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Abstract

In this thesis I explore a wide range of applications of the so called on-shell methods to
Effective Field Theories of gravity and the Standard Model. I will first focus on the tree-
level and restrict my attention to four space-time dimensions where the use of spinor-
helicity formalism allows for very compact expressions of gauge-invariant quantities
as well as the simple classification of contact interactions from the assumptions of
locality, Lorentz-invariance and little-group covariance. I discuss how to use unitarity to
combine these contact terms into higher-multiplicity tree amplitudes and non-minimal
form factors, providing an algorithm which makes only use of on-shell seeds but at
the same time is applicable to any given EFT of massless particles. The tree-level
results obtained in this first section provide then the necessary input for the results
obtained in the remainder of the thesis, where unitarity and generalised unitarity is
used to obtain loop-results from trees. In particular, I first discuss the computation
of the one-loop mixing matrix of the full set of mass-dimension eight operators in a
Standard Model EFT setting and then move on to applications in the context of gravity.
Here, amplitudes techniques are used to extract classical information hiding in the
perturbative expansion of gravitational theories beyond leading order. More specifically
I will consider higher-derivative interactions involving powers of the Riemann tensor
and study their effect on observables such as the bending angle and the time delay in
a light particle deflection process. I also consider the interactions of heavy binaries
mediated by such operators and study their impact on the power radiated through
gravitational waves. Finally I discuss how to use six-dimensional spinor-helicity to
bypass intrinsic limitations of the four-dimensional unitarity calculations, generalising

known techniques for amplitudes to the case of form factors.
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Chapter 1

Introduction

What is our world made of? This is one of the most enticing questions mankind has
faced over the centuries, ever since the evolution of society allowed our species to focus
on problems going beyond mere day to day survival. Already almost two thousand
years before the establishment of the scientific method in the seventeenth century, a
group of greek philosophers led by Democritus, relying solely on logic reasoning, came
to a conclusion which is surprisingly close to the nowadays experimentally established
truth: atoms, inseparable basic constituents of the known universe, the word itself
coming from the greek atomon meaning “indivisible”. Indeed, not only can the atom
be split into a set of electrons orbiting a conglomerate of protons and neutrons, but the
latter can themselves be further split into what we call, in a rather oxymoronic way, sub-
atomic particles. Furthermore, while in the ancient Greeks’ view, atoms where thought
of as inert solids merely excluding other bodies from their volume, in our modern
models particles interact with each other in rather complicated ways through the four
fundamental forces of electromagnetism, gravity, the weak and the strong force. The
central task of high-energy theoretical physics could be summarised as trying to give
a complete, accurate and mathematically consistent description of these interactions

which form the barebones of every composite structure in the universe.

In order to test the fine-grained structure of matter, collider experiments have proven
to be among the most valuable tools at the experimentalists’ disposal. While in their
infancy these sort of experiments where essentially of table-top size, like for example the
Geiger-Marsden experiments establishing Rutherford’s model of the atom over Thom-
son’s, nowadays the required instrumentation is on a totally different level. The Large
Hadron Collider (LHC) operating at CERN is the world’s biggest single machine, with
a ring 27 kilometers in diameter used to accelerate particles at high-enough energies to
expose their internal structure when colliding inside one of the four detector areas at

a rate of around 10 collisions per second. At the time of writing, the LHC harnesses
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among others the power of the largest particle detector ever to be built, in the form of
ATLAS with its 46 metres in length and 25 in diameter, as well as the largest scientific
collaboration in history, in the form of the Compact Muon Solenoid (CMS) collabo-
ration with about 5500 members. These incredible numbers have led throughout the
years to equally impressive scientific results, one of the most striking being the first
experimental observation of the Higgs boson back in 2012 [7,8]. The importance of this
observation could hardly be overstated as it confirmed the existence of a key piece of
the Standard Model (SM) of particle physics, which is accepted as the most accurate

description to date of all the fundamental forces excluding gravity.

The SM is set within the theoretical framework of Quantum Field Theory (QFT), which
encompasses both the quantum nature of the particles and the relativistic description
needed for fast moving objects. In this setting, in order to compare the experimental
observations with theoretical predictions, a key ingredient are scattering amplitudes,
which encode information about the interaction probabilities of particles, and are thus
needed to predict the scattering outcomes. These probabilities are typically computed
within perturbation theory: the couplings regulating the strengths of the interactions
are considered to be small, and scattering amplitudes are computed as a series expansion
around these. The more terms in the expansion one considers, the better the accuracy
of the final result, but also the greater the complexity of the computation. Fach order
in the expansion can be computed as a sum of terms whose precise mathematical
formulation can be visually represented through Feynman diagrams. These provide an
intuitive interpretation of the process in terms of (virtual or off-shell) particles created
from an initial state, propagating in spacetime and then annihilating again, giving so

rise to the final state of the scattering process.

VIRTUAL K4(4,6)

e QUANTUM

ELECTRONS

Figure 1.1: One of the first examples of Feynman diagrams to appear in a published paper,
representing the photon exchange between two electrons [9].
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These diagrams come with associated theory-dependent rules, which establish a bijec-
tive relation between sums of diagrams and the terms in the perturbative expansion,
the lowest order being represented by tree-level diagrams like the one in Figure 1.1,
while higher orders are made up of diagrams with an increasing number of closed
loops. While Feynman diagrams have certainly changed the way people thought about
QFT, and have provided a powerful computational tool for scattering processes, they
have the intrinsic flaw that the number of diagrams is subject to a factorial growth
with the number of external particles considered in the process or the number of loops
to be considered. In other words the combinatorics of this diagrammatic approach
scales badly with the complexity of the process or the increase in the perturbative
order one considers. As a consequence, over the past thirty years the focus started
to shift towards a set of techniques loosely denoted as on-shell methods [10-13] which
bypass the limitations of Feynman diagrams and also provide continuosly new theoret-
ical insights in the deeper structure and properties of scattering amplitudes. The main
idea is to replace some of the internal virtual off-shell states with on-shell particles.
As we will discuss, this leads to enormous simplifications because these states are far
more constrained than their off-shell counterparts. For example scattering amplitudes
are gauge-invariant objects, while individual Feynman diagrams are not, only sums of
diagrams are. Thus what typically happens in the diagrammatic approach is that a
proliferation of intermediate expressions may collapse into simple final results due to

cancellations among the terms.

The prototypical example is a 2 — n pure gluon amplitude at tree level. Already
for n = 4 this process gets contributions from 220 diagrams, and the number quickly
growing to around 107 for n = 8 [14], but for any helicity configuration involving
for example two negative- and n positive-helicity gluons all of these contributions can
be collapsed into a beautifully simple single term known as the Parke-Taylor formula
[15,16).

Considering the tree-level case, when we put an intermediate state on-shell (which we
call performing a unitarity cut) we witness a factorisation of the amplitude into products
of lower-point! amplitudes, each of which is in itself gauge-invariant and thus bound to
be simpler than a sum of diagrams. This idea is exploited for example by the Britto-
Cachazo-Feng-Witten (BCFW) recursion relation [12,13], which is a very effective tool
to compute tree-level amplitudes recursively, see Section 2.4. On the other hand, at
higher-loop orders one can exploit the branch-cut singularities arising in the amplitude
and relate the associated discontinuities to (phase-space integrated) products of lower-
order amplitudes, or even better write the amplitude in terms of a basis of integrals
and compute the coefficients of the expansion from lower-point amplitudes [17,18,12].

All of these methods are based on unitarity of the considered theory, in other words

!Lower-point amplitudes are those which present a smaller number of external particles.
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conservation of probability, as we will discuss in Section 4.1.

X
2 i 4
N | ¥
1 4 —12"‘25 1 N 3

Figure 1.2: Pictorial representation of a so called double-cut of a one-loop amplitude, the
dashed line represents the unitarity cut through the propagators (we use an all-outgoing con-
vention for momenta). Every term in the full one-loop amplitude presenting a discontinuity in
the s12 = (p1 + ]92)2 kinematic channel contributes to this double-cut, which is expressed in
terms of products of tree-amplitudes. Inverting the logic, considering all the possible combina-
tions of cuts allows to reconstruct the one-loop amplitude, see Section 4.1.

On-shell methods have proven to be very powerful in a variety of settings including
collider physics [19, 20], the study of the ultraviolet (UV) behaviour of N' = 8 su-
pergravity [21,22], the study of the inspiral phase of binary systems of celestial ob-
jects [23-33], the anomalous dimension matrix and non-mixing theorems for Standard
Model Effective Field Theories [34—-37], the perturbative exploration of supersymmetric
gauge theories [38-40] and also the perturbative study of partially off-shell quantities

such as form factors [41-50].

In this thesis we focus on applications to effective field theories, in particular to the Stan-
dard Model Effective Field Theory (SMEFT) and EFTs of gravity including Einstein-
Hilbert (EH) along with some higher-derivative operators. Despite its many successes
over the years, the fact that so far LHC measurements are compatible with its pre-
dictions, and its undeniable beauty, the Standard Model is still expected to be an
incomplete description of nature: many theoretical puzzles are still unsolved, including
but not limited to the hierarchy problem, the magnitude of the quartic A coupling of
the Higgs, the origin of CP violation in the quark sector, or the unnatural pattern of the
Yukawa couplings. If the SM is incomplete but still reproduces correct results at the
energy scales tested by experiment, it means that it can be considered as an Effective
Field Theory which requires some sort of UV completion to provide the further answers
we seek. To date there are no clear hints at what such a completion should look like,
and a very appealing approach to parametrize Beyond Standard Model (BSM) physics
is the SMEFT [51,52]: one considers a Lagrangian of the type

«” )
Lsuerr = Lsm + Y —— 0 (1.1)
,J

A4

)

where Lg\r is the SM Lagrangian and Ogj are additional non-renormalizable operators

10
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built from Standard Model fields and classified through their mass-dimension, which we
labelled by j. Here the couplings cl(j ) are dimensionless and the energy scale A, which
provides the cut-off scale of the validity of the EFT, compensates for the higher mass-
dimension of the operators. The additional operators can be thought as arising from
integrating out heavy modes with mass comparable to A in the complete theory, leading
to an effective description. The power of the method relies within the fact that as long
as one considers a complete basis of operators for the given mass dimension, it becomes
possible to study in one go the effects of all the theories which would produce any of
the effective operators considered, thus no a priori knowledge of the UV completion is

required.

One of the problems one has to address in this regard is the identification of a complete
basis of operators. The counting of non-redundant operators can be performed via
the Hilbert series method, as shown in [53-55], however an explicit construction of
the SMEFT operators is rather involved. Traditional techniques require taking care
separately of many sources of redundancy, e.g. Bianchi identities and Integration By
Parts (IBP) identities of operators with derivative insertions, field redefinitions and
Fierz identities. More recently, a more direct way of constructing this basis has been
proposed, which relies on the classification of the independent effective interactions
directly from their S-matrix elements [56-63], and has been used to classify all the
SMEFT operators up to mass dimension nine [64,65]. In other words, one can classify
operators by looking at the associated minimal amplitude, which assumes the form of
a contact term (no intermediate particles are exchanged). In Chapter 3 we discuss
a variation of this method presented in [5], allowing to build a complete operator
basis from a graph-based method, and show how to construct the SM from scratch
without relying on a Lagrangian but simply considering the amplitudes associated to

the minimal interactions of the model.

The operators O; in general have a non-vanishing and usually non-diagonal anomalous
dimension matrix, meaning that they get renormalised and mix among themselves in
non-trivial ways. Consequently the Wilson coefficients of the operators at the scales
accessible to collider experiments differ from those at the high-energy matching scale.
Furthermore operator mixing implies that experimental constraints on one of them also
affects the others. Thus, evaluating the anomalous dimension matrix is a crucial aspect
of interpreting SMEFT results.

In this respect, on-shell methods have proven extremely powerful not only in the com-
putation of the anomalous dimension matrix, but even more so in the interpretation of
zeroes appearing in the matrix through selection rules implied by helicity [34], operator
lengths [35] and angular momentum [36]. Still from an on-shell perspective it has been

found that the structure of rational terms influences the zeroes, and that a smart choice

11
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of regularization scheme can lead to further cancellations: this has been studied at two
loops in the case of an SU(N) model which presents similarities with the SM but it
is far simpler and contains far less operators [37]. While the leading contributions to
the SMEFT come from dimension-six operators [66—72], there are interesting processes
for which the dominant contribution comes from even higher-dimensional operators.
Some examples include the light-by-light scattering [73], the light production via gluon
fusion [74] and the neutral bosons production [75] and even, in some scenarios, the
gu — 2 [76] and Higgs production in association with a W boson [77], which receive the
first contribution from dimension-eight operators. Dimension-eight operators can play
a relevant role even when appearing as subleading contributions [78], and recently stud-
ies of their impact on SMEFT have been performed [79-83]. The first systematic and
complete computation of the one-loop anomalous dimension matrix for dimension-six
operators has been carried out in [84-86]. On the other hand, the study of the anoma-
lous dimension of SMEFT interactions at dimension eight has produced partial results
in [87-93], while the first full calculation (to linear order in the Wilson coefficients) was
presented in [5]. We discuss the latter results at the end of Chapter 4.

In Chapters 5 and 6 we move away from SMEFT and discuss applications to EFTs
of gravity involving also higher-derivative operators, thus going beyond the Einstein-
Hilbert (EH) theory. Very interestingly, in this context it has been shown that through
the use of QFT perturbative methods it is possible to compute classical corrections to
the gravitational potential, as well as to observables such as the bending angle and the
time delay experienced by a particle in gravitational background. These corrections at
higher orders in Newton’s constant G are hidden within the loops [94-96] of a theory
where heavy galactic objects are described as massive point particles, for example
scalars when considering Schwarzschild black holes, which interact through graviton
exchange. In this picture one wants to extrapolate the long-range physics, which is the
information we have experimental access to, and furthermore one wants to consider
those contributions arising from a gravitational interaction, or in other words from
virtual gravitons being exchanged among a pair of massive particles. The unitarity and
on-shell methods are ideally suited for the task: performing loop-level unitarity cuts in
four dimensions will automatically select those pieces of the complete amplitude which
present a discontinuity in one or more given kinematic channels. This means that
selecting the contributions purely related to a graviton exchange amounts to simply
perform the cuts in the correct kinematic channels, and furthermore terms which do
not contribute to long-range physics are ignored a priori with the right setup. In fact,
if we perform the unitarity cuts in four dimensions we will miss so called rational
terms: these are parts of the amplitude which do not present discontinuities in the
kinematic channels and thus cannot be detected by the cuts. What would usually

be a drawback leading to an incomplete amplitude, is in these specific circumstances

12
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an advantage, since rational terms correspond to local contributions to the potential
which can be ignored. Once the relevant terms of the amplitude have been recovered,
one can for example extract the corrections to the gravitational potential at a fixed
order in G through an EFT matching procedure [97,98], which was used for example
to obtain the state-of-the-art results [29,99]. On the other hand, it is also possible to
extract directly from the amplitude information about physical observables such as the
bending angle or the time delay experienced by a particle moving in the gravitational
background generated by a heavy object. Particularly well suited for this task is the
eikonal approach [100-105], in which one considers the limit where the mass of the
object generating the gravitational field is much larger than the energy of the deflected
particle particle and the gravitationally exchanged momentum. We make use of this
method in Chapter 5 to study the effect of higher-derivative interactions involving up
to four Riemann tensors on the above mentioned observables. The new interactions
will feature as modifications to the tree-level amplitudes entering the one-loop unitarity

cuts we consider and are thus easily accounted for.

While in this case our study focusses on four-point amplitudes with two external mas-
sive scalars, in Chapter 6 we consider instead five-point amplitudes where an external
soft graviton is produced by the two interacting scalars. Considering the gravita-
tional binary from far apart, one can approximate its behaviour as that of a single
small extended object emitting gravitational radiation through oscillations which can
be studied through a multipole expansion. The combination of information coming
from the multipole expansion with that of the potential allows to give a description of
the gravitational waves emitted by the coalescing binary, computing the wave flux as
well as the waveform. We study the impact of purely gravitational operators cubic in
the Riemann tensor as well as of some tidal interactions on the quadrupole, comparing
then our findings with earlier results which considered operators to quartic power in

the Riemann tensor [106].

In the final part of the thesis we take a step back and focus on the very nature of
the unitarity methods used so far, and specifically on their limitations. As already
mentioned, since unitarity cuts rely on the discontinuities of the loop-level scattering
amplitudes in the various kinematic channels, by construction the method is blind to
rational terms. This means that four-dimensional unitarity is sufficient to compute
complete amplitude results only in the cases where these rational terms are absent
such as in supersymmetric theories at one loop [10,11]. On the other hand, in order to
compute results relevant for collider physics in QCD rational terms appear ubiquitously
and are required to recover complete results, an example being the all-plus pure gluon
interaction at one-loop [107,108] which are purely rational in the external spinors.
There are various methods allowing to compute these rational terms, one being simply

to perform the same unitarity calculation in a dimension D = 4 — 2¢ [109,110]: in

13
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order to keep mass-dimensions consistent, the deviation from four dimensions of the
coupling needs to be balanced by a kinematic invariant raised to the power —2¢, which
will produce a discontinuity in the given invariant and thus allow detection through

cuts.

The downside of moving to an arbitrary dimension D is that first of all one looses the
power of the spinor-helicity formalism, described in Chapter 2, which typically allows for
results to be expressed in a very compact form, and furthermore numerical evaluations
of the cut amplitudes are not possible. One way to work around this is to perform
a “dimensional reconstruction” [111-115], where one investigates the dependence of
the loop amplitude on the dimensionality of space-time. Considering for example pure
Yang-Mills, this dependence turns out to be polynomial, and the coefficients can be
fixed by a simple interpolation evaluating the amplitude in several different integer
dimensions. In these integer dimensions one can then again make use of spinor-helicity

and numerical methods if needed.

In Chapter 7 we derive the results of [1], where building on the previous amplitudes
result an extension of the dimensional reconstruction for form factors is proposed. A
form factor Fo(1,...,n;q) is defined as the overlap of an n-particle state and the state

produced by an operator O(z) acting on the vacuum:
/d4ac e (1, n]O(2)]0) = (2m)*6W (q - Zpi)F@(l, cemiq) . (1.2)
i=1

Notice that at zero momentum transfer, i.e. ¢ = 0 in (1.2), the form factor of an operator
O(x) represents the correction to the scattering amplitude due to the inclusion of a new
local interaction proportional to O(z). The form factors which will be considered are
related to scattering processes of the Higgs boson and many gluons: in the large top-
quark mass approximation, these can be described by an effective theory obtained
by integrating out the top quark in QCD. This generates an infinite series of higher-
dimensional interactions with the gluon field strength and its derivatives, in addition to
couplings to light quarks. The leading-order term in the expansion is H Tr F2 [116-118]
where after Wick-contracting the Higgs field, what is left to compute is precisely a form
factor of partons in the theory of interest, which we will take to be pure Yang-Mills.
In this setting we focus on form factors of operators of the form Tr F", for n = 2,3, 4,
both in the minimal and non-minimal case up to four external gluons. The key point
of the extension of the dimensional reconstruction method we discuss is that it can
be applied to generic form factors of operators involving vector fields. Furthermore,
it is important to stress that the expectation is that generalizing the procedure to
higher loop orders, one needs to perform the same computation in multiple dimensions
so to extract the dependence on D through interpolation. However, the method we

propose requires evaluations in only one dimension independently of the loop-order one
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wants to consider, thus bypassing what was one major drawback of the dimensional

reconstruction.

We conclude the thesis with some remarks and discussion of future directions, fol-
lowed by some auxiliary material required to reproduce the results presented in the
main discussion. These appendices include among others all the three-point tree-level
amplitudes of the standard model used as seeds for the recursive algorithm presented
in Chapter 3, the tree-level amplitudes needed for the unitarity calculations in the
EFTs of gravity considered in Chapter 5 and 6 and the six-dimensional amplitudes
and non-minimal form factors needed in Chapter 7. Furthermore, we also included the

expression of the relevant one-loop integrals used throughout the thesis.

Note: In the field of modern-day amplitudes it is often essential to use dedicated
symbolic computational software, such as Mathematica [119], in order to carry out the
computations of interest. Instead of the implementation of single-use codes, I decided to
invest some? time in the development of dedicated Mathematica packages which would
allow to reproduce results easily and could be shared with the rest of the scientific
community, in line with the spirit of the SAGEX collaboration. In particular, the
packages I implemented include routines to deal with the four-dimensional and six-
dimensional spinor-helicity formalism (symbolically as well as numerically), and the
complete implementation of the algorithm for the computation of tree-level amplitudes
and non-minimal form factors described in Chapter 3. These packages will be made

available shortly at the github repository https://github.com/accettullihuber.

20ften a considerable amount actually...
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Chapter 2

An invitation to tree-level

techniques

We start by reviewing some well known tree-level techniques, including the powerful
spinor-helicity formalism in four dimensions and two different recursion relations for the
computation of amplitudes: the Berends-Giele and BCFW recursion. Focusing on the
latter, we will discuss advantages and limitations, setting the stage for the algorithm

introduced in Section 3.

2.1 Spinor helicity formalism

In this section we review the four-dimensional spinor-helicity formalism, which lies at
the core of many applications discussed in this thesis, with the main purpose of setting
our notations and conventions. We limit our discussion to Weyl spinors only, which
are our building blocks of choice. For a more detailed review of the topic see for
example [120-123].

Weyl spinors from fermion fields

Recall first of all that given a spin—% particle, it can be described by the fermion field

35 . .
v = [ (;j';gﬁ% z (as@usBe™ ™" + bl(Bos (™) . (2.1)

and its conjugate, where us; and vg are four-component Dirac spinors, satisfying the

momentum-space Dirac equation which for massless particles reduces to

idp(r) =0 = pus(p) =0 , (2.2)
pus(p) =0
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where p = p,y* with v satisfying the Clifford algebra relation {y*,7"} = n**. Also,

in this thesis we consider a mostly minus convention for the space-time metric.

Clearly, up to normalization conventions, positive and negative energy solutions to
(2.2) will be the same. When considering massless particles, helicity is a Lorentz-
invariant quantity and it is thus convenient to describe particles in terms of definite
helicity solutions to the Dirac equation. Such solutions can be obtained by applying

the following projectors'

1+ _ _ 1F
ux(p) = —5—us(p) and wx(p) =us(p) —— (2.3)
in the fermionic case or equivalently in the anti-fermionic case
1+ _ o 1F
v(p) = =5 vs(p) and vx(p) =7s(p) —; (2.4)

These definite helicity solutions take a particularly simple form when considering the

Weyl representation of the gamma matrices

0 ot -1, 0
mo_ ’ - , 2.5
7 <au 0) s ( 0 12> (25)

where o = {19,5} and 3* = {13, —&} such that the Clifford algebra relation {c*,5"} =

n*¥ holds. In this representation one can write

u@zu@:&ﬁ,uWFv@zc>, (2.6)
0 p]

and
w(p) =o-0) = (¢ 0). @) =7:()=(0 [pl) (2.7)

where |p) and |p] is the so called bracket notation for the two-component objects A\ (p)
and \® (p), with a, & = 1,2. These objects are the Weyl spinors in terms of which we

will write the scattering amplitudes of all the theories considered in this thesis.

While the introduction of Weyl spinors from helicity projections of fermionic fields
might provide a good textbook introduction to these objects, it somewhat obscures their
deeper and more fundamental nature. Following the guiding philosophy underlying on-
shell methods, we would ideally like to avoid using gauge-dependent quantities and
focus our attention only on objects with a more direct physical interpretation where
redundancies are cut down as much as possible. In this light quantum fields are not the
building blocks we want to consider, and instead we use the Weyl spinors in virtue of

their intimate relation with the Lorentz-invariance of a given theory, be this a theory

!The projectors PT = %(1 =+ ~5) are actually chirality projectors, but for massless particles helicity
and chirality coincide for positive energy solutions and are opposite for negative energy solutions.
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including fermions or not.

Weyl spinors and the Lorentz group

The starting point for defining the Weyl spinors A and \ is Lorentz-invariance, a prop-
erty which we expect from any theory consistent with special relativity. The proper
orthochronous Lorentz group SO (1, 3) admits a universal covering given by SL(2,C),
consequently there is a one-to-one correspondence between projective representations
of SO*(1,3) on the Hilbert space and the infinite-dimensional unitary representations
of SL(2,C). The states of the theory transform under such unitary representations and
induce the fields to transform under finite-dimensional (non-unitary) representation.
All the irreducible finite-dimensional representations of SL(2,C) are labelled by a pair
of semi-integers (mpr, mg)?, and can be obtained from completely symmetrized tensor

products of 2m, copies of the fundamental and 2mp copies of the anti-fundamental rep-

1

resentations, usually denoted as (%, 0) and (0, 5). The fundamental two-dimensional

objects transforming in the (%, 0) are denoted by A, and the associated Lorentz indices

are greek undotted letters, whereas A% transform in the (0, %) and the associated indices
are dotted greek letters. The spinor indices can be raised and lowered by contraction

with a two-dimensional Levi-Civita tensor as

A =g, g = 6@55‘5 , (2.8)
where in our convention
€2 = —¢y = 2 = —€i5 =1, (2.9)
and
€ap€’’ =847 . (2.10)

From here on whenever we will call the two-component Weyl spinors simply spinors, and
in order to avoid an often unnecessary cluttering of indices, we introduce the standard
shorthand bracket notation (as already used in (2.6) and (2.7)):

Na= M) =), A= N =i, M= (Nl =3, Na=[Ml=[], (2.11)

where we use latin letters, ¢ in this case, as momentum labels.

Lorentz-invariant structures are then simply built by complete contractions of the spinor

indices, in the simplest case this amounts to pairing left and right angle/square brackets

*Recall that the algebra sl(2, C) is isomorphic to su(2)r. x su(2)r, and (mr, mg) are related to the
eigenvalues of the Casimir operators J7 5 = (J1,5)* + (J7 )5)* + (J} )5)?, with J} , generators of the
su(2)z,/r. Elements of the two-dimensional vector space su(2)r, will be denoted with A and elements of
su(2)r with A.
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respectively as follows

(i7) 7= AiAj) 7= AfXja = =(71) ,

[i ] := [N Aj] i= MiaAS = —[jd],

(2.12)

these contractions will be called angle and square brackets respectively. Before moving
on to the construction of massless momenta from the spinor brackets, we stress the
following very useful property of the brackets. Given a triplet of spinors A{, )\f c AL
any completely antisymmetrized combination of them gives zero, thus upon contraction

with a single Levi-Civita tensor one gets the so called Schouten identity
(07) (k| + (G k)il + (k) (] = 0, (2.13)
and analogously for the \ spinors

(i ][k + 7 K[l + [Rd][j] = 0. (2.14)

An alternative way for deriving the Schouten identity is to make use of the fact that A

(and 5\) is defined on a two-dimensional vector space, thus it is always true that
XY = ard +bAY, (2.15)

for some scalar coefficients a and b. The latter can be easily determined by contracting
this identity left and right with A;, and A;, which thanks to the antisymmetry of the
brackets directly leads to

LGk )
(il = ey 1+ 2 kL (216)

which is exactly (2.13).

Massless momenta

Given a Lorentz four-vector p#, it can be shown that the corresponding finite-dimensional

representation of SL(2,C) is (%, %) The map between the two representations can be

explicitly realized through

o po—p3 —(p1— ipz))
Pad = Pulhg = , : (2.17)
o Free (‘(pl + ip2) po + p3

and similarly for p®® := B B Pag- If p* is the momentum associated to a particle of

mass m, it is easy to see that

1.
m? = p* = det(pac) = 50" Pacs - (2.18)
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If we consider now a massless particle, the masslessness condition given by the vanishing

of the determinant of p.g is trivialized by setting

Paa = )\oc)\d 5 (219)

due the antisymmetry of the angle and square brackets. Furthermore, notice that in

momentum space the massless Dirac equation translates into

Pac )\g =0

~d (2.20)
pad)\p =0

which is again automatically satisfied by writing the momentum as in equation (2.19).

We can associate a vector p* to a momentum given in the spinor representation pgg

through the inverse map of equation (2.17), given by

P = Lo sl = Sl p) (221)

When considering a momentum k = —p, it is easy to see from equation (2.19) that we

can write the spinors A\; and \; in terms of Ap and 5\1,, simply by defining
AL, =y, AL, = (2.22)

Notice that this is a convention, and in general one could set A2, = ei¢Ag‘ and S\d‘_p =
eia:\g‘ as long as e (®t9) = ¢i™ — 1 the advantage of our choice being the symmetry
of the relations. The spinors A and A are in general complex-valued, and the reality

condition on the momentum p#, see equation (2.21), translates into
A= A" (2.23)

up to an arbitrary phase which we set to 1. Usually one is rather lenient towards this
condition, since it turns out that, both in some analytic and numeric settings it is
very convenient to allow for complex momenta®. Notice that there is no unique way of

associating spinors to a given momentum p*, since the rescaling
- 1-
A=t )\»—>¥)\ (2.24)

clearly leaves the momentum invariant. Here ¢ € C in general whereas it is just a
complex phase if equation (2.23) applies. Equation (2.24) is called little group scaling,
and it implements at the level of spinors those Lorentz transformations which preserve

the given momentum. One possible explicit parametrization of the spinors in terms of

30r alternatively to consider a different space-time signature [124], which similarly invalidates equa-
tion (2.23).
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the momentum is given by

_ Pt Vb0 ps
p)=| VvPotps |, |pl=| pitips |, (2.25)

v Po + p3 vV Po + p3

and

DP1 — P2 p1 + ip2 )
—(vVPoFps —n), == VPotD3), 2.26
] ( pomrps VDo +p3> 4 ( v/ Po + p3 Pops ( )

which can be checked to satisfy (2.19) and (2.21). We stress here that spinors are not

rational functions of the momentum components, which in later sections will be a crucial

motivation for us to choose spinors rather than momenta as our fundamental objects.

