for operators O; and
Os, with lengths 1(O;) and [(Os), O, can renormalize Oy at L loops only if the inequality
L > l[(0)) — I(Oy) is satisfied. This implies, for example, that the operator Ous cannot
renormalize any of the other operators in our model (Table 3.1) at two loops. This is due
to the fact that any two-loop diagram with an insertion of O, and four external particles
must contain a scaleless integral, which evaluates to zero in dimensional regularization. This

implies that the anomalous dimensions vanish, if there are no IR divergences. In this case

"This is in contrast to the S-function, which is scheme dependent starting at three loops [35, 50].

63



the lack of infrared singularities follows from the fact that they are proportional to the
corresponding lower-loop amplitudes, which vanish due to the lack of diagrams when the
bound is not satisfied.

In addition, as shown in Ref. [8], in a theory with multiple types of fields, such as
the SMEFT, additional vanishing can occur at loop orders higher than indicated by the
above bound. In general, whenever the only diagrams one can draw with an insertion of
O, and the external particles of Oy always involve scaleless integrals, then there will be no
renormalization of Oy by ;. In the language of Section 3.2.3, this happens because there
are no nonzero cuts on the right-hand side of Eq. (3.37) or the higher loop analog. Iteration

pieces on the left-hand-side of Eq. (3.37)—terms other than fy(L) Fo

< Fs —are also set to zero

by the presence of scaleless integrals. Examples of this form of the rule in effect include the
lack of two-loop renormalization of Ops by Opg2y2, Op2ys, or Oya.

Another important consequence of the length selection rule is that, at loop order L =
1(O)) = 1(Og) + 1, only the (L + 1)-particle cut can contribute [8]. For example, the three-
particle cut depicted in Figure 3.8(a) is the only cut that can contribute to ’yg;/f({pg F2), - The
(L + 1)-particle cut can then be evaluated using a four-dimensional tree-level amplitudes,
making the calculation much simpler than that of a generic L-loop anomalous dimension

matrix element. This observation, noted in Ref. [8], makes it straightforward to evaluate

certain two-loop SMEFT anomalous dimensions solely from three-particle cuts [27].

3.4.2 Zeros from vanishing one-loop rational terms

Next, we show that the vanishing of many one-loop amplitudes and rational terms found in
Section 3.3 yields additional zeros in the two-loop anomalous-dimension matrix of our theory.
Somewhat surprisingly, this sometimes involves a cancelation between different contributions
to the logarithms from one-loop terms in the cut. We will explain how this relates to the

scheme dependence of two-loop anomalous dimensions.
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szl — OD2<p4

We begin by determining the renormalization of Oy, and Oyay, by O(p2y4),, which we

denote by Oy, < O(p2pry, and Oyay, <= O(p2yey,. To extract the anomalous dimensions,
we examine cuts of amplitudes with four external quarks. We can readily prove that these
anomalous dimension matrix elements are zero at two loops in our model. The contributing

cuts would be

1. the three-particle cut between the five-point dimension-four tree amplitude and the

five-point (D?p?); amplitude,

2. the two-particle cut between the four-point dimension-four one-loop amplitude and the

four-point (D?p*); tree, and

3. the two-particle cut between the four-point dimension-four tree and the four-point

(D%p"); one-loop amplitude.

In all cases the external particles must be four fermions to match the desired operator.

In case (1), the five point amplitude containing the operator (D?p*); must have two
external fermions, but since the Yukawa couplings are set to zero in our simplified model,
the (D?p?); tree must have at least four scalars, prohibiting the required three-scalar two-
fermion amplitude. For case (2), the (D?p?); tree must again have two fermions, so that
there are no valid diagram and the cut vanishes.

The vanishing of case (3) relies on our knowledge of the one-loop amplitudes with an
operator insertion(D?p?);, given in Appendix 3.B. In this case, the only O(pz,4y, one-loop
amplitude that can be inserted into the cut is the two-scalar two-fermion amplitude—as in
Figure 3.5—which is zero for this operator. Therefore, all possible contributing cuts evaluate
to zero. Since O(p2,4y, does not renormalize O 2y2p or Oys at one loop, which otherwise
produce terms on the left-hand-side of Eq. (3.37), the vanishing of the three types of cuts

implies that the two-loop anomalous-dimension matrix element is also zero.
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() (b)

Figure 3.5: The (12)-channel (a) and (34)-channel (b) unitary cuts which determine the
renormalization of O(ya), by O(p2yay, or O(p2gay,. The (23)- and (14)-channel cuts are given
by the exchange of legs 2 and 4. In each, the darker blobs indicate a higher-dimension
operator insertion, and the vertical (blue) dashed line indicates the integral over phase space
of the particles crossing the cut.

Next, consider the case Oy1), ¢ Op2p1),, Which we also show has a zero entry in the
anomalous dimension matrix of our simplified model. We organize the calculation into the
three types of cuts as in the previous case, with the only difference being that, in case (3),
the one-loop amplitude with an insertion of O(p2,4),, and with two scalars and two fermions
as external particles is nonzero, and in fact has a UV divergence. While the presence of
nonzero cuts, shown diagrammatically in Figure 3.5, might seem to imply that the two-loop
anomalous dimension must be nonzero, we will show that it actually evaluates to zero as
well.

Using the external state (1$2’E 3$4’$| and setting O; = O(p2yay,, Eq. (3.37) reduces to

Tt e Fid F Wi o2, FDsr,
= (ME MY + ML+ ML) @ ReF(D,

(3.45)

)2

where on the right-hand side we only find cuts of the form in Figure 3.5 with an O(p2,4),

insertion, and the (13) and (24) channels are not allowed. For instance the (12)-channel cut
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18

1
(M2—>2) © ® ReF((D)aﬁ)2 (3.46)

— 9 / dLIPS, <1z25|M|£1w£2¢><0> Re(€1¢€2¢3:;4i|(’)(D2¢,4)2|0>(1)

The factor of 2 is required to cancel the symmetry factor of 1/2 in our definition of the
phase-space measure. Other terms in Eq. (3.37) drop out because Opz,4), does not have
either a one-loop or tree-level form factor with a four-fermion external state, and does not
renormalize O(pg242), or the Oya operators at one loop. In particular, the S-function also
does not appear.

For simplicity, we set the off-shell momentum ¢ to zero, and Eq. (3.45) then reduces to

W) 0 vy 0
Yot (o2, Aot (1,25 3,45) + 90 A

— ——Z/dLIPSQ 1+2_ —EQ fl )ReA (D) (61 €273+4 )

172-3%4

o202) (D20, A2y, (1,25 3,45) (3.47)

where the sum is over the available channels. The relevant tree and renormalized one-loop

amplitudes needed to construct the cut are (including the color factors):

_ 23)[13]
0) 1+ a a <
AOT2238 4 ) = T3, T, o — (3.48)
~2
1 - a a g
Alpagn, (13253 4_) = Tg, To, 5 (23)[13](3log(—s/u) +8). (3.49)

where again the flavor indices have been dropped for simplicity. Note the form of Eq. (3.47)
provides a nontrivial check on the phase space integral on the right-hand side: AEBQWI)Q
contains terms proportional to log(—s/u?), which, after the phase-space integral, must cancel
against terms in AEBSOQ W2y

We can readily evaluate the cut by relabeling the amplitudes (3.48)—(3.49) and applying

the spinor parametrization (3.25) to the scalars crossing the cut. This yields an integral
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with no poles in z = €?, other than the pole at zero. This can be seen by the fact that all

spinor products in A are either proportional to e**® or else have no ¢ dependence under

our parametrization, whereas AEBQ¢4)2 only has a pole in s. This makes the ¢ integral trivial

to evaluate, resulting in:

/og df §—4<24>[13] sin®(20) (3 log(—s/p?) + 8)T%, Tt

18 Zgil l4i3
~4

= 9 (24)[13)(3 log(—s /) + 8)T, T (3.50)

27 1211 l4i3 Y

for the (12)-channel cut. The (34)-channel cut gives the same result, while the other cuts yield

the same result with legs two and four exchanged. Summing over the three other channels, we

exactly match the second term on the left-hand side of Eq. (3.45), since 7&)\;5213&2)2 (D2ph)y =
G*/3 and
(1) 2§2 2 a a
AD sy = )13 Blog(—s/u”) + BT, T, — 20 4). (351)

Therefore the cuts exactly cancel all terms on the left-hand side of Eq. (3.45) involving the
one-loop anomalous dimensions and form-factors, leaving 754\] <£2()D2¢4)2F1§;?1) = 0. Thus the
two-loop anomalous dimension 754\/ f()DQ(p(L)Z is zero.

In fact, we could have come to this conclusion simply by examining the form of the one-
loop amplitudes in Egs. (3.49) and (3.51). First, note the two-loop anomalous dimension
must be g* times a number (i.e., it does not have any kinematic dependence). Logarithmic
terms resulting from the cut on the right-hand side of (3.45) must therefore cancel against

logarithmic terms in Aggqﬂ ) Since both one-loop form factors are proportional to the

-
factor (3log(—s/u?) + 8), and since this term can be pulled out of the phase-space integral
on the right-hand side of Eq. (3.45), the cancellation of the logarithmic terms implies can-

cellation of the rational term as well. Thus, even though there are nonzero cuts, there can

be no remaining rational term that leads to a nonzero two-loop anomalous dimension.
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(a) (b)

Figure 3.6: The (a) (12)-channel and (b) (34)-channel unitary cuts which determine the
renormalization of Op2,4y, and O(pay4), by Oy, or Osy,. The (23)- and (14)-channel
cuts are given by exchanging legs 2 and 4. In each, the darker blobs indicate a higher-
dimension operator insertion, and the vertical (blue) dashed line indicates the integral over
phase space of the particles crossing the cut.

At this point, the vanishing of the two-loop anomalous dimensions due to the cancella-
tion of one-loop rational terms might seem accidental. However, one must remember that
such local rational pieces are scheme dependent and can be adjusted by adding finite local
counter-terms. As described in Section 3.3, the rational terms of both one-loop amplitudes

in (3.49) and (3.51) can be set to zero by such finite counterterms, which would also result in

Uuv(2)

Vit (D2p4), = 0. For this particular example, it just so happened that the naive MS scheme

has zero anomalous dimension, but next we will see that this is not always the case.

As a cross-check, we have verified that the Eq. (3.32) is also satisfied. The crucial sub-
stitution log(—s/u?) — log(—s/u?) — i, is required in the right-hand side of that equation,
coming from the analytic continuation of the amplitude from the Euclidean region to the

correct physical region, which must be carried out for use in Egs. (3.29)—(3.31).

OD2<,04 — O(¢4)1

This section will provide our first example of nonzero two-loop anomalous dimension matrix
elements in MS, while demonstrating how an appropriate choice of scheme, i.e. choice of
finite local counterterms, can eliminate the two-loop anomalous dimensions of this example.

We will begin with the calculation in MS. Again, there is no three-particle cut, due

to the particle content of the two types of operators in question. Using the external state
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(1@253@4¢| and setting O; — Oy4y,, Eq. (3.37) becomes

UV () FO UV FO, o+ ja0

VD2t i) L (D2t T V(D201 w1y, £ (D21, 0202)0 e ()1 T (Dp292), (3.52)

1
= _;(M52—>2 + My, + M, + M) @ ReF((;Z)I :

As for the previous example, the logarithmic terms in the cuts must cancel against terms

in the amplitude F(%) S202)3

on the left-hand side of the equation. Since we are dealing with
four-point matrix elements we will again set ¢ = 0. Then the one-loop amplitudes required

for this example are

1 — 2§2 a a
A, (17273 4_) = ~5 (23)[13](Blog(—s/u*) = 2)T0, T, (3.53)

1 2§2 a a
Ay, (1,23 4_) = 5 (t = u)(Blog(—s/u?) = )T, Ty, + (2 ¢ 4), (3.54)

and the tree-level amplitudes needed are in Eq. (3.48) along with

0

AED)2@4)1(1W2¢ 3§D4¢) = t6i2i15i4i3 + S5’i4i15i2i3 3 <355)
0

AED)2504)2(1<P2¢ 34,04¢) = 2552'21'1 6i4i3 + 2t5i4i15i2i3 ) (356)

which are shown in a slightly different basis of color factors than those shown in the appendix.
The phase-space integral is evaluated in the same manner as the previous examples, with

the result of the (12)-channel cut being

1
_Z (0) _p.h_p hay 4(1) ha p ha
7T/dups2 Y A0 2 —0" 6" AL (063 4 )
hi,he
2 = a a
= —5=0"(t —u)Blog(—s/p*) = 2)T3, T, - (3.57)

After summing over all channels and subtracting the contribution of 78)\/;;&2)2 o ¢4)1F (%)w 025

in Eq. (3.52)—thus canceling the logarithmic terms—the two-loop anomalous dimensions
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are given by
Uuv(2) Uv(2)

V(D204), ity (Pinin Oigis T 041023) + Y p2oty,e (g, (250izir Oiiy + 260140 0igi) (3.58)

12917 1413

4
= §g4(t —uw)T2, T, + (24 4).
Applying the color Fierz identity,
a a 1
T;kal = 5’i15kj - N(Sz-jékl y (359)

and solving for the two-loop anomalous dimensions, we find

uv() _ 4N -2)
D2y (gt — 9N '
254(2N — 1)
Uv(2) 49
V(D2ph)p () =7 oN (3.60)

in the MS scheme. Although these anomalous dimension matrix elements are nonzero in the
MS scheme, a simple rational shift of the coefficients C(D2ph)1 s C(D2ph)ss AN C(py2y2), Can set

them to zero. This is accomplished by the following shifts in the coefficients:

i 1062(N — 2)
CD2pty — CD2pt = (D2t T T g D)
i 532(2N — 1
C(D2p4)y — C(D2pt)y = C(D2p4), + %C(Dw%ﬂ)z , (361)
2@2

C(De242)s — CD292); = C(Dp?2)2 — —g~CWwn
which yields

~UV(2)

~UV(2)
T(D2p)1 (),

=0, V(D2pt)o () —

0, (3.62)

where the tilde indicates the modified scheme. The shifts above are equivalent to a finite

renormalization of the operator at one loop. Generally this can be achieved by choosing
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uv(1) Ja0

(Do202)s (i) L (D22 1O match those of the cuts. In our particular

the rational terms in 7,
example we set the rational terms of both (3.53) and (3.54) to zero. We briefly comment
below on the consequences of this redefinition for the two-loop RG running of the operators
involved.

While we do not present the analogous calculation for Oy, here, by inspecting Table 3.3,

V(2) Uv(2)

we can deduce that the two-loop anomalous dimensions ’yFD%LL)l () and V(D2 )y (), CAT

also be set to zero with the appropriate choice of finite counterterms.

General comments about scheme redefinition

As mentioned above, the scheme choice that sets some two-loop anomalous dimensions to

zero is equivalent to a finite renormalization of the operators
O, = ijn(’)j . where Ziﬁjn =05 + fij (g(4)) , (3.63)

and the quantity f;; is finite and has a perturbative expansion starting at one loop, f;;( g =

fi(»l) +---. As usual, the redefinition of the coefficients, ¢ = Ziﬁjn (©) ¢;j is given by the inverse,

fin(e) _

i (ijn)_l. The effect of such a scheme redefinition can be easily analyzed using

the unitarity-based formalism employed in this paper. Since the coupling dependence of f;;

starts at one loop we have that

70 _ O

1 Y

(3.64)

F = FV 4 FY, (3.65)

where the tilde indicates a form factor of the redefined operator O;. From Eqgs. (3.64)

and (3.22) we conclude the one-loop anomalous dimensions are unaffected by the finite
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renormalization, i.e., A’yi(jl ) = Afyi(jl). Similarly, writing Eq. (3.37) for the redefined operator

2

- _ 1 . 1)
(85 + 8,800 ReF" + [A3) 4 6,600] £ = —= [Re(M)Re(F)] . (3.66)
and using Egs. (3.64) and (3.65) together with Eqs. (3.22) and (3.37), while keeping in mind
that the infrared anomalous dimensions are not changed by redefining the scheme, we find

the relation between the two-loop anomalous dimensions in the two schemes,
~UV(2 Uv(2 1)_Uv( UV(1) 4(1 1
Vij ® = Vij @ fz’(k)%j W Vik ( )f;ij) - 5(1)312(]-). (3.67)

In general, one would like to solve this equation for fz(kl ) to get as many vanishing entries as
possible in ’ygv(z).

We have explicitly verified Eq. (3.67) in the examples above, where we set the anoma-
lous dimensions of the form ig;/ﬁz_ " to zero by appropriately choosing fg;z P2t and
]2%12104 Dyt In addition, fgz)(p4 i vanished, which from Eq. (3.67) implies the the absence
of a term induced by the S-function in the new two-loop anomalous dimension. On the other
hand, it is clear from Eq. (3.67) that the finite renormalizations will induce some additional

V(2)

. . . U UV(2)
running in the two-loop anomalous dimensions VD2y2e

D24 D2t proportional to

4 and ¥
the one-loop beta function and 0f"). However, this additional running is harmless, since
those operators already mix at one loop. Furthermore, the corresponding entries in the two-
loop anomalous-dimension matrix receive contributions from both two- and three-particle
cuts that have no a priori reason to vanish, so we expect them in any case to run. In sum-
mary, our scheme choice prevents certain operators from mixing at two loops at the expense

of modifying the running of operators that, in any case, mix at one loop in the original

scheme.
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Figure 3.7: (12)-channel (a) and (34)-channel (b) unitary cuts which determine the renor-
malization of O(y2p2), and O, p2y, by O(yay, or Oye),. There are no t-channel cuts for this
process. In each diagram, the darker blobs indicate a higher-dimension operator insertion,
and the dashed line indicates the integral over phase space of the particles crossing the cut.

3.4.3 Zeros from color selection rules

This section will provide an example of another type of selection rule, wherein a mismatch
between the color of the cuts and the color of the target operators prevents renormalization

at two loops.
O<p2p2 < 01114
For this example we choose the external state to be <1§02¢ 374*|, under which both O(,2p2),

and O,2p2), are nonzero. Using this state and setting O; — Oy4y,, Eq. (3.37) reduces to

o) 0) o) 0) vy 0
Vg2t winfezr, + 7<w2F2>2+(w4)1F (w272, + VDg2u2) i F (Derv),

((M2—>2) ® ReF(¢4 (M2_>2) ® RQF(¢4 > .

(3.68)

Naively there would be the additional term ’yg;/f() w4)1F g? on the left-hand-side of the equa-
tion, since Ops produces a nonzero tree amplitude with the state (1@2@ 3*t4%|. How-

ever, as was discussed in Section 3.4.1, the length and particle content of Oy4), requires
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fyg;/f() sty = 0- Setting ¢ = 0, the (12)-channel cut of the above equation is

(M32,)© @ ReFj) = / dLIPS, Y AO(1 2~ 0, JAQ, (62 6l 3t
hi,h2

(3.69)

and the (34)-channel cut is

(M3L,)© @ ReF) = / dLIPS, Y | AO B 4T -0~y )A&L)I(EQZQ 6h12).
hi,ha

(3.70)

The (34)-channel cut vanishes, because the amplitude A©® (3*4+—¢, " _KQE) is zero for all
helicities of the fermions crossing the cut. This vanishing is required for the consistency
of the logarithmic terms: A&L)l (EQZ}Z 61%1 1@2@) includes a term proportional to log(—s/u?),

but there is no term on the left-hand side that can cancel it, since F v

(D), (1,2 3747) is

purely rational. The one-loop amplitudes needed for this calculation are

§2S[14] <24> [Ta3 ) Ta4]i2i1

(1) + 9= gt ) —

A, (1 253747) = = 3(34)2 ’ 371)

~2 a, a

(1) ot gty 9 <12>[23H24] [T 3>T 4]i2i1

Afgh, (1,25 3%4%) = — 334) : (3.72)

~2 as a
) gy TSt —w) [T, T s,
A(D<p2w2)2(1¥,2¢3 4 ) — 3<34>2 2 ) (373)

while the tree-level amplitudes needed for the cut calculation are (3.48) and its conjugate.
The phase-space integrals are carried out in the same manner as the previous example, with

the simplification that the functions are now entirely rational. The result of the phase-space
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integral is

! - - 1
_; /dLIPSQ Z A(O)<1<p2¢ _gldjhl _EQ@hQ )AE¢)4)1(€2;L}2 El% 3+4+)
hi,h2
2§4S(t — U) [Ta37 Ta4]i2i1 uv(1) (1)
= — 9(<34>)2 = 7(D¢2¢2)2<—(¢4)1A(D¢2¢2)2 . (374)

Thus the phase-space integral exactly cancels against this term from the left-hand-side of
Eq. (3.68), meaning the two-loop anomalous dimension is again zero.