Notice also that considering natural units, the mass-dimension of the momentum is

one, thus as can be seen from the explicit parametrization, or equivalently from (2.19),
1

one has that A\ and A have mass dimension 5. This fact will be used extensively in

subsequent discussions.

When discussing processes involving particles of spin one, polarization vectors are usu-

ally required. In our conventions these can be written as

dag g _ s e NN il
e (p,r) = V2 ) =V2 by )= V2 ol - V2 e 220
or equivalently as vectors
1 (rotp] {potr]

, lpr) = (2.28)

Sl -

el (p,r) = ﬁ

(rp) [pr]

It can be checked that these satisfy all the properties required for polarization vectors

which (in the Lorentz gauge) read:

er(p,r)  =e_(p,r), pucti(p,r)=0,
B he (2.29)

‘5i(p’ T)|2 =-1, 5+(pa T) : 5*(pv"ﬂ)* =0.

The arbitrariness of the reference vector can be seen by taking the difference of two

polarizations computed with different reference vectors r and s which leads to:

Ei(p,T) - €i(p, 5) = fi(pv’rv S)p# ) (230)

where fi is a rational function of spinor brackets involving p, r, s, and is thus a Lorentz

4

scalar *. In other words, the polarizations €/ (p,r) and &/ (p, s) differ by a quantity

proportional to the four-momentum p#, which means that once they are dotted into an

4For an explicit calculation of fi in the spinor helicity formalism see for example [125].
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onshell amplitude the Ward identity ensures their complete physical equivalence.

Given two massless momenta p; and pj, the associated Mandelstam invariant is defined

as
sij = (pi +0j)* = 2pi - pj = Djac = ()i 1], (2.31)

where, using |p)[p| = p for massless momenta, we can rewrite
(@g)lid] = (il (2.32)
We will refer to structures such as this as chains. Other examples of chains include

(qp1...pank) = —(kpan...p1q)
lqp1--.pon k] = —[kpon...p1q (2.33)
[QPl B T | k‘) = <k'p2n+1 - P1 Q]

where the p; are not necessarily massless.
Finally we close this subsection by giving another useful identity, known as Fierz rear-
rangement, for the ¢ matrices it can be shown that the following holds:

ot 7 = 25067 (2.34)

ara )

which leads to the spinorial identity

(ot ][k T, 1) = 20 [k ] . (2.35)

Massive momenta

Considering massive particles, while equation (2.17) still applies, equation (2.19) does
not hold anymore. It is nonetheless still possible to write the momentum directly in
terms of the spinors A and \, by simply considering it as a linear combination of two
massless momenta [126]

2 m2

k' = Pag = Xada +

PU = ,u+ a~d7
"ok k) gh "

(2.36)

with ¢%, k%> = 0 and qug = )\045\& and kqas = pajle. Notice that counting the number
of (real) degrees of freedom of the spinors in equation (2.36) one finds three too many.
These are spurious degrees of freedom corresponding to the little-group transforma-
tions of the massive momentum, which in four dimensions is implemented by an SO(3)
subgroup of the Lorentz group. Just as the massless spinors defined up to the transfor-
mation (2.24) are equivalent, one can use these spurious degrees of freedom to set the

spinors associated to k to arbitrary values. We will refer to 1 and fi as reference spinors.
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From equation (2.36), a possible approach is to define a pair of spinors associated to

the massive momentum P through

m

[q k]

(gk)

which have very different properties compared to the massless spinors, for example if P

1Py =lo) + Ik, [Pl =g+ k) (2.37)

and K are massive then in general for these new massive spinors one has (PK] # 0. The
advantage of the decomposition of equation (2.36) is that it allows to recycle much of the
technology introduced for massless particles. The price to pay however is that certain
symmetries of the amplitude are obscured, in particular the covariance of the amplitude
under little group transformations of the massive momenta. To make such property

1

manifest it is more convenient to introduce a new set of spinors A%, Ais

carrying an
additional SU(2) index®, accounting explicitly for little group transformations [127].
We then have

Pos = M ar = e AN, (2.38)

and the massive equivalent relation of (2.24) reads A}, — U] for UL € SU(2). It can
be shown that the previously introduced spinors |P) and |P] simply correspond to a

specific choice of the A/ and 5\(13-[, where the little group index has been fixed.

2.2 Little-group transformations and the three-point am-

plitudes

The little group is defined as the subgroup of the Lorentz group which leaves a given
momentum p invariant. In general, in D dimensions, a one-particle state can be defined
by a ket [p#, o) in a Hilbert space H, where p is the particles momentum and o represents
any other label the particle could carry, an example being helicity in the case of massless

particles. Under a Lorentz transformation the ket transforms as

P",h) = > G | pY 1) (2.39)

h/
where A and G are Lorentz and little group transformations respectively. Considering
now a scattering amplitude A,, involving n particles whose spin is labelled by h;, equa-
tion (2.39) leads to a transformation of the amplitude which can be schematically

represented as
Ap = @(hy, ... hp)A, . (2.40)

In general ¢ is a tensor determined by the little group transformations of all the particles

involved in the scattering, or in other words by the spins h;, and is such that ol = 1.

SWhile for massless spinors the little group is just an U(1) phase, for massive particles in four
dimensions is given by SU(2).
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Scattering amplitudes are thus little group covariant, whereas the modulus squared of

the amplitude is invariant under the whole Lorentz group, as it should®.

Considering the case of massless particles in four space-time dimensions, ¢ is a simple
U(1) phase. More specifically, when considering the amplitude as a rational function

of the spinors \;, S\i and helicities h; of the external particles, one has that [124]

o < 9 . i
(Aimi B Aiagi)f‘n“% Aiyhi}) = =2hiAn({Ai, A, hi}) (2.41)

in other words the difference between the number of |i) and |i] spinors in the amplitude

is proportional to the helicity h;. Thus, applying the little-group transformation

1
[i) = tili),  |i] — t—|z] , tieC (2.42)
the amplitude transforms as
An (s My hid) = 6727 AL (O, Ay i} (2.43)

Notice that equation (2.43) is valid at any loop order. Depending on the application
at hand, it might be convenient to factor the amplitude into a little-group covariant
part which we call ®,, and depends only on the helicity of the particles, and a little-
group invariant part, which can be thought of as a rational function of the Mandelstam
invariants (at tree level). The expression for ®,, can be fixed a priori but except for

specific cases it is usually not unique.

The little-group scaling provides a great deal of information, and in some instances
especially at low multiplicities it suffices to determine the complete expression of the
kinematic part of the amplitude up to a constant. A neat example of this situation
is represented by the three-gluon tree-level amplitude in Yang-Mills theory. What one
would usually do is start from the Yang-Mills lagrangian

Lym = —%FSVF“W ., with  Ff, = 0,A% — 0,A% + gy f°AL A (2.44)
where gy s is the coupling and f2¢ are the SU(3) structure constants, then take ap-
propriate functional derivatives to get the relevant Feynman rules, in particular the
three-point vertex rule, and then contract the latter with polarization vectors to get
the three-point amplitude. Let us approach the problem from a different angle: we start
off from a theory which involves spin one massless particles, the gluons, and which we
want to be self interacting and thus admit a three-point vertex. For the time being we

disregard the colour part of the amplitude, since we will get back to it in more detail

5| A)? enters the cross-section which is a physical observable and must thus be invariant under the
Lorentz group.
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later in section 3.1, but we will still use the same notation A,, of the full amplitude

when discussing only the kinematic part, since there is usually no risk of confusion.

The theory we consider should of course satisfy locality and Lorentz-invariance, and we
want to find the expression for the three-gluon on-shell amplitude if it exists. First, if
we were to consider the Mandelstam invariants as building blocks for this amplitude,
it would trivially vanish since all the invariants themselves are vanishing. In fact, due

to p1 + p2 + p3 = 0 and the masslessness of the particles one has
si2=(12)[21] =0, s23=1(23)[32]=0, s13=(13)[31]=0. (2.45)

Indeed A3z = 0 is the correct answer, provided we limit ourselves to consider only
momenta which are real. If we allow momenta to be complex we can do better [128],
since releasing this constraint invalidates (2.23), and thus (i j) = 0 does not imply
[i j] = 0 anymore and viceversa. This allows us to satisfy equation (2.45) by imposing
the vanishing of all the angle or square brackets and then using the set of non-vanishing
brackets (which are Lorentz-invariant and little-group covariant structures) to write the
amplitude. Considering for example [i j] = 0, since there are no other invariants for

the amplitude to depend on it must be of the form
Ag(1h1 2h2 3hs) — ¢ (12)%3(23)¥1(13)%2 | (2.46)

where the little-group transformation, equation (2.43), fixes 1 = hy — hy — hg, x92 =
ho —hs —hi and x3 = hg — hy — he. Taking into account that the three-point amplitude
must have mass dimension one”, only one helicity configuration for the gluons is allowed,

namely (—, —,+), leading to the three-point Yang-Mills amplitude

(12)°

Ag/[Hv(l_72_13+) = gYMm )

(2.47)
where we included the dimensionless Yang-Mills coupling. A similar reasoning applies
to the case where (i j) = 0, from which we obtain®

AV (11 ot 3*)::-—gyﬂ44llgﬁif (2.48)

3 T [13][23] ‘

The reason why the all-plus and all-minus helicity configurations are not allowed, is that
they would produce a spinor bracket expression of mass-dimension three, which would
require a dimensionfull coupling constant of dimension —2 to compensate. In fact sim-

ilar amplitudes do appear in non-renormalizable theories including an F? interaction,

"For now we take this as a given, we will further comment on mass dimension in Section 3.1
8The inclusion of the minus sign in the following expression is due to the additional condition we
impose that the parity-conjugate of the anti-MHV should be the MHV amplitude.
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but are prohibited in pure Yang-Mills which we are considering here
As(1T,27.3%) =0, A3(17,27,37)=0. (2.49)

There is a simple argument [120] based on the counting of internal three-gluon vertices,
which combined with a smart choice of the reference vectors in the external polariza-
tions, allows to show that actually the all-plus and single-minus configurations (as well
as their parity conjugates all-minus and single-plus) vanish at tree-level for any number

of gluons
Alree(1F o iE L nT) =0. (2.50)

Remarkably, there is also a direct generalisation of equation (2.47) and (2.48) to arbi-
trary n, known as Parke-Taylor tree amplitudes [15, 16]

MHV 1+ - - +)y — 4 <Z]>4
An (]‘ 7'~'7Z 7"‘7] ,...,Tl/ )—ZQYM <12><23><7’L4_17,L><nl>7 (251)
A%ﬁ(li,...,7;+7-'-7j+7-"an7>:igYM[ [ZJ]

12][23]---[n—1n][n1]’

which are usually referred to as Maximally Helicity Violating (MHV) amplitudes. For
n > 3 complexification of momenta is no longer required, also the vanishing of all
the angle or square brackets respectively does not hold any more. The proof of equa-
tion (2.51) can be achieved inductively using either the Berends-Giele off-shell recursion
or the BCFW on-shell recursion, see for example [121,122]. It is important to stress
that (2.51) is not the complete n-gluon amplitude, not even once the appropriate colour
factors are restored and multiplied to the kinematic part, it is just one of the many
colour-ordered sub-amplitudes constituting the complete result. Colour ordering is an
extremely powerfull property of Yang-Mills theory which allows to rewrite gluon tree-
level amplitudes as a sum of terms each of which is constituted by a kinematic part
and a colour part where the order of the gluons is fixed. Each term is gauge invariant
on its own, and only a minimal number of colour ordered sub-amplitudes needs to be
computed so that the full set can be recovered from symmetry relations and relabelling.
We will not discuss colour ordering in further detail here since for the greater part of
this thesis we are interested in gravity theories, where colour-ordering is not needed,
and Effective Field Theories of the Standard Model, where colour-ordering does not

apply. For a review of the topic we refer the reader for example to [120].

The takeaway message of this Section is that once the particle content of a (local
and Lorentz-invariant) theory is specified, little-group scaling combined with mass-
dimension analysis is sufficient to completely determine the on-shell three-point ampli-
tudes of the theory thanks to (2.46), as first shown in [128]. This fact is immensely

powerfull since we will see how the combination of these simple seeds with unitarity en-
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n

Figure 2.1: Graphical representation of the Berends-Giele current. The leg p is off-shell, and
has been obtained by stripping off a polarization vector from the amplitude and attaching an
appropriate propagator to it, while legs from one to n are on-shell.

sures a completely consistent theory without need of a Lagrangian, see Chapter 3, and
also how higher multiplicity interactions follow from the three point ones, for example
through BCFW as described in Section 2.4 or more generally through the algorithm
described in chapter 3.

2.3 An off-shell recursion: Berends-Giele

Before discussing how to compute higher-multiplicity amplitudes from on-shell lower-
point seeds, we take a step back and try to understand why it is convenient to do so in

the first place.

For the sake of simplicity let us stick with the Yang-Mills theory we already used
as an example, and assume we want to get the n-gluon amplitude through a standard
Feynman diagram calculation. This computation for n = 4 requires only four diagrams,
for n = 6 it already becomes 220 and for n = 10 the number of diagrams is of order
107 [14]. The sheer combinatoric scale of the problem makes the Feynman diagrammatic
approach more and more unappealing the higher the multiplicity, and clearly also the
higher the loop-order which is affected by the same limitations. A very simple approach
to this combinatorial problem, which does not bypass its limitations but rather allows
to systematically account for all the different diagrams entering the calculation, is the
Berends-Giele recursion relation [129] which generates tree-level amplitudes recursively

in the number of external legs.

First of all one has to introduce an auxiliary quantity with one leg off-shell, a current
which we will denote J#(1,...,n), see figure figure 2.1. The current J* is the sum
of color-ordered n + 1-point tree-level Feynman graphs, where legs 1,...,n are on-
shell gluons and leg p is off-shell, also an off-shell propagator carrying momentum
Pﬁn = (p1 + ... + pn)? attached to the uncontracted p leg is defined to be included
in the current. Notice that since J* is an off-shell quantity it is gauge-dependent, for
example it depends on the reference momenta chosen for the polarization vectors, and

consequently it must be kept fixed until an on-shell result has been extracted.

The Berends-Giele current can be shown to satisfy the following identities [120]:
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Figure 2.2: Graphical representation of the Berends-Giele recursion in pure Yang-Mills theory.

e photon decoupling relation

JH1,2,3, - n) 4+ JH2,1,3, ) 4 JH(2,3,---,n,1) =0, (2.52)

o reflection identity

JH(1,2,--- ,n) = (=1)" T gk (n, - ,2,1), (2.53)

e current conservation

P Ju(1, ) =0. (2.54)

At this point the recursion relation is easily established. Since we are considering only
gluon interactions at tree-level, if we follow the off-shell line p back inside the graph
there are only two possible scenarios, either we encounter a three-point or a four-point
gluon vertex. Attached to these vertices there will be subgraphs with exactly the same
form as the initial J#* we constructed, but with a lower number of on-shell legs, see
figure 2.2. Thus the n-point amplitude will be expressible in terms of a sum over all

the possible lower-point currents contracted with the three and four-point vertex:

. n—1
JM(L... >n):P;{ZV3WPJV(L”' ,i)Jp(i+1,--' ,n)

1nti=2

—2 n—1
30N V()P L )T L m) |, (2.55)
i=2 j=i+1

where P, = >i";p; and the V; are the color-ordered gluon self-interactions equa-

tion (2.56) and (2.57):

VEP(P,Q) = —= (" (P — Q)" + 2n'Q” — 21/ P*) (2.56)

V2
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Vi = %(277“”77”" — 0P — Ty P) (2.57)

The recursion terminates when only currents of the form J#(i), i € {1,--- ,n} are left,

which can be easily identified as the polarization vectors
JH(i) = e (pi, ai) - (2.58)

Finally in order to get the A, 11 partial amplitude associated to J* one first amputates
the off-shell propagator, then contracts with the appropriate polarization vector and
takes the limit Pf}n = p2,; — 0. If we are not dealing with Yang-Mills theory, Berends-
Giele can still be applied by knowing all the particle vertex interactions and then

appropriately generalising the summation in (2.55).

From the perspective of finding the analytic expression of an amplitude, Berends-Giele
is not the most effective method for two reasons. Assuming the calculation one is tack-
ling goes beyond what can be achieved with pen and paper, computational software
like Mathematica could have a hard time dealing with fully analytic input of the size
of the one generated by the recursion: it is very likely that both the generation of the
amplitude as well as any computation involving it will be very slow due to its size. The
second reason is tightly related to the latter problem, the expression of the generated
amplitude might present itself in a complicated form which upon use of appropriate
identities like momentum conservation reduces to something much simpler. But the
simplification process in itself is not trivial at all, so even when Berends-Giele success-
fully returns an analytic amplitude it might not give any particular insight at all due to
its overcomplicated form. On the other hand, this recursion is extremely effective for
numeric evaluations of amplitudes. Given a numerical kinematic for the external parti-
cles, meaning a set of conserved on-shell momenta and a numeric reference momentum,
all the JI', namely the polarisations, can be easily generated and from there every step
of the recursion is just a simple set of four numbers?, which translates in a very fast
computation. From the perspective of getting an analytic form of the amplitude this
might not seem very useful, but on the contrary in recent years many cutting edge
(loop-level) results were obtained through reconstructing analytic expressions from nu-
meric evaluations, consider [130-137] just to mention a few. These results rely heavily
on the use of so called finite fields to perform fast numeric evaluations but at the same
time avoiding precision loss typical of floating point numbers. Finite fields represent a
key ingredient also in the algorithm presented in Chapter 3 and will be further discussed

in Section 3.4.

9In this context the recursion is best performed bottom-up rather than top-down.
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2.4 BCFW-like recursions

In this Section we discuss how to compute amplitudes from on-shell lower-point infor-
mation through the Britto-Cachazo-Feng-Witten (BCFW) [12,13,138] recursion as well
as related methods which we call BCFW-like. Once again we focus on Yang-Mills the-
ory for simplicity, but at the end of the section we will dive deeper into generaisations

to other theories, since this a critical aspect of the method.

The idea behind the recursion is to exploit the knowledge about the pole structure of
tree level scattering amplitudes, in combination with a complex shift of the external
kinematics p; — p;(z) for some momenta i and z € C. This shift associates to the tree
amplitude A an auxiliary holomorphic function A(z), which is a rational function of
z and only presents simple poles coming from intermediate propagators going onshell.
As we will now see, the residues at these poles are products of lower-point onshell
amplitudes, allowing thus a recursive calculation until the seed of the recursion is

reached, i.e. until we are left with only three-point amplitudes.

The shift of the external kinematics is most conveniently performed at the level of

spinors, in particular we choose the following shift convention:

A A

p=lo. i =il + =), 250
1) = 15) — 2 i) 1= 141,
which in terms of the momenta reads
~ Z,. . ~ zZ ., .
pi = pi + S (iog], D =pj — (iog]. (2.60)

2 2

Notice that since p; +p; = p; +pj, momentum conservation is still satisfied, furthermore
the property (io*j](io,j] = 0 will be crucial in ensuring that only simple poles appear

in the auxiliary function A(z). Consider then the quantity

1 1A(z)dz
o 72 ) (Z) (2.61)
where Cp is a circle in the complex z plane centred at the origin and of radius R, see
figure 2.3. As we take the limit of R — oo we have that equation (2.61) evaluates to the
sum of all the residues of the integrand on the complex plane, including the residue at
infinity. For the time being we assume the latter residue to be zero, in other words we
assume that the falloff of A(z) at infinity is at least as fast as 1/z, condition which will
be discussed in more detail towards the end of the section. Obviously, by construction

one of the residues at finite values of z is found at z = 0, which can be immediately
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E3

Cr

Figure 2.3: The complex z plane on which the function @ is defined. The residue associated

to the pole in the origin corresponds to the physical tree-level amplitude we want to compute,
while red dots represent other poles at finite values of z. Complex analysis ensures that the
sum over all the residues in the complex plane vanishes, thus we can re-express the physical
amplitude as a sum over all the residues z, plus the residue at infinity.

recognized as the physical tree-level amplitude we want to compute. Thus, we can write

iA(z = 0) = Res,— ZAZ(Z) = — Z Res,—.,, ZAZ(Z) , (2.62)
poles «

where the values z, are all finite and are fixed by the poles of A(z), which can only
arise from vanishing propagators, or in other words intermediate states going on-shell.
In particular, since only propagators featuring a dependence on z can lead to poles,
one has to consider all the possible partitions of the external momenta of the type
represented in figure 2.4, where the tree diagram is split into two subdiagrams Ar(z)
and Apg(z) each containing one of the shifted complex momenta p;, p;. The value of z
for which the propagator carrying momentum Q(z) =pa+...+Dj+ ...+ pp diverges

can be computed to be

Q2
Zab = - i) (2.63)
(1|QlJ]
with Q = Q(O), and the associated residue is given by
1A . MNaf .
Res,—.,, zz(z) = 1A7 (zap) ng Z.A%(Zab) (2.64)
where we used the fact that

— 1 1
lim ZF (2.65)

Z—Zab z Q2(2) Q

In equation (2.64), A$ and A% are on-shell tree-level amplitudes but stripped of a

polarization vector. To recover the complete amplitudes recall the completeness relation
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Figure 2.4: Graphic representation of one of the terms in the BCFW recursion. Poles at finite
values of z can only come from internal propagators going on-shell, which in turn leads to a
factorization into lower point on-shell amplitudes, which can then be recursively computed.

for polarization vectors

QM+ ¢Qr

: 2.66
70 (2.66)

—n = €L(Q,9)e2(Q, q) + €£(Q, 9)€1(Q, q)
where ¢ is an arbitrary reference vector and Q = Q(zab). Notice that due to the Ward
identity the last term in equation (2.66) vanishes when dotted into Ay, or Ar. We get

then to the final expression for the physical tree-level amplitude

1

@A(Q:F(Za,b)? Q. .., b) 5 (267)

Az=0)=Y [A(b+ Leea=1,0%(2a4))

a,b

which is written in terms of lower-point on-shell tree amplitudes. These can be again
computed in a similar fashion establishing the recursion and concluding the derivation.
Notice how unitarity explicitly enters the derivation through the completeness relation
(2.66).

As already mentioned, an important feature in establishing the recursion is the vanish-
ing of the residue at infinity, which requires a sufficiently fast falloff of the holomorphic
function A(z). The behaviour of A(z) at large z not only depends on the theory one is
considering, but it turns out to depend also on the polarizations of the particles whose
momenta have been shifted. For a detailed discussion of the topic we refer the inter-
ested reader to [139], where BCFW shifts of various theories are studied, and among
others Yang-Mills and General Relativity in D > 4 dimensions. It can be shown that
in the pure Yang-Mills case that we are considering, using the shift convention in equa-
tion (2.59), the worst possible falloff in relation to the polarizations of the particles i,
j is given by
(i, 5) ++) (=) (=+) (+-)
A(z — 00) ~ ! ! 1 3
z z z

(2.68)
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which implies that for any given helicity configuration of the external particles there is
always a suitable shift allowing to construct the amplitude through the BCFW recur-
sion. An interesting example where the residue at infinity is non-vanishing is the A¢*
theory, nonetheless it can be shown that tree-level amplitudes can still be computed
recursively [121]. In fact, the interaction of the theory is so simple that the residue
at infinity can be itself computed (also recursively), thus completely determining the

n-point amplitude from the four-point interaction which is the seed of the recursion.

The BCFW recursion is certainly powerful and versatile, consider that it can be ap-
plied to supersymmetric theories [140-143], string theory [144,145], theories involving
massive particles [146-151] and theories in higher dimensions [152,115], however it also
comes with limitations, an example being its applicability to the Standard Model and
Effective Field Theories. In order to make BCFW viable one needs to always make
sure the residue at infinity vanishes, which is often not a trivial requirement.

Extensions of the BCFW recursion allow for applicability to a wider range of theories by
shifting a larger number of external legs which then results in a better behaviour of @
at infinity and thus the vanishing of the residue at z — oo. The common foundation of
these generalisations are (see for example [121]) that, given a set of conserved on-shell
momenta {p;}i—=1,.., and defining a set of complex valued vectors {¢; }i=1,..n, some of

which possibly vanishing, which satisfy
* 24 =0
e gi-qgj=0foralli,j=1,...,n

e pi-qi=0

One can define a new set of shifted momenta p; = p; + zq; with z € C. It is easy
to see that these new momenta still satisfy momentum conservation as well as p? =
0, and furthermore propagators involving combinations of these momenta will have
denominators which are at most linear in z, which is a crucial property to ensure all
poles of the amplitude are simple poles. BCFW is then just a particular case which
can be obtained for example by setting ¢ = (lon], g, = —(1on| and ¢ = 0 for
k=2,...,n— 1. The simplest generalisation is to shift three external momenta, this
can be done neatly through the so called Risager shift, which takes advantage of the
Schouten identity (2.13) by setting

g =G k)ionl, g =kiGon, a =@ kon], (2.69)
with 1 some reference spinor, so that

ri+rj+re= (k)@ + (ki){j|+ (i) {k])on] =0. (2.70)
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This shift allowed to establish a direct proof of the CSW rules [153] previously con-
jectured in [154]. Another common shifting scheme is the all-line shift where all the
external momenta are shifted, in particular it is convenient to do so by acting once
again directly at the level of the spinors. We define the anti-holomorphic shift (or
equivalently the holomorphic shift where the roles of the angle and square brackets are

swapped) to be given by
i) = (i) = |i] + zwi ], i) = i), (2.71)

with the w; satisfying Y, w;|i) = 0 and |n] being once again an arbitrary reference
spinor. It can be shown [155] under very general assumptions that with such a shift

one has

A, (z) = 2° (or better) as z — oo, with 2s =4 —n — ¢ — Z hi , (2.72)
i
where n is the number of external legs, ¢ is the mass-dimension of the coupling and
h; are the helicities of the external states. This condition ensures the vanishing of
the residue at infinity for a wide class of theories, which also includes EFTs [156—
158]. This wider applicability compared to BCFW comes however at the price of
introducing an arbitrary reference spinor |]. At the end of the calculation the result
will usually depend explicitly on such spinor despite actually being independent from it
(independence can easily be verified through the generation of numerical kinematics),
which means that ideally one needs to massage the result until the spinor dependence
drops out. Clearly this is in general not a trivial task, even more so if it needs to be
automated through some computer software. In the next chapter we will discuss an
algorithm for the computation of tree-level amplitudes which has at the same time a

wide spectrum of applicability but is free of the issues affecting BCFW-like recursions.
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Chapter 3

On-shell bootstrapping of

tree-level amplitudes

The computation of tree-level scattering amplitudes is a rather ubiquitous task in high-
energy physics since it often represents either the starting point or a stepping stone for a
variety of different calculations. Considering that state of the art results range from two-
loop five parton interactions in QCD (see for example [133-135,159]) to eight-loop three-
point form factors in NV = 4 supersymmetric Yang-Mills [160], it would be only natural
to consider tree-level a solved problem, which indeed it is. However only in principle: in
practice the computation of trees within certain theories or at high multiplicities might
still prove challenging. Clearly there are no conceptual obstructions to the computation
of tree-amplitudes: given the Lagrangian of the theory one might be content with
computing the Feynman rules, feed them into a computer along with an algorithm to
do the combinatorics and wait for the result. There are however a few issues with this
approach, which make it usually suited at most for numerical evaluations or verification
purposes. First, one has to build an algorithm which appropriately takes care of all
the possible contractions of the Feyman rules leading to a complete sum of all the
diagrams contributing to the process of interest. An example of such an algorithm is the
Berends-Giele recursion which we presented in Section 2.3, which thanks to its recursive
nature allows to recycle information and lessen the problem of factorial complexity
of the calculations. Nevertheless, the combinatorics might be still involved enough
for results to require minutes or even hours to be obtained with the final expression
being in an unwieldy form due to its sheer size, so much so that further processing
can become difficult. A more effective technique is represented by the BCEFW-like
recursion relations, see Section 2.4, which make use of a complex-parameter shift of
the kinematics and use on-shell data at every stage of the calculation. These on-shell
expressions are typically more compact and furthermore the involved combinatorics is

easier, making on-shell recursions very well suited for the task. On the other hand, these
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techniques are not guaranteed to work for any theory, in fact the shifted quantities need
to be sufficiently well-behaved at infinity (along particular directions in the complex
plane). This is typically the case for most theories once an appropriate complex shift
is chosen, however often it comes at the price of introducing some sort of reference
spinor/momentum which might be hard to get rid of, and thus appear in the final
expression despite being completely arbitrary and physically inconsequential. Another
slight disadvantage of these sort of recursions is that often the final expressions depend
on spurious poles, which obscure the physics of the process while being removed through

the use of spinorial identities and momentum conservation.

In this section we are going to present an algorithm developed in [5] for the on-shell
construction of scattering amplitudes in a generic EFT. This algorithm enjoys the ad-
vantages of using only on-shell intermediate quantities typical of BCFW-like recursions
without suffering from the issues related to large-z behaviour or appearance of reference
spinors in the final results. Furthermore, results are directly computed in a compact
form which only presents physical poles in the Mandelstam invariants, and are thus
well suited for unitarity applications. It is important to stress that, to the best of our
knowledge, this procedure for constructing amplitudes is the first to boast all of the
above mentioned advantages at the same time. In practical terms, its recursive nature
makes it extremely implementation-friendly, with various aspects being also suitable for
parallelization. Furthermore, its applicability to essentially any theory combined with
the absence of any sort of unphysical reference momentum in the final results, makes
it ideal for any application requiring the computation of analytic tree-level amplitudes,
be it as intermediate steps for unitarity calculations (as done for example in Chapter 4)
or for example as a stepping stone for the study of the analytic properties of a theory
itself.

Before diving into the construction of higher-multiplicity amplitudes, we first summarise
and discuss a series of results from the literature which allow to build the Standard
Model from scratch without the need of ever introducing a Lagrangian or quantum
fields'!. Combining these results with our algorithm and the use of generalised unitarity
allows in principle for a complete on-shell construction of the theory at any multiplicity
and any loop order. The techniques presented in this chapter will provide the tree-level
input required for the computation of the SMEFT anomalous dimension matrix at one

loop discussed in Chapter 4.

1Tt goes without saying that in a wide variety of contexts the Lagrangian perspective provides very
simple and clear insights, so for the sake of clarity we will still make use of it when appropriate.
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3.1 The Standard Model from on-shell techniques

In this section we present a perturbative on-shell construction of the Standard Model,

through the consistency of its S-matrix elements, under the following assumptions:

e The scattering amplitudes are invariant under Poincaré transformations but trans-
form under some representation of the Little Group specified by their particle
content. In four dimensions, under Little Group transformations each massless
state transforms with a phase e*® where h; is the helicity of the i*P-state. These
assumptions make the Spinor Helicity variables the most suited for the description

of scattering amplitudes.

e In natural units, the mass dimension of an n-point scattering amplitude, at any
loop order L?, is

[AP] =1-n. (3.1)

This can be easily seen by writing the amplitude (in an all-outgoing convention)
in terms of the transition matrix 1" defined by S = 1+ ¢T and the single particle
states as (p1 - - - pu|T|0) = (27)*6*(p1 +. . . +pn ). A, where the single particle state

|p) has mass dimension —1 and [6*] = —4.

e Locality: the non-analytic terms of the scattering amplitudes correspond to in-
termediate particles going on-shell. In particular, locality manifests itself in the
analytic expression of an amplitude through the sole appearance of simple poles
in the Mandelstam invariants, corresponding to single-particle exchanges with the
intermediate particle going on-shell. Terms in the amplitude which include higher
order poles in the invariants must thus be expressible as combinations of simple

pole terms in order for locality to hold.

e Unitarity: the discontinuities of the amplitudes are given by a proper sum of
products of lower-point (and lower-loop) amplitudes. In particular, the residues

on the simple poles are given by

; 0)(,h hny _ 0 h hm o h 0 h hm hn,
—i Res AP (" i) = f D A VAR e (P — )
.m SI7hI

(3.2)
where f = (—1)2* with As the respective signature of the fermion ordering be-
tween the LHS and the RHS, s; and h; are the type and the helicity of the
intermediate state propagating®. More concretely, unitarity manifests through

conservation of probability encoded by the completeness relation which schemat-

2In the following, when the number of loops is not specified as superscript, we mean tree-level.
3We adopt the following convention: we indicate with A, (pi‘1 . pfb") an n-point scattering ampli-
tude with all the momenta outgoing and with A, (p"* ... pkm — pfﬁ’f{l ...pl") an n-point amplitude

with m incoming and n — m outgoing states.
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ically reads > |X)(X| = 1, where the sum is over all the physical states of the
theory. It is through insertion of this completeness relation that the right-hand
side of (3.2) comes to be, in the limit where an intermediate virtual particle
exchange goes on-shell exposing the corresponding simple pole (analyticity) cap-

tured by the residue.

Gauge invariance is not assumed a priori. Indeed, it has been proven that the Lie
algebra structures are required by consistent factorisation of the four-point tree-level
amplitude [128]. We will briefly review and extend this considerations to the Standard
Model in Section 3.1.1. Moreover, since we work purely on-shell (in four dimensions)

with spinor helicity variable, there is no need for polarisation tensors or Ward identities.

As we already discussed in some detail in Section 2.2, three-point scattering amplitudes
in the Standard Model can be fixed by symmetry, helicity weight and mass dimension
considerations (up to a constant) [128]. In particular, recall that the kinematic part of

any massless three-point amplitude can be be written as

g(1 2>h1+h2—h3 (2 3>h2+h3—h1 (3 1>h3+h1—h2 Sohy =—1
A(1h1,2h2, 3h3) x v R (3.3)
g [1 2]h1+h2*h3 [2 3]h2+h3*h1 [3 1]h3+h1*h2 Ez hi=1

where for the time being we take the mass dimension of the coupling constant to be zero
[g] = 0. This singles out the renormalizable interactions of the Standard Model from
the non-renormalizable EFT interactions ([g] < 0) as well as the super-renormalizable
ones ([g] > 0) for example of the ¢ theory. Now, choosing the particle content to match
the one of the SM (see Table A.1), building the complete list of all the tree-level three-
point amplitudes reduces to a simple classification task. We list all these structures
in appendix A.2, including flavour and colour structures. In order to correctly fix the
latter we need to make use of unitarity and factorization properties of the four-point

amplitudes, as discussed in the following sections.

3.1.1 Four-point amplitudes from factorisation

All the four-point amplitudes in the Standard Model, but A(H?, H7, H* H'), can be
completely fixed by factorisation. This will be proven in Section 3.3.1 but we assume
it for the moment. Consistency between different factorisation channels at tree-level
for four-point amplitudes then constrains many of the structures in the three-point
amplitude. These constraints fix the (gauge-invariant) structures appearing and impose

relations between couplings.

The constraints imposed by factorisation are completely equivalent to those found when
we construct a consistent gauge-invariant Lagrangian describing a unitary QFT of self-

interacting vector bosons [161] and their minimal coupling to fermions and scalars,
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i.e. the Lie algebra structures and the universality of Yang-Mills coupling (see, for
example, [162]). Moreover, we generalise this argument and find that factorisation
also imposes relations between the hypercharges associate to the minimal coupling of
matter with (non-self-interacting) U (1)-vectors, which are equivalent from a Lagrangian
perspective to the requirement that the Yukawa interactions are U(1)y invariant, i.e.

scattering amplitudes are non zero only for hypercharge-conserving processes.

Jacobi identities from factorisation

In this subsection we review the observations in [128]. We want to bootstrap the
four-gluon amplitude through factorisation by considering as seeds the three-gluon am-

plitudes?

(12)?
(23)(31) °

A ~B ~C\ _ Boa [23]°
A(G, G2, GE) = —on fPN o

(3.4)

where the f4BC have been introduced in order to satisfy Bose-Einstein symmetry: due
fABC — f[ABC]

A(G2,G2,GY) = g3 fAP¢

to the complete antisymmetry of the kinematic part, one needs to have
for the three-point amplitude to be invariant under particle exchanges. The most
generic (slightly redundant) ansatz for the four-point amplitude which is compatible

with locality and unitarity is

ACLGLGLGY _ W10 (0 o) S (o o)

= +
<1 2>2[3 4]2 512 513 514 513 S12 S14 (3 5)
fADEfBCE ( s 6 )
T e sz s

The coeflicients ¢; can be fixed from factorisation using (3.2) which in the 4-point case

reduces to®

—iRes Ay = Az - Az . (3.6)

545=0

Imposing this constraint for all the three distinct channels, we find

fABEfCDE( 4 fACEfBDE63 _ fADEfBCEC5 — _g§ fABEfCDE

CcC1 — 02)
fABEfCDEcl + fACEfBDE(Cg _ 04) _ fADEfBCEc6 _ _g§ fAC’EfBDE . (37)
fABEfCDE02 _ fACEfBDEC4 4 fADEfBCE(C5 _ 66) — _932) fADEfBCE

This linear system in general has no solutions, unless we impose the following quadratic

4The relative minus sign between the so called MHV and MHV amplitudes is fixed by requiring
parity invariance of the theory (at the perturbative level).

SWe remind the reader that when fermions are present in the amplitudes, the RHS of (3.6) might get
a minus sign contribution from fermion reordering and a further factor of —i when crossing a fermion
from initial to final state. This subtlety will be relevant in the computations of the following sections.
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relations among the constants fA5C":
fABEfCDE + fBCEfADE + fCAEfBDE =0 ’ (38)

which can be recognised as the Jacobi identities for the structure constants of a Lie

algebra.

Notice that, even ignoring spin-statistics requirements which led us to introduce the
tensors fABC to begin with, one could still not do without them. In fact, repeating
the above procedure setting all the f to 1 in (3.5) leads to a system without solutions.
In other words, the only consistent way of building a self-interacting theory of spin 1
bosons is by introducing the standard colour factors for the gluons, thus getting Yang-
Mills theory. For further discussion on the topic see [127], where on a similar footing
it is also shown that the only consistent massless spin 2 particles must reproduce the

standard gravity four-point amplitude.

Lie algebras from factorisation

We can apply the same reasoning to scalars and fermions coupled to the non-abelian
spin-1 particles and find that also their minimal coupling is tightly constrained by
locality and unitarity [127]. We consider as an example the four-point amplitude
A(GA,GB, 4 ub). The three-point minimal coupling is fixed by little group and in
principle can take the general form

<1 2>2 Aa []‘ 3]2

AGA, 0% ub) = i gy 7Y AGL % ub) =i g3 749, 73 (3.9)

where, for the moment, 74 4 is some generic matrix encoding the interaction properties
of the fermions u, (u*) and the vector bosons, and we factored out an overall numerical

coefficient. The most general ansatz for the four-point is then

AGL LRI _ [ (o, 0), T (o, )

<13>2[2 3] [2 4] - S12 513 514 513 S12 S14 (3 10)
BAa '
I (05 n C6>
S14 512 513

where 748 4 = rde B % - Again taking the residues and matching with the factorisa-

tion channels as in equation (3.6), we find:

fABCTC’ab (Cl . 02) + 7_ABa,bC3 . 7_BAa,b c5 = igs 93.m fABCTCab
fABC’TC’abC1 + 7_ABab (CS _ C4) _ 7.BAab cg = gg%m,rABab , (311)

fABC’,]_Cab cy — 7_AB ab cq + TBAa ( BAa

_ 2
p\C5 — c6) = 93mT b
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This linear system has solutions if and only if

93m = g3 , (3.12)
TABab - TBAab — ,L'fABCTCQb , (313)

A

i.e. iff the coupling constant of the interaction is universal and the matrices 7% are

representations of the elements of a Lie algebra, with fABC the structure constants.

Charge conservation and Yukawa coupling

Next we generalise the procedure of the previous sections to the minimal coupling of the
abelian vectors with scalars and fermions interacting via Yukawa coupling. Unitarity
and locality will then imply that the hypercharge associated to the minimal coupling
of the matter states to the abelian vector is conserved. The relevant three-point am-

plitudes are

2
'A(B—ué7 6) = ’L'91Ye<<1223>> y (314)
A(B_, L', I7) = i g1 YL.0} <<1223>>2 , (3.15)
A(B_,H', H) = i91YH5g<1<22>§;1> , (3.16)
ALY e, H) =i Y®§i[12] (3.17)

where Y is the hypercharge associated to the ¢-th STtate, and Y is the Yukawa coupling
matrix for the electron family, with Y& = (y<3>) . The most generic ansatz consistent

with locality and unitarity is

( [7J )
A(B—7L 767H ) _ z( C1 + C2 C3 ) : (318)

<12><13>[23]2 J 512513 512514 513514

and probing the three different factorisation channels we find the system:

o —c=—g YV
e —e3 =+ YOV, (3.19)
co—c3 =+ YPVy

which has solutions if and only if we impose the hypercharge conserving condition:

Yo=Yy -Y.. (3.20)
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Analogously, one can also find the charge conservation conditions for the processes

involving quarks, instead of leptons:

Yo=Yy—Yy, (3.21)
Yo=-Yy-Y,. (3.22)

It is interesting to stress that there are further relations on the hyper charges in the
Standard Model, namely those coming from anomaly cancellation conditions at loop-
level. In Section 4.2 we will show how to reproduce these conditions using generalised

unitarity in four dimensions.

3.2 The on-shell classification of SMEFT operators

In this section we are going to extend the on-shell methods to the classification of effec-
tive interactions [56,60,63] in the SMEFT [57-59,61], corresponding in the Lagrangian
formalism to insertions of marginal operators [163—-166]. First we are going to classify
all the independent kinematic structures in a generic theory in four dimensions intro-
ducing an algorithm in terms of graphs [5] and then we will consider the specific case

of the Standard Model, combining these with the colour structures®.

3.2.1 Kinematic structures from spinor helicity variables

Each effective interaction will be identified by its minimal amplitude, this is an ampli-
tude which does not vanish in free theory (if we switch off all the other interactions),
crucially it contains no poles because it includes no particle exchanges”. In other words,
classification of the effective interactions will be achieved by classifying contact terms,
namely interactions where there are no intermediate modes propagating, which in prac-
tical terms means that we need only to considers those structures involving positive

powers of the angle and square spinor brackets.

As a first step in the classification procedure, we fix the mass-dimension [O] of the
operators for which we want to find a complete basis. From the minimal amplitudes
we strip off the coupling of the effective interaction, which is related to the dimension

of the corresponding marginal operator by

lgo] = 4 - [0] . (3.23)

5The approach presented in this section has been coded in Mathematica [119], the code and an
example notebook are available at the link https://github.com/StefanoDeAngelis/SMEFT-operators.

“From a Lagrangian perspective, it is simply the amplitude obtained by fully contracting a vertex-
interaction Feynman rule with the appropriate external states.
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What we are looking for are the kinematic structures which have mass dimension
[O]-n=>0, (3.24)

where n is the number of external legs in the corresponding minimal amplitude. Equa-
tion (3.24) provides a constraint on n which can be further refined by taking into
account which types of particles are found in the amplitudes. In fact, in order to
get helicity weights right, each vector in the minimal amplitude will contribute at least
with two spinor variables and each fermion at least with one. This leads to the stronger

constraint®

[(’)]—nZQx%xng—i—%xnf = 2ng+;nf—|—ns§[(’)], (3.25)
where ng, ny and ng are respectively the number of vectors, fermions and scalars and
clearly n = ng+ny+ns. Next, we need to take into account the constraints coming from
the condition that our kinematic structures must be SL(2,C) invariant. This requires
to further distinguish between helicities of the different particles, and to find all the
(Ng— Mgt M= N, ns)? compatible with the constraint (3.25). Once ng, ns and n, are
fixed, we take into account that every state can contribute to the kinematic structures
with powers of its momentum, which correspond to derivates in the operator language.
The total number of momenta ng is fixed by saturating the mass dimension constraint
to

ng = [0O] — 2ny — ;nf —ng . (3.26)

A simple way of finding all the possible structures is to identify them with an oriented
multigraph, where each vertex is associated to a particle, and the edges correspond
to angle (red) or square (blue) SL(2,C) invariants. The orientation of the edges then
keeps track of the ordering of particles in the brackets and thus provides potential

minus signs.

The valence of each vertex is given by two natural numbers v* = (v%,v%) such that
vl — vl = 2h; is the helicity of the i*! particle (see, for example, Figure 3.1). Finally,
for reasons which will become clear in the next section, we consider a circular embedding
for our graphs, in other words we take all the nodes to be ordered points on a circle.
This method has proven to be a computationally efficient way of finding a basis of
independent structures up to Schouten and momentum conservation identities. Notice
that the former act separately on angle and square invariants, while the latter mixes
the two structures. In the following sections we are going to show how to deal with

these identities in terms of above mentioned multigraphs.

8This condition is not only necessary but also sufficient for having local interactions.
9The superscript of the subscript specify the helicity of the particles: n, = ng— +ng+ and ny =
Ne— + Nt
f f
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Figure 3.1: The graph associate to the kinematic structures (12)?(14)(32)[23][13]?[31] and
(13)(14)(25)[23][3 4] respectively.

1 2 1 2 1 2

b4

b 1 o<

4 3 4 3 4 3

Figure 3.2: Schouten identities are equivalent to untying crossings for both the two graphs in
the multigraph: (13)(24) = (14)(23) + (12)(34).

Schouten identities

We recall that the Schouten identities for angle and square brackets for four spinors
labelled 1,2,3,4 can be written as

(12)(34) + (23)(14) + (31)(24) =0, (3.27)

[12][34] + [23][14] +[31][24] =0.
Thinking of the kinematic structures in terms of graphs, specifically using the already
mentioned circular embedding, one way of implementing (3.27) is by untying crossing
edges as shown in Figure 3.2. In a generic graph, this can be applied recursively until,
after a finite number of steps, we end up with graphs which do not have any crossing. It
is then clear that a basis of kinematic structures which are independent under Schouten

identities can be obtained by building a basis of planar graphs only.

Momentum conservation

In general, it is often the case that the number of momenta in the n-point amplitude
(or equivalently derivatives in the interaction) we consider is ng > 0. Each momentum
in the amplitude can be assigned to any of the n particles, and doing so increases
the valence of the corresponding vertex by (1,1). On the other hand, looking at a
given vertex in a graph representing the kinematics of an interaction, the number

of momenta associated to the considered vertex is min{v},v.}, where we remind the
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reader that the difference in v¢ — v! gives the helicity of the particle. When building
a base, it is then important to take into account how momentum conservation relates
different kinematic structures, and once again this can be done at the level of the graphs.
First of all, when enumerating all the possible basis elements we simply remove those
containing the momentum of the n*'-particle, which we choose as the redundant one,

VI"ITHL", I}L"'T_h") This is not sufficient

the n*P-vertex thus having valence of exactly (
however to completely remove redundancies coming from momentum conservation, in
fact writing [n)[n| = — 37, |7)[j| and contracting both sides of the equality with |n](i|

and |i](n| respectively we get

3
L

(ij)in] hn>0

—

(3.28)

3o

(nj)ljil hn <0

J

Il
—

where we took into account antisymmetry of the spinor brackets'®, and contracting

instead with |4] (i
n—2 n—1

> > sij=0. (3.29)

i=1 j=i+1
Both the equations in (3.28) are valid identities independently of the helicity of the
n-th particle, however only one of them will actually appear in the expressions and

needs thus to be accounted for. Some observations are in order:

e The Schouten identities do not change the valences of vertices in the multigraph,

so they do not change the number of momenta associated to each vertex.

o Since we want a basis of planar graphs, we solve all but one of the (3.28) for one
of the momenta which maximises the number of planar multigraphs, the natural
choice being either p; or p,,— (a different choice would give an over-counting of the
independent structures). The considered identities are then taken into account by
simply discarding all the structures involving (in—1)[n—1n] or (nn—1)[n — 11

according to the helicity of the n't-particle (or equivalently (i 1)[1n]/(n 1)[14]).

o Among (3.28), there is one relation which does not involve neither p,, nor p,_;.
This is taken into account by discarding those structures where (n—11)[1n]/(n1)[1n—
1] appears (or (1n —1)[n — 1n]/{(nn — 1)[n — 11]).

 Finally, the constraint (3.29) forces us to discard the terms proportional to s1,—1.

This algorithm classifies efficiently all the SL(2, C)-invariant structures which are poly-
nomial in the spinor variables with fixed mass dimension and helicity configuration,

associated to each (ng—,ng+, np—,n f+,ns). It also provides a very simple way of writ-

O0r equivalently the Dirac equation in its form p, aa X% =0 =AY Praa-
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ing the dependent structures as linear combinations of the independent ones. We also
notice that this algorithm can be applied beyond gauge theories and in fact we make use

of a simplified version of it for the classification of the R* interactions in Section 5.2.3.

3.2.2 The classification of SMEFT interactions

The classification of the helicity structures is completely theory-independent and is
indeed not limited to gauge theories, but can be applied to effective field theories
of gravity, with (massive and spinning) matter as well, see [167]. Information about
the Standard Model enters only in the SU(3) x SU(2) x U(1) (invariant) structures

associated to the chosen set of particles.

The gauge group structures

The classification of the invariant structures of the gauge groups can be worked out

using standard group theory techniques. In particular

e U(1): toeach (n,—,ng+,np-,ns+,ng) structure we associate all the possible com-

binations of Standard Model states for which the total hypercharge is zero.

o SU(2): we notice that the algorithm presented in the previous section can be
generalised to the case of SU(2) invariants with a single graph associated to the
invariants. Each oriented edge from the n'® to the m™ vertices corresponds to an
e'n'm tensors and the valence of each vertex v; is fixed by the representation of the
ith-particle, labelled by its dimension v; + 1. The indices associated to the same
vertex must be taken as completely symmetric. In the case of the SU(2) group
there is no analogous of momentum conservation, so the independent structures

can be taken to be in one-to-one correspondence with planar graphs.

o SU(3): the SU(N) invariants have been widely studied both in the mathemat-
ics and in the physics literature (see, for example [168-170]), and our related
algorithms are just implementations of the standard techniques, in particular we
adopt the standard Littlewood-Richardson rule [171,172] as suggested in [64,65].

Once the kinematic structures associated to (ny—,ng+,ns-,ns+,ns) have been gener-
ated and a compatible set of gauge singlets was found, we combine all the invariants
in order to find a basis of independent structures enclosing information about both the
kinematics and the colour. If no identical fields are present, these structures coincide
with the minimal amplitudes, else one needs to impose Bose-Einstein and Dirac-Fermi

statistics as explained in the next section.
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Repeated fields and Young projectors

In general the minimal amplitudes we consider can involve identical states, for [go] =
—2 two simple examples are the amplitudes for (G, G, G") or (Q, Q,u,d). The treat-
ment of this subtlety has been systematically taken into account in [64,173]. Starting
from their classification, we take a slightly different approach, since we deal with min-
imal amplitudes and not with operators. We distinguish between identical bosons and
fermions at the level of the minimal amplitude and impose Bose-Einstein statistic on
the former and Dirac-Fermi statistic on the latter. In practice, we consider all the
previously classified independent structures and we act on them with a proper Young

projector over the labels of the identical states:

e in the case of n identical bosons we act on the structures with the symmetriser

projector

1 n!
V=727 (3.30)
=1

where p; are all the permutations of the n labels associated to the identical bosons.

¢ in the case of n identical fermions we act on the structures with the total anti-

symmetriser projector
1 n!
Yom= o Z Si Di (3.31)
=1
where s; is the signature of the permutations p;.

Once, we apply the Young projectors to the independent minimal amplitudes, we will
end up with a sum over terms which will not necessarily belong to the basis of indepen-
dent structures chosen. In order to find the minimal amplitudes, we need to re-write
these symmetrised amplitudes in terms of elements of our structure basis and check if
they are linearly independent from each other (which in general will not be the case,

some structures will even be automatically zero after projection).

A further subtlety arises in the case of the Standard Model, due to the flavour of
fermions: to each particle we can associate a further SU(Ny) index, where Ny is the
number of flavours. The independent minimal amplitudes can then be classified in
terms of inequivalent irreducible representations of SU(Ny), which are in one-to-one
correspondence with the irreducible representations of the symmetric group S,,, where
n is the number of identical fermions in the same family. For example, for dimension

6 operators we can consider the barion number violating effective interactions with
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(Q,Q,Q,L) (n=3). Then we have a basis of four independent structures:

10203 ghia ¢izis (1 9y (3 4) | (3.32)
€910203 ¢z isia (1 9 (3 4) | (3.33)
€10203 i gi2ia (1 4) (2 3) (3.34)
10203 cinia gisia (1 4) (2 3) (3.35)

There are three inequivalent representations of S3, corresponding to the Young diagrams

[, EP and []. Then we can act on the independent structure with the projectors
associated to the standard Young tableaux [I12[3], , 1 There is a unique linearly

independent structure associated to each irreducible representation:

Clilitatamg Vg o €20 (12)(34) (3.36)
Cliintzitma Ym0 e e (12)(34) (3.37)
CHLLILI - Vi o et1020 i iaia (12)(34) | (3.38)

where C@f,ln}Qms,mAI is a Wilson coefficient tensor associated to each effective minimal
amplitude, with 7 being the integer partition corresponding to the Young diagram for
the @ fields. Notice that Dirac-Fermi statistics forces the Wilson coefficient tensor to

have the “opposite” symmetry properties with respect to the Young tableau associ-

i XD N E N o8 o2} 2141

ated to the projector: e.g. Cymimams,ms = (mymamsg)mq> Cmimams,ma [ malms,ma?

0{271}7{1} — 0 and C{lvlvl}v{l} — C{lvlrl}v{l}

(mamams],ma mimams,ma = Ol moma] my- The number of independent op-

erators for this specific case is!? (Ny+2) (éfo)Nf, (Nfﬂ)]\gf W=D ang N (foé) (Ny=2)

for each tensor respectively.

3.3 Bootstrapping the tree-level amplitudes

In the amplitudes literature, the computation of higher-point tree-level amplitudes from
on-shell data is usually performed through BCFW recursion relations [12,13,174], or
its generalisations [153, 155,157,175, 176]. These recursion relations are particularly
well-suited for the computation of amplitudes involving vector bosons and gravitons,
for which the BCFW (2-line) shift gives rather compact results summing over a small
subset of the actual factorisation channels. The most general criteria for the shifted

amplitude to be well-behaved in the z — oo limit are given in [156]: all renormaliz-

" The fourth standard tableau would not give an independent minimal amplitude, because it

could be obtained from the second one by relabelling: y =(23)o y 0(23), where (2 3) is the

permutation of the labels 2 and 3.
12The counting can be performed using the Hook Content Formula.
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able theories are shown to be 5-line constructible and, in particular, theories involving
fermions and scalars charged under a U(1) are 3-line constructible, as in the case of the
Standard Model. Moreover, non-renormalizable amplitudes with no-derivative opera-
tor insertions are on-shell constructible, but it is not generally true for operators with
derivatives. Finally, n-line shifts with n > 3 give rather cumbersome results and in no

case locality is manifest in the final amplitude.

In this section we present an alternative approach to the above mentioned recursion
relations, which is completely general in the type of interactions one can consider and at
the same is entirely on-shell. The general strategy has been outlined in the Section 3.1,
and in the following section we are going to argue that in our framework any effective
field theory is fully on-shell constructible from unitarity and locality. In particular, the

singularity structure will be manifest in the final result.

3.3.1 Higher-point amplitudes in the SM

The procedure can be roughly divided into two parts: the construction of an ansatz
and a matching procedure on the single-particle cuts to fix the free-parameters, which
we perform numerically over finite fields to speed up the computation.

Constructing an ansatz

A generic tree-level amplitude can be schematically written as

ay--an
7h nHy'tn p— A" rln
An(pi"™, . pimhn) = Z%Cljk-/\/;jk + P, (3.39)
i7j7k ¢
where p?“hi represents a generic state with helicity h; and gauge-group index a;. The

tensors Cg}"'“" are the gauge-group invariant structure of the amplitude, whereas D;
and N j are kinematic denominators and numerators respectively, where the latter
carry the dependence on the helicity structure. The ¢; ;; are rational coefficients as-
sociated to the different helicity structures N; ;. Finally, the P % are terms with
polynomial dependence in the kinematic variables, in other words contact terms, which
vanish whenever we probe any factorisation channel. We will show that in our frame-
work the contact terms are irrelevant and the tree-level amplitudes are fully determined

by lower-point amplitudes from factorisation.

First we motivate this assumption for renormalizable theories through a simple di-
mensional analysis consideration: due to (3.1), for n > 4 we have [A,] < 0. More-
over, all the couplings in the SM are dimensionless, we are considering only massless
states (there are no dimension-full parameters in the amplitude), and by construction
[Paran] > (. These considerations imply necessarily that for renormalizable massless

theories for n > 4 P% % = ( and every term in the amplitude must posses some
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kinematic denominators D;. This means that the amplitudes can be fully determined

from factorisation, through a recursive procedure described below in this section.

This argument is somehow subtle for n = 4, because it is possible to build terms of
mass dimension zero which are ratios of spinor variables but vanish on any cut. An
example of such a structure for the all-plus four-gluon amplitudes is

[12%[34]> _ [13°[24]* _ [14]*[23]?

= = , (3.40)
5%2 3%3 3%4

whose residue is zero on any of the three invariants si2, s13 and s14. These structures
do not introduce any correction to the factorisation channels of four-point amplitudes
(i.e. they are polynomial in the kinematic variables). We can however discard such

1'% and instead appear

contact terms at four points, in fact they are absent at tree-leve
as one-loop finite rational terms [110,177-181, 114, 1] and can be computed through

d-dimensional generalised unitarity techniques.