Interestingly, this can also be seen without looking at the kinematic content of the cuts on
the right-hand side of Eq. (3.68). Since the color of both O(2p2y, and O(y2p2), are symmetric

in 7% and T, no combination of the two can produce the color factor [T3, T%];,;,. Since this is

1211

the color of A§3¢2¢2)2(1w2¢3+4+)7 and the color of AE;)4)1(1i 2% 3147%) is also anti-symmetric

under the exchange of 3 and 4, we can see directly from the color that neither of these terms
can contribute to the two-loop anomalous dimension, and therefore must cancel. As in the

previous example, we can extend this argument trivially to the operator Oys),, since its two-

)2)

fermion two-vector-boson amplitude is proportional to that of Oys,. In this case, the only

UVv(1) UVv(1)

difference on the left-hand side would being the value of V(De22)a (1) VETSUS V(Dp2y2), (),

but the color again ensures all terms must cancel, leaving

UV(2) o UV(2) _0
V(@2 F2) @) = V(@2 F2)ae(w), — V0
UV(2) o UV(2) o
V@22 (it = V@22 (t)y = V- (3.75)

Here we focused on a simple example in which the color can preclude renormalization.
In more general cases, one can directly inspect the color of the amplitudes that compose the
cuts contributing to a given anomalous dimension and determine whether a given operator
can yield a nonzero contribution. Note that this is more efficient than studying the color
of individual Feynman diagrams, since the color decomposed amplitudes have fewer color

structures.
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Figure 3.8: (a) Unitary cut which determines the renormalization of Ops by O(,2p2), or
O(s2r2),. Note this form factor requires ¢ # 0, and the double-lined arrow indicates this
insertion of additional off-shell momentum from the operator. (b) Unitarity cut which de-
termines the renormalization of Oy, and Oy, by O2p2y, or O2p2),. In each, the
darker blobs indicate a higher-dimension operator insertion, and the dashed line indicates
the integral over phase space of the particles crossing the cut.

It is worth noting that, as mentioned in Section 3.3, the nonzero rational amplitudes
(3.71)—(3.73) can be set to zero by introducing finite counterterms proportional to c(ys), Ops
and c¢(py2y2), Ops, respectively. However, since these are non-local amplitudes, doing so intro-
duces nonzero terms for other amplitudes, in particular any amplitudes where Ops produces
a nonzero tree-level amplitude. This would introduce a great deal of confusion—for example,
if we were to introduce a counterterm to cancel (3.71), we would then need to include addi-
tional cuts on the right-hand side of Eq. (3.68), including three-particle cuts and cuts with
nontrivial IR dependence. Canceling either Eq. (3.71) or Eq. (3.73) with such a countert-

erm would also spoil the argument of Section 3.4.1, as the Ops self-renormalization would

wE) O

contribute in a nontrivial way. Therefore we would have to include the term 7, e (wiy, Frs

on the left-hand side of Eq. (3.68) as well. For all of the above reasons, we choose not to
implement these finite shifts. It is interesting however, that even though the rational terms

remain in this example, the structure of the color precludes renormalization at two loops.

3.4.4 Outlook on additional zeros

The previous sections have demonstrated numerous zeros in the two-loop anomalous dimen-

sion matrix, summarized in Table 3.4. However, the previous examples are by no means
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F? (9PF?)1 (¢°F?)2 (D*9")1 (D*¢Y)2 (D**)1 (Dp*?)2 ()1 ()2 ¢°
F3 0 0 0 0 0 0 ¢
(P*F?)1 0 0 0
(P*F?)a 0 0 0
(D2¢4)1 0* 0* 0
(D2¢4)2 0* 0* 0
(Dp*P*)1 f
(Dp*1?)2 f
(¥ 0 0 f
()2 0 0 f
s06

(# : trivial zero, no contributing two-loop diagrams

0 : zero predicted by the selection rules of Section 3.4

: only a three-particle cut is needed to evaluate 75\/(2)

Table 3.4: Structure of the two-loop anomalous dimension matrix %(32 ) due to the collected
rules outlined in this section. A () indicates there are no contributing two-loop diagrams,
whereas 0 alone indicates that there are one-loop diagrams that could contribute, but the
anomalous dimension evaluates to zero. A 0* indicates the result is nonzero in MS, but set to
zero by introducing the appropriate finite counterterms. Shading indicates the entry depends
only on the three-particle cut, due to either the length selection rules of Section 3.4.1 or the
vanishing of the relevant one-loop amplitudes. As for Table 3.2, the operators labeling the
rows are renormalized by the operators labeling the columns.

exhaustive, and more zeros may exist. The large number of zeros in the one-loop amplitudes
(Table 3.3) implies that when calculating two-loop anomalous dimensions, the two-particle
cut formed from the dimension-four tree and the dimension-six one-loop amplitude will not
contribute. In some cases, the only contribution will come from the three-particle cut.
Examples of this include the renormalization of Ops by O,2p2), or O(,252),, and the renor-
malization of Oy, and Oy, by O(p2p2), or Oepey,. The cuts for these examples are
depicted in Figure 3.8. While is may seem that there no reason to expect any given three-

particle cut to evaluate to zero, it is possible that a detailed inspection may find that helicity
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selection rules [7] or angular momentum selection rules [9] set certain cuts to zero. For a
generic entry, the collection of these rules and the rules laid out in the sections above greatly
simplify the calculation of the two-loop anomalous dimensions by eliminating one or more
required unitary cuts, and one might expect that overlapping rules will conspire to eliminate

all possible cuts and set additional entries in Table 3.4 to zero.

3.5 Implications for the SMEFT

The full SMEFT is more intricate than the simplified model adopted in this work, as it
includes masses, multiple gauge groups and a number of additional operators. Still many
of the results of our calculations provide nontrivial information about the structure of the
anomalous dimension matrix of the SMEFT. In this section we describe the overlap of our
theory with the SMEFT, and we explain how our results directly confirm a large number of
the one-loop anomalous dimensions computed in Refs. [4]. We also comment on two-loop

zeros and the coupling dependence of a subset of the two-loop anomalous-dimension matrix

of the SMEFT.

3.5.1 Mapping our theory to the SMEFT

We now describe how the differences between our simplified model and SMEFT are taken into
account to import the conclusions of our analysis to the SMEFT. First, the Standard Model
spectrum contains massive particles, notably the Higgs, whose masses can affect the structure
of the renomalization group running of both the Standard Model couplings and Wilson
coefficients of the SMEFT. However, in this work we have focused on the mixing between
dimension-six operators, which by dimensional analysis cannot depend on masses or other
dimensionful parameters. In the presence of masses there can be additional mixing between
operators of different dimensions, including modifications to the running of the Standard

Model couplings, but these correspond to entries of the anomalous dimension matrix different
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than those studied in this paper. The same holds for the finite renormalizations that were
used to cancel certain one-loop matrix elements. Namely, in the presence of masses one might
need to introduce finite renormalization of the Standard Model couplings to remove new local
contributions to the one-loop matrix elements. Dimensional analysis ensures that this does
not affect the structure of the two-loop dimension-six anomalous dimensions. In summary,
the structure of the anomalous dimensions in our simplified model translates directly to the
SMEFT, and our comparison and conclusions are unaffected by ignoring masses.

Compared to our simplified model the SMEFT also includes several gauge groups and
additional higher-dimension operators. By keeping the gauge group to be a general SU(N),
and by leaving the identity of the fermions unspecified, we can still access many of the entries
of the anomalous-dimension matrix in the full SMEFT basis of operators used by Refs. [4].
In particular, since the Higgs transforms under SU(2), setting N = 2 and the number of
scalars Ny, = 1 allows us to map to anomalous dimensions or four-point amplitudes from
representatives of any of the classes of operators in Ref. [4] other than the ¥?Fyp class
(Y2X H in the notation of Ref. [4]). Since the scalar is in the fundamental representation
that class necessarily involves both a left-handed fermion charged under SU(2), as well as an
uncharged right-handed fermion, which does not fit into our framework. By taking N = 3,
parts of the anomalous dimensions in the SMEFT containing gluons can also be obtained. In
principle, one can also compare anomalous dimensions for additional operators using more
sophisticated embeddings of the Standard Model into SU(N), including U(1) charges (see
e.g, Appendix IV of Ref. [51]), but we do not do so here.

By specifying the flavor of the fermions, we can map to a number of operators of the
full basis used by Ref. [4] via different choices of gauge group and helicity. For example,
by taking N = 2 and and left-handed helicity on the external states, we access the SU(2)
portions of the amplitudes involving the ¢ and ¢ quark doublets, and map onto the operators
(77.9)(77"q) and (g7,7"q)(qy"7"q). One remaining difference in our approach compared to

the full SMEFT is that we treat the fermions as Dirac instead of Weyl. This causes factor
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of 2 differences in the N; terms of the renormalization of Op,2y2), and Oys), compared to
Ref. [4], which need to be taken into account when comparing. While our simplified model
avoids having to deal with 75, the generalized unitarity method has been applied to such
cases as well [29]. At one loop, the issue of Weyl versus Dirac fermions is reduced to a
question of which helicities to take in the state sum in Eq. (3.24).

Setting aside the issue of Weyl versus Dirac fermions, mapping onto the four-fermion
operators of Ref. [4], (Iv,0)(Iv*1), (uy,u)(@y"u), and (dvy,d)(dy"d) is possible as well, but
requires some care, due to the presence of evanescent effects. In particular, for these cases

the operator Oy, is related to the operator Oy, due to the SU(N) Fierz identity (3.59)

Ot Vi
e ) : (3.76)

(@EmVHTa@Z}n)(@/;quTQ@DT) - (&m’YHwn)(@Zp%ﬂ/}r) (&pznézmzr - N

which, together with the Lorentz—Fierz relations for all left- or right-handed spinors

WL VL) (W) = —(y" D) (W vdL) |

(PR R) (WWhvubr) = — (VR " VR) (WEYYR) (3.77)

(where we raised the flavor indices for convenience) can be applied to eliminate the need for

the Oy, operator in Table 3.1:

mnpr n a n a mrpn 1 mnpr
0(1/141))2 - <¢mfy“T @Dn)(#}p%‘T 1/}"") - O(ng - No(¢4]))1 ? (3'78)

when there are no additional group indices preventing the particle exchange (for example,
the additional SU(3) index prevents the reduction of (7*7'¢)(gv,7'q) operator based on
the SU(2) Fierz identity). By choosing to implement Eq. (3.77) or not, we can map onto
either the operators (I7*1)(I7,l), (wy"u)(@y,u), or (dy*d)(dy,d), or onto the set of operators
(@v"77q)(qv,m'q) and (qv"7'q)(q7,7"q), respectively. Since we take all the fermions in our

operators to be charged under the same gauge group, here we do not map onto the (LR)(LR)
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Table 3.5: Checks on the one-loop anomalous dimensions calculated in Ref. [4] obtained from
our calculations. The (} entries correspond to trivial cases were there are no contributing
diagrams. The entries v'3 and v’ are checked by setting the SU(N) group to SU(3) or SU(2),
respectively. In both cases, only the pieces of the anomalous dimensions proportional to g2
or g3 are accessed by our amplitudes. The v'5  cases indicates that both terms proportional
to g2 and )\ are verified. Operators have been grouped according to whether the gauge
dependence of the particle content is the same. As for the other tables, the operators
labeling the rows are renormalized by the operators labeling the columns.

or (LR)(RL) subsets of the four-fermion operators, which require the presence of multiple
gauge groups.

It is worth noting, that there are some simplifications in the SMEFT relative to our model
with general gauge group. The symmetric color tensor d®° is zero in SU(2), meaning that
the operator O(,2p2), is identically zero. In addition, this implies the color factors for the
two-vector, two-scalar or two-vector, two-fermion processes are related by N{T%, T}, ;. =

20124, .., meaning the number of color-ordered amplitudes is reduced for those processes

in the case of SU(2).
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3.5.2 Verification of one-loop anomalous dimensions

From our one-loop calculations and the relations described above we have verified entries
from numerous classes of operators in the SMEFT, as summarized in Table 3.5, following
the notation of Ref. [4]. This includes examples proportional to g3, g3, and A. In this sense
our operators are a representative sample of the full SMEFT, despite the simplified nature
of our dimension-four Lagrangian. The direct agreement with results of Ref. [4] displayed
in Table 3.5 provides a highly non-trivial check of the validity and the effectiveness of the

approach used here.

3.5.3 Two-loop implications

Next we briefly discuss the implications of the zeros in the two-loop anomalous dimensions
of our simplifies model for the SMEFT. The selection rules of Section 3.4 set a number
of entries strictly to zero, and restrict the coupling dependence of others. Our findings
are summarized in Table 3.6. The full SMEFT anomalous dimensions include dependence
on the Yukawa couplings, which are absent in our simplified theory, so some of the zeros
uncovered above may be replaced by anomalous dimensions that depend on such couplings.
Nevertheless, our results show that the coupling dependence of the anomalous dimensions
is simpler than one might have expected, and that some of the entries are zero or do not
have pure dependence on the gauge couplings. Though most of the strictly zero examples
rely on the length selection rule, which does not depend on the gauge group or the presence

of Yukawa couplings, the anomalous-dimension matrix element 71(112‘),[/ caq

relies solely on the
color selection rules. In this case, including Yukawa and U(1) couplings will not affect this
zero, as the cuts still cannot match the color of the target operator.

In addition to the zeros, we find that many of the entries only receive contributions from
either three- or two-particle cuts, which should greatly simplify their computation. One

interesting example is the element 7(533_ uw» Which only has a three-particle cut due to the
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vanishing of the one-loop amplitudes that would contribute to the two-particle cut. For this
example, we have also checked the one-loop amplitudes with Yukawa and U(1) couplings
do not contribute. As can also be seen in Table 3.6, many entries vanish when the Yukawa
couplings are set to zero. Many of these zeros are trivial due to the particle content of the
operators involved, but in some cases a closer examination of the diagrams is required to see
that only diagrams with Yukawa couplings will produce nonvanishing results.

Note that the operators in Table 3.6 are merely a representative set, in that all of the
operators of the SMEFT are restricted by one or more of our selection rules, either in terms
of which operators they can renormalize, or vice versa. In particular, the length selection
rules apply independently of the gauge group or the presence of Yukawa couplings, which
allows us to include operators of the classes ¢¥?>F¢ and ¢?¢* in Table 3.6. We would also
like to stress that our analysis of the structure of the two-loop anomalous dimensions is
not an exhaustive study of the SMEFT anomalous dimensions. For this reason, we expect
that there could be additional vanishings or structures that can be uncovered under closer

scrutiny.

3.6 Conclusions

In this paper we applied on-shell methods to investigate the structure of the two-loop anoma-
lous dimension matrix of dimension-six operators, in both a simplified model and in the
SMEFT. At one loop, we used both the standard generalized unitarity method [11] and the
recently developed approach for extracting anomalous dimensions directly from unitarity
cuts [12]. At two loops, we find the latter method to be especially effective, with the former
method providing one-loop amplitudes as inputs. As an initial step, we reorganized the
basic equation for the two-loop anomalous dimension in the latter approach so as to simplify
one-loop iterations. Using this equation, we revealed a number of vanishing contributions

in the two-loop anomalous dimension matrix of the SMEFT. Our analysis was based on
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a simplified model without U(1) or Yukawa interactions. Nevertheless, as summarized in
Table 3.6, by analyzing the overlap of our simplified model with the SMEFT we found that
a remarkable number of SMEFT two-loop anomalous dimensions either vanish or have a
simpler dependence on the Standard Model couplings than naively expected.

The structure we uncovered has a number of origins, including length selection rules, color
selection rules, and zeros in the one-loop amplitudes with dimension-six operator insertions.
Additional zeros arise from the choice of an MS-like scheme which includes additional finite
renormalizations designed to set various rational terms in one-loop amplitudes to zero. This
suggests that there exist interesting schemes that make the structure of the renormalization-
group running beyond one loop more transparent. The full implications of choosing such
schemes clearly deserve further study.

Since one-loop amplitudes are used as input for the two-loop calculation, we have com-
puted the full set of four-point amplitudes with dimension-six operator insertions in our
simplified version of the SMEFT. As a byproduct, these amplitudes have allowed us to
verify a large subset of the one-loop anomalous dimensions calculated in Refs. [4].

The zeros that we found in the two-loop anomalous dimension matrix relied on choosing
examples with trivial infrared dependence, as well as a lack of a three-particle cut. However,
the methods can be applied just as well to any generic anomalous dimension matrix element
at two or higher loops. It would be interesting to investigate whether there are additional
zeros at two loops beyond those we identified. The large number of zeros in the one-loop am-
plitudes restrict the number of cuts that can contribute, suggesting that other mechanisms,
such as helicity or angular-momentum selection rules, may set the remaining cuts to zero in
some cases.

The presented methods are quite general, and should be applicable to general EFTs.
In addition, while we have focused on ultraviolet anomalous dimensions here, this method
could equally be applied to the evaluation of infrared anomalous dimensions, such as the soft

anomalous dimension, by the use of ultraviolet protected operators such as the stress-tensor
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or global symmetry currents. It would also be interesting to understand the implications,
if any, of the vanishing of two-loop anomalous dimensions for the interference of Standard
Model and higher-dimension operator matrix elements beyond tree level, in the presence of
experimental cuts. Another obvious direction would be to include dimension seven and eight
operators into the analysis [52].

The conclusions of the present work are unchanged by the presence of masses, as these
only affect a different set of entries in the anomalous dimension matrix that relate operators
of differing dimension. Studying such entries will require revisiting the proof of the length
selection rules, since formerly scaleless integrals can have a UV divergence proportional to a
mass, which generates running for operators of lower dimension. Additionally, masses allow
additional logarithms of the form log(u/m), whose coefficient is not captured by traditional
unitarity cuts. It would be interesting to study possible extensions of our formalism to
capture these effects and explore the structure of that sector of the anomalous dimension
matrix.

In summary, we have demonstrated that the on-shell methods applied here are well suited
for computing anomalous dimensions and associated scattering amplitudes at one and two
loops. We used these methods to expose new structures in the guise of vanishing terms in the
anomalous matrix of the SMEFT beyond one loop. Our analysis here was not exhaustive,
so it is likely that further vanishing contributions and new structures exist at two loops and
beyond. Our results also suggest that a judicious choice of renormalization scheme can help

expose such structures.
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3.A Integral reduction via gauge-invariant tensors

In this appendix we summarize the projection technique that we use to perform tensor
reduction of loop integrals in Section 3.3. The same technique has been previously used
in Refs. [31, 32| and is a convenient method for decomposing D-dimensional tensor loop
integrands (or cuts) into a basis of scalar master integrals, in a way that makes dimensional
regularization, and any associated chiral and evanescent issues relatively straightforward.
In particular this technique is well suited to deal with integrals with high-rank numerators,
which naturally arise in loop amplitudes with insertions of higher-dimension operators.

We start by noting that scattering amplitudes amplitudes are gauge invariant and can
therefore be decomposed into a basis of gauge-invariant tensors, 7;,. For a given amplitude

labeled by ¢ we have,
A =" A (k)T (kg €5, 07, T5) (3.79)

(L)

where the coefficients, A;,/, only depend on the external momenta, and all dependence on
the polarization vectors or spinors is contained entirely within the basis tensors, 7,,. The
basis tensors for the various processes we consider in this paper are given below and in the
supplementary material [34]. They are found by writing down the most general polynomials
built from Lorentz invariant products of external polarizations, spinor and momenta and

then demanding gauge invariance.

The desired coefficient of tensor 7 can be extracted using a projector
P, =cynT) (3.80)
where ¢, is the inverse of the matrix

Mo = T © T, (3.81)
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Here the product ® corresponds to the state sum in Eq. (3.41), taken over all particles. The

coefficient of the tensor is then simply given by
AL = p, o A", (3.82)

The projectors for all processes consider in this paper are given explicitly in an ancillary
file [34].

Once projected, any gauge invariant quantity can be summarized as a list of the coef-
ficients corresponding to each basis tensor. In the case of a loop integrand or cut thereof,
each coefficient is a rational function of scalar propagators and inverse propagators (and
irreducible numerators beyond one loop). The integrals corresponding to each term in the
projected quantity are then in a form that can be reduced to a basis of master integrals using
by integration by parts (IBP) relations. This can be done using by using IBP programs such
as FIRE [33].

As described in Section 3.3, we can apply this procedure cut by cut to determine the

coefficients of each gauge invariant tensor in the full amplitude.

Basis tensors

Basis tensors for the four-vector amplitudes are taken from [32], which we reproduce here.

Beginning with the linearized field strength for each external particle:
Euy = kiugiu - kiugiua (383>

one can construct the following combinations,

Fs4t = (F1F2F3F4>, Fti = (F1F4F2F3), F,;ls = (F1F3F4F2) y (3 84)

(F2)? = (FLFy)(F3Fy), (F?)? = (FLFy) (FoFs), (F2)? = (R Fs)(FyFy)
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where parentheses one the right-hand side of the above equations indicate taking the trace

over adjacent Lorentz indices. The four-vector basis tensors are then given by

1
Tovwo = =5 (FSY + (F)" + (FO)) + 2(F + o + Fl),

1
T ™ = =2 F5 + 5 (F9) + (B + (F))°),

Tt = s — (= FL) (s — ) 4+ (B — T((F)? 4 (F2)? + (F2)) (s +1).