The only contact term exception is the four-scalar contact term corresponding in the
Lagrangian formalism to the A\¢* interaction, which in the case of the four-scalar am-

plitude we will add to the factorisable part as

Ag(HM = HP ) = = (gf YA 0367 + g3 0’5, o' 1,) % —AGEGE+ (345 4)

(3.41)
where one can easily see that the kinematic dependence is trivial and not captured
by factorization. We stress that for n > 4 non-singular terms such as (3.40) cannot
appear: this can be easily seen focusing on real kinematics and by dimensional anal-
ysis considerations, which tell us that there must be a singularity for renormalizable

amplitudes with more than four external particles.

The argument presented so far for the SM cannot be generalised to the case of scattering

amplitudes with insertions of effective interactions. Let us introduce the notation
h
Fai(Py" s pir™) (3.42)

for the effective amplitudes, which encodes the number of external states n, the mass
dimension of the operator d, and a label 7 for the minimal interactions when multiple
ones are present, if no confusion can arise we use the operator itself instead of the label 7.
So consider for example the six-scalar amplitude with an insertion of a 9?¢* interaction,
in the above notation we call it Fg g g244. There is no argument allowing us to discard
a ¢5-like contact term contribution arising in the calculation of this amplitude. On the

other hand, any physical process involving six external scalars will receive a contribution

BFor example, we know that such terms can never be generated by any local Lagrangian interaction
at tree-level.
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from both the Fg g g241 as well as F 6 46 (when these are both included in the theory),
where the latter is the contact interaction due to the operator ¢ itself. This means that,
physically the two contact term contributions cannot be disentangled, any distinction
between the terms is only a matter of different descriptions of the same process. As a
consequence, if we are already considering an effective field theory with both 9%¢* and
#% interactions in our operator basis, neglecting the ¢5-like contact term in F6.6,0204

can be compensated by appropriately shifting the Wilson coefficient of the ¢ operator.

This argument can be generalised to more generic theories, like the SMEFT which
we are interested in. What we wanted to convey is that, as long as we consider a
complete basis of operators up to a given dimension, contact terms can only contribute
shifting the Wilson coefficients of a different operator. Then we choose our basis of EF'T
interactions such that it does not generate polynomial terms when computing higher-
multiplicity amplitudes and thus we can effectively neglect them in the computations,

s0 P = ),

We present now the algorithm to compute higher-point tree-level amplitudes from fac-

torisation.

1. We begin by enumerating all the possible singularity structures of the amplitude
consistent with locality, which are provided by all the possible ways the amplitude
can consistently factorise into trivalent graphs'4. We enumerate all the possible
tree graphs with trivalent and quadrivalent internal vertices, and then a selection
criterion is applied to discard channels which are not compatible with Standard

Model interactions.

2. To each trivalent graph a unique kinematic denominator D; is associated, this is
the product of the propagators corresponding to internal edges in the graphs, i.e.

it is a product of the Mandelstam invariants characterising the channels.

3. Unitarity also fixes the colour structures associated to each graph {C’Za;“” Fiet,s
In particular, different colour structures correspond to different particles propa-
gating in the internal lines. Once the internal particles are determined, the colour
structures are obtained from the product of the colour structures in the three-

point amplitudes.

4. Finally the kinematic numerators are generated with the algorithm presented in

Section 3.2.1'%. The {J\/},j,k}kzly,,,yh are h independent spinor structures in our

MYWhen talking about trivalent graphs or three-point amplitudes in this section we always mean the
building blocks of our theory, which strictly speaking includes not only the three-point amplitudes but
also the four-point scalar interaction —\(HH)?/4 (with the corresponding quadrivalent vertices in the
graphs) and, if we are considering amplitudes with effective operator insertions, also any of the relevant
effective interaction classified in Section 3.2.

5The full algorithm presented in this section can be applied to the case of form factors as well. If
this was the case we were interested in, we should consider at this point a simplified version of the
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basis, and a set of these numerators is associated to each of the colour structure
C{i"" corresponding to the denominator D;. The latter fixes the mass dimension
of the numerators through [N; ;] = [An] + [D;] whereas the helicity weights
are given by the external particles. Each of the N ; is multiplied by arbitrary
(rational) coefficients ¢; ; ; which will be fixed by the matching procedure over the
different factorisation channels described in detail in Section 3.3.1. Notice that
the basis of numerators does obviously not depend on the colour structures, but
only on the mass dimension of the denominator structure: .e. N, j, x = Ni, jo i
if [D;,] = [D;,] for any colour structure labelled by j; and jo. This fact has been
exploited heavily to speed up the numerical evaluation of the ansatz when solving

for the coefficients {c; ; 1}

5. Some of the coefficients can be fixed before the matching procedure by demanding
that the ansatz is not redundant. In particular, the simplifying observation is that
the various coefficients cannot combine in such a way that the sum over the related
structures is proportional to any of the Mandelstam invariants appearing in the

denominators.

6. Finally we solve for the {c; j 1} by matching over the different factorisation chan-

nels as described in 3.3.1.

We consider, as an example, the five-point amplitude As(Q% %, u%, H H™ H'),
There are 21 trivalent graphs compatible with this process, and some of them are shown
in Figure 3.3. Most of the graphs do not involve the scalar quadrivalent interaction,
except the last one, we then have [D;] =4 for i = 1,...,20 and [Dy;] = 2 with:

{Di}izl,...,ﬂ = {512835a 514535, 524535, 512534, 515534, 525534, 513525, 514525, 525534, $13524,

515524, 524535, 515524, S15534, 514525, 514535, 513524, S13525, 512534, 12535, 512}
(3.43)

Next we build the kinematic numerators whose structure is fixed by the helicity of the
external particles along with the mass dimension of the amplitude and of the denomi-
nators as

[An] = Nijkl = [Ds] = Nijkl=4-n+[Dy] . (3.44)

In our example we have then

{M’j’k}k:L“.’G = {812[1 2], 813[1 2], 823[1 2], 824[1 2], 834[1 2], <3 4> [1 4] [2 3]} s (345)
{Nayjptr=1 = {[12]}, (3.46)

for ¢ = 1,...,20. Computing the amplitude then reduces to fixing the rational co-

algorithm presented in Section 3.2.1, in which we ignore momentum conservation.
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Figure 3.3: The splitting of A5(Q“1’i1,u“%ﬁ%,H“?HiL”) into trivalent graphs and the as-
sociated colour factors and kinematic denominators. There are a total of 21 possible trivalent
graphs associated with this amplitude, we showed explicitly the first, the second and the last, as
significant examples. The second is a trivial instance of trivalent graphs and there is a unique
choice compatible with the Standard Model interactions of internal particle propagating. The
same is not true for the first factorisation channel, for which we can have both Bs and Ws
propagating, which give us two different colour structures C; and C5 1, respectively. The last
channel is the only one for this amplitude which involves an insertion of the quadrivalent Higgs
interaction.
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efficients ¢; ;. In fact, before proceeding with the system solution we can fine tune
the ansatz in order to remove combinations which would lead to cancellations in the
denominators. In particular, since there are two Mandelstam invariants for the first
twenty denominators, this would fix a priori two coefficients for each denominator and
for each colour structures. We consider, for example, the first two trivalent graphs,

shown in Figure 3.3. The general algorithm to fix the coefficient is the following:

e We have a set of independent helicity structures with a specified mass dimension
d, i.e. {Nijk}tr=1,. h,and we assume the existence of a set of structures with
the same helicity configuration and mass dimension d — 2, i.e. {M;;i}i—1,. h,-

If the latter do not exist, this procedure can be skipped.

o For each Mandelstam invariant s;,..;, appearing in the denominator D; we fix

some coefficients dg?k through
h1

S5 ), N = s M 1. (a1
k=1

[D;]
2

(p)
i7j7k.

These conditions provide us with p =1, ..., - hy vectors d

e Finally, we impose the orthogonality condition for the ¢’s with respect to the d’s

h1
> cijrd?) =0 p, (3.48)
k=1

which fixes some of the ¢; ; 1, as anticipated.

In our specific example, for Dy we find ¢1 ;1 = 0 and ¢ 5 = —c1,j2 —c1,53 with j = 1,2

and for Dy we find c214 = —c2,1,1 and, again, c215 = —c212 — €2,1,3-

The case of external vector bosons

The procedure described so far works very well when we are dealing with amplitudes
with scalars and fermions as external particles. But when vector bosons are involved, or
more in general massless particles with |h| > 1, an extension of the method is required.
One has to take into account that these particles provide further kinematic denomi-
nators which are not due to intermediate particle exchanges. A simple example has
already been shown in Section 3.1.1, where we considered the four-gluon amplitude. In-
deed, the four-point amplitude has mass-dimension zero, the helicity structure with the
smallest mass dimension is (12)2[34]? which has mass-dimension 4, and consequently
a single % (associated to a trivalent graph) is not enough to get the mass-dimensions

right'. Typically, once a set of denominators has been generated as described in the

10When we think of the problem in terms of a Feynman diagrammatic approach for |h| = 1, this
additional kinematic dependence is hidden in the polarisation vectors which in terms of spinor-helicity
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previous section, we need to add at least one Mandelstam invariant to each denomina-
tor or possibly more in case of higher-point amplitudes. This is done in iterated steps:
we first add to every denominator a single Mandelstam invariant s;; in all the possible
ways compatible with locality!”, then we build the complete ansatz and try to solve
it. If the number of invariants considered for the denominators is insufficient we will
find no solution for the ¢’s, so we add all the possible terms with a further invariant in
the denominator and try to solve again. At every step clearly the number of possible
denominators grows quite drastically, and so does the number of possible numerators
since higher and higher mass-dimensions become available. The latter effect is however
counteracted by discarding those numerators which cancel any power of Mandelstam
invariants from the denominator, which would indeed reproduce a term of the ansatz
already present from previous iterations. This part of the method proves to be the

bottleneck when it comes to computing higher-multiplicity amplitudes.

This procedure of adding Mandelstam invariants to the kinematic denominators is
clearly responsible for the “mixing” process between different factorisation channels
which brought us to the identities between colour structures at the level of the four-

point amplitudes in Section 3.1.

Solution of the ansatz

So far we have built an ansatz of the form (3.39), where each of the N ;j has an
associated coefficient ¢; ;5. In order to fix these coefficients we impose the validity

of (3.2) in every single kinematic channel, and we do so through repeated numerical

evaluations:
. h " hi Ripy _h h hiy,, hiy,
—i Res Au(p"-..p) = [ 3 Amsr (03" -0y 07V Anema (07 = ot opp)
U] o TN, — e’

sp,h
ansatz ’ lower point on-shell amplitudes

(3.50)
The lower point amplitudes in the RHS of (3.50) are known, because our algorithm
is recursive. On the LHS we take the residue on the ansatz, which selects a subset of

the denominator structures. Next we decompose, through the algorithms described in

variables can be written as

faj\d Aaéd
(€A g’
where paa = Aaha and € is an arbitrary reference spinor. In our approach, it is either a simple
dimensional analysis as for the four-gluon amplitude which forces us to add more denominators, or for
higher-point amplitudes it will be unitarity itself that does so.

"By this we mean exhausting the combinatorics of possible invariants without however adding those
already present in the denominator, which would of course lead to unphysical higher order poles.

eta(, &) =V2 €os(p, ) = V2 (3.49)
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Section 3.2.2, the colour structures on both sides of (3.50) in a suitable basis {C,"* """ }:

Cam = by O (3.51)
l

Then, we impose the matching of the coefficients of the colour structures in this basis
on both sides of the equality (3.50). Here we are taking advantage of the same principle
which makes colour-decomposition in Yang-Mills theory so powerful, namely that the
kinematic coefficients of the colour structures are by themselves gauge-invariant quan-
tities and can be dealt with independently from each other. So we end up with a set

of equations of the type

bor -
ZJJ’I Ci’,j,kM’,j,k =K. (352)
Dy

_Z'Z

i/ 7j7k

Here i runs over the trivalent graph structures for which the specified Mandelstam
invariant s;,. 4, appears, the ZSZ-/ are the Dy stripped of a factor s;, ;,, and the ¢; ;1
are the rational coefficients to be fixed. The K; are kinematic coefficients defined by
the product of lower point amplitudes as

P A et o plm ) A (P — ) = 3G K (3.53)
!

s1,h1

where the colour structures C,"'"“" are elements of the chosen colour basis. The K;
are known analytic functions of the spinor invariants and Mandelstam invariants, and
they also contain the dependence on the couplings gr, Y) and A. Each equation
(3.52) now only contains kinematic invariants, the ¢; ;1 for which we want to solve and
products of couplings. Thus we repeatedly evaluate the kinematics numerically and
so obtain a linear system in the cy ;; which upon solution yields a subset of the c; ;1
as functions of the couplings and possibly other ¢’s. Since numerical evaluations are
performed on very special kinematic points where intermediate states go on-shell, some
of the coefficients ¢y jr might in principle drop out of the system. These coefficients
are identified by an a priori numerical evaluation, which then allows to only solve the

system in the actually relevant variables.

Repeating this procedure in every kinematic channel might still not completely fix the
ansatz, since some of the ¢; j, might be spurious in the sense that using momentum
conservation and Schouten identities appropriately they actually drop out altogether
from the final result. In particular this happens when we consider amplitudes with
external vectors. At the very end of the calculation, we take advantage of the arbitrary
nature of these coefficients to set them, for example, either to a value which makes the

final result more compact or to zero.

In order to get exact solutions and avoid possible issues tied to precision loss in floating
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point arithmetic, we make use of finite fields arithmetic'® which is made possible by
the fact that at tree-level the kinematic dependence of the amplitudes in the spinor
variables is rational. More specifically for each subamplitude we generate a set of
momentum-twistors [184, 185] with components on Z,, where twistors associated to
different subamplitudes but to the same internal momentum are by construction taken

to be on the same plane'.

From these components then we compute the kinematic
invariants and from there the products of the tree-amplitudes, all of which naturally live
on the field Z,. This approach in general greatly speeds up the calculations, having
as single minor drawback the fact that to obtain the solution to the linear system
on Q once it has been computed on Z, would generally require repeated sampling for
different values of the prime p (see Section 3.4). However, since the coefficients involved
in our calculations are typically very small compared to the prime p we consider, the
use of a single field is usually enough, further strengthened by checking the solutions a
posteriori on rational kinematic points. The system solution itself is done through row
reduction: the matrix A to be reduced is obtained from numerically evaluating (3.52)
t +1 times, with ¢ being the number of ¢y ;; appearing in the latter linear equation?’,

and can be schematically written as

Zf:l ag,sms =0
Z;g:l R apo - @08 mo
' — : : : =0, (3.54)
s ai+1,0 - Qi+1,8 mg
D s—1at+1,5Ms =0 Y >

where the a; ; are numeric constants (from the numerical evaluations of the kinematic
parts) and the mg are the unknowns ¢; ; ;, or monomials in the couplings g, ) and A and
the imaginary unit ¢. The explicit mention of the imaginary unit is due to the fact that
this needs to be treated with some care when using finite fields. Imaginary units are
almost ubiquitous in our construction and we decided to treat them as symbolic objects
on the same footing as the coupling constants. Square roots would in principle require a
similar treatment, but these are easily removed by choosing appropriate normalisations
of the colour factors, and thus are never present in our calculation. Getting back to the
system solution, upon row-reducing the numeric matrix A on finite fields one gets to a

matrix B in row echelon form, which of course still satisfies V! = BV = 0, with V' the

8The use of finite fields in high-energy physics has been introduced in [182] in the context of IBP
reductions, and further pioneered in [183] where a much wider range of applications was explored. A
brief overview of the topic will be given in Section 3.4.

9Tn twistor space, two intersecting lines define a null momentum, and a closed contour with n edges
defines n conserved null momenta. When generating kinematics for the two subamplitudes A,,+1 and
An—m+1 in (3.53), pr is defined by the same intersecting lines for both of them.

20Generating and solving a system with an additional redundant equation ensures that when a
determined solution is found this is kinematics-independent and thus a true solution. Impossible
systems might still admit determined kinematic-dependent solutions which are clearly unacceptable.
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vector of constants ¢; ; ; and couplings. The relation V' = 0 can then be trivially solved
for the couplings ¢; ;1 corresponding to the leading (the first non-vanishing) entries in

each row of B. These relations provide the solution to the system.

It is worth stressing that, differently from either a Feynman diagrammatic approach
or a BCFW-like calculation where the solidity of the code can only be tested a pos-
teriori through cross-checks or other methods, when using factorisation every step of
the calculation is in itself a consistency check on the code. The systems of equations
we obtain in the end always have a (possibly vanishing) solution, unless there is some
physical obstruction. This is indeed the case when vector bosons are present among
the external states (or more in general massless particles with helicity |h| > 1) and not
enough invariants have been considered in the denominator construction, see Section
3.3.1. An impossible solution is symptomatic of unitarity breaking telling us that the

ansatz was not general enough.

Thanks to many small, but at times significant, expedients?! the construction of the
numeric system is rather fast despite our use of Mathematica rather than dedicated
low-level language implementations, for example in C, which are usually better suited
for the task. As a consequence, the main bottleneck of the system-solving procedure
is the system solution itself. As an aside, we note that our ansatz construction is of
course independent of the ansatz solution method. More specifically, if the reader was
interested in getting analytic expressions for tree-level amplitudes and already had at
her/his disposal a routine for numerically evaluating the amplitude itself, say Berends-
Giele [186] recursion for example, then the ansatz solution could be clearly done in
one go solving a single large system in all the ¢; ;. Despite being viable, we consider
our approach far more appealing, not only conceptually because of the use of just on-
shell quantities but also practically: solving the ansatz on the different factorisation
channels leads to many small systems whose solution is faster than a single large one

and furthermore lends itself to effective parallelisation.

3.4 Analytics from numerics through finite fields

In this section we describe in some more detail how it is possible to recover exact analytic
results from numerical evaluations over finite fields, and we discuss why the procedure
is advantageous compared to direct analytic calculations and more traditional floating
point numerical evaluations, as well as the caveats of the method. We feel that it is
worthwhile to discuss the topic in some more detail in order to also convince the reader

that the algorithm presented in the previous section indeed produces exact analytic

2IThese include, for example, recycling numeric data whenever possible, storing and reusing directly
the exact invariant products making up the numerators instead of the single invariants, and generating a
minimal parametrization of the kinematic points first, reducing thus the numerical kinematic generation
to evaluations of polynomials in one/two variables.
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results despite the use of numeric evaluations, which a priori should not be taken for

granted.

There is a wide mathematical literature on the topic, we refer the interested reader
for example to [187], but we will only deal here with the few key aspects entering
our calculations. On a similar footing we will not address the topic of functional
reconstruction over finite fields, which is one of the contemporary major applications
in high energy physics, for a discussion of that subject and further applications of finite
fields we refer to [183,188].

Why use finite fields

The term finite field refers to the cyclic group of order p, usually denoted Z,, which

can be represented as the set of integers from one to p — 1
Z,={0,1,...,p—1}. (3.55)

The key aspects of Z,, are
1. it is a field which can be represented through a finite number of elements

2. for small enough values of p the elements of Z,, can be represented exactly through
machine size integers. Concretely speaking, if we have a 32-bit system and choose
for example p = 23! — 1 (which is a Mersenne prime number) all the elements of
Z, can be represented exactly by the machine without incurring in precision loss
and without need of any sort of additional software. This means the machine will

be extremely fast when processing operations over Z,.

3. it is possible to map the field of rational numbers Q to Z,, but more interestingly
under appropriate circumstances it is possible to map elements of Z,, back to Q.
Notice that the simple fact that the field of rationals has infinite elements while

Z,, is finite, is what makes the inverse mapping a non-trivial operation.

Assume now we are interested in obtaining an analytic expression of some sort, where we
know that whatever the expression will be, this is a rational function of some variables;
an example might be a tree-level amplitude which is a rational function of the spinor
components or even better of the momentum-twistor variables. Let us assume that
obtaining the result directly through an analytic computation is too challenging, for
example because the computational time required could is too large for a result to
be successfully obtained. In similar situations it might be a good idea to change the
perspective on the problem and try to reformulate it using a numeric approach. In
our case this amounts to switching from trying to directly obtain the amplitude from

simplifying (3.2) analytically, to building numeric systems to be solved as in 3.3.1.
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The advantage of numerical computations is that in principle they are much faster,
since potentially large intermediate expressions are replaced with numbers. This is
certainly true when dealing for example with floating-point arithmetic. On the other
hand, if we want to obtain a final result which is exact we will need to keep intermediate
numeric expressions exact as well, meaning that we have to make use of software keeping
arbitrary precision of the numbers, so to avoid the possible precision loss which might
occur with floating-point numbers. Using arbitrary precision arithmetics however can
in general be time consuming, since intermediate and final expressions can be ratios of
arbitrary size numbers, and this might lead to a similar issue we started from with the
analytics. Here is where finite fields enter the game, since we can map our problem from
Q to Z,, which avoids the precision loss of floating point numbers, and then perform
the numeric computations on Z,, which is extremely fast provided we choose p to be
a machine-size prime and thus the whole computation will only involve machine-size
natural numbers. The obvious issue is that once the problem at hand has been solved
on Z, we need to map the solution back to Q, through a map which cannot by any
means be a bijection. Since this can be done, and we will later discuss how, mapping
to a finite field complicated problems which allow for numerical evaluations is often a

winning strategy.

Mapping the rationals Q to the finite field Z,

First of all, we give a more rigorous definition of Z, through equivalence classes of
the modulo operation. Given a natural number p € N, we say that a is equivalent to
b modulo p if a — b = np for some n € Z. The equivalence relation is then usually
denoted as a = bmodp, and the equivalence class of which a is a representative is called
la]p. Given the set S = {[0]p, [1]p,...,[p — 1]}, one can show that the group structure
under addition in Z induces a group structure on S as well through the map a — [a]p.
Considering also the multiplication operation induced by Z, S becomes a ring which
we denote Z,. Now, the modulo operation provides a natural mapping from Z to Z,,

which we would like to extend to

F,:Q— 2,
a (3.56)
g
Since
2 modp=a(®' modp) modp, (3.57)

b

for the modulo operation to be defined on Q one needs b=! mod p to be well defined

meaning that b must admit a multiplicative inverse such that

blez, | b =b""b=1 mod p. (3.58)
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If such an inverse exists for every non-zero element in Z,, then the latter becomes a
field. It can be shown that Z, is indeed a field when p is a prime number, there are

many ways of doing so, but we decided to rely on the following

Proposition 3.4.1. Given a generic p € N defining the ring Z,, of integers modulo
p, and an element a € Z, such that a and p are coprimes, we have that the product -
maps a over the entire ring. In other words for any c € Z, there exists b € Z, such

that a-b=c mod p, furthermore b is unique.
Proof. First prove the uniqueness, i.e. given
ab=c mod p, ab=¢ mod p
if b # b/ then ¢ # ¢/. Suppose we had ¢ = ¢ mod p then
c—cd=0 modp = ab-V)=0 mod p

meaning that a(b— ') is a multiple of p. Being a and p coprimes their least common
multiple is ap, however clearly (b — ') < p, which would lead to a contradiction. Thus

a(b—1b") can’t be a multiple of p so ¢ # ¢.

From uniqueness, it follows that the image of the map P, : Z, — Z, defined by

P,(b) = ab must be the whole Z,, in order for no product to yield the same result. [

Due to proposition 3.4.1 if a € Z,, and p are coprimes, there exists a unique b € Z, such
that ab =1 mod p, i.e. a admits a uniquely defined inverse under multiplication. In
order for Z, to be a field such an inverse must be defined for every element of Z, so p

must be coprime with {0,1,---,p — 1} meaning that p must be a prime.

The different behaviour of multiplication in Z, for p generic and p prime can be seen
using the Cayley table?? for the product operation, take as an example the ring Zg and
the field Z7 as shown in Table 3.1. As can be seen 2,4,6 € Zg, which are not coprime
with 8, are not mapped over the entire ring, moreover they are mapped several times
over 0: each of these zeros is a common multiple of the given element a € Zg and 8
smaller than a-8. On the other hand, every non-zero element in Z is mapped over the

entire field exactly once.

It is important to stress here that the zero element of Z, does never admit a multi-

a
B
admit an image under mod in Z,. In practical terms this does not however represent

plicative inverse. This means that given ¢ = ¢, if b is a multiple of p then ¢ will not

an issue for the applications we have in mind: since we are always performing some

22ZA Cayley table for a given operation is a table reporting the outcome of that operation when
applied to any possible pair of elements of the group, ring or field.

61



CHAPTER 3. ON-SHELL BOOTSTRAPPING OF TREE-LEVEL AMPLITUDES

-0 1 2 3 4 5 6 7

-0 1 2 3 4 5 6
0j0 0 0O OO OO0 O

0j0 0 0O OO 0 O
110 1. 2 3 4 5 6 7

110 1 2 3 4 5 6
210 2 4 6 0 2 4 6

210 2 4 6 1 3 5
310 3 6 1 4 7 2 5

310 3 6 2 5 1 4
410 4 0 4 0 4 0 4

410 4 1 5 2 6 3
510 5 2 7 4 1 6 3

510 5 3 1 6 4 2
6/0 6 4 2 0 6 4 2 6lo 6 5 4 3 2 1
710 7 6 5 4 3 2 1

(b)

~
o
~

Table 3.1: Cayley tables for the product in Zg and Z7 respectively. As can be seen 2,4,6 € Zg,
which are not coprime with 8, are not mapped over the entire ring, moreover they are mapped
several times over 0.

random sampling over kinematic points, if at any step of the computation we run into

a g mod p case we simply discard that kinematic point and consider a different one.

Mapping from Z, to Q and the Chinese remainder theorem
On the uniqueness of the anti-image

The mapping F), : Q — Z,, is clearly not invertible, in the sense that it is not possible
to properly define an inverse function prl. This is due to the fact that the map F},
is not injective: starting from an element ¢ € Z, there are infinite possible rationals
z = ¢ € Q that are mapped to that c. Notice however that there are only finitely many
such that a,b < p simply because p is finite, and crucially there is only one?? value of

z such that a?,b* < §:

Proposition 3.4.2. Given an element c € Z,, there is only one z = § € Q such that

a?,b* <8 and z=c¢ mod p

Proof. Suppose that there were another pair of values @, b’ such that Z—,/ =c¢ mod p
and (a')?, (V')? < &, then we would have

/

%:% mod p = ab =bd’ mod p

meaning that there is an integer n such that ab’ — ba’ = np. However |ab/| < § and
same goes for |ba’| < &, thus

—p<np<p

which fixes n = 0 and so ab’ = ba’, then 7= Z—,, and z is thus uniquely determined. [

#3See for example [189)].
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In other words, given a rational z = § there is an infinite set of primes I, = {p1,p2,-- -}
with pj41 > p;, such that ¢ = F),,(z) and c is not the image of any other rational 2’ = g—,/
with (a)?, (V)? < B,

For the sake of concreteness, suppose now we want to solve the system (3.54) and we
map our problem to the field Z,. Upon solving we will be left with a set of coefficients
{c1,..., e} with values in Z,, for each of which we need to obtain the corresponding
value on Q, say {z1,...,2,n}. If the order p of the field is such that p € I,, N--- N
I, , thus if p is large enough compared to the numerators and denominators of the
2, the coefficients ¢; can be mapped back to Q without any ambiguity?*. Clearly, a
priori we cannot know the size of the rationals z;, thus in general in order to correctly
reconstruct them from the ¢; one performs the same procedure on multiple different
fields Z,,,...,Z,, and then compares the reconstructed coefficients. If the primes
P1,---,Pn are large enough the reconstructed values will agree. On the other hand, in
order to unambiguously identify the z; one might need to use a value of p which exceeds
machine size, thus bringing us back to the problem of avoiding arbitrary precision
arithmetic which was the whole point of introducing finite fields in the first place. This

issue can be circumvented through the so called Chinese remainder theorem.

The Chinese remainder theorem

The Chinese remainder theorem allows to recombine the images of z in various fields
Fp (2) € Zp,,..., Fp,(2) € Zp, into the single image X = Fj, py.p,(2) € Zpips-pn
where Z,, p,...p, is a finite ring whose order is the product of all the p;. Since the
product py - - - p, becomes easily very large even considering a small number n of fields
(say two or three), thanks to the proposition 3.4.2 and performing cross-checks on
multiple values of the p;, the anti-image z = Fpﬁu,_.pn (X) can be unambiguously
recovered. Notice that the proof of the Proposition 3.4.2 works even when p is not a
prime, so when Z, is simply a ring rather than a field, as long as the inverse element

b~ ! is well defined?>. We now state the theorem and give a sketch of the proof.

Theorem 3.4.3 (Chinese remainder). Let ny,--- ,n, be integers greater than 1 and

pairwise coprime, let ay,--- ,ap be integers such that 0 < a; < n; for every i, then there

2480 far we avoided to discuss how such an inverse map prl is obtained in practice. There are
several different routes, the simplest one being probably to use the extended Euclidean algorithm, we
will however not go into further detail here.