L ((F,
Tow ™ = (B = (F))" + 2(Fy, = Fu), (3.85)
Tt = 2Fh = L((F2 + () — (F2)?),
Toow = —(2F4+ ; (F) + (B + (F)) (s + 0) + 2 (Fus 35+ 1) + Fi, (s +31)),
Tod, = —~(2Fh — S((F2? 4 (2 4+ (F2) (5 — 1) + 2(Fh — FA) (s + 1),

where the v labels signifies that a leg is a vector boson, and Tps is proportional to the F

amplitude [53]:

F2 2 F2 2 F2 2
Tos = —ist A) :—istu(( DR G i Ui 91929394) , (3.86)

F 452 42 42 (stu)?

where g; = (k;11Fiki—1). We note that we have written this expression in an explicitly gauge-
invariant form at the expense of manifest locality. These tensors are nonzero only under the
indicated (and parity conjugate) helicity configurations, along with cyclic permutations.
T'ree is nonzero for helicities (1727374%), (17273%4"), and cyclic permutations. 7! and

Tev2 are evanescent, i.e. zero for all helicity configurations in four dimensions. This can be

made manifest by rewriting them as

1 (03 v g 1 (e 17 g
Tq?;)];v = 51@[1 Flu F2 p]kQOcF4uVFSUp + 51@[1 F?? F2 p]kZaF4uuFlop7

Tev2 — 1

VVVV 2

(3.87)
S P FYP ko Fop Fiop |

where the anti-symmetrization does not include a symmetry factor.
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The two-vector, two-scalar tensors are also nonzero under specific helicity combinations,

and are given by

T,:;;S — 2([€3F1F2k4) —|— 2(]€4F1F2k'3) - (k?g . k’4)<F1F2) 5 T++ — —(FlFQ) y (388)

vUSS

where the v and s labels specify the corresponding legs are vectors or scalars.
Similarly, the two-vector, two-fermion tensors are linear combinations of those in Ref. [31],

chosen to again be nonzero only under specific helicities:

_ 1 L 1

Tfftfr = —Q(U2F4F3%2U1) ’ Tfftv T = _g(U2F4k2F3U1) )
e L ———e L, _

Tfft;r = —?(U2F3%1F4u1) ) Tff;tv = —?(U2%1F4F3U1) )

L (o ol
Tfrw = §k‘§ F B @Y b Vo Yot » (3.89)

where f now indicates a leg as a fermion, F'; = F;,,v*v", and the antisymmetrization in 7
includes a symmetry factor of 1/5!. As for the four-vector case, we encounter an evanescent
tensor, 7%}, which vanishes for all four-dimensional helicities. For the two-fermion two-

scalar case there is only a single basis tensor:
Tffss = ﬂ2k3u1 . (390)

Finally, the four-fermion tensors are,

Tippp = (t2y"ur)(Uayuus) ,
TP = (takyur)(Gakyus),
Titpr = (" ur) (Uayu v Yous) — 16(uay"uy) (a,us) |

T;‘lfff =t (U ey ur) (Uaydyypus) — 4u(tghyun ) (Tafyus) (3.91)
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plus those given by the exchange of legs 2 and 4. It should be noted, however, that in
practice it is unnecessary to calculate the coefficients of the exchanged tensors, since they
are fixed by the symmetry of the contributing diagrams. T})’ff s and T}‘ff s are chosen to be
zero for the helicity configuration 1;2% 3;;4% and its conjugate, so that these tensors are

evanescent if the spinors are Weyl of the same handedness.

3.B Tree-level and one-loop amplitudes

In this appendix we collect tree- and one-loop amplitudes. In addition to the spinor-helicity
amplitudes given below, expressions that are valid to all orders in the dimensional regu-
larization parameter € are provided in a supplementary file [34]. While we do not require
one-loop amplitudes without higher-dimension operators for our specific examples in Section
3.4, they would be required for the calculation of a generic two-loop anomalous dimension
matrix element. These one-loop dimension-4 amplitudes can be found in various references;
e.g. Refs. [54] gives the relevant amplitudes which exclude scalars.

The amplitudes and form factors can be written as vectors in color space,
AP (A A2A3M0) = Sxaarans ZCgﬂ)\Q)@)%A(L)(/\1)\2)\3)\4)[i} ; (3.92)

where Sy, x50, 1S @ helicity-dependent factor which which depending on spinors when evalu-
ated using four-dimensional spinor helicity. These factors are pure phases for the amplitudes
with an even number of pairs of external fermions, and for the amplitudes with an odd
number of fermions their square is a dimensionless ratio of s, ¢, or u and powers thereof. The
full list of Sy, x,xs, for each process is listed below.

The IR dependence has been stripped from the amplitudes below, but can be recon-
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structed, if desired, using the basic IR formulas given in the text, which we reproduce here:

A = 1AL 4 AL (3.93)

7

where the IR operator IV is given by

¢ n IR (1 IR (1 €
OIS o ol ) [%us%) _er )1] (—_“2> (3.94)
_ 2 2 . ’ :
['(1—¢) sl 2 € Tp € 2kyk,
with
YRWM = 2a, RO = g2, AR = %30k, RO = 3405, (3.95)

Explicit evaluations of I(!) for various processes can be found, for example, in Refs. [31, 48].
All results below are reported in the Euclidean region and the MS scheme. As a shorthand,
logarithms are given by:

2 52 2 2 52 2 2 w2 2
Xt =log(7) + v2=tog (1) + 7 22 =15 (5) +7*
u

2 2 2
X =log (,u_) , X = log (N_t> , X, =log (,u_) .
—5 = —u

In general we drop the Wilson coefficients, for example cps for amplitudes with an Ops
insertion, since it is in this form that the amplitudes are used in Eq. (3.37). However
we have contracted the Wilson coefficients with the amplitudes for operators which include

fermions, since doing so simplifies the flavor information for these cases.
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3.B.1 Four-vector amplitudes

The color factors for the four-vector amplitudes are

Cl[)lv}vv = TT[T1T2T3T4] ’ 61[)21)}1)1) = TI[T1T3T2T4] )
cB = Te[T 1477, cH = Te[T'TT?77, (3.97)
chl, = To[T'T*T*T7, cll = T[T T T3 TY

VVVV VVVV

cl

VUV

= T[T T Te[13TY), CB

VVVV

= T[T 78 Te[T?TY), ClY

VYUV

= Te[T T4 T [T°T?],

where only two partial amplitudes—one single-trace and one double-trace—are independent
in general, and the rest are given by relabelings.

We remove dimensionless prefactors from the helicity amplitudes. These are all phases
except for the amplitudes involving only one pair of fermions. For the four-vector amplitudes,

the spinor prefactors are are given by

12][34] N (12)(14)[24]
S(1F273747) = 112][34) S(17273%4
( ) (12)(34) ( ) (23)(24)(34)
o 12)[34] e (13)[24]
S(17273T4F :< S(17273747) = . 3.98
( ) (34)[12]° ( ) (24)[13] (3.98)
The tree-level D-dimensional amplitudes are given by
AD(1234) ) = =9 e
St vvvv )
A (1234)7 =0,
AR (1234) = % (4stTod ™ = 2T 00 + (s = OT3,)
stu
AN (1234) =0, (3.99)
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which have four-dimensional helicity values

A(o)(1—2+3+4+)m - A(0>(1:2+3+4+)[1} =0,

s

A0 gty = -2,

2U2

A(O)(1*2+374+>[1] — _g —
S

A (1F253%54%) ;) = 0, (3.100)

A (1t2+3tat) ) = 2¢s,
AN (1243 4ty = —gu,
A 172734y = AN (172437 4) = 0,

AN (1+2%3%4F) 7 = 0. (3.101)
The one-loop amplitudes with one insertion of the F*® operator are

AL+ 2+3 4% ) = g (AN (t — ) + 2uby) X, + (4N (s — u) + 2uby) X,

1
— 5 (44N + 2N} — NoJu).

u? — st

AW (=gt gty) = g§2<N X2
+(2N(E — ) + bou) Xy + (2N (5 — u) + bou) X; — 12u> ,
AN (1724374 )y = 0,

~2

AQR(278 4 )y = B (4N (= s) = (2N; = N)(u—1)) (3.102)

where §? = ¢?/(47) as defined in Eq.(3.5), and by = (11N —2N;— N, /2)/3. The double-trace

amplitudes with an Ops insertion are given by the U(1) decoupling identity

1
AR(1234) = (A§§(1234)[1} + AR (1243) + A§§(1423)[1}) . (3.103)
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The amplitudes with one insertion of a ©?F? operators are

Al oy (1F25354%) ) = 0,

Ay, (17213447 = 45°N,s,

Aoy (17273740 ) = A, (17273747) i =0,

Ay (17273447 = 45°N,s,

A oy, (17273747 ) = =22 N,

A oy, (17273740 )y = A, L (17273747 )y =0,

A oy, (1727374%) ) = 26°N,s

Ag )2F2) (17273747 )7 = AE )2F2) (17273%4% ) = 49%/{7\[88 ’

A oy (17273747 ) = AL, ) (17273747 )i = 0. (3.104)
3.B.2 Four-fermion amplitudes
The color structures for the four-fermion amplitudes are

C][fl}ff = EC;ilﬂiig ) C][?}ff = Eiilﬂ(;ig : (3.105)

Note for any operator, due to the anti-symmetry of the amplitudes under exchange of (anti-

)fermions:

L)
AGN (7, 25,3145 ) = —AG (1], 253047 oy (5 1)
L)
AL )(1+ 2%3wp4+r)[ = —A( (1+ 2273%4 ) (s < 1),
(L) _ (L)
Ao (15, 25,3, 45, ) = — Ao (1, 253, 47 iy (s < 8). (3.106)
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The overall spinor phases are

(24)[12] + (23)[12]
S(172-3742) = GhR S(1t25374%) = Tl
S22 3747 ) = Ej | (3.107)

The tree-level D-dimensional amplitudes are given by

o U YUy U4%U35 5
2s pro

AO(1, 253, 45 ) =g

N
0 _
Ay, (1,25, 34,45, )1 = Nz 7 Gy, w2 Tayeuy — ety Nuay™un Gzy,us)

Ag?b)4)z<1wm21ﬁn3¢p4%>[1] = Clpay U2V ur sy, (3.108)

which have four-dimensional values

2
AO(1F 27 3% 4 .
( 330,40 = s pro
2

g-t
At 27 3 245 = — = Omnpr

AO(LY 25 3 47 ) =0,

2N u(N Crmnp + Cmrirp
A( )) <1+ 2~ 3 4= )[1] ( (Y41 (¥*)1 )

(y* Pn " p N2 _ 1 ;
Alghy, (L] 253, 4% )y = %
Ag% (1+ 22}”3%4 Ny = %
AR (15 25 35 47 Y = —2uc{i?,
Ag?ﬁ)‘*) (15,2535, 405 = 2ty
A, (1, 27,3,,45 ) = 0. (3.100)
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The amplitudes with one insertion of the F*® operator are

1
ARIE 20 31 47 Y = g7 Ubmndpr

Pm " Pn “p 3
(1) _ 1
AL (1zm2wn3wp4+T)[]——§gg2t5 wOpr s

(1)
Aps(15, 25,35, 45, )m = 0.

The amplitudes with one insertion of a Dy?1)? operator are

AlD gy, (12 25 35 4% ) =0,

EDwQW) Pn " Pp
AEBs&QW) (1+ 21/)”3:;,,4 T>[1] = _%~2N (83X, +8)u ( C(Dy2y2), 5mn+c?1%2¢2)25pr),
Ay, (1,253,545, )w = 9~2N (3Xs 4 )¢ D2ye), Imn + (Dpay2) 0pr) -
Ap gy, (15 25,3, 47 ) =0,
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The amplitudes with one insertion of a 1* operator are

252
ALt 25 8% 4% = 2 (#(T2Ne

WO i "0 0 ot (W)

+ Np(B3Xo + 2) (B C{ii? + Oprcfiis™)
+9(2s +t(3X, + 25)) nﬂgp) ,

ALSR(1E 25 8 45 Yy = — 20 (NJHBX 2 (Grn? + Dyl
+9(25 + (5 — 3X)) i),

AQI(LE 28 80 47 )y = —16§° Nsc(?

AE )> (1%2%3@4 50 = %(95 (2(N? = 1) s+t (138N* = 3X, — 25)) ()0
+t(Nps(2N(3X, + 5)(5mnc7(“$;w + 5prc?$%w)
— (B4 +2) (OunC[7 + Gprclii™)

FON(s(3X, + 17) + 21) zmgw)) ,

(1)fin _ 2g 2 2 2 nmr
AR (LS 253,45 o = —5a (9 (2 (N* = 1) s = ¢ (B(N? = 1)X, = 3N + 5))
T NAURN(BX, + 5) G + o)

— <3X5 + 2) (5mnc7(“;uiu + 6prcnw?um))> ’

A (L] 2% 30 47 )y = 257 (3s(X, + 1) — 26)c{i0 (3.112)

3.B.3 Four-scalar amplitudes

The color structures for this process are identical to those of the four fermion case:

cl =12 T°, cl =10, T, . (3.113)

S$888 Q911 " G413 ) $S8S 1421 Q213
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There is no spinor phase in this case, as the scalars do not carry helicity weight. The tree-level

amplitudes are

g*(t—u)  2\N

A(0)<14P2%534P495>[1] == 25 - N-—-1"
0 N(NS —|— t)
AED)2¢4)1(1¢2¢3¢4¢>[1] = W )
A, (10253,45) = N o

The one-loop amplitudes with an insertion of the F'® operator are
AD(1,2,3,4.) 0 = —— g N(t —
1 (1p263045) 1) = 699 (t—u).

The one-loop amplitudes with an insertion of a ©?F? operator are

AY, o) (1,:253,45)0) = 257 (Nt + 5),
1 2¢° (N? —4) s
AE¢)2F2)2(1%02¢3904¢)[1] = - N

The one-loop amplitudes with an insertion of a D?p* operator are

~2
A§B§;4)1 (15243,45) 1) = %( — 4(AN + 3)s — 2(3N + 5)t
—3(N — 2)tX; — 35X, + 3uXu>

2
+ T <2N((N — 3)t — 25) — NsX,

+ (N — 2)NtX, + NuXu> ,

~2
Alzgn, (1:263,45)m = %( — 2(2H(9N + 4N, + 27) + (4N, + 45)s)

+27(2N — 1)tX, — 3X,((N, — 18)s + 2N,t) + 27uX,,)

ANN

+ ——(—4(Nt+ )+ (1 = 2N)tX; — s X5 + uX,).

N -1
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The one-loop amplitudes with an insertion of a Dyp?¢? operator are

1
AE ) (1525344¢)n = 0,

Dp2eh2)q
1 2 ww .
AEILPQ o (Lp263p40) ) = = 5By, F(3X, +5)(t —u). (3.118)

3.B.4 Two-fermion, two-vector amplitudes

The color factors for the two-fermion, two-vector amplitudes are

1 2 3
CJ[”J]‘UU = (T3T4)i2i1 ’ Cj[”}vv = (T4T3)i2i1 ) CJ[‘J]%U = Tr[T3T4]5i2i1 : (3'119)

In this case the spinor prefactors are not pure phases, but have magnitudes equal to ratios

of s, t, and u:

_ 13)[34] _ _ (13)3
S(1 2J53+4+:<— S(1; 283747 = —
( Yp Pr ) (23)(34)’ ( Yp r ) (12)(34)(41)
B _ 14)3 _ o (34)3
S(17 2% 314 :<— S(17203747 )= ——" . 3.120
G2 ) =ty e ) = megm G0
The tree-level amplitudes for this process are
0 g’
_ — —+— —++— ev
A( )(1wp2 7‘34)[1] - _§(2Tff—"’l;1) = 2Tffv:_ + Tffm))(spra
A0 (1, 25 34) 1 = — 22T+ 4 7o) 12
F3(1¢p ¢r3 )[1] - _?( ffov + ffov ) pro (3 1)
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which evaluate in four dimensions as

AL 2% 374 )y =0,
AO(L 27 3747 = g0, .
A<0>(1;p21+%3—4+)[1] = %51”«,
A1) 25 3747 )y =0,
Af§(1;p25r3+4+)[1] = —gtdy,,
A§9§(1gp253+4*)m =0,
AQ(1, 25,374 =0,

gtu

0 _ — =
AR(1, 25 3747 )y = =0y (3.122)

The one-loop amplitudes with an insertion of a F® operator are

AR 2t 34ty = % (2tu(34N2 + N(5N; +2N,) — 18)
+ONtu((AN; + N X, + 2(N — by) X,)
+ISN2(t — u)tX2> ,
Aggﬁ“(gpzag—ﬂ)u] —0,

1 — _ ~ sSUu
Ap(1y 25 3747)m = 95°0, N

(Dfin /4 — _ - U (Dfin, 4 —
AF3 (1%25T3 4 )[1] = —gAFg, (1¢p25T3+4+)[1], (3.123)
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(BN + by)

X, — X
oN HXu ‘)

fin /4 — ~
A (1,25 344 )g = 992%(

t —
+ M(stXQ + suY? + utZQ)) ,
2su

1) /4 — _ - st
Agg(lwfi%ﬁ 4+)[3] = 9925pr25 5

_ _ - SsU
AQ(1, 25 3747 ) = 95°0pr2 .

(1)fin /4 — —=y U (Dfin4—
AF3 (1wp2fzr3 4 )[3] = _EAF?’ (1%25T3+4+)[3]. (3.124)

The one-loop amplitudes with an insertion of a ©?F? operator all evaluate to zero:

1 1
gy (15,25, 3545 = A, (17,23, 34 )9 = 0,
Al o, (1 25 3%54%) 0y = A, o) (12 25 3%4%) 5 = 0. (3.125)

The one-loop amplitudes with an insertion of a Dy?1? operator are

Aggsﬁ%%(liﬂfﬂr?’ilﬁ)m - Agl)so%b?)l<1$p2a3i4i)[3} =0,

A 13,25 300 = 7 o

Ay, (15,25 3747 1 = Al ooy, (15 25 374%) = 0,
A8w¢2)2(1;p25r3_4_)[1] - —égzc€g¢2w2)2Nstu,

Al oy, (12 2% 354%) 5 = 0. (3.126)

The one-loop amplitudes with an insertion of a ¥* operator are

rwWWpP

1) + ot g+ _Nf Clyt) (1) + ot ot =+
A, (15,253 e = 3w Awgayn, (15, 25,57 m
S T(Dp24)?)2
QNCprw o Crwwp
(1) + ot ot =+ _ (¥4) (@42 4(1) + ot ot =+
Ay, (1, 27 3545 )y = p Ay (15 2F 354 )y (3.127)

Clyt),
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3.B.5 Two-scalar, two-vector amplitudes

The color basis for this process is analogous to the that of the previous:

Cﬁ)]ss = (T1T2)i4i3 ) 01[;21;}33 - (T2T1)i4i3 ) Cq[i;]ss = Tr[Tsz](;MZS .
The spinor factors are again pure phases:
12] _ (23)(24)[12][34]
S(17273,4, :[— S(17273,45) = :
( o) (12)’ ( o4e) (12)(34)[23][24]

The D-dimensional tree-level expressions are given by

92
A (123,45) = — L1

St VUSS !
A(1)<123w4¢>[3] =0,

t—u
A(Flﬂg(123<ﬁ4@)[l] = ‘9(2—3)7—;—;—5 )

AR (123,45)5 =0,
1
A )2F2)1<123504</3>[1] =0,

A, o (123,45) = 2T,

(

(

(

(92 F2); VUSS )

1
AE¢)2F2)2<123¢4¢>[1] = _ZTUJ;;’:?

a 4
A(w)2F2)2<123<P4¢>[3] = _NT;;;’:’
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with four-dimensional helicity values

1
AW (1+243,4,)y = 5g(t —u),
AR (17273,45)) = 0,
Agg(1i2i3<p4¢)[3} =0,

Al oy (15253,45) 1 = 0,

A(l)

A(l)

(¢2F2)1(1+2_3¢4¢)[3} = O,

A(l)

(92F?)2

A(l)

(92F?2)s

(1+2+3¢,4¢)[1} = —28,

(1+2_3¢4¢)[1} =0,

4s

N )

(1+2_3¢4¢)[3} =0. (3.131)

A(l)

(p2F?)2 (1+2+3s&4¢)[3} -

(1)
A(<P2F2)2
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The one-loop amplitudes with an insertion of the F'® operator are

~2
AW 9t3 g )y = 2 (8((52N2 —18)s + (TTN? — 36)t + N(t — u)(5N; + 2N,))

72N

+ 18N ((2N (5t — Tu) — 3bo(t — u)) Xy + X (2Ns + bo(u — t)))

_ 72N2tx2) ,

_ 1
A%)(lJrQ 3pde ) = 5992NU

AW (14913 4y = Z]gv ((8Nt +bo(t — u)) Xy + (8Nu + bo(u — 1)) X, — 4NsX,

1
(X7 4 suY” tuZ2)> ,
S

AR (12734, = —93°s

The one-loop amplitudes with an insertion of a ©?F? operator are

~2
AR, (17273,4,)) = _9_]\;((1)0 —2N)X, + boX.,) + 45,

Al oy, (17278,45) = 25%(s + 31),
AR, (17273,4,) = 35 (ACp — 2(b +3Cr) X,)
+ 4NN +1)s(X, +2),

A(l)

(p2F2);

(17273,44)13 = 0,
~2
A, (172°3,4,) = 55 (6N (2N2 = 8) + N (3 = Nbo) X, + 2b X,

+ (2N(N? — 4) — by(N* — 2))Xt>

+4Xs(X, +2),

. 25°
Ay, (1727 3,45)) = —— (Vu+4i)
~2
AR, (17273,4,)y = i’v—j (2 (boN — 3) X, + N (X, + X,) — 3 (4N? — 1) )
— %XS(XS +2),
Alpopa), (17273,45) = —43°s.
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The one-loop amplitudes with an insertion of a D?*p? operator are

Alpagny, (1727 3,45)) = —;QNSS?
Agg2¢4)1(1+273¢4¢)[1] =0,

Ay, (1525345 )5 = —Al, o (1%253,4,)y
A, (17273,4,)) = %§2Ns(s — 1),

1 _
A, (17273,45)0 =0,
AlDa oy, (15253,45) ) = 440, ) (152%3,45) ) (3.135)

The one-loop amplitudes with an insertion of a Dy?¢)? operator are

(1) G B
A(D¢2¢2)1<1i2i3¢4¢)[1] - A(D¢2¢2)1(1i2i3@4¢)[3l =0,

1 1. ww
AD oy, (17273,45) ) = 3T By, Nyt =),

1 — 1
AD g, (1727 3540)0) = Al g, (172%3,45) = 0. (3.136)

3.B.6 Two-fermion, two-scalar amplitudes

The color structures for this process are identical to those of the four fermion case:

1 2
Cllo =TTl Cllua = To0Th, - (3.137)
There is only one independent spinor prefactor (which again is not a pure phase for this
case):

(23)[13]

(3.138)
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The tree-level amplitudes for this process are given by

A(O)(lw 25,3045)1) = 92“2%3“1%,
P T s

AO(1,,25,3,4,)p =0,

2¢(7 N (gfqur)
(0) _ _ (Dp29?)1 3
A Dy, 1y, 25,3040) ) = — N :
2¢,” N2 (tuskqu
A ey, (1,25,3045)2 = — (DW;\)rlz _<1 ) ,
A 1, 2 3045)0 = —2¢7 T
D22y (Lo, 25, 30%) 1) = —2¢( Doy, (Uaksur)
(0) _ _
A(wa)z(lwﬂwﬁw%)[z} =0, (3.139)
with four-dimensional helicity values
AD(LE 22 3,4 = g6,
AL} 27 3,45)1 =0,
4c7? Ns
(0) + o— _ (D)
Alpgeyey, (1,25 3640l = —— 351>
4¢P N3s
(0) + o— _ (Dp?4?)1
A ooy, (15,25, 3p45)1 = ——
0) — r
AEDM?)Q(%2@7»3@4@)“1 = —4CDyrya), S
0 _
Agzzgo?w?)g(lzp%ﬁw‘l@)[?] =0. (3.140)

The one-loop amplitudes with an insertion of the F'® operator are

1
1 — ~
Aiﬁg(ljp;,Q@T?)‘le@)[l} = aggzNS(spr )

AR 2 3.45) =0, (3.141)
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The one-loop amplitudes with an insertion of a ©?F? operator all evaluate to zero:

(1) - _ A - _
Ay, (13,25, 3040)10 = A, (15,25, 3545)p = 0,

(
(¢
(1) - ey - _
Ay, (1,25, 3640000 = Ay, (125 3545)121 = 0.

(1) - _ A - _
Apopry, (13,25, 364D = Apegsy, (1,25, 3045)p = 0,
(1) - _ L
A(D2¢4)2(1$p2$r3¢4¢)[1] - _92N85(3X5 + 8)5:0“

9
AW (127 3,4,) =0
(D2p4)o \tap, @ 4, O P) 2] :

The one-loop amplitudes with an insertion of a D?p? operator are

(Dfin — =2 r
Aipgrgy, (15,25, 3046 ) = =575 (3Xy = 3Xy — 16)(p ), »

(1)ﬁn — _ ~92 T
Alpgryey, (1) 25, 3640) 1) = 165" NsC(() 00, »
~2

(1fin - s,
A<D¢2w2>2(1$,,2%3w4¢>[11 = 9_NC(%¥’2¢2)2 (8 (9N? + NN, — 18)

27 (N? = 1) X, + 3NN, X, - 27X,

4. ww
+ §g2NfS(3X5 + 5)C(D¢2¢2)25p7“ s

(1)fin — o ~2 r
Aipergn, (15,25, 3046 1 = =307 5(Xe — Xu)e(D 2y, -
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The one-loop amplitudes with an insertion of a ¥* operator are

. 2. rww
Agi’)ﬁl)l (11—L_P21/;r3¢4¢)[1} = _§g2NfS(3Xs + 2)0 ’ )

(¥*)1
@\ < P O 12 J
232N ;s
(1) - _ g f TWW, roww
1 _
Ay, (125 3p4) = 0. (3.145)
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(1) (1)
Oc Ow Opw Ouww ggi ggz ggg) Ouw  Oun  On
Oc g9 0 0 0 0 0 0 0
Ow | o, G o0 ¢ 9 ¢
Omw | ¥ 0, 0o ¢ o, 10
Ouw 0, 0, 0y 0, 0, Oy 0Oy l
Ouo, Onp | 1 0, 0,(08) 0y, 0, |0
Oty Oty 0, 0, 0,(0)
O, Oy 0, | 0,(38) oo
Ouu ) f Oy Oy 0y ) f
Oun 0, 0, Oy 0y 0, 0y 0y 0y
On VJ 0, Oy
[y : trivial zero, no contributing two-loop diagrams
0 . zero predicted by the selection rules of Section 3.4

: only a three-particle cut is needed to evaluate 75“2)

: only two-particle cuts available for the relevant diagrams

O(N), etc. : the selection rules of Section 3.4 forbid the stated coupling dependence
0y : ,YEV@) vanishes if Yukawa couplings are set to zero

Table 3.6: Predictions for the zeros and coupling dependences of a representative selection

of the SMEFT two-loop anomalous-dimension matrix, %F;V@)' The notation for the operator

labels follows that of [4]. The g3 dependence of the entry labeled 0,(y5*) vanishes using the

appropriate counterterms at one loop. The operators labeling the rows are renormalized by

the operators labeling the columns.
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Chapter 4

Leading Nonlinear Tidal Effects and

Scattering Amplitudes

We present the two-body Hamiltonian and associated eikonal phase, to leading post-Minkowskian
order, for infinitely many tidal deformations described by operators with arbitrary powers of
the curvature tensor. Scattering amplitudes in momentum and position space provide sys-
tematic complementary approaches. For the tidal operators quadratic in curvature, which
describe the linear response to an external gravitational field, we work out the leading post-
Minkowskian contributions using a basis of operators with arbitrary numbers of derivatives
which are in one-to-one correspondence with the worldline multipole operators. Explicit
examples are used to show that the same techniques apply to both bodies interacting tidally
with a spinning particle, for which we find the leading contributions from quadratic in
curvature tidal operators with an arbitrary number of derivatives, and to effective field the-
ory extensions of general relativity. We also note that the leading post-Minkowskian order
contributions from higher-dimension operators manifest double-copy relations. Finally, we

comment on the structure of higher-order corrections.
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4.1 Introduction

The remarkable discovery of gravitational waves by the LIGO and Virgo collaborations [1]
has ushered in a new era of exploration that promises major new discoveries on black holes,
neutron stars and perhaps even new basic insights into fundamental physics. Theoretical
tools of increased precision, matching that of gravitational-wave signals not only from current
detectors but also from proposed gravitational-wave observatories [2], are required.

The evolution of a compact binary and the ensuing gravitational-wave emission can be
divided in three distinct phases — inspiral, merger and ring down — according to their un-
derlying properties. The inspiral part of binary mergers, which is the subject of this paper,
is analyzed through models such as the effective one-body (EOB) formalism [3]. The weak
gravitational field during this phase makes it suitable for a perturbative approach and these
models import information from post-Newtonian (PN) gravity [4-7], as well as the self-force
framework [8] and numerical relativity [9]. More recently, the post-Minkowskian (PM) ex-
pansion [10-16] has gained prominence due to its capture of the complete velocity dependence
at fixed order in Newton’s constant. By exposing the analytic structure of each order, this
expansion also offers new insight into features of gravitational perturbation theory, exposes
hereto unexpected structure in certain observables, and may open a path to the resummation
of perturbation theory in the classical limit. The PN, PM and self-force expansions provide
important nontrivial cross checks in their overlapping regions of validity [7, 13, 14, 17]. For
recent reviews see Refs. [18].

Over the years a close link between classical physics and scattering amplitudes has been
developed [11-13, 15, 19-21] and led to a robust and powerful means for obtaining two-body
Hamiltonians [11] and observables in the post-Minkowskian expansion. It was obtained by
combining modern techniques, such as generalized unitarity [22], which emphasize gauge-
invariant building blocks at all stages and build higher-order contributions from lower-order

ones with effective field theory methods. This framework proved its effectiveness through
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the construction of the sought after two-body Hamiltonian at the third order in Newton’s
constant [12, 13] and the identification of surprising simplicity in physical observables of
interacting spinning black holes [23]. The scattering angle is of particular importance, as it
provides a direct link [20] with the EOB framework [3] used to predict gravitational wave
emission from compact binaries.

In this paper we investigate the effects of tidal deformations [24] on the conservative
two-body Hamiltonian during the inspiral phase, focusing on their structure in the post-
Minkowskian expansion. The tidal deformations offer a window into the equation of state of
neutrons stars [25] and test our understanding of black holes [21, 26-30] and of possible exotic
physics [31]. While tidal effects are expected to vanish for black holes in general relativity [32],
they are of crucial importance for understanding the equation of state of neutron stars. These
corrections are formally equivalent to fifth-order post-Newtonian effects [5], highlighting the
importance of precision perturbative calculations.

Properties of extended bodies that relate to their finite size can be encoded in local-
operator deformations of a point-particle theory by integrating out their internal degrees
of freedom. The set of all possible tidal operators is constrained only by the symmetry
properties of the fundamental theory, such as parity. We introduce our organization of tidal
operators in close analogy with the case of electromagnetic susceptibilities. Indeed, not
only is there a formal similarity between gauge theory and gravity, but the integrand of
gravitational scattering amplitudes can be obtained directly from gauge theory using the
double copy [33, 34]. For the relatively simple case of the leading-PM order contribution of a
given tidal operator to scattering amplitudes, these relations follow from the factorization of
the point-particle energy-momentum tensor and from the fact that the linearized Riemann
tensor is a product of two gauge-theory field strengths. Thus, in analogy with the case of
electromagnetic interactions of extended bodies, tidal operators may contain arbitrarily-high
number of Riemann curvature tensors with an arbitrary number of derivatives.

Curvature-squared tidal operators, describing the linear response of an extended body
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to an external gravitational field, were recently classified in Ref. [30], where an expression
for the two-body Hamiltonian and scattering angle at leading post-Minkowskian order was
conjectured. Here we prove the conjecture for a basis of operators whose Wilson coefficients
in the four-dimensional point-particle effective action are exactly the same as the worldline
electric and magnetic tidal coefficients, related to the corresponding multipole Love numbers
by factors of the typical scale of the body, see e.g. Ref. [5, 25, 28]. The lowest-order matrix
elements of our tidal operators are, by construction, the same as the matrix elements of
the worldline tidal operators. To establish the map beyond leading order it is necessary to
compare physical quantities. At the next-to-leading order the contributions of low-derivative
R? tidal operators to the two-body Hamiltonian and to the scattering angle were determined
in Refs. [21, 29].

We also obtain the leading-order modifications of the two-body Hamiltonian and of the
scattering angle due to tidal operators with arbitrarily-high number of Weyl tensors, which
describe the nonlinear response of extended bodies to external gravitational field. As usual
we organize the operators in terms of electric and magnetic-type components, F and B, of
the Riemann (or Weyl) tensor. The finite rank of these tensors leads to nontrivial relations
between different operators, allowing us to express the contributions of E™ and B"-type
operators for n > 4 in terms of those of products of simpler operators, thus reducing the
number of independent structures.

While these relations appear mysterious for scattering amplitudes in momentum space,
they are made manifest by Fourier-transforming the integral representation of the ampli-
tude to position space. At any loop order, the transform decouples all integrals from each
other. This observation allows us to write down closed-form expressions for amplitudes,
two-body Hamiltonians and scattering angles generated by infinite families of operators. Be-
yond leading order the structure of tidally-deformed amplitudes is more complicated, but the
momentum-space methods of Refs. [11-13, 21] can be applied systematically. Integration by

parts methods [35] are especially powerful for the conservative two-body problem because in
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the potential region of loop integrals all relevant integrals are of single-scale type [36].

The methods we use to describe tidal operators apply equally well to deformations of a
point-particle theory by any operators, including e.g. those arising in effective field theory
extensions of General Relativity [37-40]. We illustrate this point by working out the contri-
butions of R® and R* and compare them with existing results. The two-body Hamiltonian
and associated observables for a point-particle deformed by tidal operators interacting with
a spinning particle can also be derived through similar methods. To leading PM order, only
the single-graviton interaction of the spinning particle is relevant and it is captured by the
stress tensors described in [23, 41, 42]. As an example, we find the leading spin-orbit con-
tributions from E?-type tidal operators with an arbitrary number of derivatives interacting
with a spinning particle.

This paper organized as follows. In Section 4.2 we present a description of the operators
encoding tidal deformations. In Section 4.3 we discuss the leading-order tidal contribu-
tions from R?-type operators with an arbitrary number of derivatives. This section also
demonstrate how to incorporate spin effects for the second body. We proceed to derive in
Section 4.4 the leading contributions of various infinite classes of R"-type tidal operators
and also comment on their higher-order contributions. In Section 4.5 we discuss the appli-
cation of our methods to the case of R" extensions of General Relativity. We present our
conclusions in Section 4.6. An appendix gives the explicit results for the contributions of
a collection of high-order tidal operators to the two-body Hamiltonian and the associate

scattering amplitudes.

Note added: While this project was ongoing we became aware of concurrent work by
Cheung, Shah and Solon [43] based on using the geodesic equation and containing some
overlap on leading contributions to the two-body Hamiltonian from the R"™ tidal opera-
tors. In addition, the methods developed there determine the two-body Hamiltonian for a

tidally-deformed test particle interacting with a Schwarzschild black hole, to all orders in
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the Schwarzschild radius of the latter. We are grateful for interesting and helpful discussions

and sharing drafts.

4.2 Effective actions for tidal effects

4.2.1 Effective actions for post-Minkowskian potentials

In this work we study tidal or finite-size effects in the gravitational interactions of two massive

extended bodies. They are encoded in a classical two-body Hamiltonian of the form

H(p,T)Z\/p2+m%+\/p2+m%+‘/(p,r), (4.1)

and is extracted systematically, following the general approach introduced in [11], by match-
ing QFT scattering amplitudes to a non-relativistic EFT. If the size of the two bodies is
much smaller than their separation, non-analytic/long-distance classical potential has the

form

Vp,r) ~ a(p) m (G—m) , (12)

Id
where m carries unit mass dimension and the momentum transfer q, Fourier-conjugate to r,
is much smaller than the center of mass momentum p. Such a conservative potential arises
from integrating out gravitons with momenta ¢ in the potential region which has the scaling

behavior

0= (£°€) ~ (qllv]. lq)), (4.3)

where |v| ~ O (|p|/m). Note that Gm is of the order of the effective Schwarzschild radius
of the particles R, so the classical expansion' of the potential is an expansion in R,/|r|. If

the separation of the two bodies can be of the same order as their typical size R, then the

!The amplitude also contains non-analytic terms which we will not study here, corresponding to quantum
contributions to the potential of the form (¢2/r?)", where £, is the Planck length.
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classical potential takes the form

Vip,r) ~ coalp)m (G—m) (5) | (1.4

For black holes R ~ R, so the size of terms with powers of R is comparable to higher
PM orders. For other bodies R > Ry so the contribution should be bigger. For reference,
neutrons stars have R/R, ~ 10, and the sun has R/R, ~ 10°. In practice, it is convenient
to always use R,/r as the expansion parameter so that the tidal effects just modify the
coefficients in the usual PM potential, i.e. ¢;; ~ Acity.

From our point of view, the new scale R, is introduced by integrating out the degrees
of freedom that describe the tidal dynamics of an extended body to yield a point-particle
effective theory. In such an effective theory the finite size effects are encoded as higher-
dimension operators O; which are suppressed by powers of R,|q|. Their Wilson coefficients
can be determined either by matching to the complete theory that includes the tidal degrees
of freedom, or by comparing to experiment. A side effect of choosing R, instead of R as the
scale characterizing finite-size effects is that for less compact bodies the Wilson coefficients
are not necessarily O(1). This approach was pioneered in the context of a worldline PN
formalism in Ref. [5], and recently adapted to the PM framework in Ref. [29]. In the QFT
language this approach has been recently used in Refs. [21, 30]. In section we provide a
systematic treatment of such effective actions and write a basis of operators which simplifies
the translation between QFT and worldline formalisms and makes the relation to familiar
in-in observables manifest.

The cases that we focus on in this paper correspond to leading contributions from tidal
or other operators. Although these operators first contribute to loop amplitudes, the de-
termination of their leading-order contribution to the two-body potential is straightforward

and formally given by inverting the Born relation between the scattering amplitude and the
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potential:

v, _ L Y 45
O(p7r> __4E1E2 (27T)D_1€ O(paq) ( : )

Here M is the leading-order four-scalar scattering amplitude with with a single insertion
of O, center of mass momentum p, transferred momentum q. In general the potential is
gauge dependent and not unique. In the above equation we choose to expose the on-shell
condition on g first such that p - q ~ O(q?) ~ 0. This naturally gives the potential in the
isotropic gauge.

Alternatively, the effective two-body Hamiltonian can be constructed by matching its
conservative observables — such as the conservative scattering angle, or the impulse and

spin kick — or the closely-related eikonal phase [44],

dD 2 )
So(p,b e UM (p, q) , 4.6
o(p,b) = 4m1m2\/02—/ 2m)D- 2 o(p, q) (4.6)
with the corresponding quantities in the complete theory. Here we use —p; = —m;u; as the
incoming momenta of particle 1 and 2 and
P = Uy - Us. (4.7)
mime

In either case, the matching is carried out order by order in Newton’s constant G, that
is order by order in the post-Minkowskian expansion. The relation between the eikonal
and conservative observables holds also for the scattering of spinning particles. To leading
nontrivial order, the effect of a composite operator O on the impulse and spin kick in the

center-of-mass frame is

Ap = —Vb(5(9<b) + ..., AS; = —{Si, (5(9(1))} + ..., (48)

where the ellipsis stand for higher-order terms that depend on O and {e, e} is the Poisson
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bracket. We expect that the all-order relation between the eikonal phase and conservative
observables put forth in Ref. [23] holds in the presence of deformations by tidal and other
composite operators. At leading order, the semiclassical approximation implies that the
eikonal phase coincides with the radial action integrated over the scattering trajectory. We
discuss this further in Section 4.3.3. The latter allows us to make contact with Ref. [28] in
which tidal effects were computed using a classical worldline formalism for a subset of tidal
operators.

Alternatively the matching can be performed by directly computing a physically mean-
ingful quantity such as the conservative scattering angle, corresponding to the scattering
with radiation reaction turned off; or the closely related eikonal phase. In either case match-
ing is performed order by order in perturbation theory in Newton’s constant, GG, that is order

by order in the post-Minkowskian expansion.

Mol(q) = |g|" Mo, (4.9)
1 2T(5(D=1+4) s ooy
Volr) = 155, TD-D2D(—1A) | Mo (4.10)
2N (3(D -2+ A —
So(b) = ! (5 +4) b4~ P=2 M, (4.11)

B 4m1m2v 0?2 —1 7T(D_2)/2F(—%A)

where we have used the formula for the Fourier transform of a power

d"q —iz-q| | A 247 (%(D"'A)) —(A4+D
/We Uq|” = UL (—LA) ||~ A+D) (4.12)

Here A is power of the soft ¢ carried by the amplitude. For an operator with n power of
Riemann or Weyl tensors with ng derivatives acting on them, the leading contribution to

the two-to-two scalar amplitude is

A=3n+nyg—3—2(n—-1), (4.13)
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where we use D = 4 — 2¢. For example, for the electric and magnetic operators E? and B?
we will introduce shortly, n = 2 and ny = 0 so A = 3 — 2¢, and every pair of derivatives

acting of these increases ny and A by two.

4.2.2 Effective actions for linear and non-linear tidal effects

We now explain how to parametrize the response of a general body to an external field and
how this can be encoded in an effective action. We will discuss this in detail in the simpler

case of electromagnetism, which will easily generalize to the gravitational case.

Tidal response in non-linear optics

The full non-linear response of a body to an external electric field F; is described by the
induced electric dipole moment density D;. In the rest frame of the body, it has a formal
expansion in powers of the electric field [45]:
1 2

D, (1) = i, (1. @) By (1) + X0 (1 2) B (1) By (t0) - (4.14)
The first term is the familiar linear response function; the subsequent terms encode the
properties of the body in the susceptibility tensors, x™, which are symmetric in their indices.
Similarly, in the presence of a magnetic field B;, one can write magnetic susceptibilities, as
well as general susceptibilities capturing the response under a general electromagnetic field.