251n the case of Fp, py ...p, (2) this is essentially true by construction, as long as each of the Fj, (z) is
well defined.
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exists only one 0 < X < N with N = [[; n; such that

X =a modmn
(3.59)

X =a;r mod n;

Proof. Uniqueness: In order to prove the uniqueness of the solution suppose that two
numbers x and y both solve all the congruences. When divided by n; they give the
same remainder a;, so their difference x — y is a multiple of each of the n;. As the n;
are pairwise coprime z — y must also be a multiple of N, say z —y =cN. But xt < N

and y < N so we must have ¢ =0 and =z = y.

Existence: The existence can be proven by constructing a solution, here we will only
provide the final expression for X and show that indeed it satisfies all the requirements.
Defining N = [[;p; and N; = N/n;, and making use of Bezout’s identity for the

coprimes N and n; to define two integers m; and M; as

we can write the solution X as
k
X =) a;M;N; mod N . (3.61)

i=1

It can be easily seen that this expression solves all the congruences in (3.59). In fact

notice that IV; is a multiple of n; for ¢ # j in particular

N
Nj = JTLZ

Uz

then isolating the i-th term and using M;N; =1 — m;n;

m
X = ZCL]‘Mij
7j=1
N;
= ai(l — mmz) + Zaijfni
i#i "
NA
=a; + (ZaijT; - am%)m
J#i J

=a; modn;

being the term in parenthesis an integer. This is true for every ¢ and completes the

proof. O
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Having at disposal the Chinese remainder theorem, what one does in practice is to
perform the computation at hand on one prime field Z,, at a time and then recursively
merge the results into Z,,, ..., until the anti-images on successive iterations match. So
for example one starts with two fields and gets a; € Z,,, a2 € Z,, which are then merged
into some A1 € Zy,p,, then the anti-images F;, *(a1) and Fp_l;lag(Al,Z) are compared. If
no match is found a new prime p3 is considered, and a new value as € Z3 is computed
and merged into Aj123 € Z, pop;- Then one checks for a match between Fp_lglog(ALz)
and Fp_lé2p3 (A1,23), the procedure is iterated until a positive match is found. In the
specific case of the algorithm presented in Section 3.3.1 we never really need to resort to
Chinese remainder theorem because of the typically small size of the coefficients which
solve the system (3.54) so the use of a single field is sufficient. Furthermore the rational

solutions are checked by plugging them back into the original system.
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Chapter 4

Loop-level unitarity and the
SMEFT

In the first part of this chapter we introduce the one-loop unitarity techniques required
for the calculations in the remainder of the thesis. We start by briefly discussing
the general structure of loop-level amplitudes and the general strategy to tackle their
calculation, but then we immediately focus our attention on the one-loop case which is
the one of direct interest to us. This special case is extremely well understood and the
deep analytic insights at our disposal make it the perfect playground for unitarity and

generalised unitarity methods.

At loop-level, making use of unitarity essentially amounts to' perturbatively expanding
the transfer matrix T', defined by S = 1 + 47", and taking advantage of the consistency
conditions imposed by STS = 1 to relate higher-loop orders to products of lower-
loop ones integrated over a phase-space: this defines the unitarity cut, more precisely
a double-cut which in diagrammatic terms can be thought of as an interaction with
two internal propagators going on-shell. The phase space integral is then actually not
performed, instead the cut is uplifted [11,10] and the integral is promoted to a full-
fledged Feynman integral which has by construction the correct analytic properties
and is a piece of the complete loop-amplitude one wants to compute. Performing
an appropriate combination of these cuts then allows to obtain the complete? loop-

amplitude piece by piece.

Generalized unitarity [17,18,12] is an extension of this method which aims at a more
systematic extraction of the various pieces of the answer by putting on-shell a larger

number of internal states, i.e. increasing the number of cuts one applies. These meth-

See for example [122] for a very clear explanation.
2Depending on whether we are in four dimensions or not we might miss rational terms. Later in
the thesis, when we refer to a complete loop-level amplitude we mean including these rational terms.
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ods allow to completely bypass the construction of the amplitude based on Feynman
diagrams, and leave as bottleneck of the modern-day calculations the computation of

sets of integrals which are used as a basis in which to express the loop-amplitude itself.

In the second part of this chapter, having now one-loop unitarity at our disposal, we
complete the on-shell construction of the Standard Model initiated in Section 3.1. We
apply the insights of [190,191] to recover anomaly cancellation conditions from unitarity
and locality constraints. The key idea is that building the one-loop amplitudes through
cuts will automatically ensure unitarity is respected, but on the other hand locality
might be lost: spurious unphysical poles may appear, which in the complete one-loop
amplitude must cancel out. These cancellations must be provided by the only part of the
amplitude which is not detectable through four-dimensional cuts, namely the rational
terms, which can then be fixed precisely so that the desired cancellations happen, at
the same time recovering the full one-loop result in the process. There are instances
however where, in order for the desired cancellations to happen, one would need to
add pieces to the amplitude which are themselves cut-constructible. This leads to a
contradiction, which can only be resolved if these terms cancel through other means, in
particular thanks to the Standard Model hypercharges satisfying the relations known

as anomaly cancellation conditions.

In the final part of the section we discuss an application of the previously men-
tioned loop-level unitarity techniques: the computation of the operator mixing ma-
trix for mass-dimension eight operators in the Standard Model Effective Field Theory
(SMEFT). In recent years EFT approaches have risen to prominence as systematic
means to quantify deviations form the Standard Model in a way which does not rely
on an understanding of the underlying complete high-energy theory, and because of
this it allows to address in one go a variety of models. In the SMEFT, new physics is
parametrized by higher-dimensional operators built from Standard Model fields [51,52],
whose classification and organization into a complete operator basis we discussed in Sec-
tion 3.2. These operators in general present a non-vanishing and usually non-diagonal
anomalous dimension matrix, meaning that under the running of the coupling constant

the operators get renormalised and mix among each other in non-trivial ways.

Consequently the Wilson coefficients of the operators at the scales accessible to collider
experiments differ from those at the high-energy matching scale, and furthermore the
mixing of the operators implies that experimental constraints on one of them also
affects other operators. Hence, evaluating the anomalous dimension matrix is a crucial
aspect of interpreting SMEFT results. In this respect, on-shell methods have proven
extremely powerful not only in the computation of the anomalous dimension matrix, but
even more so in the interpretation of zeroes appearing in the matrix through selection

rules implied by helicity [34], operator lengths [35] angular momentum [36].
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Still from an on-shell perspective, it has been found that the structure of rational terms
influences the zeroes, and that a smart choice of regularization scheme can lead to fur-
ther cancellations: this has been studied at two loops in the case of an SU(N) model
which presents similarities with the SM but it is far simpler and contains far less oper-
ators [37]. For the complete SMEFT, the first systematic and complete computation of
the one-loop anomalous dimension matrix for dimension-six operators has been carried
out in [84-86]. On the other hand, the study of the anomalous dimension of SMEFT
interactions at dimension eight has produced partial results in [87-93], the first full
calculation (to linear order in the Wilson coefficients) being presented in [5] and being
reviewed in this chapter. The recent interest in dimension-eight terms in SMEFT has
various reasons, one of them being that for a number of physically relevant observables,
the leading dimension six terms actually vanish, as shown for example by means of
some helicity selection rules in [192]. Furthermore, the dimension-eight operators are
the first subject to positivity constraints on the couplings, namely theoretical bounds on
the signs of certain combinations of the Wilson coefficients, which come solely from the
requirements of the S-matrix satisfying the principles of unitarity and analyticity [193].
Experimentally finding a violation in any of these bounds would invalidate the EFT
itself, for example due to the existence of new light degrees of freedom and thus new
physics. In all of these circumstances, the computation of the operator mixing matrix,
whose computation we discuss at the end of this chapter, is a key ingredient for the

matching procedure to experimental results.

4.1 One-loop unitarity

In this section we give a very brief introduction to the generalized unitarity method,
focussing especially on the one-loop case. Our goal is to simply highlight some of
the key features which make it so powerfull and to somewhat prepare the ground for
the calculations featured in the remainder of the thesis. There are several reviews on
generalized unitarity and related topics available in the literature to which we refer the
interested reader, among others [121-123,194, 195].

Loop amplitudes

Schematically we can write an L-loop amplitude as

L dPl ¢ Ni({patatowns {la}s1...1)
L/ h hAn\ __ 7 A RAY] afa=1,..n g sp=1,...,L
A (P )_t;/g <(2ﬂ)D> 5, 0. Do, . (4)

where the sum in j is over all the contributing L-loop Feynman diagrams, ¢ is a normal-
isation constant dependent on convention, I/; are the L loop momenta, the ¢; contain

the colour and coupling information of the diagrams, S; are possible symmetry factors,
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N are the kinematic numerators and m; label the denominators of the j* term. The
denominators take the form D, = K2 —m? (having omitted the e prescription) where
K is a linear combination of the external momenta p; and the loop momenta I;, and m,
is the mass of the particle associated to the given denominator. While tree amplitudes
can be expressed as rational functions of the external kinematics, loop amplitudes have
typically a more involved structure since the integration can give rise to various gener-
alized logarithms and special functions. As a consequence, loop amplitudes present not
only simple poles but usually also branch cuts: the key feature is that this richer ana-
lytic structure can be exploited to reconstruct the amplitude from lower-order on-shell
data.

When discussing loop amplitudes one can focus on three distinct aspects of the problem:
o the loop integrand, meaning the rational function under the integration sign.

e the loop integral, as the combination of the integrand and the loop-momentum

integration region.

e the full loop amplitude, meaning the integrated result, where one needs to take
care of possible Infrared (IR) and Ultraviolet (UV) divergences by means of ap-

propriate regulators.

In general, just as in the tree-level case, when building the loop amplitudes one would
like to avoid dealing with the increasingly complex combinatorics of the Feynman di-
agrams in order to get the integrands, and this is were generalized unitarity is very
powerfull. But after having computed the integrand, one is still left with a number
of non-trivial integrations to carry out. The general strategy is to try and reduce the
amplitude into a (possibly minimal) sum of integrals which form a basis for the space of
allowed integrals, so that once the integrated form of the basis is known, computing any
other process expressible in the same basis does not require further integrations. There
are a variety of related techniques, including for example integrand reduction [196-203],
Integration-by-Parts identities (IBPs) [204,205] and differential equations [206,207] or
more recently projection techniques through intersection numbers [208-212]. Comput-
ing the integrals is a hard and interesting problem in its own right, and major efforts
have been made over the last years to get a better understanding of the integral struc-

tures and the algebra they satisfy, see for example [213-217] and references therein.

Restricting our attention to the L = 1 case, the structure of the amplitude is extremely
well understood. In particular, it can be shown that any tensor integrals (integrals
with dependence on the loop momentum in the numerator as well as denominator)
can be reduced to a combination of scalar integrals (integrals with dependence on the

loop momentum only in the denominator) with appropriate tensor coefficients [218] and
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furthermore any scalar integral can be written in terms of a basis [219] of the form
AV =31+ Y e Ti+ Y b+ R, (4.2)

where Z; represents so called box integrals, Z3 triangles and Z, bubbles?, more precisely

Ii / dP1 1 (4.3)
no (27T)D l2(l — Ki71)2 e (l — Ki,nfl)z ’ '

and K ; being appropriate subsets of the external momenta. In (4.2) the coefficients
d;, c;, b; are rational functions of the external kinematics, the indices ¢ schematically
label all the possible inequivalent cyclic orderings of external momenta in the diagrams
of Figures 4.1 and 4.2, which show the diagrams associated to the integral basis of
(4.2). R represents the rational terms and does not present discontinuities in any of
the kinematic invariants, we will get back to it later, in particular it will be the focus
of Chapter 7. The power of the expansion (4.2), is that all the integrals 5, I35 and
14 are known, we report some of them in the Appendix C.3, for a complete list see
for example [11]. Once the one-loop amplitude is written in this basis, i.e. once the
coefficients d;,c;,b; have been computed, there is no need for any integration to be
performed. It is also worth noting that the coefficients in the integral expansion are
specifically rational functions of the external kinematics: this feature holds true also
for higher-loop integral expansions and makes these coefficients a perfect target for

functional reconstruction over finite fields, see for example [183].

Unitarity and the double-cut

Conservation of probability in a given quantum field theory reflects in the unitarity of
the S matrix. The latter can be written as S = 14 ¢T', where the identity accounts for
the no-interaction scenario when initial and final states are the same, and the transfer
matrix T accounts for the actual interaction processes. From the unitarity of the S

matrix one immediately gets that
STS=1 = T T=—i(T-T"), (4.4)

furthermore, one can perturbatively expand 7" in terms of the coupling constant parametriz-

ing the interaction, say g

T = T 4 g*1™ 4 57 4 . (4.5)

3In general one should also consider tadpoles, i.e. integrals with only one massive external leg, but
in dimensional regularization with massless particles such integrals vanish.
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Figure 4.1: Possible box integrals appearing in the Feynman integral decomposition of a
one-loop amplitude, simple lines represent massless legs while the dotted corners represent the
massive ones.

RN

Figure 4.2: Possible triangle and bubble integrals appearing in the Feynman integral decom-
position of a one-loop amplitude. Once again simple lines represent massless legs while the
dotted corners represent the massive ones.

Combining the above with (4.4) we get relations between contributions to 7" at different

perturbative orders, in particular at the two lowest orders we have
7O = 7O —i(T™ — T(l)T) — 7(0)7(0) (4.6)
Relating the T" matrix elements to the amplitude as
(fIT}i) = (2m) "6 (pi — pp) Al — f) (4.7)

where [i),|f) are the initial and final states and A(i — f) is the amplitude involving

the given states. So if we take relation equation (4.4), sandwich it between an initial
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and final state and make use of the completeness relation
1=y [, (4.8)
X

where X represents all the states in the theory and the integration is over the appro-

priate phase space, one gets the following®

2m(AV (@ — f)) =) / dllx (27)*0% (s — ) AV = X)AQ(f = X)), (4.9)
X

In other words, from integrating a product of tree-amplitudes one is in principle able
to get the imaginary part of the one-loop amplitude, or equivalently the discontinuity
across a branch cut singularity as a function of the kinematic invariants from which

such imaginary parts arise.

! A(S) for some Man-

Next one could in principle perform the dispersive integral [ ds
delstam invariant s to obtain the full amplitude, but this is usually hard and not very
practical especially once the number of external legs is greater than four. So what we
usually do instead is to make use of the information contained in the expansion (4.2)
and compute discontinuities on the left- and right-hand-side. In particular, if we denote
the discontinuity in the kinematic channel s;...; = (p; + - - -+ p;j)? as Disc(s;...;), we can

compute

Disc(s;.. ]) Zd Disc(s;...; I4 + ZclesC Si...5) I’ + Zb Disc(s;.. ])IQ (4.10)

where Disc(s;...;)R = 0 by definition® of R, and similarly for those integrals I} which do
not have a discontinuity in the considered channel. The discontinuity of the amplitude
on the left-hand-side can be easily obtained thanks to (4.9), we call this a two-particle
cut or double-cut, where a unitarity cut essentially promotes an off-shell internal line
to an on-shell leg through the replacement of the Feynman propagator with
i
p? +ic

— 210 (p?) . (4.11)

More explicitly (4.9) can be written as

D
Disc(s;...;) Z/ d l 2612 AO (15" 0, G 1) ¢
h1,h2 (4.12)
AO (—prh g1 i —1,102)

where the sum runs over the possible internal helicities. A pictorial representation of

4On the left-hand-side we implicitly make use of time-reversal invariance.
5In four dimensions.
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the previous definition is given in Figure 4.3.

j i

i —lh2 b i—1

Figure 4.3: Pictorial representation of the double-cut in (4.12), the considered channel is s; . ;
and all the momentum lines are considered as out-going. The dashed line represents the cut,
and the two propagators it runs through are considered as being on-shell.

Now one could perform the phase space integral, but following the approach of [10,
11] we instead uplift the cuts to Feynman propagators by the inverse relation (4.11)
replacing §(12) — i/1? which allows us to obtain a full-fledged Feynman integral that by
construction has the correct discontinuity in the considered kinematic channel s; ;. The
so obtained integral can be reduced to the basis (4.2) from which we can then directly
read off a subset of the coefficients d;, ¢;, b;, namely those associated to integrals which
present a discontinuity in s;...;. Reiterating this procedure for all the different invariants
si...;, which we describe as taking cuts in different invariant channels, one can piece by
piece obtain the complete expression for A©). Clearly, when iterating over different
invariant channels one has to take care not to repeatedly count the same coefficient in
the basis (4.2) since the same integral Z! might have multiple discontinuities and thus
be identified by multiple different cuts. Also, one needs not to consider all the available
invariant channels, but only those giving rise to a set of “spanning cuts”, meaning a

set of cuts under which all the integrals Z! can appear at least once.

Notice that as long as we are on the cut, so while we consider the two internal propaga-
tors as on-shell, great simplifications in the integrand of (4.12) occur, furthermore while
we consider four-dimensional tree amplitudes we can make use of the spinor-helicity for-
malism to get the easiest possible expressions. On the other hand, by doing so we only
get the part of the amplitude which we call cut-constructible namely everything except
the rational term R. There are different available approaches for the reconstruction of
rational terms, for example via Feynman diagrammatic reduction techniques [220-223]
or using loop-level recursive techniques combined with the previous knowledge of the
cut- constructible part of the amplitude [178,224,225]. Another approach is to consider
intermediate states in D dimensions instead of four, i.e. dimensional regularization,
which allows to recover the full amplitude from unitarity cuts with no rational ambi-

guity [110,179,226]. From a cut construction point of view we have that moving from
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four to D = 4 — 2¢ dimensions® requires every piece of the amplitude to contain a new
term with mass dimension —2e¢, to compensate for the shift in the dimension of the
coupling and keep the dimension of the amplitude fixed. Considering only massless
internal particles there is no mass available to supply such a term thus the only option

left is something like (—s)~2¢, with s some kinematic invariant”. Expanding in e:
(—8)72~1—2eln(—s)+---, (4.13)

which contains a discontinuity in s > 0. Thus also the rational term R, which in
D = 4—2¢ becomes R(—s)~2¢, is now visible to unitarity cuts. In Section 7 we consider
a modification of this approach where instead of taking D arbitrary we consider it to
be an integer, specifically D = 6 so to be able to still make use of the power of
spinor-helicity for simplifications (as well as numeric approaches if required) but being

nonetheless able to get the full amplitude including rational terms.

Generalized unitarity

The procedure of cutting propagators in an amplitude selects only those contributions
that have those propagators in the first place. When we sew two tree-amplitudes
together as in (4.12), out of all the Z? in (4.2) only those that posses both cut propaga-
tors can show up in the result. Clearly, assigning a given pair of propagators to be cut
uniquely isolates an integral of the bubble-type Z4, but there are in general multiple
triangles 74 and boxes Zj featuring those propagators, and so what we find through
double cuts are combinations of multiple integrals at once. The idea of generalized
unitarity [17,18,12] is that the larger the number of cuts one performs, i.e. the more
propagators one requires to be present in the integrals, the less integrals can contribute
until performing a maximum cut (which at one loop in four dimensions amounts to
four cuts) one is left with a single integral of the basis. Thus applying a quadrupole-
cut will relate directly the coefficient d; of a single box integral to a product of four
tree-amplitudes evaluated on a completely constrained internal kinematics: four cuts
means four delta functions which completely constrain the internal loop momentum?.
In a similar fashion, performing a triple-cut will isolate a single triangle integral from
our basis however this time also some box integrals sharing the same propagators will
appear and one has to subtract out this “pollution” in order to access the triangle
coefficient. This can be done for example as in [229] or [230], or in a systematic way
as proposed in [196,231]: performing the cuts in descending order, i.e. starting from
the maximum cut and then one by one cutting less propagators until one ends up with

double-cuts, allows to use previously extracted information to subtract the redundant

SExternal states can still be kept in four dimensions following the four-dimensional helicity scheme
[227,228].

s can be different in different terms of the amplitude, it just needs to be an invariant.

8Specifically, the four cut conditions allow for two complex valued solutions.
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(because already known) information and directly access a single coefficient from each
set of cuts. Clearly, the whole method is made extremely powerful by the a priori

knowledge of the integral basis expansion (4.2).

The natural question at this point is whether there is a general way to access the
single integrals’ coefficient without having to perform any sort of subtraction or further
manipulations. In ANV = 4 super-Yang-Mills such a strategy has been devised and is
called prescriptive unitarity [232-234], while in non-supersymmetric theories the idea of
directly projecting out single integral coefficients is addressed in the already mentioned
works on intersection numbers [208-212]. While extremely powerful, these techniques
go well beyond what was needed to perform the calculations in the rest of this thesis,
for which the presented one-loop unitarity and generalised unitarity methods were

sufficient.

4.2 Hypercharge constraints from gauge anomalies

Armed with the previous discussion of unitarity and generalized unitarity, in this section
we complete the on-shell construction of the Standard Model initiated in Section 3.1,
making use of locality constraints on the on-loop amplitudes to find the anomaly con-

ditions which relate some of the SM hypercharges among each other.

It has long been known that in gauge theories with chiral fermions anomalies arise from
fermion loops [235,236]. These gauge anomalies impose consistency conditions on the
theory, which in the case of the SM translate into relations among the hypercharges of
the fermions. Interestingly, as first noticed in [190,191], the same cancellation conditions
are required from a purely on-shell point of view by a clash of unitarity and locality
in some one-loop amplitudes. In this section we apply this method to recover the SM

anomaly cancellation conditions.

The core of the idea is that one-loop amplitudes can be computed and entirely fixed
using generalised unitarity methods, up to rational terms which have no branch points.
Such amplitudes by construction are unitary, however locality is not guaranteed (spuri-
ous poles can appear in the final result) but can be restored by appropriately fixing the
rational terms to which the unitarity methods are blind. These rational terms might in
turn introduce new corrections to the factorisation of the four-point amplitude, which
is inconsistent with the fact that the three-point amplitudes are tree-level exact and
fixed by helicity and mass dimension. When this happens additional properties of the
theory need to be required for these terms to vanish. In particular, in this section we
will show that for the Standard Model this leads to well known anomaly constraints on

the fermion hypercharges.

We will specifically consider a fermion loop coupled to four external gauge bosons in
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Figure 4.4: Kinematic coefficients from generalised unitarity [229], here a kinematic contri-

(24)°[13]

2
bution of the type v has been factored out.

the MHV configuration. The full one-loop amplitudes in the Standard Model can be
schematically written as

AW = A + AR+ AL (4.14)

ferm scal ?

where the three contributions correspond respectively to vector bosons, fermions or
scalars running in the internal loop, the specific type of these particles depending on
the external states. We want to focus here on the fermion loop contributions, which
are infrared finite and are the only part contributing to the chiral anomaly, since the
latter is due to the coupling of vector bosons (which will be chosen as external states)
to chiral fermions. The one loop amplitudes we consider have an internal fermion
loop coupled to four external gauge bosons in alternating helicity configuration. The
kinematic information of these amplitudes is entirely captured by the coefficients of
Figure 4.4 with cyclic rotations providing the other orderings. For later convenience

we define the following kinematic combinations, which turn out to be ubiquitous in the
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one-loop amplitudes

OB s T _OPA8P ~ r T
Keven = I Zz’]‘:(cz‘,j +¢; )i(5),  Koad = R %:(Ci,j — ¢ )Li()

(4.15)
with ¢ = 2,3,4 and j = s192,514, and I, I3 and I; being the bubble, triangle and
box integrals given in Appendix C.3. Notice that in the chosen helicity configuration
in the one-loop amplitude there are no discontinuities in the s;3 channel, because all
the tree-amplitudes entering the fermion loop contribution in the generalised unitarity

calculation vanish in this channel.

Then we consider as a first example the one-loop amplitude with two W's and two Bs as
external states, and consequently @/ Q and L/ L as the only possible fermions running
through the loop. We find

Al w! B w! B

ferm

= RO Y K. (410
The presence of only Keven was to be expected due to the interplay of the colour part
with the kinematics. The SU(3) colour part is trivial being absent in the case of the
L/L circulating in the loop and contributing a numeric factor §¢ = 3 for the Q/Q loop.
The SU(2) part on the other hand contributes with a factor of Tr 0’0/ = %5” in both
the s19 and s14 channels, which then leads to an additive combination of the kinematic

parts into Keyven. Studying the behaviour of Keyen in the small-s13 limit one finds that

2
512514

24)2[1 3)2 2
Keven 813—>0 < > [ ] (_812 — Sﬁ + 0(5(1)3) s (417)
313 513

thus, in order to restore locality, this amplitude requires a rational term whose kine-

matic part is of the form
(24)%[13]

4.18
o (4.13)

Reven = -

which cancels both the spurious poles of (4.17) and does not produces any modification
to the residues in the s12 and s14 channels. Adding together the cut-constructible and

rational piece one gets the complete fermion loop contribution

AW, B, W, B_) = 165 (Y] +3Y3) 6" (Keven + Reven) - (4.19)

ferm

On the other hand, considering three external W and a single B, one ends up with

_ ?
A WL WL WEB)| | =5 910300+ 8Y0) N Ko, (420)
where once again the SU(2) colour structure, which is Tr o/07/0 = Lel7K in the 515
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channel and Tr olo¥o/ = —ie”K i

in the s14 channel, is responsible for the relative

sign among the kinematic structures and the combination into Kyqq.

Now Kyqq in the small-si3 limit goes as

Bag 228, AL (

_H2 0(3?3)> , (4.21)
512514

513

requiring a compensating rational term of the form

odd = 24 2 1 2 M 4.29
Roaa = (24)7[13] 2519513511 (4.22)
which would lead to a complete fermion loop contribution of

Alleop oyl WK By = 203V +3Y0) €K (Koqa + Road) . (4.23)

2

However, Roqq introduces (unphysical) corrections to the residues in the sj2 and si4
channels, because the one-loop four-point amplitude cannot have any factorisation
channel and thus it cannot appear in the one loop amplitude’. In order to get an
answer which satisfies both unitarity and locality we must then enforce the coefficient

of the amplitude to vanish, which means imposing
Y, +3Yg =0. (4.24)

In a similar fashion, when looking at the one-loop interaction of three gluons with a
single B we get the condition
2YQ =Y, +Yy, (4.25)

which is necessary for the fermion-loop contribution to recombine in the physically
meaningful form

.Al_loop(GA7 G€7 GC, B—)‘ = _2glg§(Yu +Ya) (Keven + Reven) - (4.26)

ferm
FABC

This case is somewhat peculiar compared to the previous ones, in the fact that in-
stead of requiring the condition on the hypercharges to cancel a K,qq contribution,
it is necessary for a correct recombination into Keyen. The Q (Q) part, which gets a
factor of 2 from a trace over an SU(2) delta, comes together with the 7 (u) and d (d)
contributions, and upon requiring (4.25) leads to (4.26). Notice the crucial interplay
between the fermions @ and the anti-fermions %, d (and vice versa) which transform
alike under SU(3): if the SU(3) interaction was chiral this could not have happened.

Not only that, one would find additional cancellation conditions arising for example

9Three-point amplitudes are exact at tree-level and fixed by helicity and mass dimensions consider-
ation. This makes the poles of four-point amplitudes tree-level exact, i.e. there are no loop corrections
to the residues of these poles.
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from the four-gluon one-loop interaction, where this interplay is equally relevant.

Finally, in order to obtain the additional textbook constraint on the hypercharges
(2vF - v2) +3(2v5 - V2 - Y§) =0, (4.27)

we need to look at four-point amplitudes involving a fermion loop with three external B
and a boson which interacts through the same coupling with all the fermions (leading
thus to this coupling dropping out of the constraint), in other words a graviton g.
Similarly, considering the fermionic contribution to the one-loop interaction of three

gravitons with a single B will lead to the anomaly cancellation condition

(2, — Y.) +3(2Yg — Yy — Yy) =0. (4.28)

4.3 Anomalous dimension matrix from on-shell techniques

In this section we discuss how to make use of some of the tools introduced in Section
3 and the unitarity methods of Section 4.1 in order to compute the one-loop operator
mixing matrix for mass-dimension eight operators in the SMEFT [5]. In this context
two are the major challenges: the complete classification of the independent operators
for the given mass-dimension, which we dealt with in Section 3.2, and the computation
of the mixing matrix itself. In this thesis we will be only concerned with contributions
to the matrix which are leading order in the Wilson coefficients, but we stress that
the machinery we utilise, in particular the algorithm allowing for the construction of
arbitrary multiplicity amplitudes and non-minimal form factors presented in Section

3.3.1, allows to compute sub-leading contributions as well.

In the first section we briefly review how to compute the anomalous dimension matrix
from on-shell methods, for a more complete and general discussion including two-loop
applications (for an SU(N) theory) we refer the interested reader to [37]. Since at
dimension eight in the SMEFT there are almost a thousand operators, it is not possible
for us to display here the complete results computed in [5], instead we present the
running of the Wilson coefficients for the dimension six and eight operators relevant

for the Higgs production in association with a W boson via photon scattering.