It is convenient to transform Eq. (4.14) to Fourier space, where it takes the form

Dy, (—wi, —qu) = Xﬂfg (w1, q1; w2, @2) By (W2, q2)

+ X'E121)223 (wb qi;w2,q2; Ws, q3)Ei2 (w27 qQ)EiS (w37 q3> to (415)

Here we have adopted a generalized summation convention where repeated frequencies and

momenta are integrated over, and the Fourier susceptibilities include energy-momentum-
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conservation delta functions

X = (ZW> (Z%) b (4.16)

which account for the fact that the position-space product in Eq. (4.14) becomes a Fourier
space convolution in Eq. (4.15).
The dipole density can be related to a generating function — or effective action — S(E),

via the usual response formula

0S(E)

Dy, (—w, A 4.17
(e =) = OE" (w1, qu) 417)
The effective action, following from formally integrating Eq. (4.14), is given by
1
S(E) = §XZ(1122 (leql;w27q2)Ei1(W17q1)Ei2 (w2,CI2)
1
+ xffm(wl,ql,w, q2; W3, q3) By (w1, q1) By (w2, @2) Eig (w3, @3) + -+ - (4.18)

3

This makes clear that the momentum space susceptibilities are completely symmetric tensors,
as well as symmetric functions of all their arguments. S(E) could be put in a form closer to
an action by series expanding the susceptibilities and rewriting the powers of frequency and
three-momenta as derivatives. For instance one can rewrite some terms in the expansion as

follows

ox'H . ox
%(O)MQ% Ez’1(W1;Q1)Ei2(W27Q2)N %() O Zl(t w)VjEzz(t m) (4'19)

Note that the expansion in the three momenta here simply corresponds to a multipole ex-
pansion of the electric fields.
So far we have been working in the rest frame of the object. The choice of a frame breaks

manifest Lorentz invariance down to the rotations around the position of the object. We
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would like to covariantize the expressions above so that is they are valid in an arbitrary
reference frame, in which the body moves with velocity v. This can be done by considering
the four-velocity of the object u* = (1, v), where ~ is the Lorentz factor. As is well known
the electric field and magnetic fields in the rest frame of the body can be covariantly written
as

E,=F,u", B, =xF,u", (4.20)

where [, is the electromagnetic field strength, and *F),, its dual. Similarly, it is clear that

any frequency and spatial momenta can be written as
w, = u-q=u'g,, q; — (qL)M = P.q", (4.21)
where we have introduced the four momentum of the field, ¢/ and a projector,
P = g — oyl (4.22)

which makes indices purely spatial in the rest frame of the object. Naively this covarianti-
zation requires adding components to the polarizabilities so that X'E?_zl) — X,(Zf.ﬂn, and we

can write

S(E) =X, (w-ai, a0 42, 63) By (01) Epg (a2)

X s (W @1, @ G2y @y G3,03) By (1) By (42) g (@) + -+ (4.23)

due to the fact that v FE, = u*B, = 0, which follows from the antisymmetry of the field
strength.

The generating function written above describes the non-linear response of an arbitrary
material, including those that violate rotational and Lorentz invariance. In the following

we will be only interested in Lorentz-preserving effects, which impose addition constraints
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on the susceptibility tensors. Firstly, Lorentz invariance constrains the index structure of
the susceptibility, which can only be carried by Lorentz-covariant tensors. If we impose
parity, the only such tensors are the metric itself and the graviton momenta, so the tensor
susceptibility must decompose in a set of scalar susceptibilities as follows

1 1
XD =X e + X8 4 O, (4.24)

2 1 1 L
Xfl)lm#z = XE) ) (9u1u2q3p3 T Guops iy T Guapa 92 y,g) ) (4.25)

3 3 Lol 3 1 L 1 1
Xftgl)uzmuz; - X(() )g(H1N2gM3M4) + Xg ) (gulu2q3p3Q4p,4 + perms) + Xé ) QIp,l Q2HQQB;L3Q4“4 ) (426)
where in general each tensor structure must be summed over permutations which respect
the symmetry (p; <> ;) while simultaneously swapping ¢;- q;- Another consequence
of Lorentz invariance is that the scalar susceptibilities only depend on Lorentz invariant

combinations of momenta, so that

(n—1)

XV (n—1)

(w-giq) = XS V(u- g q). (4.27)
Note that in the rest frame g;- - qu =gq, - g,

Non-linear tidal response in gravity

It is now easy to generalize the tidal response for electromagnetism to its gravitational
analog. In this case we start from the induced quadrupole moment, written in terms of the

gravito-electric field

Qiljl (t: CC) = X(l) (ta w>E2'2j2 (ta a:) + X(Q) (ta w)EiZJ'z (t, m)Eist (ta "D) +eey (4'28)

11711252 11j1%2721373
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where now the gravitational susceptibilities are more general tensors symmetric in each pair

of ¢ and j indices

Xewviges = Xewgioes 5 X-iajaipfy = X-ipjo-iaja-r - (4.29)

In the rest frame of the object the electric field is related to the Weyl tensor as E;; = Cojo;.
Similar expressions can be written for the response to a gravito-magnetic or to a mixed field.

All of these quantities can be covariantized by introducing

1
E,. = Wl,/guauﬁ, B, = (*C)W,,ﬁuwu‘s = §ea5w0aﬁayu7u5, (4.30)

where all indices are curved and the Levi-Civita tensor is defined as €123 = +1. As in the

electromagnetic case the following relations hold
E,u" =0, B,u” =0, (4.31)

as well as

E/f=0, B”=0, (4.32)

where the first equality is a consequence of the tracelessness of the Weyl tensor. The corre-

sponding generating function for tidal response is then simply

Serav(E) = X0 pon (W @1, Pqriw - g2, Pgo)d(p) E* (q1) E*2"2(q2) d(p) (4.33)

X avapans (U €1, Payiw - g2, Paa, w - qs, Pas)d(p') B (q1) E**72 (q2) E*** (q3)d(p) + - -

where, as above, a convolution over all momenta is implicit, and the covariant susceptibilities
are traceless in each pair of yu, v indices n**x...,,... = 0. Once again, Lorentz invariance will

further constraint the form of the susceptibility tensors in a way analogous to Eqs. (4.24)-
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(4.26).

From response to QFT effective actions

We now proceed to connect our discussion to a QFT effective action, focusing on the case of
gravity; the electromagnetic case is completely analogous.

The connection can be easily made by interpreting the generating function, Sgay(E) as
the expectation value in a background field of an operator in a one-particle state |p) with
four momentum p = mu, and zero spin. In second-quantized language the one-particle state

is created by a scalar field, ¢, at infinity and

Stidal = X'y (4 @1, 4130 G2, 43)8(P) By, (01) By (02) 0 ()

XD s (U @1, G5 0 G2, 0w 3, G3) (D) B (1) By (q2) By (g3)0(0) + -+, (4.34)

can be identified as the momentum-space effective action that encodes the response to the
background field. Note that, in order to enforce momentum conservation, the Fourier-

transformed susceptibilities must satisfy

X, = <Z G — q) X (4.35)

where ¢ = —(p + p’). Note that the susceptibilities are initially only defined for ¢ = 0, so
their covariantization requires an extension to ¢ # 0. This does not affect the classical limit.
As above, each term in the expansion of susceptibilities is encoded by a higher-dimension
operator in the effective action, where now the factors of four-velocity v can be identified

with derivatives acting on the scalar field. For instance,

GZnXululuzuz (07 0)[(” ' QI>2n + (u ' Q2)2n]¢(p/>Emyl <QI)EH2V2 (QQ>¢(}?)

n 1 1% V-
, & 02X, 10 (0,0) / dz/—g anEm "V (1) BF22NV 1020 6 (4,36)
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where the classical limit is implicit on the left-hand side. To write a generic operator ap-

pearing in this expansion it is convenient to introduce the combinations,

Epsps i = —5Sym Vo - Vi, Crovapns P . PEVOV T

- 1

Bumz.-.un = m_Symm.--un [an T VVB(*C)maMzﬂPZZ co P::Vavﬂ ] )

B T e

HLH2-fn o mt2

AV VWV VA C s Pl PN (V) VOV

(1) -
Buwzmun Cmm2 Symm...un

(Vi o Vi VNV (O o PO PN (. V) VOVP ],

(4.37)

where all the derivatives on the right of the Weyl tensor act on the scalar field, and the
position-space projector is

A 1
P! = ﬁ(a“a" — 670%). (4.38)

m
The terms in the expansion that encode the most general linear response are then

FT n ~ ~ i nl) o B ~ .
Siiial linear = ™ / day=g SN (WD GED  EOming g g gBO RO m )

n=2 [=0

(4.39)

where the coefficients are related to the susceptibility as p™!) ~ (6w2)l(8q1.q2)lxé1)(0;0),
and the magnetic susceptibilities are related to o™ in a similar way. Operators like
ngLlf,lZE(l?)“l“?ng with [; # [y are related to operators with [; = [y by integration by parts
and use of scalar field equations of motion. We therefore can ignore them at this order.

Similarly, the effective action

St?tfa? non-linear — 1Y / d4x\/ -9 Z(pgn) ¢EM1M2EM2M3 Y Eun’“gb + ,07(77;) ¢Bmu23uzu3 e Bunm Cb) +-
n=2

(4.40)
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encodes part of the lowest-multipole time-independent non-linear response,

It is not difficult to translate the different terms in the response functions into a first
quantized framework. This leads to a one-to-one relation between the higher-dimension
operators in the QFT effective action and worldline operators. The factors of u are identified
with the four-velocity of the worldline u* = dz*/dr and the factors of (u- V) simply become
derivatives with respect to the proper time 7. Thus, the analog of the operators in the

effective worldline action are

B = SYMy [P::? BN vl’”c‘“awﬁ} o,
Buipspn = Symmuz---un [P/ﬁ e PZZVZ’?’ T v””(*c)’“a”ﬁ] ute ’
B, = (wVa)" By = (0-)"Epy

M1 -fin

B(m) - (uava)mBNI---,Un = (87)7”3“1_”“” ) (4-41)

H1...fn

where P,, = g,, — u,u, is the u-orthogonal projector on the worldline. The effective action

encoding the linear response are

S:\i/é);lldlinehinear — /dT Z Z ’u(n,l) (E;(J,ll)unE(l) W1 + O_(n,l) BELll)#nB(l) Ml"'ﬂn) ) (442)

n=2 [=0

Note that here we use a different normalization than Ref. [28], the relation between our

coefficients is ul(gnf)l(); = 20!u™Y and 0](3%% = 2(1+1)!0™D. The non-linear response is captured

by

Sggglldline‘non—linear - /dT Z pén) Emuz Euzus T Eﬂnm + ng) Bmuz Buzug e Bunm) +oe
n=2

(4.43)

Thus, for a particle of mass m; described by the scalar field ¢;, the correspondence
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between worldline operators and QFT Lagrangian operators is

/ drEy) |, B0 s m, / d'oy/=goi B, B0, (4.44)
/ drBY) |, B« m, / d'z/=g¢:BYl) , BOW-tng, (4.45)

The normalization of the QFT operators is fixed such that their four-point matrix elements
in the classical limit reproduce the expectation value of the worldline operators, provided
that the normalization of the asymptotic states is the same for both of them, i.e. it is a non-
relativistic normalization for the QF T states. One may similarly construct a correspondence
between worldline and QFT operators with more factors of the Riemann tensor. For more
details about the correspondence between QFT amplitudes and worldline matrix elements

see e.g. Ref. [46].

Four dimensional relations

In any fixed dimension, the operators described above satisfy relations stemming from their
finite number of components?; thus they give an overcomplete description of the physics of
extended bodies.

One class of relations follows from the the electric and magnetic fields being tensors of
finite rank. Naively they have rank four, but because E,u" = B,u” = 0 their rank is
lowered to three. This is not a surprise: it is a consequence of the fact that £, and B, are
the covariant versions of the purely spatial F;;, B;; in the rest frame. The simplest relation

following from the finiteness of the ranks of £ and B is

E[MMQEM%EMSMEM]M — O , (4.46)

which, together with the tracelessness of F, implies that E* = 1/2(E?)%. More generally,

2In a different context these relations are known as evanescent operators which are operators whose matrix
elements vanish in four-dimensions but not in general dimension [47].
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relations can be found which involve mixed powers of the electric and magnetic fields. For
operators with no derivatives all such relations can be generated by evaluating the following

determinant as a formal power series

det[1+t(E+rB)] =Y Y Ritr. (4.47)

i=2 j=0

The rank-three property of an arbitrary combination of F and B implies that R;>4; = 0. A

sample of such relations is

2°Ry0 = (E*)? - 2(E*) =0,

2’Ryo = 2(EB)? + (B*)(E?) — 2(EBEB) — 4(E*B*) =0,
s = (%) — 2(E)(E¥) = 0,

6Rs2 = 6(E*BEDB) + 6(E*B*) — (B*)(E*) — 3(E*)(EB?*) =0,

2Rs4 = 2(EB*Y) — (B*)(EB?*) =0, (4.48)

as well as the ones that follow by interchanging £ and B. Here the round parenthesis denote
the matrix trace,

(0) = Tr[0]. (4.49)

Recursively solving them implies that any operator of the form (E"=%) can be written as a

polynomial in E? and E? as follows

ny _ 1 I'(p+9q) 2p (3
(E )_n%;gq:n o F(p+1)F(q+1)(E) (E3)1. (4.50)

A similar relation holds for (B?"), while (B*"*!) = ( in a parity-invariant theory such as
GR.

Another class of relations follows from the vanishing of the Gram determinants of any
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1 4

Figure 4.1: The generalized cut for leading-order contributions to E2- or B?-type tidal operators.
Each blob is an on-shell amplitude, which in this case is local. Each exposed line is taken to be
on shell and the blobs represent tree amplitudes. The dark blob contains an insertion of an E?-
or B%-type higher-dimension operator with an arbitrary number of additional derivatives. The
external momenta are all outgoing and the arrows indicated the direction of graviton momenta.

five or more four-momenta. They imply that certain terms in the power series expansion of

susceptibilities are not linearly independent. For instance,

det(vi . ?)j) =0 with v C {pl,pg, q1, 42, Q3} . (451)

A final class of relations, which we will not detail any further, follows from the over-
antisymmetrization of indices of both derivatives and £ or B.

An exhaustive enumeration of the E*- and B?-type operators was carried out in Ref. [30],
using Hilbert series techniques [48], which automatically eliminate the redundancies de-
scribed here. In contrast, we will not make an attempt to eliminate all redundant operators,

but rather use their relations as a check on our framework and calculations.

4.3 Leading order £? and B? tidal effects

In this section we discuss the leading-order contribution of the two-graviton tidal operators
constructed in Section 4.2. The analysis parallels to some extent that of Ref. [30], with
the main difference being the choice of operator basis. Our choice aligns with the worldline
approach [5, 28] making it straightforward to compare Love numbers. We also evaluate all
integrals providing a proof of the results with arbitrary numbers of derivatives. Here we

work in an amplitudes-based approach following Refs. [11-13, 21].
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4.3.1 Constructing integrands

The first task is to write down a scattering amplitude from which classical scattering angles
and Hamiltonians can be extracted. To obtain the integrand we use the generalized unitarity
method [22]. In this method, the integrand is constructed from the generalized unitarity cut

which we define to be

€= METMEMET - MG, (4:52)

states

where the MH;B are tree amplitudes, some of which can have operator insertion. As a simple
example, Fig. 4.1 displays the unitarity cut containing the leading-order effect of an R? tidal
operator.

In general, the cuts that can contribute to the conservative classical Hamiltonian satisfy
some simple rules. The first is that generalized unitarity cuts must separate the two matter
lines to opposite sides of a cut, which follows from the fact we are interested only in long-
range interactions. Another general rule is that every independent loop must have at least
one cut matter line, so the energy is restricted to a matter residue. Any contribution with
a graviton propagator attached to the same matter line also does not contribute to the
conservative classical part. Further details are found in Ref. [13].

In constructing the amplitude integrand we may immediately expand in soft-graviton
momenta, since each power of graviton momentum effectively carries an additional power
of h and is quantum suppressed. This expansion can be carries out either on at the level
of the input tree amplitudes or after assembling the cuts. The order to which a give term
needs to be expanded is dictated by simple counting rules. Terms with too high a scaling
in the graviton momenta are dropped. For example, at one-loop for the case without tidal
or other higher-dimension operators this implies that any term in a diagram numerator
with more than a single power of loop momentum in the numerators yields only quantum-
mechanical contributions; some terms require fewer loop-momentum factors. In the presence

of higher-dimension operators, the leading classical contributions can have higher powers of
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loop momentum dictated simply by the number of extra derivatives in the operator compared
to to the usual two derivative minimal coupling; the extra implicit powers of A are made up
by the coefficient so the entire expression corresponds to a classical result.

In general to sew the trees together into generalized cuts one should use physical-state

projectors which depend on null reference momenta

1 1
PreT =y " e (—p)e™ (p) = 5 <IP’WIP>”" + JPWIP’”") B LU (4.53)

states

where PH? = pt* — (ntp? + nPp*)/(n - p) and n* is the null reference momentum. However,
the reference momenta will drop out if the seed amplitudes are manifestly transverse. In
fact, one can always arrange for such terms to automatically drop out [49].

Alternatively, we can also use four-dimensional helicity states to sew gravitons across
unitarity cuts. In general, some caution is required in the presence of infrared or ultraviolet
singularites, although at least through third post-Minkowskian order helicity methods have
been shown to correctly capture all contributions [13]. For cases without non-trivial infrared

or ultraviolet divergences ?

, we can straightforwardly apply four-dimensional methods. In our
cases, the above D-dimensional sewing is simple enough so we will not use four-dimensional
helicities here.

Finally, the information from multiple generalized cuts must be merged into a single
expression. This can either be accomplished at the level of the integrand or after integration.

For leading tidal coefficients, effectively only a single cut contributes, so merging information

from the cuts is trivial.

3There are ultraviolet divergence at even loop orders that local in momentum transfer ¢, e.g. in the 3PM
scattering [12, 13]. However, these are irrelevant for long-range dynamics because they can be absorbed by
a contact interaction.
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Simplifications from leading classical order

The on-shell amplitudes in the unitarity cut simplifies dramatically if we are only interested
at leading classical order. Because there is no enhancement from iteration, any terms beyond
the leading order in graviton momenta are quantum mechanical and can thus be ignored.

For example, consider a three-point scalar-graviton-scalar amplitude at tree level

Ms(8(p), h(0), d(p)) = —rp"p e (L) , (4.54)

where x is related to Newton’s constant by x? = 327G. For any of the three-point amplitudes
inserted in Figure 4.1, we can replace the scalar momenta p by the external momentum p,
at leading classical order. Physically this implies that we ignore all back reaction on the
particle 2, so all three-point amplitudes in Figure 4.1 are approximately the same.

For the amplitude with higher-dimension operator, it suffices to use linearized version of
the curvature operators. Expanding the metric in the usual way, g,., = 7w + Kkhy,, we find

the Weyl tensor to leading order is

Cravpr = =260 Opho)n) + Ok, 0h) . (4.55)

In deriving this expression we have also dropped terms proportional to the equations of
motion for the graviton; this is because they do not contribute to the on-shell matrix elements
necessary for the evaluation of the leading-order amplitude. The linearized Weyl tensor in
momentum space then reads

Chin (0) =

uvpo

W lye(C)ve — Ly e(l) e — Luly €(€)vp + Ll e(0) ) - (4.56)

(RN

The linearized Weyl tensor can be written a form that manifests the double copy in terms
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of two gauge-theory field strengths

in K in in
Chn e (0) = §F,ﬁy (OF2(0), (4.57)
where
Fn () = Lue(0), — L), (4.58)

and we identify the graviton polarization tensor as €(¢),, = £(¢),€(¢),. This simple example
of a double-copy relation [33, 34|, which is trivial at the linearized level, then implies that
the leading-order amplitudes for tidal operators display double-copy relations. The gauge
invariance is manifest.

To make the gravitational coupling manifest in all equations, we will extract all factors of
r from the building blocks of amplitudes. The linearized electric and magnetic components

of the linearized Weyl tensor (4.56) follow from Eq. (4.30)

Epin o (4,p) = Lg [ﬁmﬁm (p-e@)-p)—(p-0) (£u15(£)uzppp + Emg(ﬁ)mppp) + 5(@#1#2 (p- 6)2] )

2m

(4.59)

By, (€,p) = 4_7,1”26aﬁw [(p- ) (€2e(0), = Ce(0),) + Pl (p - £(0)* — (24, (p - ()],

(4.60)

where the particle momentum and its four-velocity are related in the usual way, p, = mu,,.
It is then straightforward to assemble the amplitude with insertions of a higher-dimension
operator from above formulae.