4.3.1 A review of the method

Sticking to the notation introduced in Section 3.3.1, we write the effective amplitudes

as fn,d,i(p‘fl’hl, ..., pihn) where d is the dimension of the operator and i labels the
minimal interactions (for example, in the case of Ny =1 and d =6, ¢ =1,...,84), in

order to distinguish it from renormalizable amplitudes A. The central formula for our

computations has been presented in [237] and gives the action of the dilatation operator
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= ﬁagu on the amplitude in terms of its discontinuity'®

TP Fr =S F*, (4.29)

where S is the full S-matrix and on the RHS the product has to be interpreted as
a matrix product weighted over a proper Lorentz phase space integral which, via the

Optical Theorem, correspond to the discontinuity of the effective amplitude.

The dilatation operator is linked to the UV mixing matrix 'ylgvj by the Callan-Symanzik
equation [238-240]:

0
D7 = (3%~ B0 4 48 85 ) 5 (430

k
where ((g7) is the beta-function for the coupling gi and 7R is the IR contribution
to the anomalous dimension of the amplitude F; which depends only on its external

states.

Combining (4.29) and (4.30), expanding to leading order in the coupling and at linear

order in the effective interactions, one finds'!
d<2 h T T,
uv h 2 1 h gk k,l k,l
’7]4)7/ f](pllpn :—*Z Z /32 2 l lllplQ _>pllpm Z COS2018111202
l 1 {l1,l2}

h h
- Fi(.. pllll...plf...)

(4.31)

where

2T
dQQ:/ dgb/ df 2 cosfsinf (4.32)
47 0

is the Lorentz phase space integral, the sum over {lj,ls} is over the species and the
helicity configurations of the internal particles, ’yc(i)u is the IR collinear anomalous di-
mension associated to the [*"-particle and the term with Ty, - Tk, takes care of the
subtraction of the (divergent) IR cusp anomalous dimension (the label k runs over the
three factors of the gauge group U(1) x SU(2) x SU(3)). In particular, the latter is
non-zero if the in- and out-states of the four-point amplitude are the same and, if this is

the case, it is a proper contraction of the Lie algebra generators (or the product of the

%This formula has been first presented in [237] for F being a form factor, but it trivially holds for
(effective) amplitudes as well, by setting ¢ = 0 in the form factor.

11 order not to clutter up the notation with factors of 2 and , the results provided at the end of
this section, as well as those for the complete dimension-eight mixing matrix given in the ancillary files

of [5] are given in terms of the matrix fyUV = 167 Q'yJU_Y“ where we factored out the usual loop factor
1

1672 °
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hypercharges in the case of U(1)) associated to the outgoing (or equivalently incoming)

particles. For example, if the four-point amplitude is A4(Q;, Qi, — Q1 Qm), then

3
1\ 1
> G Ty Thgm = <—6> G ~R+gial ol ]+ g Al (4.33)

The helicity variables associated to the internal momenta, on the cut configuration,
can be written in terms of the Lorentz phase space angles § and ¢ and the external

momenta p; and py,, as first shown in [241]:

Al ~( cos - sin 6 ¢ A\l ’ (4.34)
Aly sin @ e~ cos ¢ Am
together with the complex conjugate rotation for the spinors 5\11 and X;Q. The collinear
anomalous dimensions for the particles in the Standard Model can be obtained by

studying the anomalous dimension of UV protected operators, such as the stress-tensor

as emphasised in [237]:

2
v ’}/CO dQQ h
(P} ph? | T |0) - E 167;12 = - E /32 2[ (. py — pliph2)
{h.l2} (4.35)

3 2
9 Tty - T, ha, hZQ T
_ Ik “kl " Tkig | 0
kX::l cos? 0 sin? 0 ] <pll | 0)

A list of the collinear anomalous dimensions computed from the stress-tensor form

factor can be found in Appendix A.3.

4.3.2 The Higgs production in association with a W boson

As an illustrative application of the techniques discussed so far, we consider a subset
of dimension-six and dimension-eight operators relevant for the Higgs production in
association with a W boson via proton scattering, ¢.e. the operators contributing to
the scattering pp — h W as considered in [77], with the difference that here we consider
a single fermion family so Ny = 1. In this section, we will compute the mixing among
dimension-six and dimension-eight effective interactions separately. First, we present
the relevant minimal amplitudes found using the algorithm presented in Section 3.2,
which are in one-to-one correspondence with the independent operators considered
n [77]. Then, using the techniques just reviewed we compute the two UV mixing
matrices, comparing the mixing matrix for dimension-six operators with known results
in the literature [84-86,242-244]. The full mixing matrix for all the operators in the
SMEFT up to dimension eight can be found in the ancillary files of [5].

There are thirteen dimension-six operators (five of which are self-hermitian) contribut-
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# | Hilbert series Minimal amplitude
1 33 Miem© 95, 05,05
3 1.
20 op2grpe ° o (1 3>[1i3}(§ji‘5j;
3 o {12)[12]6;:03,
4 o (13)[23]5%25% 6502
2DQQHH 5 b s
5 i (13)[23]5765,0,7
6 | B_B_HH (12)%57;
. e
7| ByB{HH (12]%05
8 | W.W_HH (12)%00 553
o | wow,dH [12]760 8%
10| ¢.c mgH (12)2541 42578
11| GG HH [12]2541 4257
12| B_W_HH (12)20"2
13 B.W.HH [1 2]201214]'3

Table 4.1: The table shows the thirteen dimension-6 operators and their multiplicity as a
result of the Hilbert series method. To each independent operator we associate and enumerate
a set of independent minimal amplitudes.

ing to the scattering pp — h W and such counting can be performed using Hilbert series
method. In Table 4.1 and Table 4.2 we show the content of the various operators and
their multiplicities as shown in reference [55] and the corresponding independent min-
imal amplitudes, respectively for the dimension-six and the dimension-eight effective

interactions.

In the following we present the running of the Wilson coeflicients defined by
) 0
6 = 167@@@ , (4.36)

(6)

we first show the results for dimension six operators, ¢;”’ and then those for dimension

eight c'g(s) = égs)’UV - égg)’IR where IR subtraction has already been performed. In
the presented results the dots'? indicate that the operator associated to the given
coefficient mixes with other operators which we are not considering, i.e. already at
leading order in the couplings the sector we are looking at is not closed. The last term
in the RG evolution of each coefficient is needed to isolate the UV contributions from
the diagonal IR anomalous dimension. The six-dimensional results fully match with
previous calculations in the literature, after a proper change of basis, and have thus
provided a useful cross-check for the on-shell techniques discussed so far. While the
following pages of renormalisation coefficients may not appear as very enlightening,
they provide an idea of the type of the result we were aiming to get for the mixing and
should also give a sense of non-triviality (in computational terms) of the calculation of

the full dimension-eight case.

First the dimension-six coeflicients:

12WWe explicitly display these only for dimension six, for dimension eight they would be present for
most coefficients and we omit them.
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# Hilbert series Minimal amplitude # | Hilbert series Minimal amplitude
74 rrd 31 04 $15 §16 ST Tst
)| maw ?15%3;’5161;’% o | 20 B-W-AH (12 <1>2<>2 [31>?2] 3]1 ;“
z . b}
3 B2 H?H? y_ [1 2266 36 . [12](12)0 7"
| pw Viam © Vg © (12)%‘?’% 57 | 2B WL HH [12]2 (23)[23]012?4
- J3 _
5| ByW.H?H? dme Msm o [1 %]15’6 12“_73 38 | D°B-W.HH (13)%[23]%0 f“h
6 W H? o<1g> an _25;;5;3 39 | D°W_B.HH (13)2[23]2"1™ y
7 dmg o (12)%0"stea, 01 ypew e | Yeme °<12>(14>[24] “15011 Jads
8 SWE I Vamo [l 2]%4%5;;5;; 41 Ve © o (12)(13)[23]6330",,
9 i Vo (1220 Biah 42 ODPW, I oy o [12][14](24)é¥s5 o 'jm
0| GHH’ Vamo <12>2521:2515516 43 o1 © Vg © [12][13](23)82501% )
11 G2 H*H? 12)254142 5% 5t 44 0 (12 1226?35’4
+HA dme ]I«IlX-‘lz\’eléa P ( >[2] non
12| B_W2HH (12)(23)(13)l2lsXog ot 45 | 3D*H°H oo<13> [13]263265
13| B.WIHH [12][23][1 8¢/l X0 ¥o%s 46 7z © Vg © (12)(13)[12][13]026%
14 W3HH (12)(23)(13)elf=lags 47 V@ © o (13)[23]ejq, 0126
15 LVEIEIH [12][23][13]¢ 1112135“ 8| ypooaH? Vim0 Vg o (13)[2 3]5;;6;75;3653
16 GiIgH (12)(23)(13)]“‘1“2/‘36“ 49 Vamm © Ve © (15)[2 51672635676,
17| GlHEH [12)[23][1 3] 42455 50 o Vg © (13)[2 31(;”551 53057
18| ypogsgs | Jmme Vamme (12)[12161530% || 51 12> 23j5 g0,
19 ) i © Mams © (1 4)[14]646726% || 52 12)(14)[34)5;367%0 mﬂ
20| D?B_B,HH 13 2[23]25 53 | 6DW_QQHH (12)2[23]633020 ’“[j
_ 2 1112 g I3 13 a3 1115
2! 2D2LV’W+HH [331]11(3)( 6)(524 o < ><124>[34lf“aibggis ”
22 ) (13) [23]2e1 2 Xeg0n 55 (12)?[23)633 050",
23| D?G_G.HH (13)2[23)2541 42574 56 (12)(14)[34)02 573517
24 | D?B_H?H? Vg © o<12>(14)[24]6’g(5;g 57 [13]2(23)67 6130 1"3]2
25 | D? 23 . 2H_2Hz o [31 2)[14)(24)5715% | 58 n 3][124] 24)_52 é@;l {175]2
26| DB2HH (1 2) 1 2](5]_; 59 | 6DW.OQHH [13]2(23)67 052077,
27 D?B*HH [12]3(12)63 60 [13][1 4] 24>51‘*(S“‘*I Il“jz
_ 3 I1 12 §ia iz caz _Iis
8| opewriH (12)3[12]6 ,(S:x . 61 [13]2 <23>6J2i2a3 hi‘
29 Vim0 (12)2(23)[23]e/ 2 Xoek | 62 [13][14](24)532 65215,
_ 1115 i 2 12 14 $Q2
30 2DAW2HH [12]3(12)5 lfix - 63 (13)(23)[23] 6]32]12 5
31 [12} (28)[28]en Yoo 64|y psaoiH (12)(13)[12][23]6]3(5]16
32 D>G2HH 12)3[12]641 4257 65 (13)(23)[23]20/2 544652
33 D*GZHH [1 2)? (12>5A1A251; 66 (12)(13)[1 2][23]5;25;;5@

Table 4.2: The table shows all the dimension-8 operators, their multiplicity and a set of
independent minimal amplitudes.

(6 2y2 4 9% 2 2 108 ) + 6ciy
o) 891Y /7 2
(8 2YuYy — 693 + 4801 V) + 243;23;2) —= 893 + 24
2 7 (6) 2 (6), H
4+ (202v2 + 22 o0 ] + o <1691YHYQ + 240 )1 — 24y2y2) +acdIyE 4

33 = =
(26 2v2 4+ 2 120 ) + 04(16) (329%YHYQ + 48V — 483723)2)

40 (6)

+ cs ©) <169%YHYQ + 24V )1 — 24372372) 9iYi

6
+ 4y +
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28¢%Y 2 21
(6) ( I 414 RYG+ 2 5 2 + 8¢5 + 12))13/1) + 04(16) (2%%11 + 2’73311)

1192
6

2g7Y,
3

B4 aglyy + —2 — 401 + 8372372)

3

4193

2 4+ 8g5 — 4NV + 83’23’2) + (2%011 + 2%011)

+ c5 (

+ 63 <Q2YHY - = + 2011 — y2y2> + 02 <_91YHYQ + = - y1y1> cee
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) ©
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Finally, what follows are the dimension-eight coefficients:

&® = (6g2 1 842Y2 + 192A) )

S = (395 +2062Y2 + 48)\) ¥ 4+ 8g1goY Y
63( ) = (392 + ZOleH + 48)\> cg ) + 8glggYHcg ) ,
& = 8g19o Vel + (13g2 +12¢2VE + 40)\> ¥ 4 80192V + 291 g2Vl
C'fr,(g) = 89192YHC;(>,8) + (1392 + 1297V + 40)\) ®) 4 89192YHC( ) 4 29192YHC§; ) ;
é%(s) = 4g1g2YHcfl ) (792 + 491 YH + 48)\) cé ) (492 — 4/\) c(7 ) ,

&S = (3192 +462Y2 + 24>\) A 1 8919,V

c'/( ) = 4glggYHcé ) (792 + 4g1 YH + 48)\> cg ) (49% — 4/\) cés) ,

c’g(g) (3192 +462Y2 + 24)\) ¥ 4 8919,V

S
O/—\
\/

I
/N

3g2 + 4g%YH + 48/\) Cgo) ,
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2
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( +3692 + 2077 + 12A> 7 .
,  116g2Y2 ® , (1793 212 (8)
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Chapter 5

Higher-derivative operators and

gravitational observables

The first observation of gravitational waves by the LIGO collaboration [245] at the end
of 2015 naturally spiked an interest in the gravitational two-body problem across the
board. The amplitudes community in particular saw a major shift in attention towards
this topic, and the wide range of tools developed primarily for the sake of collider

physics found an ideal ground to flourish and contributed groundbreaking results.

When considering the merger of two galactic objects, the process is usually described
in terms of three different phases being an initial inspiral phase, the merger itself and
finally the ringdown of the resulting object. During the inspiral phase, in particular in
the case of two black holes, as long as the two bodies are far enough apart from each
other and since they are separated from us (the observer) by distances on a cosmic
scale they can be effectively approximated as point-like particles and described within
a quantum theory of gravitationally interacting massive particles. The particular pro-
cess of interest is usually a two-to-two scattering: in the case of two Schwarzschild
black holes for example one considers two scalars ¢, m, — dm, dm, but similarly one
can describe light deflection of a black hole as ¢, 7 — ¢m,y. The aim is clearly not
to give a quantum mechanical treatment of the black holes, whose internal structure is
in fact completely neglected, rather to extract information about the classical gravita-
tional interaction at high enough precision to give an accurate description of what the
experiments are observing. The increased precision comes from extracting the classical
information hidden in the higher-loop contributions of such a framework: in quantum
field theories featuring massive matter, the mass terms come with an inverse power
of i which leads to additional cancellation of the powers of £ in the loop expansion
and so even arbitrary high loop-orders can feature terms surviving in the classical limit
h — 0 [94-96].
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Also in this context on-shell methods prove extremely powerful. In fact the focus is
on long-range physics which is encoded in the non-analytic pieces of the amplitude
(the analytic part corresponds to local terms in the potential), and since unitarity cuts
capture precisely these pieces, loop-level unitarity and generalised unitarity methods
prove ideal to extract the relevant contributions from the complete amplitude result.
In particular, one wants to consider the external lines of the amplitude as the galactic
objects interacting via graviton exchange, narrowing down on the terms that have
discontinuities in the ¢? channel, corresponding to the momentum transfer ¢ of the
process [246,96].

The perturbative expansion with respect to which one computes trees and loops is
performed in powers of Newton’s constant G and is called post-Minkowskian (PM)
expansion, as opposed to the post-Newtonian (PN) expansion where the perturbative
coupling is given by the relative velocity v? of the two objects or equivalently (thanks to
the virial theorem) by v? ~ Gm/r with m the total mass of the binary system and r the
relative position. While the PM expansion is relativistic in its nature and thus provides
a result complete to all orders in the velocity at each given order in G, in the early
inspiral phase the gravitational field is weak and so the system constituents are non-
relativistic and the PN expansion might prove better suited in these circumstances.
The two approaches can be considered complementary and provide effective cross-
checks of one another. In the PN expansion relevant results include the first [247],
second [248,249], third [250-253], fourth [254-266], fifth [267-269] and sixth [270-275]
post-Newtonian order. In the post-Minkowskian framework, which is natural in the
context of amplitudes, the current state of the art is at 4PM order [30,276-278] with the
previous 3PM order being computed in [29,279] and confirmed among others in [280].

Scattering amplitudes are naturally organised as a series of powers of GG, and it is then

convenient to define the effective two-body potential

0 ™
Vo) =3 () e, (51)
&\
where p and r are the relative momentum and distance. This effective potential is
then truncated at a given order in G', and up to this order it reproduces the same
physics as the full gravitational theory for two bodies interacting via classical long-
range force, and the coefficients of the expansion can be extracted from the amplitudes
by an EFT matching procedure [94-98,246,281-283,29]. Such a procedure focusses on
the computation of the effective potential which is not a gauge invariant quantity, and
thus the matching procedure needs to be performed with some care. On the other hand,
one can follow a different route and directly compute gravitational physical observables

from the on-shell scattering amplitudes. There are different ways of doing so, one

LAt the time of writing, the highest known PM contribution is to O(G*), see [30].
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example being pioneered in [26,28] and further extended in [32,33], but the one we
decided to adopt is the eikonal approach [100-105], in particular for the computation
of the time delay and deflection angle of a light particle off a heavy object.

In this approach the relevant amplitudes are evaluated in an approximation where the
momentum transfer |7| is taken to be much smaller than both the mass m of the heavy
scalar and the energy w of the massless particle, or more precisely taking m > w >
|¢'|. Crucial for this is a convenient parameterization of spinor helicity variables for
the massless particles in the eikonal limit. The amplitudes thus obtained are then
transformed to impact parameter space via a two-dimensional Fourier transform. In
this space, the amplitudes are expected to exponentiate into an eikonal phase, from
which one can extract directly the classical (and, if desired, quantum) deflection angle
and time advance/delay. Recent applications of this method to this type of problem
include [284] for the deflection angle of massless scalars up to 2PM (namely O(G?)),
[285] for photons and fermions up to 2PM order, and up to 3PM order in [286-289]. We
also note that [285] showed the equivalence of the eikonal method and the formalism
based on the computation of an intermediate potential/Hamiltonian used for instance
in [285,290-294].

In this chapter we consider effective theories of gravity obtained by adding higher-
derivative interactions to the Einstein-Hilbert (EH) action. Higher-derivative operators
in gravity have attracted increasing attention and are being studied from a variety
of perspectives, including the modifications induced on the potential [293,294], the
effects on gravitational wave observations [295,106] as well as causality bounds on the
associated coefficients [296]. Here in particular we consider terms of the form R3,
R* and FFR with R being the Riemann tensor and F the field strength tensor of
the photon, and compute the leading and first subleading contribution in the eikonal
formalism. This requires the computation of up to one-loop amplitudes with these
operator insertions, from which we extract the deflection angle and time delay from the

eikonal phase, considering the deflection of gravitons as well as photons.

Since our computation stops at the first loop order, we make use of an additional sim-
plification stemming from the fact that in the unitarity-based calculation the cuts can
be kept in four dimensions, as discrepancies with D-dimensional results only give rise
to analytic terms, at this loop order. It is also important to stress that the presence of
the higher-derivative couplings allows for helicity-preserving as well as helicity-violating
processes to contribute, thus the eikonal phase is promoted to an eikonal phase matriz
in the space of helicities of the external massless particles. In our conventions (+—)
and (—+) are the diagonal entries associated to no-flip scattering (recall that we always
consider all particles’ momenta as outgoing), while (++) and (——) are the off-diagonal

entries, with helicity flip. The associated mixing problem has to be resolved in order to
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obtain the physical quantities of interest. Whenever the two eigenvalues of the eikonal
phase matrix are distinct, a possible violation of causality at small impact parameter
arises, as noticed already at tree level in [297]. See also [298-305] for further discussions
and resolutions of this issue in UV-complete theories, [103,297,306,307] for earlier ap-
pearances of the eikonal operator and [308,309] for related discussions involving helicity

flip and no-flip amplitudes.

In this section we first describe the theory we are working with and give a precise
definition of the eikonal limit, providing an explicit parametrisation for all the momenta
and spinor-helicity variables we need. We then briefly review the connection between
amplitudes in the eikonal limit (Fourier-transformed to impact parameter space) and
the eikonal phase matrix, the deflection angle and the time delay. Finally we provide
the relevant amplitudes?, extract the eikonal phase and compute the modifications of

the observables due to the presence of the higher-derivative couplings.

5.1 From amplitudes to the deflection angle and time de-

lay via the eikonal

Gravity with higher-derivative couplings

In this section we study the effects of higher-derivative operators, denoted schematically
as R?, R* and FFR, on the deflection of the a light particle by a heavy spin-less object.
More precisely, we use the eikonal approximation to compute the corrections to the time

delay and deflection angle induced by the following theory

1 1 2
5= [dtav=g | 5(Du0)D e) - Gm*s* ~ SR
2 2 1 @ (5:2)
— ?56 + ?[,8 — ZF‘“’FW — gFWFPURWW ,

where in the first line we have the massive scalar particle action mimicking the heavy
spin-less object, as well as the Einstein-Hilbert term, then in the second line the purely
gravitational interaction terms Lg and Lg and finally the photon interaction terms.
The higher-derivative interactions we consider are

aq

(0%)
==+ = .
Lg 18 1+24G3 (5.3)

2In this and the next chapter through an abuse of notation we often call “amplitude” what tech-
nically is only the part of the amplitude with the discontinuity in the kinematic channel related to
momentum transfer. In other words, we call amplitude the part of the complete amplitude relevant to
our computation.
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with
I := R, R" je R” o Ga =T = 2R s R )R o = 1 = 2L, (5.4)
and
Ls = B1C% + BoCC + B3C2, (5.5)
where .
C := Ryypo R, C := = Ruyap €®? 5 R1OM . (5.6)

2

A few comments on the various couplings in (5.2) are in order here.

First, there are two types of R? terms, denoted as I; and G3 above. Such terms arise
naturally in the low-energy effective description of bosonic string theory were oy =
as = o2 which is the value of the couplings we will use in this section. Their effects
on gravitational scattering of different matter fields have been discussed in [293,294];
specifically for the scattering of two massive scalars, both independent structures I; and
G5 were found to contribute. On the other hand, for the helicity-preserving deflection of
massless particles of spin 0, 1 and 2, it was shown in [293] that the G5 interaction has no
effect. Additional interesting features about the I1 and G5 couplings are that I is the
only coupling that contributes to pure graviton scattering up to four points [310,311]
and is the two-loop counterterm in pure gravity [312], while G3 is a topological term
in six dimensions. In the following we will be concerned with (helicity-preserving and
flipping) scattering of massless gravitons in the background produced by a massive
scalar, in which case only the I; structure contributes, hence in this section we will
refer to it simply as the R? term, since no confusion can arise. Note that in the case of

photons there is no R? contribution to the helicity-flipping process.

The second interaction we study is of the type R*. In principle there are 26 independent
parity-even quartic contractions of the Riemann tensor [313], but only the seven which
do not contain the Ricci scalar or tensor survive on shell in arbitrary dimensions, as
can also be seen using field redefinitions [314,315,2]. In four dimensions these reduce to
two independent parity-even structures [295,316], plus one parity-odd structure [106],
as shown in (5.5).% In agreement with [316] we find that these interactions induce the
following four-point graviton amplitudes: those with all-equal helicities, and the ampli-
tude with two positive- and two negative-helicity gravitons (the MHV configuration).
If 5 in (5.5) is non-vanishing, then the all-plus and all-minus graviton amplitudes
are independent. We also note that a particular contraction of four Riemann tensors
appears in type-1I superstring theories where it is the first higher-derivative curvature

correction to the EH theory, and can be determined from four-graviton scattering [318].

3A general approach to find a complete, non-redundant operator basis of dimension six and eight
for the effective Standard Model including gravity has been given recently in [317] using the Hilbert
series method.
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The third interaction we consider is an F'F'R term, where F' is the electromagnetic field
strength. It is known to arise in string theory as well as from integrating out massive,
charged electrons in the case of electrodynamics coupled to gravity, as discussed in
[308,309], and considered more recently in [298,299].

We have also introduced in the action a minimally coupled massive scalar to represent
a black hole*. Note that in (5.2) we have excluded terms quadratic in the curvatures
since from an effective field theory/on-shell point of view they have no effect to any

order in four dimensions, as shown recently in [2].

Kinematics of the scattering

Here we describe the kinematics of the scattering processes we consider in this section.
We denote by p; and ps the four-momenta of the incoming and outgoing scalars, re-
spectively, with m being their common mass, while the momenta of the incoming and
outgoing massless particles (gravitons or photons) are py and p3. We stress here that for
the graviton scattering process in particular, it is not our goal to describe the specific
scattering in order to provide input data for experiment, but rather gain qualitative
insights into the theory including higher derivative operators. These insights include
for example the necessity of introducing an eikonal phase matrix or the consistency
requirements imposed on the couplings by the time delay, as we will see later in this

section.

We will work in the centre of mass frame, with the following parameterization:

N

i = —(Es,—P+q/2),
iz(E( *ﬁ */612/)2)’ (57)
Py = (L2, p+¢q )
2 N
D1 p44

In our conventions we take all momenta to be outgoing, hence the minus signs in the

expressions of p; and py4 since particles 1 and 4 are incoming. We also have

E1:E2:\/m2+52+§2/4,

B3 =Ey=\/p?+q%/4 = w,

(5.8)

where P - ¢ = 0 due to momentum conservation. Hence ¢ lives in a two-dimensional

4In order to describe charged black holes the real scalar in (5.2) should be replaced by an electrically
charged complex scalar.
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space orthogonal to p. In this chapter we define the Mandelstam variables as

si=(p +p2)?=—q% t:=(p1+p1)?=(FB1+E)? w:=(p+p3)? (5.9)

with s +t + « = 2m?. In this notation the spacelike momentum transfer squared is
given by s, while t denotes the centre of mass energy squared, and w is the energy of

the scattered massless particle.

In the above parameterization, the kinematic limit we are interested is
m>w> |7, (5.10)
which implies for the Mandelstam variables
t o~ m? + 2mw, ut —m* ~ —(2mw)?, (5.11)

and for the energies of the massless particles

=2
i~ q
3 4 7| < 87 2> ( )
For definiteness we choose p' = |p'| 2 with |p'| > |7, as implied by (5.10). In this
approximation we can write the four-momentum p3 of the massless particle in spinor

notation as

q  q
8| 2
p3 = 7 , (5.13)
q o
_4 9
5 7|

with ¢ := g1 +ige and q := g1 —ig2. One can then find an explicit parameterization for

the spinors associated to the null momenta p; = A\j\;, i = 3,4, with the result

q
— | 4lp] 5 (.4
o =205 | WP As—\/2!p!(—4,ﬁ| 1),
1
, (5.14)
q
o | 4P N sl |
A =1y/2|p] 71 A4=z\/2\p\<4,ﬁ| 1)-
1

Note the extra factors of ¢ due to the negative energy-component of ps corresponding

to an incoming particle.
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Eikonal phase, deflection angle and time delay

In this section we briefly review relevant aspects of the eikonal approximation and the
eikonal phase matrix which allows for an efficient extraction of the deflection angle and
time delay/advance from scattering amplitudes. This topic was intensively studied in
the context of gravity and string theory in the nineties [104, 105]; for related recent

work see also [319-321] and references therein.

First, we introduce the amplitude in impact parameter space A. This is defined as a

Fourier transform of the amplitude A with respect to the momentum transfer ¢,

-

AB) = P s g 5.15
(0) = dmw (27T)D_26 (@), (5.15)

where b is the impact parameter, and the number of dimensions will eventually be set
to D =4 —2e.

In the eikonal approximation the gravitational S-matrix can be written in the form
[104, 284]

St = ellB+ort) (5.16)

where 0 is the leading eikonal phase, which is O(G), 0; the first subleading correction,
of O(G?), and the dots represent subsubleading contributions. Alternatively, one can
write the S-matrix in impact parameter space as

See = 1+ A0 + AW + AV + A% + A% + AP 4. (5.17)
where the superscript indicates the loop order L and the subscript the power in the
energy w of the massless particle. That the maximal power of w at a given loop order
is L + 1 is a well-established fact in (super)gravity and we will see below that the R3
corrections do not alter this expectation. However, we also find that the R* corrections
lead to higher powers of w starting at one loop, which is not surprising since higher-
derivative corrections worsen the high-energy behaviour. In the effective field theory
approach we adopt, we are not really interested in high-energy physics (or high-energy
completions of the theory) — we use the eikonal approximation as an efficient and elegant
tool to extract deflection angles and time delay/advances without passing through the
computation of non gauge-invariant intermediate quantities such as effective potentials
or Hamiltonians. Nevertheless it would interesting to check if in the R* case unitarity

can be restored as well through exponentiation.
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Equating (5.16) with (5.17) one gets
6= —i A (5.18)
6= —i AV (5.19)
as well as the condition
50)? ~
_ ;) = A0, (5.20)
which implies the consistency condition
~ 1 ~
Al = SAD). (5.21)

Thus, the contribution to the one-loop amplitude that is leading in w, .ZlSQ), does not
provide any new information about the S-matrix. In general, it is only the term in
A@) that is linear in w, .,ZlSJL), that provides new information entering d;. We also note
that (5.18)—(5.21) hold as matrix equations.