In general to sew trees into generalized cuts one should use physical-state projectors which
depend on null reference momenta. However, for the leading-order contributions that we will
mostly be studying here, the terms containing dependence on the reference momentum auto-

matically drop out because they are contracted into manifestly gauge-invariant (transverse)

145



quantities*. Effectively, we can use the numerator of the de Donder gauge propagator,

1
-2

1
Prer = 3 (p)et () P, (6D

pp P o\
L) -5

states
to sew gravitons across cuts. Combining the projector with the three-point amplitude in

Eq. (4.54) at leading classical order, effectively turns the graviton polarization tensors of the

higher-dimension operator into

m2
e () = Ty (p2) = (p2,up2,u - D—j2nuu> . (4.62)

Crucially the result is independent of the loop momentum, implying that the sewing automat-
ically imposes Bose symmetry for the gravitons of the higher-dimension operator. As we will
outline in Sec. 4.4, this no longer holds beyond leading order where back-reaction becomes
important. For example, at next-to-leading order pairs of the stress tensor in Eq. (4.54) can
source a single graviton, acting as a sort of “impurity”, which may be interpreted as the first
correction to the gravitational field of a free particle towards that of a Schwarzschild black
hole.

The discussion above can be extended to include the leading-order scattering of scalars
deformed by higher-dimension operators off higher-spin particles described the Lagrangian

in Ref. [23]. For a generic spinning body the stress tensor is

M (ps(p), h(£), ds(p") = —r VI (ds(p), h(£), ds(D'))em (€), (4.63)
V" (5(p), h(€), d5(p)) = 1''p Z CESQ" ( 'm(p )) it S (p) > gﬁib (f -i(p)) |

where ¢ is the graviton momentum and S(p)* and S(p)* are the covariant spin vector and

4In fact, one can always arrange for such terms to automatically drop out [49].
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spin tensor, related by

1 1
S1(p) = e, Si(p), S'(p) = =5 pSialp),  (464)

and we recall that in the classical limit ¢- S(p)/m = O(1).
For the Kerr black hole the stress tensor, originally found in Ref. [42] from different

considerations, is obtained by setting C'gg2n = Cgg2» = 1 and has the closed-form expression

MG (05(p), h(0), 6(p') = —rexplia )" p e, (0), (4.65)
where
1 ) apo .
" = 55 S”(0). (05 0 = ol (4:66)

Despite the more complicated dependence on the graviton momentum, the sewing of the
spinning three-point amplitudes with the composite operator contact term can be carried by
a replacement analogous to Eq. (4.62). For example, for a particle with the stress of a Kerr
black hole, it is

v
Enll) = Tlﬁerr(&pg) = exp(ia * )\, pVp (55(% - nagh) : (4.67)

We note that only the terms with an even number of spin vectors, in general governed by the
coefficients Cgg2n, contribute to the trace part of this replacement. To shorten the ensuing

equations, in the following we will use the replacement

2

m 1
e (0) = TI (€, pa) = <p5p§ -5 iﬂ‘”) A(0) = 565" (p2) + P35 (p2)) B(0),

(4.68)
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where A(¢) and B(¢) can be read off Eqgs. (4.63) and (4.67).

4.3.2 Momentum-space analysis

Before discussing the leading-order effects of the most general tidal operators introduced in
Sec. 4.2, we discuss here the simpler case of operators E,(LT,BQ, corresponding to the multipoles
of the gravitational field of the quadrupole operator £,

The construction of the relevant four-point matrix element of the operator ngfLlezE (m)mpz g

corresponding to the darker blob in Fig. 4.1, is straightforward. The matrix element is

ME?,Q(h(&), h(f2), ¢(p1), ¢(pa)) = 2K7my (DEZ%Z(Pl,fl,ZM,@) + DE;}Q(I?1,£27P4,€1)) ,

N
_ v . l . l 112
- 12 ’ ’ .
DEZ272(P17€17P47£2) (m > (p1 - €)' (P1 - £2) Epy o (1, 1) EMH2 (L, pa)

1

(4.69)

As noted earlier, because tidal operators are gauge invariant and constructed out of Weyl
tensors, this matrix element obeys the transversality conditions for the two gravitons. Thus,
their contribution to generalized unitarity cut in Fig. 4.1 automatically accounts for the
physical-state projection. The sewing is then simply given by the replacement in Eq. (4.62).
To leading order in soft expansion we can also replace all p; - €y = —py - {1 + O(q).

The resulting amplitude is

Mz ( ):m2/ P, ME;Q(h(fl),h(@),¢(]93)7¢(p4))‘sw(£i)_ﬁw(m)
Bfa P 4 (2m)P G((6 = p2)? —m3)(q — £1)?

— 4 4/ del (ul -El)ngmw(Kl’pl)g“lm(627}91)‘EW(&)_)TW(]DQ)

-t ) enp G —p2)? —m3)(q — 01)? /

(4.70)
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where the numerator is given more explicitly by

Eprps (C1, p1)EMM2 (L2, 1) |

1 1 1
= gmg (uy - 01)*((ug - 01)* + §q2) —20%¢* (uy - 41)* + §q4(1 —20%)?| + O(¢°).

(4.71)

Epv (Zi)_yT/JIV (pQ)

Further expanding the amplitude in the soft limit leads to
Mgz (P, q) = 64in°G?|q[**'mam3((1 — 20°)2 Loy + 4(—=1 + 40%) Lya 1) + 8L5241)) ,

where [y are triangle integrals

B dD£ ’q‘—Zl—H(g . u1)2l
b= / @)D B(—20 - w)(l — )2 (4.72)

which must be evaluated in the potential region. The results of these integrals were conjec-
tured in Ref. [30]. Here we present the proof, by going to the frame in which particle 2 is at

rest
Uyy = _(0_70707 V 0% — 1) s Uy = _(170a070) ) qu = (Oa q) = (07qx’qy’qz)7 (473)

under which ¢;, = (€2,€;) = (£9,¢%,¢%, (7). Note that since ¢* = g - 2 = O(¢*) by on shell

1)) e e

conditions, we can treat ¢* ~ 0 if we are only interested in the leading classical limit. We

then have

I :(02_1)1/ dDg |q|72l+1(€z)2l _ i(Uz—l)l / dele |q|721+1<2£z)2l (4 74)
2 (2m)P (200)2(¢ — ¢)2 22l+1(47r)(D—1)/2 7(D-1)/2 2L — q)? AN

where in the second equality we have evaluated the residue of the energy pole with a symme-
try factor 1/2 because the graviton propagators cannot be on shell in the potential region.

The remaining integral is a Euclidean triangle with a linearized propagator and is given by
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Smirnov in Ref. [50],

dP-1yp 2\a+bt+<—3
™ (£2 —i0)2[(£ — q)? — 10]°(2¢7 — i0)°
B S RS B T R ST B LIRS RES |
20(a)L (O ()T —a —b—c—2€) ’
for q - z = 0 which is valid for leading order in the classical limit. The result is
(0" —1 F(i—er(i+e
[2l — l+2(_€ 1)/2 - |q| —2€ 1(2 ) (2 ) ) (476)
4 (4m) (5—) (1—€e+1)
Using the result for these integrals with e = 0 the amplitude is
Mz, (p,q) = |a"* Mgz, (). (4.77)
- e (DTG )
ME?,Q (p) =G mymy 22(1+l F(S + l) (478)
x (02 = D'A1+ 413 +1) — 6(5+ 20)0® + (5 + 20)(7 + 21)o*) .
The corresponding potential and eikonal phase are
-1 23+2lr(3+l)
VEiQ(p/r) - 4E1E2|T’|2l+6 7T3/2F(—— _ ) ME2 ( ) (479)
1 1 23+2l1" + l
Ser,(p.b) = 2D W ). (1.80)

4mymyy/o? — 1 |b1+5 al(=3 —1)

It is not difficult to see that, for [ = 0 and [ = 1, eq. (4.80) reproduces the expectation values
of the operators E? and (E)? evaluated in Ref. [28].
The calculation above can be easily repeated for the operator BSZBWU); it amounts to

replacing in Eq. (4.70) £ with B given in Eq. (4.60). The resulting amplitude, potential and
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eikonal phase are:

./'\/lBZQq2 (pa q) = |Q|3+2lm 12 ( ) (481)
AA 2 ( ) ™ /QF( + l) I+1
Mz, (p) = G*mim; BTG 4 1) (5420 (o = DA+ 20 + (T+20)0?),  (4.82)
-1 23+2[F(3 T l)
VBIQ,Q(p’T)  AE, B, |26 7T3/2F(—— 0) MB2 (p) . (4.83)
1 1 23+2lr +l
Onz, (P: b) = ¢ )MB2 (p) - (4.84)

dmymy/o? — 1 |b2+5 al(=3 —1)

Similarly to eq. (4.80), the eikonal phase above evaluated on [ = 0 and [ = 1 reproduces the

expectation values of the operators B? and (B)? found in [28].

4.3.3 Position-space analysis

Alternatively, the calculation can be done in position space, more specifically in the rest
frame of particle 2 as in Eq. (4.73). This approach will provide a simple way to generalize
the analysis beyond one loop. There are two key observations here. First, the amplitude
with C? operator insertion in Eq. (4.69) factorizes into a product of the multipole expansions

of electric or magnetic tensors
i 2
'/\/lEl%2 (h(€1>7 h(€2>7 ¢(p1)7 ¢(p4)> = 4m1’%2 (E) ((pl : gl)l(c;‘u”w (glapl))((pl . 62)18#1‘u2 (62,]91))

+0(¢"), (4.85)

where we have applied the classical limit p, = —p; + O(q) to Eq. (4.69). Second, in the
potential region, we can integrated out graviton energy component by picking up residue
from the matter propagator [11, 13]. This sets £ = ¢5 = 0 and implies the graviton momenta

(1, U5 are purely spatial. To exploit the factorization at the integrand level, we further Fourier
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transform the spatial ¢ in Eq. (4.70) to position space®

dD—lq ) _
ME?,Q(p;r) E/WG_ZT.qMEiQ(p, Q) (486)
2 2 D—1 —ir-g;
K d”—; e i
= dmy 11/ (2m)P-1 £ Mag, (h(62); 1(€2), 601, SP))., 0 10000

Crucially, the dependence on the two graviton momenta ¢y, 5 factorizes and each of them
can be treated as an independent variable. Together with the factorization in Eq. (4.85), the

Fourier transform acts on individual electric tensor &,

e (Lisp1). We define

dD—lei e—i""fz‘
SMV(T>p1)E/(27T>D1 02 g/“/(gi’pl)}apg(é)%Tpa(pz)
m3
167|r|?

+3(20% — D)rur, — 60V 02 — 12 (ugury, + ugry) + 3V 0% — 12 (uy,ry, + ur,r,)

[3 (r2 +2(0? — 1)z2) Ugy Uy — 30’T2(U2Mu1y + ugytty,) + 2r2u1uuly

+ (307 = 2)r* = 3(0* = 1)), (4.87)

where r, = (0,7) = (0,2,y, z) in the frame of Eq. (4.73) as the electric field sourced by
pe in position space. The Fourier transform of scalar-graviton amplitude (with the graviton

propagators) is then

dD—lEl e—zrlz

Mg, (hl,hQ,qﬁ(pl),cb(m)lr)zH / CE Mgz, (h(tr), B(t2), 6(p1), 6(ps))

= ME?Q (h(€1)7 h@?)v gb(pl)a ¢(p4)|gu1u2 (gjvpl) - gm/w (rj7p1)7 t; — ivj) ’r]-—n" (4'88)

where any loop momentum /; is replaced with the gradient on the position r; of the electric

field &£,,,,(r;,p1) and all r; are identified with r. The two-scalar scattering amplitude in

5’El/1e Fourier transform acts on the amplitude with generic off-shell ¢, which is three dimensional. We
use M(p, q) to denote amplitude with off-shell gq.
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position space then has a simple form

2

Mz, (p.7) = o Maz, (i, o, 6(01), 0(p)l)

41 2

= K (0 = 1) [(2- V) Eupn(rn)] (4.89)

where in the second line we plug in the result in Eq. (4.85), apply the replacement in
Eq. (4.88) and 2 is the unit vector along z direction.

The position-space result is generally not isotropic; namely, it could depend on 2 - r. To
make the result isotropic, we go back to momentum space and impose the on-shell condition

2'q:O<q2)207
Mo(p,q) = / d”lr e Mo(p, )|, - (4.90)

Since the result only depends on the covariant variables o and ¢*> = —q?, it can be promoted

to any other frame. All Fourier-transforms that appear in this calculation are of the form

/dD_lre"‘%zA NN G ) N N el L(3(1+5)
rh © 2 DAl gin(in(D—1-h)D(ER)I(1+ 3(h—s—D+1))

(4.91)

for some exponents h and integer s. The isotropic potential then follows from Eq. (4.10).
From the position-space amplitude we can directly obtain the eikonal phase, although it
can be calculated easily once we have the amplitude Mo (p, b). To see this, we simply invert

the amplitude in terms of Eq. (4.5) and plug it into Eq. (4.6)

dD 2 )
do(p,b 7’b'q/dDlfre““q./\/l T
(9(1? ) 4m1m2\/02 / 27T b= 2 O(p ) a=(q",q¥,0)
dz Mo(p, b, 2)), 4.92
e | Molpr = (b.2) (4.92)
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where we use b = (b*,b%,0) and r = (z,y,2). Since we are only interested in the leading
order, the particle trajectory can be treated as a straight line. In the frame where particle 2
is rest at the origin, the position of particle 1 is 2} = (¢,7) = b +ufT = 7(0, 0", 0¥,V o? — 1).

The above formula can be written as

do(p,b) = 4mim2 /00 dr Mo(p,r(7)). (4.93)

—00

So the eikonal phase can be obtained straightforwardly from Mg (p, r(7)). This is expected
because the eikonal phase is proportional to the worldline action integrated over a straight
line. Our approach here offers a derivation from purely scattering-amplitudes perspective.

The advantage of position-space approach is that it is very general. The discussion above
applies to contribution of any tidal operator at its leading classical order. The only integrals
needed, to any loop order, are in Eq. (4.91). We will discuss and illustrate this point in more
detail in Sec. 4.4.

The discussion above can be generalized easily to the case with magnetic operators. The
position-space magnetic component of the linearized Weyl tensor, contracted with a point-

particle stress tensor, is

B dD—lei e—irli
B,W('r,pl) = (27T)D_1 EQ B“V(&’pl)|€po(€)%Tpa(p2)' (494)

We have the scalar-graviton amplitude in position space

delei efir-ei

Mag, (1), h(82) 6on) 6p0)r) = T [ Gogpsoms g Mo, (). 12, 6. 01)

= MB?’Q (h(£1), h(l2), (p1); @(Pa) Bpusus (€5, P1) = Buyys (T4, 01), bi — V) |,.j%,1-
(4.95)
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Again we identify all r; in the end with . The position-space amplitude is then

Mg (1) = — (5) Mug, (s, o, 1), 6(p1)) (4.96)

mo 2

Let us comment on an interesting relation between electric and magnetic operators. In

position space we find

Ew (T, p1)EM (7, 1) = [3(c® = 1)(r* = 2*)(o’r? — (c? = 1)2%) + 7], (4.97)

B (r,p1)B* (r,p1) = (02 = 1)(r?* = 2H)(o*r* — (0* — 1)2?). (4.98)

The two operators are almost identical. The difference between the two is independent of o
which is sub-sub-leading in the high-energy limit o > 1. As explained in Ref. [28], this is
expected because the difference is proportional to Weyl tensor squared which is independent

of 0. This behavior has also been observed at the next-to-leading order in Ref. [29].

4.3.4 General multipole operators

Following the example discussed in detail in the previous sections, we proceed to evaluate
the amplitudes and the corresponding eikonal phases with one insertion of the generic tidal
operators ¢E,(f3._,unE(l)“1"'“"¢ and (bB,SlB,,_unB(l)“l"'“’L(b. As already mentioned for operators
with n = 2, we may choose without loss of generality, the two E and B factors to have equal
upper index.

The calculations for the two operators are parallel. For this reason, in the common part

we will collectively denote E or B by X, and specialize at them at the end. Thus, to leading
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order in k, the momentum space expressions of E® and BY defined in Eq. (4.37) are

. l
om0 y o
X =20 (L) 0 08y [P0 o P2 X )] + O,

(4.99)

where Py are the momentum space form of the projectors in Eq. (4.38) and X,,,,, (¢, p)
being given by &,,,, and B,,,, in Egs. (4.59)-(4.60) for the two operators, respectively. The
symmetrization over the indices p1, ..., p, includes division by the number of terms. In the
expression above £ is the graviton momentum, p is the scalar momentum and £(¢) in the
explicit expressions of £,,,, and B, ,, is the graviton polarization tensor.

The product of two linearized X L(Lll),,,,m with different graviton momenta ¢; and ¢, and
contracted as in Eqs. (4.44) and (4.45), contains three different structures: (1) all projectors
are contracted with each other, (2) all but one projector are contracted with each other and

(3) all but two projectors are contracted with each other. The four-point matrix element of

the operator ¢.X L(LZB,,,M,LX Om-in gy needed for the construction of the four-scalar amplitude is

Mz (h(01), h(L2), ¢(p1), 6(ps)) = 267 (Dxlzyn(pl, l1,p4,2) + Dxz (p1, Lo, pa, 61)> :

(4.100)

where

PV 2(n — 2)! _
Dx?,n(pl,fhm,@) = §°" 2)Z%(—l)lu(ul '61)% (6y - P(p1) - P(pa) - £2)" 2H{((p1,€1,p4,€2)
+ 2(n - 2)(51 . P(pl) . P<p4) . €2>n73H‘2X(p1, 61,p4, €2> (4101)

F 5= 2)(n = 3)(6- P(pr) - Plps) - ()" (o, . )]
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The three factors II:(py, 1, pa, £2) are given by

I (p1, b1, pa, bo) = Xy o (1, p1) X2 (Lo, py) (4.102)
I (p1, €1, pa, bo) = L1 - P(p1) - X (la, pa) - X (€1, p1) - P(ps) - £,

Hé((p17€17p47£2) =/{ - P(pl) 'X(€27p4) ) P(pl) <y ly - P(p4) ) X(flapl) : P(p4) Ay

To the order we are interested in we may freely replace py — —p1, since the difference is of
subleading order in the expansion in small transferred momentum. For n = 2, the second and
third line vanish and, for X = E, we recover the four-point matrix element of the operator
gZ)Effl)mE(l)“W?gb given in Egs. (4.69).

Sewing this matrix element with two three-point scalar-graviton amplitudes in Eq. (4.54)
using the rule (4.62) leads to
4 2(n—2)!

Mxz (p,q) = 8(8wG)%i* " Hmyms ,
m n!

X [MSP(H{" )+ 2(n — 2)MOIIY) + %m —2)(n — 3)MO (I )} . (4.103)
X\ dPe (ug - 0)*((ur - 0)* + 2¢*)" 2 ¢ k=1 <
M) = | o i g () MO (4109

2

where k = 1,2, 3.

Both M(I1{) and M (I1¥) have the same general structure:

M(IET) = A (ur - O ((u1 - 0 + 36%) + B ¢*(ur - £)?

+CX P ((ur - 0% + 1¢%) + DXg (1 — 20%)2. (4.105)

The coefficients A, ..., D for the amplitude with an insertion of an electric-type operator are
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given by

1
Ay =1, Bf = 207, Cr =0, bi=g
1 1 1
Ag:i’ B§:§(1—80'2), CQSIO, Dg:ﬁ’
1 1 1
A = 5 B = _502, Cs =0 Df = TR (4.106)

1
Af =14, Bf = (1-280?%), Cf=-1, Df:§,
1 1
Af =2, BY = —40?, CcF=—-, Df =,
2 4
B B 1 2 B 1 B 1

In the soft limit, all integrals in the amplitude (4.103) are of the type

I / dPe |q,1_2(n+l)(ul 'e)ﬂ((ul : 5)2 + %QQ)N
n2l = ;
’ (

27T)D g2(_2u2 . g)(g _ q)2 , (4108)

they can be evaluated in terms of the triangle integrals (4.72) found in Sec. 4.3.2:

n 1\
[n,2l = Z CZ <_§) [2(l+u)
u=1

_ (=) T+ )
32 22 /al(1 4+ 1)

(> =)™ F (3 +1,-n,14+1i(1-0%), (4.109)

where C}/ are binomial coefficients. In terms of these integrals, the three terms Mg)(HkX )

making up the complete amplitude are

M () = Al Livi—kogsn) + Bis In—k201) + CCF Lnpr—iar + (1 = 20%) DX L _1.1)

(4.110)
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with coefficients A,..., D given in (4.106) and (4.107). Using these building blocks it is
then straightforward to assemble the amplitudes ME?,TL (p,q) and MB?,n<p’ q) in Eq. (4.103).
The eikonal phases follows by Fourier-transforming them to impact parameter space and
including the appropriate factors as in Eq. (4.80). Choosing n = 2 we recover the amplitudes
in Eqs. (4.77) and (4.81). Last, the two-body potential and the eikonal phase are related to
the leading-order amplitude in the usual way as in Egs. (4.5) and (4.6).

The position-space analysis also works in this case. In fact. for this approach it is conve-
nient to sidestep the encoding of the tidal effects in a particular basis of higher-dimensions
operators and work directly with the susceptibility x. From this perspective the matrix

element of an arbitrary tidal operator quadratic in the electric field is

MxEE(h(gl)a h(€2>7 <Z5(P1)7 ¢(p4)) = 2m1/<02Xu1u1u2u2 (Ul '51,£1; up - fzagz)gmul (617]91)5”2'}2(527171)

+ (p1 > pasur < uy). (4.111)

Bose symmetry guarantees that this is symmetric in the two gravitons, so the manipulations
in the previous section can be repeated here. The Fourier transform of the one-loop integrand,

after sewing the unitarity cut and evaluating the energy integral, is

/12 dD—le 6—ir~€1 dD—lE e—i'r‘lg
MXEE(p’ ’l") / (27T)D_11 02 / (27T)D_21 72 MXEE(h(£1)7 h(£2)7 ¢(p1)> ¢(p4)> ‘EMV(K)_)TMV(]D)
1 2

- 4m2
(4.112)
4
miK a . A
= S [Xpawipiawe (VZ - V1, V02 iV, V) (11, 01)E s ('rg,pl)]m:m:r :

where v = Vo2 — 1, V+ =V — 0?22 (2- V), and we have introduced different positions, r;,
for all the gravitons. They are to be set equal after the derivatives are evaluated. As before,
we can obtain the isotropic potential by first generating the on-shell amplitude through
Eq. (4.90) and Fourier transforming back to the position space. The eikonal phase can

either be obtained from Eq. (4.6) or directly from M,gr(p,r) via Eq. (4.93).
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4.3.5 Adding spin

It is not difficult to formally the calculation in the previous sections to include spin degrees of
freedom for the particle with momentum p,. It amounts to changing 7),,(p2) in Egs. (4.70),
(4.86), (4.103) and (4.111) with T, (p,1;) in Eq. (4.67) or its general form defined from
Eq. (4.63) and parametrized as in Eq. (4.68) and multiplying the resulting amplitude by the
product of spin-S polarization tensors.

With this replacement, the contraction of two electric-type tensors &,, ,, (¢i, p1) is

5,11,1/12(617]91)5#1#2(627191)’ (e )—>T§5n(p2) (4113)

Epn i

= LA AC)(E - m) + 41— 10%) 4 41(1 - 20°))
A B) P (A0 w)? + (1 +20%) Solu ]

+£m§’(A(f2)B(€1) +A(L)B(£2)) - uro(4(C - w)* + ¢*(1 = 20%)) Sa[¢, q]

2
_;lmg(A(@)B(gl) — A1) B(£2))g* o (4(€ - w1)* + ¢*(1 — 207)) Sa[t, ]
+%m33(f1)3(52)(f “u)?(=2(0 - w)? + ¢*0?) Salet, ] Sale, /]
+%m§B(€1)B(£2)(€ )220 w)? = P02) Sl (Salen, ]

+m3B(0) B(l)l - ur (€ w1)? — ¢°0®) Sa[l, q)Ss[ur, g
MBI BG)E (- w)? = 0 S p]Salund
—m3B(6)B(ly) (€ - uy)*0? Syl q)?

1
+§m§B(€1)B(€2)q2(—(€ : U1)2 + q202) SQ[‘@, U1]2 + (’)(q5) y
where (1 = /¢, {5 = q— { and
Sola,b] = S(p2)*aub, , Syle, alSslep, b = 1,5 (p2)Pa,S(p2)"7 b, - (4.114)

For vanishing spin, A(¢;) = 1 and B(¢;) = 0, only the first line of Eq. (4.113) survives and we
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recover Eq. (4.70). One may expand Eq. (4.113) to arbitrary order in spin. For example, to
first nontrivial order, which corresponds to inclusion of the spin-orbit interaction for particle

2, we find

ngMQ (gl ) pl)guum (627 pl) |

+ Cpsim o (40 Sl ) + ¢ Sofen, ) A - ) + (1~ 20) + O((g - 5)?),

gmuz (gla pl)gmw (627 pl) |Ew(gi)_>T§§n( (4. 1 15)

p2) e (€)= Ty (p2)

where the first term on the right-hand side is given by Eq. (4.71).

It is straightforward, albeit tedious, to write out explicitly an integral representation of
the amplitude by plugging in Eq. (4.113) in Eq. (4.70). We will refrain however from doing
so, and rather only comment on its structure. In addition to the integrals in Eq. (4.72), the

spin dependence introduces also tensor integrals:

D —2l—s+1 p1 Us . l
Il;u...us:/(d ( lq| ool w) (4.116)

2m)P 02(=20 - up) (€ — q)? ’

they may be parametrized as a scalar integral I;[w, s] by contracting the free indices with an
arbitrary vector w, from which the desired tensor integral is extracted by taking s derivatives.
Note that, unlike the triangle integrals in Eq. (4.72), here the exponent [ is not constrained
to be even. To leading order in spin only the vector integral is relevant. To this order,

Eq. (4.115) becomes:

Mz, 5) (P, @) = €2 €sMgz (P, q) (4.117)

+ 128(—1)10351G27T20'|Q|2l+3 (SQ [ul, Q] ((—1 + 20’2)[2[ + 4[2+21)

+4S5[e,, g (1 — 20%) 11, — 4I§‘+2l)>m1m§62 g3+ 0((q-9)%).

It is not difficult to evaluate in the usual way the vector integrals, by writing them as

a linear combination of uq,us and ¢ and solving for the coefficients in terms of the scalar
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triangle integrals in Eq. (4.72). Alternatively, one may re-evaluate the integrals in Eq. (4.72)
by treating u;, us and ¢ as uncorrelated vectors, differentiate s times with respect to u; and

then impose u? = 1,u; - ¢ = 0. For the vector integrals we find

uf — ub
Iy = _—;2 — iy[2l+2- (4.118)

Thus, the amplitude with the first spin-dependent term for particle 2 is

ME%’Q,S(pQ)(¢(p1>7 d(p2), d(p3), d(pa)) = €2 - €3ME12’2(¢(P1), ¢(p2), d(p3), d(pa)) (4.119)
I3 +1)

OG22
N N CEN))

mio(—14 o2 (=3 + (7 + 20)0?)|q|* # Sa[p1, (iq))e2 - £3 + O((q - S)?).

To extract the two-body potential in terms of the rest-frame spin it is necessary to expand
the product of polarization tensors to leading order in spin, as discussed in Ref. [23]. Using

the relations

983 = (1 — i CraphpS"
ma(ms + E(p2))

n O(S?«f)) L 0.

P p1,p2,9Sic = (E1 + E2) (p X q) - S, (4.120)

the amplitude becomes

MEaQ,S(pQ)(Gﬁ(pl),¢(P2)>¢(P3)>¢(p4)) (4-121)
= Mgz (p)|q)*** + Mo, ) + (B + Ey)Myz 1(p) ] 19" i(px q)-S2+O((q-5)?)
EZ, (B + 1m3) 1+ E2) Mgz, o 2 :

where Mgz, is the coefficient of Sa[pi, (ig)] in Eq. (4.119) and, as before, the bar indi-
cates that all ¢ dependence has been extracted. The two-body potential and the eikonal
phase are then extracted by three-dimensional and two-dimensional Fourier-transforms, in

terms of their spinless counterparts and the coefficient of the spin-dependent structure in
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the amplitude:

(pxr) Sy 22AT(4+1)
4E1E2|'I"|21+8 7T3/2F(—% — l)
MElQQ(p)

X .
ma(Ey 4+ ms)
1 (p % b) . 52 24+2ZF(Z + l)

S .b) = 02 (p,b) + :
El’Q,SQ(P ) E172(p ) Ay /52 — 1 |b‘2l+7 WF(—% _ l)
< ME%(P)

% j

ma(Ey + ma)

VE?,Q,SQ (p7 T) = VE?,Q (pv ’f’) -

+ (El -+ EQ)MEﬁQ’l(p)) + O((T‘S)Q) , (4122)

(B + Eg)ﬂElz,yl(p)) L O((rS)?). (4.123)

The position-space analysis extended to include spin degrees of freedom is equally straight-
forward. It amounts to substituting in Eqs. (4.87) and (4.112) the stress tensor 7, (p2) by
the general spin-dependent one in Eq. (4.68) or, for the scattering off a Kerr black hole,
with T (p) in Eq. (4.67). As already emphasized, T5"({;, p>) depends on the graviton
momentum ¢; which now makes a leading-order contribution because of the spin dependence.
Nevertheless, the contribution of TEﬁn(fi, p2) can be organized as a differential operator acting
on the position-space three-dimensional scalar propagator:

dD_lfi e—ir-li
5#1#2(r7p1) = 5“1M2(Zv’p1>‘suv(zi)ﬁngn(iV,pz)/ (27‘(‘)D—1 ,62 . (4124)

The structure of the stress tensor (4.67) implies that, for scattering off a Kerr black hole,

the complete spin dependence is governed by the non-Abelian Fourier transform

delei efi(ﬁfd)-li
/(27)13—1 rt (4.125)

where # = r 1, and a is a vector of matrices, (a,)*, = €, ,,a”, with a defined in Eq. (4.66).
One may evaluate it by formally expanding the integrand in a.
On general grounds, as discussed in Ref. [23], the impulse and spin kick is computed

from the eikonal phase (4.123) through the relations (4.8) agree with those computed from
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Figure 4.2: The generalized cut for leading order contributions to nonlinear tidal operators. Each
blob is simply a (local) on-shell amplitude. The dark blob contains the X™ tidal operator. The
direction of graviton momentum flow is indicated by the arrows.

Hamilton’s equations of motion based on the two-body potential (4.122). The same holds
for the magnetic analog of Eqs. (4.123) and (4.122).

4.4 Nonlinear tidal effects

The amplitude with nonlinear tidal effect, i.e. the scattering with an X™ operator insertion,
where X stands for E or B, can be constructed from the unitarity cut in Figure 4.2. We
will mostly focus on leading contribution for such an operator in this section. In this case,
the simplifications described in Section 4.3.1 are all applicable. Namely, the amplitude
with X" tidal operator is still comprised of linearized electric and magnetic Weyl tensor in
Egs. (4.59) and (4.60); and the sewing of three-point amplitudes with the amplitude with X"
tidal operator is effectively replacing the polarization €, (¢;) — T}, (p2) for each graviton.

Start from the the unitarity cut in Figure 4.2. After sewing we find

MX” p7 gl h(gn)v ¢(p1)7 ¢(p4)) ’%u(@i)HTw(pQ)
e ) 4.126
6252 é [( 2uy - 61) (—2U2 . 612) (—2u2 . Z;l:_ll E]) ( )
where we integrate over (; with ¢ =1,...,n—1and ) l; =q.

As discussed in the previous section, we can include spin degrees of freedom for the field

without the tidal deformation by simply replacing in Eq (4.126) the point-particle stress
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tensor 7T}, with that of the general spinning particle T&", cf. Eq. (4.68), or with that of a

Kerr black hole, cf. (4.67).
The calculations from position space and momentum space also follow similarly as before.

We discuss them in turn.

4.4.1 Leading order position-space analysis

Start with Eq. (4.126). Again we consider the rest frame of particle 2 in which we have

Eq. (4.73). The first step is to integrate out energy in potential region. Using the identity [51]
i=1

where perm is the rest of n! permutations of ¢;

+ perm] =gt H 5(09),

=1

(4.127)

n- Since the integrand is invariant under

.....

permutations, this localizes all £) = 0 with a 1/n! prefactor

k)" “odPle 1 -
Mx»(p, q) :W/ [E (2m)b-1 E_?] ’ (q - ;&)

X MX”(h(£1)7 ety h(gn)a ¢(p1)7 ¢(p4))‘ (e )—>T;“,(p2)’ (4128)

Eu i

To evaluate this integral, we use the same manipulations as at one loop. First consider

the Fourier transform to position space

D—-1

Mxn(p,7) = / (%)D(_Il e Mxn (p, q)

(—li)n n delei efir-ei
(sz)n—l n! o / (27-‘-)D—1 822 MX" (h(€1>7 ce h(£n>7 ¢(p1>7 ¢(p4)) ‘Ezw(fi)—ﬂﬂuu(;ﬂﬂ

=R ety B 6(1), S0, (4.129)

(2ma)"—1 nl
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where we use Eq. (4.87) to define

Mxn(hy, ... hi, 0(p1), ¢(pa)|7) (4.130)

dD 1£ e—zrl
= H/ 27T D—1 ’612 Mxn(h(él)a .- -ah(gn)v¢(p1)7¢(p4))}8uy(zi)_>Tuy(p2)

= M (A1), 1) 6(P1), G(Da) [ X yio (G P1) = Xpsyo (15, 01), 85 = 0V5)

;=T

As before all the coordinates r; are identified as r in the end. The above formula is very gen-
eral and applies to higher multipole operators or general susceptibilities similar to Eq. (4.112).
Recall that Mxn (h(€1), ..., h(€,), d(p1), ¢(pa)) is only a function of £, ., (€, p2), By s (4, P2),
and Mandelstam invariants. The Fourier transform simply replaces them with their corre-
sponding in position-space expressions defined in Eqs. (4.87) and (4.94). As before, the
result of Mxn(p, ) is generally not isotropic, because any u; - ¢ in momentum space gener-
ates dependence on z - £. To bring it into the isotropic form, we Fourier transform back to
momentum space, as in Eq. (4.90).

A simple example is the operator E,”E,”E,*, denoted as (E*). With the contraction of

three £ tensors (4.87) given by

3mS
S;LV(""apl)gup("“;p1)5p“("°;p1) = m [9(02 1)(r® - Z2)(027’ - (‘72 —1)2%) +2r } )
(4.131)
the graviton-scalar amplitude is

My (s b, s, 6(p1). 0(pa)lr) = 126° m £, (r, )&/ (v p)E,*(rpr) . (4132)

Plugging into Eq. (4.129) then yields the four-scalar amplitude in position space

KSmy ) u

M3 (p,T) = — o2 EL(r,p1)&S (r,p1)E)l (v, pr). (4.133)
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Using the Fourier transform formula in Eq. (4.91), we arrive the final result

‘ ’6 de

7 g
_ 1% 3 L 942
Q—M(E3 y(p) = 11”G mymym (4 90° + 100 >

|6 4e

M) (P, @) = (4.134)

€

An important feature of the position-space scalar-graviton amplitude (4.130), which we
already encountered in the one-loop analysis in Sec. 4.3.3, is that it factorizes into a product
of position-space &€ tensor, defined in Eq. (4.87) and its magnetic counterpart, perhaps with
additional derivatives. As explained in Section 4.2, the fact that these position-space tensors
have rank 3 implies that such a product can be further expressed as a sum of products of
traces of at most three factors. For example, Eq. (4.50) gives the decomposition of any
power of a rank-3 matrix in terms of in terms of traces of two and three such matrices. It
applies directly to the four-scalar amplitude with an insertion of (E™) and expresses it as
a sum of four-scalar amplitudes with an insertion of (E?)"2(E3)" with n = 2ny + 3nz. It
also applies directly to amplitudes with an insertion of (B™). While the resulting amplitude
vanishes of n is odd, it also further simplifies if n is even. The parity-odd nature of B, , (7, p)
and position-space factorization imply that, to leading order, (B3) = 0 because there are
insufficient vectors to saturate the Levi-Civita tensor. Therefore, to leading order, the analog

of Eq. (4.50) for the magnetic operators reduces to,

1

n=2k

S (BYE. (4.135)

The amplitudes collected in the Appendix 4.A verify these formulas for up to n = 8.

The momentum-space four-scalar amplitude is related to the position-space four-scalar
amplitude by single (D — 1)-dimensional Fourier transform. The structure of the position-
space amplitude is essential. This observation allows us to evaluate amplitudes and the
corresponding two-body potentials to leading order for arbitrary operators.

Since the position-space scalar-graviton amplitudes with one insertion of either one of
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(E?), (B?) or (E?) have a similar structure, we will discuss them simultaneously, referring
to these operators as (O). They have the form,

(r-w)?

1 (7“ : U1)4
—7“2 -+ C(o)

—> , (4.136)

— 1
Moy =Ny (a0 +bio) o

where Ny is an operator-dependent normalization factor. For the three operators it is,
Ng2) = Np2y = 2'G*n*mimj Ngsy = 2°G*n*mimy (4.137)

and the coefficients are

3(1 — 302 + 304) 9(1 — 202) 9
ST e = T ) = e
902(c* — 1) 9(1 — 20?) 9
e = g ot = =g W) = g
3(2 — 902 + 90 27(1 — 20?) 27
(I(EB) = — 87‘(‘3 s b(EB) = —T, C(EB) = —@ . (4138)

The exponent of the overall r factor is h = 6 for (O) = (E?) and (O) = (B?) and h = 9 for
(0) = (E?).
The position- space amplitude with an insertion of an operator made up of n such traces

is simply given by raising (4.136) to the nth power and adjusting the normalization factor,

(r - up)? (r-up)?

— 1
Moy = Ny [— (aw) +bo) + o)

rh

= - )} y (4.139)

The change in normalization factor is related to the normalization of the tree-level amplitude

with one insertion of the composite operator. We find
Nz = Npzpw = 272G 7 mym3™ ' Nigayw = 222G 7 mym3™ . (4.140)

To obtained the momentum-space scattering amplitude with an insertion of an arbitrary
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operator (O)" we first use twice the binomial expansion and put the position-space amplitude

in the form

— Nion < & B w2\
Moy == Z( )() ag ’“b’oc’gl((r—;)) . (4.141)

k=0 =0

Using then the general tensor Fourier-transform relation (4.91) which enforces q - u; =

q*/2 — 0 leads to the desired result:

Moy (p,q) = Iq\D L ZZ( )( ) ok gl kit (4.142)

k=0 [=0
2D hn— 17TD/2< 1>2kz lF( +2k—l>

" Sn(5(D — hn — D)T(3(3 + hn — D)0 (2k — L+ Thn)

where D = 4 — 2e. The two-body potential and the eikonal phase follow then straightfor-
wardly via Eqgs. (4.9)-(4.12):

Nop e () [k T'(L+2k—DI(Lhn)
V@n(p,r) — ( ) ( ) n— kb C (02_1)2k—l 2 2 7
©) AE B, |r[h &= ; k) \1 oo VT (2k — 1+ Lhn)
(4.143)
Noy " n) [k I(L 42k —DT(L(hn — 1))
Siomm b) = n— k:b k—1 -1 2k—1—-1/2" \2 2 )
©r (P, ) Amymy [b]h T £ (k:) <l) a5 bo o (0" = 1) T(2k — 1+ Lhn)

As discussed earlier, parity and factorization of the position-space amplitude implies that,
to leading order in the classical limit, amplitudes with an insertion of an operator which has
at least one parity-odd factor vanish identically even if the operator is overall parity-even.
Thus, Eq. (4.50) with £ — B implies that the approach described here yields the two-body
potential for all nonlinear tidal operators of the type (B*").

The discussion above can be easily extended to cover amplitudes with one insertion of
(E™). Eq. (4.50) expresses it as a linear combination of amplitudes with one insertion of

(E?)"2(E3)" with 2ny +3n3 = n. The position space form of the latter involves a product of
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two factors analogous to the right-hand side of Eq. (4.139). Each of them can be binomially
expanded (with a slight simplification based on the equality b(g2)/b(gsy = ¢(g2)/c(gs) visible
in Eq. (4.138)) and put in a form analogous to the right-hand side of Eq. (4.141). Fourier-
transforming using Eq. (4.91) and putting together all terms leads to the momentum-space
amplitude with one insertion of (E™).

The general formulas above show explicitly that the difference E*® — B?" is subleading
in the high-energy limit. This extends the observations of Refs. [28, 29] beyond the linear

order.

4.4.2 Order by order momentum-space analysis

The above position-space evaluation is a very effective means for evaluating leading con-
tributions to any given tidal operator. Momentum-space methods for evaluating the loop
integrals instead offer a straightforward way to systematically extend the results to higher or-
ders following the methods presented in Refs. [11-13]. Indeed following these methods, next
to leading order contributions to E? and B? tidal operators were evaluated in Ref. [21]. A
related approach for tidal operators based on world lines has been recently given in Ref. [29]
where additional E? operators were evaluated.

Here we first re-evaluate the amplitudes in momentum space through C* and then discuss
the extension to higher orders. The starting point is again the generalized cut shown in Figure
4.2. We evaluate the expressions in D-dimensions. Here we do not make use of the special
real-space factorization of the integrals discussed in the previous section, but rather simply
carry out the evaluation of the cut and then reduce the result to a basis of independent
momentum products. We can simplify the resulting expressions considerably by applying
the cut conditions and expanding in small momentum transfer q. Specifically, we can choose

a basis of momentum invariants which does not contain any of the products (ps - ¢x), since
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the cut conditions give

k 2 ki1 k-1
<—p2 + ZIZ> —m3 =0 (p2-l) =Y > (Li-l)=> (p2-li), (4.144)
i=1 i=2 j=1 i=1

where the final term can be eliminated inductively starting with ps - 1 = 0. Products of the
form (p3-¢x) can then be eliminated using momentum conservation pg = —po—q = —pa—>_ ;.
Since the cut graviton momenta scale as O(q), the cut conditions thus ensure that the scaling
of (pg - 1) or (p3-fx), which naively would be O(q), instead scale as O(g?). This greatly aids
in the simplification of the integrand after expanding in small q.