Note that a priori these statements are known to hold for EH gravity. The results in
this chapter show that (5.21) also holds for the higher-derivative interactions discussed
here at least up to one loop. Of course the work of [104] on the eikonal limit of
string amplitudes gives reason to believe that the exponentiation will work for higher-

derivative interactions to all orders.

Finally, the particle deflection angle can be obtained from the eigenvalues 6 of the

eikonal phase matrix §. Using a saddle-point approximation [104,285,322] one finds,

for small 6,
. 10 .
00 = = —50) 22
AR (5.22)
where ¢ runs over all eigenvalues of § and b = |5| For the time delay, we will use
instead [323-325]
) 96
1) — . 5.23
50 (5.23)

5.2 The relevant scattering amplitudes

In this section we compute the relevant amplitudes needed to extract the deflection
angle and time delay/advance induced by the various interactions in (5.2). At tree-
level we will present exact expressions; at one-loop we only need to compute the part
of the amplitude with a discontinuity in the s-channel® and we will write the relevant

expressions after expanding them in the eikonal approximation (5.10) — this will be

5We recall that s = —|q |2 where ¢ is the momentum exchange between the classical source and the
graviton.
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denoted in the following by the ~ symbol. A direct extraction of the classical part
of the deflection angle and time delay can be performed using triple cuts, and in an
even more refined way using the holomorphic classical limit [25]. We chose instead
to compute the one-loop amplitudes through two-particle cuts, which also determine
the quantum part of the amplitude. The latter, despite not being used in the present
thesis, becomes essential when considering the exponentiation in the eikonal limit at
higher orders [320].

We will begin our discussion with the simple case of EH gravity, quoting from [292]
the relevant two-scalar two-graviton amplitude without helicity flip. We also compute
the amplitude with helicity flip, and show that it does not contribute in the eikonal
approximation, as correctly assumed in previous treatments. We will then move on
to compute the relevant tree- and one-loop amplitudes that are necessary in order to
compute the corrections induced by the R?, R* and FFR terms in (5.2).

The two-particle cut diagrams relevant for the R? and R?* cases are shown in Figure 5.1.
The corrections induced by the F'F'R interaction need a separate analysis and we show
the corresponding diagrams in Figures 5.2 and 5.3. For the case of the R" interaction
both internal and external particles are gravitons, while in the case of F'F'R we either

have external gravitons and internal photons, or viceversa.

X X
260 lilll : ll—hl 3hs 24, l?l : l1—h1 3hs
& v &
L., 12 15" 4ha Ly, 12 150 gha
Figure 5.1: The two-particle cut diagrams for the R™ interaction in the s = —¢ ?-channel. In

our conventions external momenta are all outgoing and internal loop momenta flow from left
to right in the diagram.

A comment is in order here. Focusing on the cuts relevant for R™ depicted in Figure 5.1,
the case hy = hy corresponds to the massless particle flipping helicity upon interacting
with the scalar, whereas hg = —hy4 corresponds to the helicity-preserving process, since
in our conventions all external particles are outgoing. A simple way to take into account
particle statistics is to sum over all values of the internal helicities A1 and ho and divide
the result by 2.5

SIf the two particles are identical this introduces the correct Bose symmetry factor of 1/2; if they are
different this takes into account that the internal particles are not colour ordered, hence summing over
two possible internal helicity assignments would lead to double counting, compensated by the factor of
1/2.
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5.2.1 Four-point scalar/graviton scattering in EH gravity

The relevant tree-level amplitudes in the EH case are the two-scalar /two-graviton am-

plitudes in the two helicity configurations for the gravitons:’

2 4 : -
O 16 06 o qoey _ (RYE G j
17,2 4 = —|=
‘AEH( 27,37, ) <2> $2 {t—mg—i_u—m?}’ (524)
2 2 . . M
(0) (16 of at+ 4++) — _ Fv) 4 [34] i i
AEH(]' ;27,3774 ) <2 m <34>2 [t_mQ +u_m2}’

The computation of the four-point one-loop amplitude without helicity flip in the

eikonal approximation (5.10) was performed in [292], with the result

4
AR, 2037707 2 G (5 ) [ @) sy tim) + s, wsm) = 15(m%) Ty(sim)

+ (dmw)2sTs(s) — %(mw)QIQ(S) ,

(5.25)

where

2mw

e (2’ 50

is a pure phase, with N}, — 1 in the eikonal approximation. We have also computed

the new amplitude with helicity flip in the same approximation, with the result

[34]
(34)7

4
A](Ell){(1¢7 2¢>7 3++74++) ~ (“)

. (m?s)? [La(s, t;m) + (s, um)| . (5.27)

5.2.2 Four-point scalar/graviton scattering in EH + R3

We now consider the amplitudes with addition of the R? interaction in (5.2): the

helicity-preserving amplitude at tree-level is vanishing
A (1%,22,37 att) =0, (5.28)

while the helicity-flip amplitude is [293]

A (19,29 3+ 4t+) = (;)2 <a>2 [34]* (t—m?) (u—m?) (5.29)

"See for instance [293,181].
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At one loop, the result of [293] for the no-flip amplitude gives:
4, N2
Ag3(1¢,2¢,3__,4++) ~ (;) (i) Ny, [(ms)4(l4(s,t; m) + Iy(s,u;m)) + (m?sw)?I3(s;m)
+ S msw)D(s)]
(5.30)

where N}, is defined in (5.26). The one-loop amplitude with helicity flip requires a new
computation and the result in the eikonal approximation is

/

A2 20 57 ) = (5) " (9) B [Come) (1o, im) + (s, 06m)

— 13(m*w)?I3(s;m) + 16(mw)?s I3(s) + %(mwﬁh(s)

(5.31)

5.2.3 Four-point scalar/graviton scattering in EH + R*

In this section we consider the addition of an R* interaction to the EH action. Such in-
teraction affects the two-scalar two-graviton amplitude at one loop and thus contributes
to graviton deflection and time delay at order G?. In order to build this amplitude using
the unitarity-based method we first need to find the expression for the four-graviton
tree-level amplitudes in the R* theory. We do it first starting from the Lagrangian
in (5.5) in order to make contact with the notation of [295], then we show how to
get directly to the result through the approach presented in Section 3 relying only on

little-group considerations and dimensional analysis.

Deriving the four-graviton amplitudes from (5.5) is straightforward — we simply have to
replace the four Riemann tensors in each term by their linearised form corresponding

to the four on-shell gravitons. For particle ¢ the well-known expression in momentum

space is

R@)uspo = 5 F(0) Flipo (5.32)
where

F(i)uy = Dip€iv — Piv Eip - (5.33)

Since we are interested in helicity amplitudes, we choose the field strengths F'(i) to be
selfdual (negative helicity) or anti-selfdual (positive helicity), hence in spinor-helicity

formalism their form is

F(i)spaaps = —V2Nadigesy  and  F(i)xgpaags = —V2Xiadzeap - (5.34)
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The building blocks in (5.6) are bilinear in Riemann tensors, and take the form

¢ = (F(i)aso - FG)asn) - (5.35)

and
€ = (Flws Fiwso) (Flwso- 7+ Fidasn )« (5:30

where - denotes Lorentz contractions and * denotes the usual Hodge dual which acts on
the (anti-)selfdual field strengths as xFsp = Fsp and *Fysp = —Fagp. Furthermore,
given the form (5.34) these expressions are only non-vanishing if both particles ¢ and j
have the same helicity. In summary, if both gravitons have negative helicity (SD field
strength) we have

C=iC= % (i), (5.37)
while if both gravitons have positive helicity (ASD field strength) we have

C=—iC=—lij]*. (5.38)

N =

With these results one easily arrives at
2
AQ (1 g+ 3 gy =gt (g) (L2134 + [13)'[24]* + [14)[23]") |
(0)————————_~—E2 4 4 4 4 4 4
A 2737 =i () (264t + @) eat+ 14'23)!)

_ 2
ARz sy =i (5) nateat

(5.39)
with
g =a(but 2 pr—5) (5.40)
g =a(pi— 3 5) (5.41)
B=4(Bi+5s) . (5.42)

Note that if we do not allow the parity-odd coupling (82 = 0), then the coefficient of

the all-plus and all-minus amplitudes are the same 3+ = 8~ := .

Let us now take the on-shell approach to finding the tree-level amplitudes. We begin
by noting that the coupling constant of the four-point amplitude has two powers of
% ([k] = —1) and it is proportional to the coupling constant of the R* interaction (3
([8] = —6). Furthermore, the nature of the new interaction implies that the four-

point amplitude is just a contact term. Mass dimension and scaling under little-group
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transformations fix the form of the possible amplitudes completely:
2 ~ ~ ~ ~
AQ 1+ 2+ 3t 4ty © 48 (’;) APAPANSINE (5.43)
AQ 1+ 2+ 3+ 4y =0, (5.44)
~ 2 ~ ~
AQ 1+ 2+ 377 477 ~ i3 (;) A PPN B (5.45)

Here the Xi®4 and /\i®4 schematically describe the dependence of the amplitude on
the spinors: each spinor appears four times and upon taking linear combinations of
appropriate pairwise contractions of the spinors gives the desired result. Notice that
here the form of the kinematics is entirely fixed by the mass-dimension of the operator
(which fixes the dimension of the couplings) combined with the constraints coming
from the mass-dimension of the four-point amplitude and the little-group properties
which constrain the minimum number of spinors for each external particles. The only
freedom we have left is how to contract the spinors among each other, which needs to
be done in such a way that Bose-symmetry is satisfied in the final result. For the MHV
amplitude (5.45) there is only one possible structure, and we define the corresponding

amplitude as

B 2
AR (1 24+ 37 47) =3 (’;) [12]4(34)% (5.46)
On the other hand, we can now introduce the convenient variables
a:=[12][34], b:=—[13][24], c:=[14][23], (5.47)

in terms of which the all-plus amplitude can be written in such a way that permutation
invariance is manifest. By saturating the spinor indices of (5.43) with the Levi-Civita

tensor in all possible ways one gets four distinct combinations:

a* + bt 4+ 4
2 [a?b? + a2+ 022
AQ (1t 2%+ 3+ 4ty — g (”) (5.48)
2) |a®*bt+atd+adctrad +3ctbed

albc+ab’c+abc?.

However, using the Schouten identity, which in terms of these variables reads
a+b+c=0, (5.49)

one can show that there is actually only one independent combination, which we will
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take to be the first of (5.48). We will then define the all-plus amplitude to be
2
AQ (1 24+ 3+ 4ty — i (’;) (n21' 34 + 13"124) + 14)*[23]*) . (5.50)

In the presence of a parity-invariant theory, the amplitude corresponding to (5.50) with
all helicities flipped is simply obtained by replacing [ji] — (ij), otherwise it should be

considered to have an independent normalisation.

Now that we have the tree-level building blocks we can compute the one-loop amplitudes

in the eikonal approximation, as done in previous sections. The relevant results are

4
AR 237 ) 2 N (5] [T (me)! Bsim) + L) B(s)|

AD)(19,20, 34+ 4++) ~ gt (“)4 [34]4 {3 (me)d Ty(s:m) + 22 (mwQ)QIg(s)} ,

2 4 24
4
ARt ) = =5 (5) Bt ) Bsim) + 22 (P L)

(5.51)

where N}, was introduced in (5.26).

5.2.4 Scattering with the FFR interaction

The last interaction we wish to consider is the F'FR term in (5.2). From an on-shell
point of view this is the simplest non-minimal modification of the coupling of photons
to gravity. As we will show below this leads to new corrections to the bending and time
delay/advance of light and graviton propagation in the background of a very massive

scalar particle, which mimics a charged black hole when viewed from a distance.

This new interaction modifies the three-point two-photon/one-graviton amplitude:

K\ [«
AW (1t 2t 3ty = (2> <4”> [13]2[23]2 (5.52)
which we will now use to construct the relevant amplitudes at tree level and one loop
to compute deflection angles and time delay in the presence of this interaction. Note
that this amplitude is determined once again by its helicity structure and dimensional
analysis up to a normalisation which we fixed in order to match the Feynman rule (B.7)

following from our action (5.2).

Relevant amplitudes for graviton deflection

Using factorisation and Feynman diagrams we have computed the four-point ampli-
tudes relevant for graviton deflection from a massive charged source (such as a charged

black hole). The new FFR interaction involves two photons and one graviton, hence
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X X
2¢m l?l : ll—hl 3hs 2¢m lill : ll_hl 3hs
‘S  8
1y, 152 15 4ha Ly, 12 150 4ha
Figure 5.2: The two-particle cut diagrams in the s = —¢ 2-channel of the graviton deflection

angle in the presence of an FFR interaction. The internal lines are photons. The first diagram
is proportional to k2 e? and is only non-vanishing for h; = hy for the internal photons. The
second diagram is proportional to x*, it is non-vanishing when hy = —hs and hy = —h; thus it
contributes solely to the helicity-preserving configuration. Also, it only produces quantum cor-
rections (bubble integrals) with coefficients that vanish in the case of four-dimensional external
kinematics.

one cannot generate a tree-level correction to the amplitude with two scalars and two

gravitons. The first corrections arise at one loop, from the cut diagrams in Figure 5.2.

For the cut diagram on the left-hand side of the figure, we need the tree-level scalar

QED amplitude with two photons and two massive scalars [23]

342 . .
AQep(1®. 2347 = @t B (o L) sy

s t—m?2  u—m?

along with the modification to the two-graviton/two-photon amplitudes arising from

the FF'R coupling for both helicity configurations of the graviton

AW (1t 2t 37 4ty = (2)2 <Oz> 1 2]2<3‘81t’3]4 : (5.54)
and
W\2 /o 212 4124 912 212 41274 112
AD (17 2% 3 4t _Z-(Q) (47) <[13} [ii [42] n 23] [?;ji [41]
(5.55)

Both amplitudes can be computed with on-shell techniques. Specifically, (5.54) can be
constructed using BCFW recursion relations [13] by shifting appropriately the graviton
momenta, while it is easy to verify [155] that (5.55) can be derived via an (holomorphic)
all-line shift.

Note that the cut is non-vanishing only in the singlet configuration (internal photons
with the same helicities). This is because the four-point amplitude with two photons
and two gravitons induced by the FFR interaction is non-vanishing only for same-

helicity photons.

We now move to the cut diagram on the right-hand side of Figure 5.2. The two-
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photon/two-graviton EH amplitude only exists in the configuration where the gravitons
and the photons have opposite helicity (see for instance [285]),
2 2
4]1|3
Az ara) = —i () napey SR (5.56)
2 stu
and thus it contributes only in the helicity-preserving process. Hence, in order to com-
pute the cut we will only need the following two-scalar/two-photon amplitude involving

an F'I'R interaction:

2
At 20,3700 = =i (5 ) () aluia? (5:57)

Performing the calculation, it turns out that the right-hand side of Figure 5.2 does not
produce any non-analytic term with an s-channel discontinuity when external kinemat-

ics are considered to be strictly four-dimensional.

Following the above considerations, the one-loop amplitudes in the eikonal limit can be

computed entirely from the LHS of Figure 5.2, and are found to be

2
A](;F)R(W, 29 377,47 ~ —N,Q? (;) (?) s [(mzs)2 (Ly(s,t;m) + L4(s,u;m))
383 3
+ (mw)2I3(s;m) + 1%13(5) + 5wh(s)] |

(1) (16 9¢ a++ g4++ 2 (EN? () apq 4
Al (1928, 37 a7 = @2 (5) () mPB 4 Ta(ssm).

(5.58)

where again A}, is the phase defined in (5.26), and @ denotes the charge of the classical
source (the black hole).

Relevant amplitudes for photon deflection

It is interesting to study how this new F'F'R interaction affects the bending and time de-
lay /advance of light. In order to do so, we now review the known two-scalar /two-photon
amplitudes for minimally coupled photons [285], and present the new corresponding

amplitudes induced by the F'F'R interaction, both at tree and one-loop level.

In the following we consider processes where the internal legs are gravitons. In the EH

theory, for the two-photon two-scalar process, only the helicity-preserving amplitude is
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non vanishing®, both at tree level
2 2
0 - K 3|14
A2y an =i (5) EEE (5.59)

and at one loop [285],

4
AGh(19,22,37,47) ~ — A, (’;) (2mw)t (Ly(s, t;m) + Li(s,us;m)) — 15(m%w)?I3(s;m)
+ 3s5(2mw)? I3(s) — %(mw)2 12(3)1 ,
(5.60)
where the phase factor A is
2
N, = (i’?’jlf]) ~_1. (5.61)

We now discuss the corrections to the two-scalar two-photon amplitudes arising from
one insertion of the F'F'R interaction. These come from a single graviton exchange
between a minimally coupled scalar and the F'F'R three-point vertex. At tree level,

only the helicity-flip amplitude

AW (19,29 31 at) = (;)2 <CZV> 34) [(t — mz)s(u =) b . (5.62)

contributes in the eikonal approximation, while the no-flip amplitude, already quoted
in (5.57), is a contact term that is subleading in the eikonal limit (it does not have a

pole in s = —|7]?).

Moving to one loop, the relevant two-particle cuts for the (+4) configuration are shown
in Figure 5.3. We find that the amplitude with photons in the (++) helicity configu-

ration in the eikonal approximation is

ADL (19,29, 3% 4H) o — <’2"”>4 (OZ) 841 [(2me)! (L(s. tsm) + Li(s,usm))

— 15(m?w)%I3(s;m) + 3 s (2mw)? I3(s)

+ %(mw)2 Ig(s)} ,
(5.63)

8Indeed, one can check that in four dimensions the Feynman rule for two same-helicity (on-shell)
photons and one off-shell graviton & is zero: V*(1%,2%,3") = 0, where V*” is given in (B.6).
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2. T 3+ 26m Il 3t
W 0
Lom 31l 4t Lo, I 1 I 4+
Figure 5.3: The two-particle cut diagrams in the s = —|¢| 2-channel contributing to photon

deflection to first order in the F'FR interaction. We only show the helicity-flip configuration
since the helicity-preserving cuts vanish. The cut diagram on the RHS of the figure only
contributes terms which are subleading in the eikonal limit.

while the amplitude with photons in the (+—) helicity configuration vanishes:

AL (19,29 37 4t) =0 . (5.64)

5.3 Eikonal phase matrix, deflection angle and time delay

In the previous section we have derived the relevant tree and one-loop amplitudes which
we will now use to extract the deflection angle and time delay up to 2PM order (or
O(G?)) generated by the addition of the various couplings in (5.2). The key quantity
is the eikonal phase matrix d, to be introduced below, of which we will compute the
leading, dp, and subleading contributions, d;. As an important consistency check we
will confirm that the leading-energy contribution of the one-loop amplitudes captures

the required exponentiation of the leading-order eikonal phase matrix d&g.

In the following we focus on the classical contribution to d. We stress that for the
cases we consider, d will be a 2 x 2 matrix: the diagonal entries correspond to the two
amplitudes A(1?,2?,3" 4"2) where the helicity of the massless particle is not flipped
(which in our all-outgoing convention corresponds to h; = —hg), while the off-diagonal

ones correspond to the two helicity-flip processes (with hy = hs).

As a final comment, we note that the combined effect of the interactions in (5.2) is
simply the sum of the contributions of each interaction treated independently; hence
we will study them separately, and begin our discussion by reviewing the computation

in EH gravity.
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5.3.1 Graviton deflection angle and time delay in EH gravity
Leading eikonal

The relevant tree-level amplitudes in EH gravity are given in (5.24). In the eikonal

approximation (5.10) they become

—

m) 2 (27:w)2

Agha2,203747) =i (5
(5.65)

2 2 4
0 (K m* q
A (19,29 34+ 4ty ~ (2> G =0

where the second amplitude is subleading compared to the first.

The amplitudes in impact parameter space are obtained from those in momentum space

using (5.15). To compute them, we will use repeatedly the result

- d+p
dq . P d/2r(7)
Fp.d) = [ gy , (5.66)
(o) D(—p) b
where b := |b|. We then have
2
1) (16 96 3-— 44y — (H) _mw o (D_2>1
Aen (17,237, )‘w ‘\2) 22 2 b4’ (5.67)
“Z](E?I){(ld)72¢73++’4++)‘ -0,
therefore the leading eikonal phase matrix is
K\ 2 r\ 2 mw 1
] = (= —2,D—-2)1y ~— (=] — |——= +logb| 1y +---
0,EH (2) (mw) f(=2, )1o (2> o [4—D+ og} 2+,
(5.68)

where we omitted terms of O(D — 4) and finite terms which do not depend on b.

Next we consider the one-loop amplitudes (5.25) and (5.27). In order to check expo-
nentiation (5.21) we only keep terms that are leading in energy in the eikonal approxi-
mation, i.e. O(w?) in momentum space (or O(w?) in impact parameter space). These
are

4
A (19,290,377 4t )| | = (”) (2mw)* [La(s, t;m) + Lu(s, u;m)]

(5.69)
A(Ell){(1¢? 2¢’ 3++7 4++)

w3

where the sum of the box integrals I4(s, t;m)+14(s, u; m) was evaluated in D dimensions
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in [321] and is given in (B.4). Transforming to impact parameter space, we have

_(®)! 2 2D="1(D — 4) 1
B <2>( )ﬂ'%(D—éL)F(?)—D/Z) pos - (570)

A (19,20 37— 4t

w2

As expected from (5.21), we find that

~ ~ 2
Bhat2e a0, = S[AQae2 s )| P rom-n . 6

2

w w

Subleading eikonal

In momentum space, the subleading contribution to the eikonal phase matrix is ex-
tracted from the O(w?) contribution to the amplitude in (5.25):°

4
A (19,29 37— 4t L= (’;) (= 15m*w?) Is(s;m), (5.72)
where I3(s;m) is given in (B.3), and as usual s = —|7|?. In the following we focus

on the first term on the right-hand side of (B.3), since the log term only contributes

quantum corrections. Using
dP=2q - 11
/(q gt = oy T O —4), (5.73)

we obtain the subleading part of the amplitude in impact parameter space:

4 2
15 m
ne. (5.74)

F(1 __ (R
A%)P)I(1¢72¢73 74++)‘w =1 () 2561 b

2

and finally, using (5.19), d1:

4 2
K 15 m w
0 =|=] — —15. .
LEH (2) 256 b 2 (5:75)

The eikonal phase matrix up to one loop in EH is then given by

15 m
2567 b

2 2

K\ mw 1 K

— P (A R | _(F 1o 4 -
0gH = O0,EH + 01,EH + (2) o L_D—i- oghb <2> 2+

(5.76)

Note that this matrix is proportional to the identity, since the polarisation of the
gravitons scattered by the classical source is unchanged. The deflection angle can now

be extracted using (5.22). While the eigenvalues of ¢ are divergent in D = 4, the

9Note that such a contribution is absent in (5.27).

114



CHAPTER 5. HIGHER-DERIVATIVE OPERATORS AND GRAVITATIONAL
OBSERVABLES

corresponding deflection angle is finite:

1 /k\%2m k\2 15 m 4Gm 157 m
ten = 52 (3) b[1+(2) 128b] -5 (regs) - 6

This result agrees with the derivation of [292], and as expected matches the photon
deflection angle [290, 285], first computed by Einstein.'’

Another quantity of interest which can be extracted from the eigenvalues of the eikonal
matrix is the time delay. Using (5.23) applied to the leading eikonal phase (5.68), we
get

k\2 m 1
=— (=) —(——=+1 . .
tEH (2) o <4—D + Ogb) (5 78)

As is well known, in order to define the time delay in four dimensions we need to take
the difference of two time delays as measured by an observer at b and one at a much
larger distance by > b [297]. Doing so the pole in (5.78) drops out, and neglecting

power-suppressed terms in by one gets

K 2m b() b()
=|=) —log— =14 log — .
ten (2> 5. 108 G mlog x (5.79)

in agreement with [327]. Including now also the contribution from ¢;, we arrive at the

result

k\2 m bo k\2 15 m bo 15mm
(5 M e 0 (B 2 g log 2 2™ .
ten (2) o Ogb+<2> 128 b Gm{ogbjLGm b (5.80)

In the next sections we compute the corrections Afx and Aty to the deflection angle
(5.77) and time delay (5.79) in EH due to the inclusion of an interaction X in (5.2).
The complete deflection angle and time delay will then be Ogy + Af0x and tgg + Atx.
5.3.2 Graviton deflection angle and time delay in EH + R3

Leading eikonal

The relevant new amplitudes are obtained by evaluating (5.28) and (5.29) in the eikonal
limit (5.10), with the result

AR (19,22 37 4ty =0,

2 N 2 4 (5.81)
ARty =i (5)(T) emep L

OTnitially up to a factor of two [326].
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where from (5.13) we have [34]* = ¢*. In order to transform to impact parameter space
we rewrite
b-§ = 6q+6q, (5.82)

with 6 := (by +ibg)/2, and 6 := (by — iby)/2 (and we recall our previous definitions
q=q1+ig, § = q1 — ig), from which 6 6 = b%>/4. Then in g—space we have

ﬂ§§(1¢,2¢,3++,4++)‘ - ¢<“>2 <j>2(mw) (a)4f(—2,D —92)

w 2 6
, (5.83)
-5 (5) P ereena,
where
D D D\ /D
£ = (5 ~2) (5 ~1) (5) (5 +1) . (5.84)

Hence the leading eikonal phase matrix dg, including the first contribution from the R3
interaction, has the form
do = 5O,EH + 50733 , (5.85)

where do g is given in (5.68), and

o = (;)2(‘1)2(%)[&(—20—2)} <ﬁ04 ﬁ;) L (5:86)

where we have used (5.18).

Moving on to one loop, from (5.30) and (5.31) we obtain

AW (19,29, 37 47H) =0,
(1) (16 90 g++ 4++ RN 4 (5.87)
AR(19,2°,37F,47%)| | = (5) (Z> (341 (2maw)* [ Ia(s, 1) + Lu(s,u)| -

Transforming to impact parameter space, and using (B.4), we arrive at

() () B (2 sw-en-2)

T (2)4 <a4)2 (;u;f Dé:4 fD=6,D-2),

«‘ng)(ld’, 2<257 3+, 4++)

(5.88)

where

¢ :=(D—4)(D—-3)(D-2)(D-1). (5.89)

The leading one-loop amplitude matrix in the eikonal approximation is then found to
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be
N 2 5,
AW _<ﬂ>4(mw)zf(D—6,D—2) 1 (4> 71 (5.90)
4 ) 64
One can then check the matrix relation
1
A = =560 +O(D -4, (5.91)
in agreement with (5.21). In writing (5.91) we have used that,
, 1 <O/) 2 25
K 2 4 ) B4
@f = (5) twpfszp-2] |, ME (s
2 ()%
4) 64
up to and including O((a’/4)?).
Finally we compute the eigenvalues of the matrix dy in (5.85). Using
3
§/(-2,D=2) = —+O(D - 4), (5.93)
we can rewrite it as
1 "\
—— —logb <) _i
r\ 2 mw € 6t
oo = (=) — 5.94
0 (2> 2 o ’ (5:54)
0‘) LA
4 ) 64 € &
whose eigenvalues are
2 1 o/\? 48
5(1’2>:<"“> mer Lo bi() adly .
0 2) ol 2 leevE () 3 (5.95)

Following identical steps to those leading from (5.76) to (5.80), one obtains for the time
delay at O(G)

b o/\? 48
toHL RS = 4Gm[log€0 + (4) 174} , (5.96)

where G = k?/(327). For sufficiently small b the eigenvalue with the choice of negative

sign may become negative, leading to a time advance. We will come back to the time

delay computation and add O(G?) corrections in Section 5.3.2.

The time advance due to R? terms was first discovered in [297], from which it was
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argued that the only way to avoid causality violations is to embed the R? theory
into an appropriate ultraviolet completion — in other words a consistent ultraviolet
completion of gravitational theories with an R? interaction requires the addition of an
infinite tower of massive particles with higher spins. Here we wish to briefly compare

our results to theirs.

The authors of [297] considered the interaction of a graviton with the background
produced by a coherent state of massless particles, and computed the eikonal phase in
order to obtain the Shapiro time delay. The coherent state simulates a large number
of successive interactions of the graviton with a single weakly-coupled particle, each
instance being considered as independent and contributing with a small amount to
the total phase shift. It is then observed that the presence of the R? coupling, which
modifies the three-point graviton amplitude, leads to non-degenerate eigenvalues of the

eikonal phase matrix.

Concretely, it is interesting to compare the eigenvalues (5.95) of the leading eikonal
phase matrix (5.85). These eigenvalues turn out to be identical’! to the eigenvalues
(3.22) of [297], upon replacing mw — w?. This is due to the fact that we consider a
different setup, with massless gravitons moving in the background produced by massive
scalar objects of mass m. In both cases the time advance is induced by the novel three-

graviton coupling generated by the R? interaction.