Unlike in the position-space analysis, the integrals do not decouple into a product, and
in general, the momentum-space integrals can be challenging to evaluate. To do so, we use
FIRE6 [52] which uses integration by parts methods [35] to reduce the integrals a single
master integral, which can then be evaluated either by direct integration or by differential
equations [53]. Evaluating the integrals is the most significant bottleneck for this method,

but the task is significantly aided by the use of special variables as described in [36],

p=—(p1—q/2), pa=p1+q/2, P2 = —(p2+4q/2), p3 =Dz —q/2. (4.145)

The p; are orthogonal to ¢ by construction: p;-q = 0. As described in more detail in Ref. [36],

with these variables the matter propagators reduce to

1 1

= 5% +0(¢"), 4146
(po+ l1..0)> —m2 22 L1y (") ( )

so the matter propagators are linear in the loop momenta. In addition, we can define
normalized external momenta, !’ = p!'/y/m? — ¢%/4, such that 47 = 1 The net effect is that
the ¢? dependence is scaled out of the integral so that it is only a function of a single-scale

Uy Uy = 0+ O(q?). Using these variables integral encountered at any order of perturbation
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Figure 4.3: The L-loop fan integral.

theory can then be converted to a single scale integral. Such integrals are quite amenable to
integration-by-parts methods, greatly speeding the evaluation.

The restriction to the potential region precludes pinching any propagators and the ex-
istence of irreducible scalar products. Thus, the result of IBP reduction is a single master
integral, with a coefficient given by powers of g dictated by dimensional analysis, as well as
a polynomial in 0. The master integral is the scalar fan integral in Fig. 4.3, which can be
easily evaluated by factorizing the loops by going to position space and Fourier transforming

back, with the result

[<L>:/ Lﬁ d?t 1 g0 b — q)
fan -+ @2m)P 6 ) (=2uz - £y +00)(=2us - bz +30) - (=2up - L1y +0)
A Rt R N (e YL Iy
_ i . lg| %" (4.147)
oL-207L(3-9) T(L+2)T (3 - )(L+1))

At one loop this agrees with Eq. (4.76) with [ = 0, and at two and three loops it yields

1 (@)™ i
(2) — O 0 1(3) - _
o = Togn 2e T L) fan = 4915072

+O(e) . (4.148)

The results of the IBP reduction at two loops gives the amplitudes with a single insertion
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of the tidal operators in terms of a single master integral:

fan ?

1024 7
Mgsy = ——7m°G*mimy)q|° (— — 907 + 1004> 1

385 4
1024
M g2y = T%W3G3m1m§\q|6 (6 = 1) (1+1057) If(jg ,
M(B3) - ME2B - 0 (4149)

As expected, the parity odd operators E?B and B? operator do not contribute.
At three loops, by reducing the integrand to the sole master integral we find the following

for the amplitudes with an insertion of the single trace operators,

983
My = —igosesmGlmms|g” (1231 — 73040° + 185900" — 228800° + 121550%) )
- 140569
Mpsy = —igoeesm' Glmuimslg(o® — 1*(1+ 100° + 850*) I
. 10813 4,4 50 ,19( 2 2 4 6\ 7(3)
Mgsp) = ~imooeoan' Glmmi|gl* (0 — 1)(41 + 68907 — 29250 + 33150°) Iy,
10813
AA(EBEB)==i§;6§g616w4cﬂnu¢nghn9(a2-—]J(25+—48102-2925044-331505)1§2. (4.150)

Similarly, the amplitudes with double trace insertions evaluate to,

983
Mgey = —i o' Glmims g (1231 — 73040 + 185900 — 228800° + 121550°) 11 |
140569
M g2y :-—ZZ;E%26W4GAnu¢naqP(UZ—4020.+10024—85a®1g2,
10813, 4 5(,19( .2 2 4 6\ 7(3)
M(EZ)(BQ) = —Zmﬂ' G m1m2|q| (U — 1)(19 4+ 2990° — 9750 + 11050 )Ifan7

It is not difficult to check that these results satisfy the four-dimensional relations described
in Section 4.2. In addition, they agree with the results obtained in the previous section for
tidal operators with arbitrary numbers of Es and Bs and collected in the Appendix for a

variety of operators up to E® and BS3.
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Figure 4.4: The generalized cuts that need to be evaluated at next to leading order for an R™ type
tidal operator.

2 3 2 3

1 4 1 4

Figure 4.5: Sample diagrams for next-to-leading-order contributions for the R? tidal operators
which are simple to evaluate.

An important aspect of the momentum-space approach is that it gives a systematic means
for obtaining corrections higher order in Newton’s constant for any operator insertion. For
example Fig. 4.4 shows the generalized cuts that would need to be evaluated to obtain the
next-to-leading order corrections from an C? tidal operator. In the first of these cuts the
four-point amplitude can appear at any location on the top matter line. The mapping of the
integrands resulting from these cuts onto a integral basis generates a number of diagrams.
For example, in Fig. 4.5 we show a sample of the diagrams that that are quite easy to
evaluate for an R? tidal operator, as we can again evaluate the integral using the real-

space technique presented in the previous section. More complicated diagrams that involve

/

1 4 1 1 1

Figure 4.6: Sample diagrams next-to-leading order contributions for the R? tidal operators that
involve iteration contributions or nontrivial integrals.
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iteration contributions or non-trivial integrations are shown in Fig. 4.6. In these cases,
the integrals do not factorize, but the momentum-space approach of evaluating cuts and
reducing to a basis of master integrals will still be quite feasible. As noted in Refs. [15, 21]
the probe limit simplifies the evaluation of the contributions. In any case, it is clear that
amplitude methods can be applied beyond leading order to understand the systematics of

higher-dimension operators. We leave this to future studies.

4.5 Effective field theory extensions of GR

The same methods apply just as well to any operator, not just the tidal ones. For example,
we can consider the R™ operators arising from unknown short distance physics. Here we will
not classify such operators, but pick illustrative examples. The effect of operators up to R*
has already been discussed in some detail in Refs. [38-40]. In order to be concrete here we

discuss an effective action of the form

1
167G

/ dPur/=g (=R + cx K, ., R0 Q2720202 . Riininonpn) (4.152)

where the first term is the usual Einstein-Hilbert action, and K, ,, merely gives the con-
traction between the Riemann tensors. Each independent contraction carries an independent
Wilson coefficient cg.

We construct the integrands for pure R™ modifications of gravity in a similar manner
as for those of the tidal operators. The leading contribution to the potential due to R™
operators is captured by the cuts in Fig. 4.7. The diagrams in general are a product of two
fan diagrams, where all graviton legs, as well as the matter lines between the three point
vertices, are on shell, the exception being the case where (n — 1) on-shell gravitons attach
to one of the matter lines, while one graviton which we take to be off shell attaches to the

other matter line. In this case, it is convenient to include the matter line to which the single
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Figure 4.7: Cut for a general R" type operator. In the case j = 1, it is convenient to take the
single graviton attaching to the bottom matter line as off shell and part of a tree amplitude
including the lower massive scalar line. All other gravitons and exposed matter lines are
taken on shell. The direction of graviton momentum flow is indicated by the arrows.

graviton propagator is attached as part of a single tree amplitude.
To evaluate the cuts in Fig. 4.7 we use the replacement derived above (see Eq. (4.62)).

This simplifies the form of the Riemann tensor:

R )y = —3 (0 (10— 372} = (0 00 ) ) (00 & (1) O0")
(4.153)
where p, and m, are the momentum and mass of the matter line the graviton attaches
to. When contracted in sequence with other gravitons attaching to the same matter line,
products involving the matter momenta in the above expression must reduce to p, - p, = m?2,

or the ¢ scaling will become sub-leading, as shown in the previous section.

The cut corresponding to Figure 4.7 is simply a product of two fans,
CRn = KulmpnOlll---pj (fl, ceny fj;pl)(’)“j“'“p”(fjH, ...,fn;p2> R (4154)
where, for instance,

OMb3 (U, s pr) = RETL L RHO| (4.155)

v (bi) = Tuw (p1) *

As in previous sections, the integrands obtained after restoring the cut propagators are also
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well suited for applying position-space techniques. In this case, we must introduce a fictitious
momentum transfer ¢’ such that the integrand decouples in two parts, corresponding to the
two terms in Eq. (4.154) decouple, and the corresponding propagators attached to one matter

line or the other. The energy integrations can be carried out as in the previous sections with

the result
J D—1 J / P
_ d° 1, \ 6O _ 8, + @) O Pi (8, ... 5 p1)
. — K dD 1 /5 / / a=1 V)
MR (p7 q) U1...Pn / q (q + q ) (g (27T)D_1> 5% L BJQ
x/ ﬁ aP—1e, 5(Zzzj+1 Ly — q)OstrPr(fiy s p2)
i (2m)P7 AR '
(4.156)
Writing
del ) ,
S(q+q) = / —(QW)D:Z ellatd)= (4.157)
and taking the Fourier transform of the amplitude we find
dD—lq )
M= (p, ) :/WG—W'TMR”(E q)
dD 1£ e—zl X ‘
B p"/dD 1 /< 2mP-1 e )Oulmpj(eh--wfjapl)
n dD—lea €—z£a~(r—:c) .
x / ( H (2m)D-1 02 )OMHI"'%(EJ'H,---7£n§P2)
a=j+1 .
= KHl---pn /dD—lw OH--Pj (w;pl)O”j-‘rl..-ﬂn (,r. _ m’p2> ) (4158)

The product in momentum space has become a convolution in position space over x, which
can be viewed as the position in the bulk, i.e. away from the massive particle trajectories,
at which the R"™ operator is inserted. Note however that this formula does not have a
natural interpretation in position space, given that the energy integrals in each factor were

performed by going to the rest frame of different particles. In practice, as in previous
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(a) (b) (c)

Figure 4.8: The corrections from (a) R? and (b,c) R?* operators that appear in EFT extensions of
GR. The double-line notation indicates that we have not used on-shell conditions on that line.
sections, this formula can be used by transforming one last time to momentum space, so
that the convolution is trivialized and each factor can be written in isotropic coordinates.

The inclusion of derivatives, V2™ R", or of spin on the matter lines poses no obstruction
to applying this method. In the former case one must organize the additional powers of loop
momentum in the integrand into either factor in analogy with Eq. (4.154). The factorization
argument carries over and the additional loop momenta become derivatives in position space
acting on either factor of Eq. (4.158). For the case of spin, the only difference is that
the Fourier transforms in Eq. (4.158) become non-Abelian Fourier transforms defined in
Eq. (4.125).

As simple examples, consider the cases of Ops = RfM™ ,,,, RF?"2 ., BRI, and O(paye =
(Rrv,, R*22 )% The contributing generalized unitarity cut for the R® operator are
shown in Fig. 4.8(a) while the two potentially contributing cuts for the the R* operator are
shown in Fig. 4.8(b,c). In the diagrams the double-line notation indicates that we have not
used on-shell conditions on that line, but consider the two connected blobs as part of a single
tree amplitude.®

After carrying out the integration, the R? and R* amplitudes are

Mps = — 6epsGPr*mima(my + my)|q|*(0? — 1),
27 3,2 2/ 2 2 (@)%,
M(Rz)z = — ﬁC(R2)2G Wm1m2(m1 + m2)T<3O' — 1) s (4159)

SWhether on-shell conditions are used on the intermediate leg corresponds to shifting the coefficient of
¢R"™¢ operators.
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where we took the operators to have coefficient ¢}, and ¢(R?)* respectively. Taking the

Fourier transform (4.12) to position space gives the potentials

18
VR3 = EIEQCRstm?mg(ml + ?TLQ)(O'Q - 1) ﬁ ,
2° 3.2 2( 2 2\ (2 .2 1
Vigzy2 = N c(r2y2G” mymy(my + m3)(30° — 1) 5 (4.160)

The Ops amplitude and potential was obtained previously in Refs. [39, 40] and we find

agreement. In Ref. [39] the authors also evaluate the effect of an additional R? operator,
Gy = Ogs — R"4R7 o R e ; (4.161)

this is related to tidal operators via a field redefinition up to operators that vanish in four
dimensions. This can be seen by evaluating its four-dimensional four-point amplitude, which

feeds into the two-graviton cut, using spinor-helicity methods [39]:
Mas(d(p1), B (ko) KT (Ks), d(pa)) o [23]*(=¢* + 2m) . (4.162)

Since this is a local contribution, it is already captured by tidal operators of the form E2,
B?. Interestingly, though, if this operator were present with a sufficiently large coefficient,
it would produce a result equivalent to the leading tidal Love numbers, even if these are set
identically to zero for black holes in Einstein gravity [32].

The leading PN contribution from the R* operator (O(ge)2) was calculated in Ref. [38],
with which we find agreement. We can also easily determine that the other operators consid-
ered in Ref. [38] give no contribution to the leading conservative potential. The contribution
from O peyrp) = (R g€ RF2V2 L ) (BP0, RV L) s zero simply because it s
parity odd. The operator O gp) = (R g€, R#272 )2 while being parity even, con-

tributes zero at leading order, in analogy to the tidal operator O(gpy2. In both cases, the
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factorization of the integrand in real space forces the separate parity-odd factors to evaluate
to zero, as discussed in Section 4.4.1

Here we refrain from evaluating the amplitudes for the R® and higher operators. However,
in these cases, there is an additional link between the R"™ extensions of Einstein gravity
and the tidal operators. After carrying out the soft expansion of the integrand for the
R™ operators, one encounters ultraviolet divergences that renormalize tidal operators [5].
For example, in principle the R operator, which produces a diagram with three gravitons
attached to one matter line and two attached to the other, could produce a UV subdivergence
and thereby renormalize E? or B? tidal operators (with additional derivatives). It would
be an interesting problem to systematically study this interplay for infinite sequences of R™

operators.

4.6 Conclusions

In this paper we evaluated the leading-PM order contributions to the two-body Hamiltonian
from infinite classes of tidal operators using momentum space and position space scattering
amplitude and effective field theory methods. The same principles yield leading-PM order
Hamiltonian terms from tidal deformations probed by a spinning particle and also from
effective field theory modifications of general relativity. Our results offer a new perspective
on the general structure of linear and nonlinear tidal effects in the relativistic two-body
problem while also being of potential phenomenological interest.

Our analysis of F? and B? tidal operators arbitrary number of derivatives is similar
to that of Ref. [30], except that we use a basis of operators which aligns with the more
standard worldline tidal operators [5, 28]. Their Wilson coefficients are the same (up to
an overall normalization that we provide) with the worldline electric and magnetic tidal
coefficients which in turn are proportional to the corresponding multipole Love numbers.

By directly evaluating all relevant integrals we obtain explicit expressions for the two-body

180



Hamiltonian and the amplitude’s eikonal phase, from which both scattering and closed-orbit
observables can be found straightforwardly. We illustrated the inclusion of spin by working
out the leading-order tidal contributions from E?-type operators with arbitrary number of
derivatives for one object interacting with the spin of the other.

For tidal operators with arbitrary numbers of electric or magnetic components of the Weyl
tensor, the integrand for the leading-order contributions are not difficult to construct because
their building blocks are tree-level leading order on-shell matrix elements of the point-particle
energy-momentum tensor and of the tidal operator. The simple loop-momentum dependence
and the permutation symmetry of the three-point amplitude factors makes the integrals sim-
ple to evaluate. Indeed, Fourier-transforming all graviton propagators decouples all integrals
from each other, making it straightforward to write down explicit results for infinite classes
of tidal operators. We have verified that the results obtained this way thought direct mo-
mentum space integration. While position space methods make leading-order calculations
straightforward, momentum-space methods can be applied systematically, to arbitrary PM
order.

An interesting feature of gravitational tidal operators, which we exploited in their de-
scription, is their close similarity with gauge theory operators describing the interaction of
extended charge distributions with electromagnetic fields. This formal connection extends to
dynamical level double-copy relations. For leading-order contributions this is a straightfor-
ward consequence of the factorization of the linearized Riemann tensor into two gauge-theory
field strengths and of the factorization of the energy-momentum tensor into two gauge theory
currents. Such double-copy factorizations also hold for the energy-momentum tensor [23]. Tt
would be very interesting to investigate double-copy relations beyond the leading PM order.

In summary, in this paper we took some steps towards systematically evaluating contribu-
tions to the two-body Hamiltonian from infinite families of tidal operators. The leading order

in G results are remarkably simple, suggesting that much more progress will be forthcoming.
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4.A Appendix: Summary of Explicit Results

In this appendix we collect explicit results for scattering amplitudes with a tidal operator
insertion. Using Eq. (4.5), this immediately gives us the potential. Here we consider the
amplitudes with operator insertions of the type E"~2"B?™. We express the amplitude in
terms of the variable o = p; - pa/mimsy. The general formulae for (E?)", (B*)" and (E3)"
are given from Eq. (4.141) to Eq. (4.143) with the coefficients in Eq. (4.138). Here we give
explicit results corresponding up to 7 loops in the amplitudes approach. As noted in the
text, the amplitudes with an odd B-field insertions vanish by parity so we do not include
those. We also do not explicitly list cases where a trace contains an odd number of Bs since
these also vanish.
To list the amplitudes we scale out the powers of |g| from the scattering amplitudes,
following Eq. (4.9),
Mien = |q[*®* " Micen = |g[?" D Cxean (4.163)

for a tidal operator which we build from a total of 2n E's or Bs, independent of the trace
structure. For operators where total number of E's and B is odd the rescaling is bit difference

because of the appearance of a divergence

_ 11
Migansr = g Mian = - ~[q|" =" Cxans (4.164)

The long-range classical contribution comes from the log g* term that arises from expanding
in €.
As discussed in Section 4.2, the potential is given in the two-body Hamiltonian is given

by a Fourier transform (4.5) and the eikonal phase is also given by Eq. (4.6). Carrying out
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the Fourier transform we have from Eq. (4.10) and Eq. (4.11)

4F\ By w321 (2 — 3n) |r|
1 21T (30 — 1) Cen

4mymo/o? —1 wl(2 —3n) |bon-1’

VX2n —

5X2n —

where we only keep the finite term in e. Similarly, for the odd powers

1 (—=1)"T'(6n + 2) Cxznt1
4FE, Ey 2T | |6n43 7
1 (—1)n_182n P(Sn + 1)2 Cxant1

Vxan+1 =

(5X2n+1 —

For X? we have,

5
Cm2y = §G2m1m3W2(02 - 1) <1 + 702> ,

dmimevo? — 1 s |b|6nt+2

(4.165)

(4.166)

(4.167)

(4.168)

(4.169)

where the parenthesis on the operator denote the matrix trace, as defined in Eq. (4.49)

For X3:
22 32 7
Cmsy = — 10 G3m1m§7r<zl — 907 + 1004> :
C ——ﬁG?’ am(o? —1)(1 4 1002
(BB2) = 71 mimsm(o )1+ 1007).
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For X*:

11-13 ., . ,/1231 664 , , . .
Ciwt = =313 (rypa G i (E — 0%+ 1300" ~ 1600° + 850 ).
11-13 4 5 27 2 2 2 4
Cinty = =gy G i (o = 1) (1 + 1002 + 850 ) ,
1113, oy 41 53, \ )
C(mrpB) = _WG mymam(o” — 1)(5 + gcr — 750" + 850 > ,
C(mBER) = WG miman(o® — 1)(5 + 37~ 750" 4+ 850 ) ,
C(E2)2 = 2C(E4) ,
C(B2)2 = 20(]34) ,
_ 11-13 4 5 27 2 19 2 4 6
Ciwyoe) = = grr (o G i (0® = 1><E +230° — T50% + 850° ) . (4.171)
For X°:
Copry = ———— GmymSa (1094 — 853507 + 246080 — 328320° + 172800°
(B5) = 5 (19”) mimeom o° + o o+ o,
1 5 6 2 2 4 6
Clemmt) = g7 (g & mmdn(o” — 1) (499 + 101440 — 466560 + 518400 ) ,
1
C(EpEDE) = —WG5m1mg7r(02 —1) (61 1133602 — 77760 + 864006> ,
32
C(EB4) = WGE’mlmgﬂ'(az — 1)2<1 + 120’2 + 1200’4> s
3
Cleon) = 75 (g & mmdn(o” = 1) (61 + 13360 — 77760 + 86400°)
3 |
Cluem = 375 oy & Mmin(e® — 1) (85 + 16000 — 51840 + 57600°)
C(BZ)(EBQ) — 2CEB4 . (4172)
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For X6 X7, X8

17193 g i, <5558245 328930 , 609305 , 144980
—— my1meT — g —
22152 (1312 12T 26163 171 81 9

183425

C(ES) —

0% — 14950010 + 5175012) ,

1719 - 3°
Coao SGOmimir®(0? = 1) (5 + 690 + 5T50" + 51750°)

T 22152 (1311)
3

7 8 2 4
-7 Em© mim3r (1496063 — 1599143002 + 719406600

C(E?) —

— 1771880000 + 2533731200° — 2006484485 + 69189120012> , (4.173)

23.29.37.5 57426585223 10076129056 , 32319394660

o872 (19112 7203645 105705 C | 63423 °

1227512720 ;| 82520830
783 27

— 17186400 + 441595016) ,

23.99.37.
——;1 729 ( 12”)25 G*mimir*(o? — 1)* (35 + 62007 + 61380 + 477400° + 44159508> :

Cms) = G8m1m3ﬂ2<

o® — 39164160'° + 329406002

C(BB) -

As noted in Section 4.4, in the high-energy limit, where o is large, simple relations are visible

between amplitudes with E? and B? operators inserted [28, 29].
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