Before moving on, it is important to stress that the possible time advance which one
would observe for small enough values of b in (5.96) would lead to so called asymp-
totic superluminality [328-330]. While it seems a priori reasonable that in order to
satisfy causality superluminal behaviour should be forbidden, this intuition needs to be
treated carefully when dealing with curved spacetimes, and indeed it might even lead
to contradictions with causality if applied indiscriminately [304,331]. These subtleties
had already been noticed for low-energy effective theory for QED in curved space-
time, where group velocity of light is known to be superluminal for certain polarization
states [332]. The resolution of the apparent contradiction is requiring superluminal
behaviour, if present, to be non-resolvable (i.e. non measurable) within the limits of
validity of the EFT, which allows to avoid conflicts with causality [333-335].

Subleading eikonal

We now go back to the one-loop amplitudes (5.30) and (5.31) and extract the trian-

gle contributions which are the relevant terms contributing to the subleading eikonal

" Note that in (3.22) of [297] the 1/¢ pole was not written explicitly. This pole does not affect either
the time delay (5.96) or the particle bending angle. Our 1/¢ pole corresponds to the log L term in [297],
where L is an infrared cutoff.
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matrix:

% 0/244 4, 2
2o \3 T |g]" m”w® I3(s;m)

4 N 2
o= —13 (g) <a4) ¢* miw? I3(s;m) .

We can now transform to impact parameter space, using

A (19,29, 37~ 47F)

(5.97)
AR (19,29 3%+ 47H)

dP72q o 9 1
/(%)D2 et |73 = 5 T O(D —4), (5.98)
O\ [ d°%q¢ oy .., 10511
(3%) | G 1A = g 0D ), (5.99)

The amplitudes in impact parameter space then become

AV (10 98 3= 4t++ R\ N9 mPw

Aps(19,27,377,4 )’w: —\2) \4) 2567 » - (5.100)
4 ;N2 2 .

AW (16 96 gt+ 4ty — (5 (X)) 1365 miw 1

Aps(17,27,377,4 )’w_ Z(g) (4) 4096w b 64

Using (5.18), we can extract the contribution of the R? interaction to the subleading

eikonal matrix d1:

9 1365 1
4 ;0N 2 2 bt 16 44
1
Sips = (;) (Z) ﬁ% . (5.101)
4 1365 1 9
16 64 bl

Deflection angle and time delay

We can proceed similarly to the EH case. In the previous sections we showed that the
R? interaction introduced off-diagonal terms, 7.e. the helicity of the scattered graviton

can change.

The eigenvalues of the leading and subleading eikonal matrices (5.86) and (5.101) are

2 I\ 2
12) K « 24 mw
o0 = * <2) <4) PR (5.102)
4 I\ 2 2
12 (K « 1 mw
51’R3 = <2) (4) 56 7 (=9 £ 1365) . (5.103)

Next we present the correction to the graviton deflection angle, both in terms of £ and
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2 I\ 2 2
) _ L (R\TaNTmy 192, 5 <"‘> m
Br = on <2> (4> b [i s IEBOIG)

AGm (o/\?T 192 57 Cm (5.104)
oy |

o) | (9 £1865)

bt 16 bd

Finally, for the time delay, proceeding as in Section 5.3.1, and applying (5.23) to (5.102)

and (5.103), we arrive at

A2 _ (”)2 <0‘/>2m
) 4) o

/

2
o 1 T
=4 —_ +48 — — (=9+1
Gm(4> [ 8b4+16(9 365)

bt \2) 128 b0

a8 1 4 (”)2 ! mG(9 + 1365)] 1o
e

5.3.3 Graviton deflection angle and time delay in EH + R*

In this section we consider the deflection of gravitons induced by eight-derivative cou-
plings in the Lagrangian, which we collectively denote as R*. We will only consider the
parity-even interactions in (5.5) in order to present more compact formulae, therefore
we set 2 = 0, and hence 8 = 3~ = 8 in (5.39) and (5.51). Furthermore, since
these interactions do not produce a three-graviton vertex, it is impossible to build any
tree-level two-scalar two-graviton amplitude involving R*. Thus there is no tree-level

(1IPM) bending associated to the new term in the Lagrangian, and one has
6O7R4 - O 5 (5106)

and the leading contribution arises at 2PM order. Furthermore, since the R* term only
produces a contact term four-graviton interaction, the resulting one-loop amplitude
does not contain any box integral. This is consistent with the absence of a tree-level
contribution in (5.106) which, in the eikonal approximation, is expected to exponenti-
ate, and would result at one loop in the appearance of box integrals. The same situation

occurs for the graviton deflection due to F'F'R couplings discussed in Section 5.3.4.

The relevant one-loop amplitudes are given in (5.51), and from the massive triangle

contributions we extract the following results in the eikonal approximation:

4
L~ 35 -
A2 s )| =B () et P,

4 4
_ k 3 3 44
o 0 (2) 128" % gl

(5.107)

AR (19,29 34+ 47H)
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which then translate in impact parameter space into
4 2,3
~ ~ 315
Ag2(1¢72¢73__a4++) = Zﬁ <H> 19 e 9
w3 2 512 27b°

AL 16 o a++ 4++ r\* 315 mPw® 1 (5:10%)

19,293 4 = ) == —
Api(17,29, 370,47 =if (2) 512 321b 64

The subleading eikonal phase matrix resulting from the previous amplitudes is given
by

3L A1
5 B (H)4 g m2w3 1 bt 16 64 (5 109)
LEE=\2) 512 27 b ’ ’
g1 ~ 1
6o Do
whose eigenvalues are easily computed to be
512 315 m%w? 1
=(8+ — . 5.110
i (5 5)(2) 512 21 b (5-110)

Using (5.22) we can then extract the deflection angle

M(l 2) _ (Biﬁ) <2> 1551725 m;:z bl (Biﬁ) (Gm)? 1517(;5m;§ (51

Similarly to the EH and the R? interaction we can extract the time delay arising from
the R* interaction in (5.2), which in this case arises entirely from the subleading eikonal
phase. Applying (5.23) to (5.110) we find

2 2

= (529) (3) B3 ) o o

We can express (5.111) and (5.112) in terms of the couplings introduced in (5.5), using
(5.40), (5.41) and (5.42). In the parity-even theory (82 = 0) we get [ + B = 88,
and § — 8 = 835. In order to avoid a potential time-advance and associated causality

violation, we need to require
Bi>0 and B3>0. (5.113)

Interestingly this positivity constraint is the same as derived from causality considera-

tions in [336] and general S-matrix analyticity properties in [337].

5.3.4 Graviton deflection angle and time delay in EH + FFR

Next we focus our attention on graviton deflection in EH theory with the addition

of an FF'R coupling. We remind the reader that the contributions computed here
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add to the already presented Einstein-Hilbert part Afgy and Atgy, see Section 5.3.1.
As discussed in Section 5.2.4, at tree level there is no new two-scalar two-graviton

amplitude generated by this interaction, hence
50,FFR =0. (5.114)

In order to compute the subleading eikonal phase matrix, we look at the massive triangle

contribution to the one-loop amplitudes in (5.58),

K 2 (6 mw2
Afp(1020, 570t = =12 (5) (%) -l
w? 2/ \4 /) 32 (5.115)
A (19,2937 4+5)| =0
Using
dP=2q ..z 11
— LT g = —— = D—4 11
[ iz @171 = g g5 +OD 1), (5.116)
we obtain

2
(1 __ . K a w 1
A (19,2037, 479)| - =i @? (2) <Z>2567rb3

(5.117)

j%lsz(lqb, 2(25, 3++, 4++)’ =0,

w

In this case the eikonal phase matrix is diagonal and the subleading contribution 6; Frr

is immediately seen to be

2
2 (kK Oy w 1
51,FFR =Q <2> (4 > 567 BB 1 . (5.118)

The new contribution to the graviton deflection angle due to the FF R interaction is
then obtained using (5.22):

2
o2 (B () B e (%)31 5.119
Abrrr = —Q (2) <4>2567rb4_ @CE\T ) e (5119)

Applying (5.23) to (5.118) we find the additional contribution to the time delay asso-
ciated to the bending of a graviton in the F'F' R theory:

2
1 1 « 11
Atppr = Q° "”") (OW) 1_ <7> 5.120

FPR = Q (2 1) 99N\ ) (5-120)
The bending in this case is due to the electric charge @ of the black hole, not to its
mass, which does not appear in either (5.119) or (5.120). We conclude that in order to

avoid possible causality violation due to time advance, in the regime of validity of the
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EFT and thus up to corrections arising at higher energies, the coefficient of the FFR

interaction must obey the positivity constraint

ay, >0, (5.121)

5.3.5 Photon deflection angle and time delay in EH + FFR

In this section we consider the photon deflection angle and the time delay/advance
arising from the F'F' R interaction. Compared to the case of graviton bending considered
in the previous section, there is a non-vanishing tree-level contribution to the deflection,

thus we consider the leading and subleading eikonal cases separately.

Leading eikonal

The first contribution we consider arises from the EH tree-level amplitude (5.59), which

in the eikonal approximation becomes'?
2 2
0 - (K (2mw)
Al (19,29 37 4ty ~ (2) et (5.122)
or, upon transforming to impact parameter,
) AN
Appp (12,2937 47) ~ (2) mw f(—2,D —2). (5.123)

Note that (5.122) has the same form as the two-scalar two-graviton amplitude in the
eikonal approximation, first equation in (5.65), as a consequence of the equivalence

principle.

At tree-level the helicity-preserving F'F'R amplitude (5.57) is purely a contact term,
while the helicity-flip amplitude is given in (5.62). The leading contribution in the

eikonal limit is then

AW (19,29 37, 4%) ~ 0,

(5.124)
2 2
0 (R « q
A%gR(l¢,2¢,3+,4+) ~ (2> <47> (Qm(.u)zq—2 ,
7]
where we used [34]2 = —¢?. Transforming the non-vanishing helicity-flip amplitude to
impact parameter space we obtain
2
(0 e a~y\ mw
Aat22,37, 0% =i (5) () B¢ s(-2.D-2), (5.125)

12We recall from Section 5.2.4 that Agﬁ(W, 29.3%,47) = A](EOQI(1¢, 2%,37,47) = 0.
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where D D
" _2><_1>. .
1S ( 5 5 (5.126)
Defining
0 = 09 + 9 FFR > (5.127)

we can combine (5.123) and (5.125) into a single leading eikonal phase matrix!?

1 (O‘V) &
o\ 2 4 ) 62
30 FFR = <2> mw f(=2,D —2) : (5.128)
(%) S
4 ) 62
which, upon expanding around D = 4, reduces to

1 o 1
— 4 logb —| ) —=—
> i—p 8 ( 4 ) 962
oy B K\ mw
50’FFR = — (2> o . (5.129)

ay) 1 1
—|—-t)=— -——= +logb
( 4 ) %2 1-D %8
Next, in order to test the expected exponentiation property of the leading eikonal phase

matrix, we consider the terms of O(w?) in the one-loop amplitudes. These are given in

impact parameter space by

4
e e

2 > 2n(D —4) (5.130)
- N o\ (mw)? D_6.D_2 .

which are obtained from (5.60) and (5.63). In matrix form,

1 <%>D—3
D—4 4 62

A = — <“>2 (mw)” f(D—6,D—2) . (5.131)
<%) D -3 1
1) 62 D4

Expanding around D = 4 we find that ASZ) satisfies the matrix equation

A = —%(50)2 +O(D—4), (5.132)

as expected.

3There is no need here to separate the EH and the FFR contributions, since we consider only
photon bending coming from this source.

124



CHAPTER 5. HIGHER-DERIVATIVE OPERATORS AND GRAVITATIONAL
OBSERVABLES

Subleading eikonal

Next we consider the subleading eikonal phase. The only non-vanishing EH contribution
comes from the one-loop massive triangles in the helicity-preserving amplitude (5.60),
and reads

k\* 15 mPw

Ah(19,2,37,4%)| =i <2> s g (5.133)

Just as in the case of the leading eikonal phase, the bending angle of photons in pure

EH is the same as the graviton bending (5.75) thanks to the equivalence principle.

The contributions coming from the FFR interaction are obtained from (5.64) and

(5.63), and in impact parameter space are

Hpir ], <o -
4 2 ’

~(1 (K « 45 mfw 1

A%I«ZR(1¢72¢73+74+)L =1 <2> (Z) 1024 b B2

Combining these results into a subleading eikonal phase matrix we get

1 (a”>:§
4 1 2 4 4&2
”) o mw (5.135)

e - (2) 5
LFFR 2/) 2567 b

Deflection angle and time delay

Having computed the eikonal phase matrix at leading and subleading order, we can
now extract the light bending angle and time advance/delay. First we compute the

eigenvalues of the leading eikonal phase matrix (5.129):

2
v(12) _  (K) mw 1, > <%)2} 1
507FFR (2) o [(4—D +logh ) F 1) 2l (5.136)
which match qualitatively the result of photon deflection in a shockwave background

(see [301], and [299] for related work), while at subleading order we have

4 2
1,2 K 15 mw « 3
90 = (2) %6r b [1i <4> 62] : (5.137)
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Using once again (5.22), we find the light bending angle up to O(G?):

21m oy 4 k\2 15 m oy 9

s -5 () () B30 ()3

FFR 2) 2w b 1) \2) 187 4 ) b?
(5.138)

4Gm ay\ 4 16m Gm ay\ 9
=1+ () S+ |1 (L) 5|} .
(e o = (P) el

Finally, applying (5.23) to (5.136) and (5.137) we arrive at our result for the time delay:

2 2
bo « 2 K 15 m « 3
i (3 o (53 (O B3 b ()
PR = 3) 22 1% T\ ) T\2) 138 VAN A
bo « 2 157 Gm « 3 .
=4 log—+ () 5+—-— |1+ ”)”
Gm{ogb (4)132+ 6 b { <4 2
We note that the O(G o) part of our result (5.138) is in precise agreement with [309]
while it disagrees with [308].1* Note that (5.139) generically leads to a potential time
advance and causality violation independent of the sign of the coupling c.,. This paral-

lels the situation for the R? interaction which requires an appropriate UV completion

to restore causality [297].

The result of [308] for Af}., was already identified as incorrect in [309] due to an inappropriate
definition of the deflection angle.
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Chapter 6

Gravitational radiation from RS

operators

In the previous section we discussed modifications to the bending angle and time delay
experienced by a massless particle when deflected off a heavy spinless object, in a
theory where additional higher-derivative couplings are present beyond the Einstein-
Hilbert action. Here we consider once again these couplings, restricting however to
the three-derivative ones, and analyse their effects on the dissipative aspects of the
gravitational interaction, namely gravitational radiation from a binary system. This
can be done by considering appropriate five-point amplitudes with four massive scalars
and one radiated graviton as external states. An effective field theory framework for
gravity was advocated in [246], and is ideally suited to study systematically higher-
derivative corrections to the EH theory in this context. In [295], this approach was
followed to compute the corrections to the gravitational potential between compact
objects and their effective mass and current quadrupoles due to perturbations quartic
in the Riemann tensor, and the corresponding modifications to the waveforms were
then analysed in [106].

Schematically, the strategy consists of considering the binary system from far away as
a single object with a small extension in space which emits gravitational waves by the
oscillations of its multipoles. The two fundamental ingredients in this framework are
the modifications to the potential, which are needed to compute the time-dependence of
the multipoles, and the modification to the multipole expansion itself which in our case
amounts to the modifications of the quadrupole term. Modifications to the gravitational
potential due to cubic interactions in the Riemann tensor were computed in [293,294],
so we will simply quote these results. The quadrupole modifications instead were
computed in [4] and we will retrace the steps of the computation in this chapter. The

study of radiation is performed in the presence of both cubic modifications to the EH
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action and tidal effects. Interestingly, there is an overlap between these two types
of corrections which are linked by appropriate field redefinitions [304, 338], while still
having possibly very different physical origin — for instance, I and G5 appear in the
low-effective action of bosonic strings, or can be induced by integrating out massive
matter [339,340].

In the presence of scalars and restricting our focus to parity-even interactions, we
consider the two independent cubic terms I; and I (defined in (5.4)) or equivalently
the more natural combination G5 := I} — 2 I, which, as is well known, is topological in
six dimensions [341] and has vanishing graviton amplitudes. In [297], it was argued from
studying the scattering of polarised gravitons that I; potentially leads to superluminal
effects/causality violation in the propagation of gravitons for impact parameter b < at.
Here a ~ A= is the coupling constant of the I; interaction, and A is the cutoff of the
theory. In that paper, o was chosen to be much larger than G? ~ Mp_énck. This allows
to treat the gravitational scattering in a semiclassical setup, where predictions can be
trusted up to Mpianek(> A). This question was reinvestigated in an EFT framework in
[3], where it was found that the I; interaction leads to a time advance in the propagation
of gravitons (but not photons and scalars) when b < af. Finally, G3 does not lead to
any time advance/delay for massless particles [3], while still correcting the gravitational
potential [293,294]. An identical conclusion for the propagation of massless particles in
the background of a black hole was reached in [331], both for the I; and G5 interactions®.

In this respect, an important observation was made in [333], namely that such superlu-
minality effects (and those observed earlier on in [309,298,299]) are unresolvable within
the regime of validity of the EFT, and do not lead to violations of causality. In our
setup such violations would indeed occur at b < A~!, which is at the boundary of the
regime of validity of our EFT, while the processes we are interested in only probe the
regime where the EFT is valid. Above A, the only known way to restore causality is to
introduce an infinite tower of massive particles [297]. In conclusion, these observations
do not rule out cubic interactions for our EFT computation, although they may impose
constraints on the cutoff — it needs to be such that possible effects due to the massive
modes, required to ensure causality, cannot be resolved with current-day experiments.
We also note that, assuming that these interactions can contribute to any classical
gravitational scattering (A < Mpianck), then we have a > G?, independently of precise

estimates of the cutoff A.

In the following, our results for the quadrupole correction, extracted from the appro-
priate five-point amplitude, are exact to leading order in the perturbations and in the
post-Minkowskian expansion. Once we eventually take the PN expansion, we find ex-

pressions which are complete at 5PN order for the G3 and tidal interaction corrections,

!Note that for G3 the coefficient 2dg + dio in Eq. (2.24) of [331] vanishes.
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and at 6PN order for the I; corrections. We notice that as expected we find that
the corrections due to G5 have the same form as those generated by a particular type
of tidal interaction (although we consider the corresponding coefficients in the EFT
action as independent). For the PN-expanded result of the tidal corrections to the
mass quadrupole we find agreement with [342-344]. The remaining tasks consist in
using the corrected quadrupole moment to compute the modifications compared to EH
gravity to the power emitted by the radiated gravitational waves, and the correspond-
ing corrections to the waveforms in the Stationary Phase Approximation (SPA)2. Here
we follow closely [106], and also present a comparison with their result obtained with

perturbations that are quartic in the Riemann tensor.

6.1 The EFT action and more about cubic interactions

In this section we consider an EFT describing EH gravity with higher-derivative cou-
plings of mass-dimension six interacting with two massive scalars, which as usual model
a spin-less compact object, and we also include the leading tidal interactions which de-
scribe finite size effects of the heavy objects. Specifically, the EFT action we consider
here is

S = Se + S¢14, + Stidal » (6.1)

where
4 2 2
Seff:/d.r\/jg —*2R—*2£6_"‘ (6'2)
K K

is the effective action for gravity, with Lg given in (5.3). The dots in (6.2) stand for
higher-derivative interactions that we will not consider here. The two scalars, with

masses my and me, couple to gravity with an action

Spips = /d4$ _g% Z (6,u¢iau¢i —m?(ﬁ?) ) (6.3)

i=1,2

and in addition we include higher-derivative couplings describing tidal effects of ex-

tended heavy objects,

1 i v
Sidat = [A'0v/=5 {Ruars BT 3 (N 62085 4+ 1 VIV GV, V) 4o (64)
i=1,2 (

These tidal interactions were studied in [347], and the dots stand for the (Hilbert) series
of higher-dimensional operators classified in [338,348], which will not play any role in

this work. We now briefly discuss some properties of the interactions we consider.

Recall that considering I; and Gs, in pure gravity only one of them is independent

2See e.g. [345,346] for details of this approximation.

129



CHAPTER 6. GRAVITATIONAL RADIATION FROM R3? OPERATORS

in four dimensions [349,350], while in the presence of matter coupled to gravity they
become independent. It is well known that, unlike I, the G interaction has a vanishing
three-graviton amplitude and does not contribute to graviton scattering up to four
particles [341,311] — and in fact to any number of gravitons. This can be explained
by the fact that Gs is topological in six dimensions [341], and therefore computing
tree-level four-dimensional graviton amplitudes from dimensionally reducing the six-
dimensional ones automatically gives zero. Combining this observation with unitarity

techniques leads to

Megntas(hi, .. ‘7h”)|d<6 = Mgnu(hi, .. "h">’d<6 , (6.5)

for any n. Hence the (G5 interaction does not affect the perturbative dynamics in
theories of pure gravity. However, if we consider a theory of gravity with matter, e.g.
massive scalars mimicking black holes or neutron stars, the presence of a G3 coupling
alters their dynamics. In particular the four-point amplitude with two gravitons and

two scalars becomes [293,294]

MSJIZI—&-G;;(CZ)L $2,hd T hy ) = ngl){(%, ¢2, b3 T hIT) + z’% (g)2 34]* (2m? +s) .

(6.6)
The non-trivial contribution to the scattering amplitude of two massive scalars and
two gravitons from the G5 interactions modifies the classical potential in the two-body
system, as shown in [293,294]. As we will show below, both G5 and I; produce correc-
tions to the quadrupole moment already at tree level. Specifically we find that the G3
quadrupole correction is dominant in the post-Newtonian (PN) expansion, which par-
allels the results found for the corresponding corrections to the gravitational potential

quoted earlier in (6.7).

At this point it is once again interesting to take a different approach to the problem and
look at dimension-six operators in a purely gravitational context from the on-shell point
of view. Classifying all the three-point interactions which involve only gravitons at the
given mass-dimension one only finds a single structure proportional to [12]2[2 3]%[3 1)
and its parity conjugate?, thus one would expect to only find a single operator in the
Lagrangian formalism which contributes to the purely gravitational processes. On the
other hand, it is easy to show that the contact term proportional to [34]* (2m? + s)
in the amplitude (6.6) is (up to a numerical coefficient) the amplitude arising from a
particular tidal interaction of the form RM p"RWpUmQQS2 — VERM p"VaRWpU¢2. This
suggests that there should exist a link between the two, and indeed one can construct

a four-dimensional field redefinition mapping the (3 interaction into a tidal effect, as

3In a parity-even theory as the one we are considering this obviously still counts as a single interac-
tion.
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already noticed in [304,338]*. The explicit construction of such a field redefinition can
be found for example in [4]. Despite the fact that the G5 interaction can be thought of
as a tidal effect, we keep it separate from (6.4) and highlight the analogies along the

way.

For the sake of the computation of the power radiated by the gravitational waves
performed in later sections we need the correction induced by the cubic interactions to
the gravitational potential. The full 2PM computation of this quantity was performed
in [293,294], and expanding their result one obtains

Gm1m2 %O&l G2 (m1 + m2)3 )

r 8 rb mimeo
30&2 G2
4 16

(6.7)

2 2
W~2>+...
2 Y

mlmg(ml + mg) (1 — 2m%m2

where the dots indicate higher PN corrections which we do not consider here. Note that
the terms proportional to a1 and ag are the result of a one-loop computation. In the
PN expansion, the term proportional to o; (from the I; interaction) is suppressed by a
factor of p2/ m%g compared to the dominant correction proportional to ay (from G3).
Similarly, for the tidal interactions in (6.4) we expand the conservative Hamiltonian
computed in [353,354,347] up to O(p?), with the result

o 3 G? m? m? +m3 2m? + 2m32 + 5myims _,
Visdal (7, ) = —5—5 — [8 (1—1“2192 A+ T+ ——F 7 m
mem mims3

F124 -,
(6.8)

where the dots indicate higher PN terms.

6.2 Quadrupole moments in EFTs of gravity

In the PN framework, the conservative and dissipative dynamics of two objects of mass
mq and mg, coupled to the gravity effective action (6.2) is described by the following

point-particle effective action [355,295]:

1 . 1 .. o
Spp = / at [QW = V(TP + QUEHR™ 4| (6.9)
where
m11Mms9
2 6.10
e (6.10)

4We also observe that black holes in four dimensions have non-vanishing Love numbers when higher-
derivative interactions are considered [351,352].
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is the reduced mass, and 7(t) is the relative position of the two objects. V (7, p) denotes
the potential, whose explicit expression to first order in oy, a [293,294], and A1 2, 71,2
(353,354, 347] is obtained by summing (6.7) and (6.8), and Q% (7, ) is the quadrupole
moment, to be computed below. The dots represent higher-order terms that will be
irrelevant in our analysis. This action can be trusted in the inspiral phase before the

objects reach relativistic velocities.

We now present the computation of the five-point amplitude ¢1¢o — @102 + h(k)
with four scalars and one radiated soft graviton h(k). Its momentum k* is on shell,
while the momentum of the graviton exchanged between the two objects is purely
spacelike (corresponding to an instantaneous interaction), and in our setup is given
by ¢* = —p} — ph = (0,§). Furthermore, the energy of the radiated graviton is such
that k% < |¢], so that k* can be ignored for practical purposes, and the radiated
graviton enters the amplitude only through its associated Riemann curvature tensor
Rop,- Finally, because we are only interested in classical contributions (i.e. O(h?)),

we keep only the leading terms in ¢2.

In the following we first compute fully relativistic scattering amplitudes and then per-
form the PN expansion to extract the correction to the quadrupole term in the effec-
tive action (6.9). In the centre-of-mass frame, the momenta of the particles can be

parametrised as

L q L, q
pltllz_(Ehp_*)a pﬁf :_<E4; _p+*),
(72 qﬁ (6.11)
A g 1 moo_ -
Py = (Ez, P+ 2), Py = <E37 p 2) ;
with p? = p2 = m?, p§ = p? = m3. Furthermore, we have
By = E, = \/m%+ﬁ2+(j2/4, E3 = B, = \/m§+ﬁ2+(j2/4, (6.12)

where p - ¢ = 0 because of momentum conservation. In our all-outgoing convention for
the external lines, the four-momenta p; and ps correspond to the incoming particles,

and hence their energies are negative.

6.2.1 The amplitude with cubic interactions

Our next task is to compute the five-point amplitude Ap shown in Figure 6.1, with
O = I, Iy (which we can then combine to obtain Ag,). We first obtain its relativistic
expression, factoring out a single Riemann tensor associated with the radiated gravi-
ton, and then split the Lorentz indices into time and spatial components and isolate
the terms contracted into Rg;o;. Upon Fourier transforming to position space, these
components will allow to directly read off );; by matching to the Hamiltonian density

associated to the point particle effective action (6.9). The classical relativistic results
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$1(p1) ¢1(p2)
Ao = O ganan IVPO XRWU(’“)‘HO
$2(p4) $2(ps3)

Figure 6.1: The single diagram contributing to the radiation process with an insertion of the
operators O = I, Is. All momenta are treated as outgoing and the radiated graviton is taken
to be soft.

are, for Iy:
. KZQQ‘qu 2 v o 2. v, 0 v, 0| D
A = i(oq +2a2) 5 ?{WH psp§ +mo pip] — 2(p1 -p3)p1p3]Rng , (6.13)
while for I:
l R 2 qqu 2, UV, 0 2. v, 0\
A, = A ?(m1p3P3 + ma P pT) Rywpo - (6.14)

Note that the result for the G5 interaction introduced in (5.3) can be obtained as

Acy = (An +An)l, o - (6.15)
The terms in the amplitude contributing to the quadrupole radiation are then
2 ]
. R _ -
An(q) = =ilor +200) (5 ) (m3E} + m3B} — 2B} — 2 BuEy) T Ry + -
(6.16)
and ) o
g (K 'Y =
An(q) = —i <2> (m%Ei + ng%) ra Roioj + -+ » (6.17)

where we have used that 3 = Fy4 in order to write the result as a function of the energies
and momenta of the incoming particles p; and ps. The dots stand for additional terms

proportional to EOijk and ﬁijkl, which can also be extracted from our result.

6.2.2 The amplitude with tidal effects

A calculation similar to the one outlined in the previous section leads to the fully

relativistic result

(RN d"¢ Voo v o
Atidal(q) =i 2) 2 8A1py pi + 8A2py PY
6.18
1 2 2 t2 2 2 2 2 4 & m o & E ( )
"‘5 [(m1+m2— )" = mﬂ”z} m7%p4p4+m7411p1p1 pvpo
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O
¢1(p1) #1(p2) ¢1(p1) ¢1(p2)
A,y = q prpo 4 q pivpo
¢2(p4) ¢2(p3) $2(p4) $2(p3)

O

Figure 6.2: The two diagrams contributing to the gravitational radiation, where O denotes
any of the two tidal interactions in (6.4). An overall Riemann tensor of the radiated graviton
is factored out, so that A° = A2 R""(k - 0).

Qv po

which, upon expanding in the spatial and time components, reads

2
(K
Atidar (q) = —i (2) {8A1 Ef + 8\ E?
(6.19)
E? E? ¢ —
~212 2,2 4 1
+ [2(E1E4 +p7)" —mi m2] (772771421 ‘|‘771m411> } 72 Roioj + -,

where the ellipses stand once again for terms proportional to EO@'jk and Eijkl which we
will not need in the remainder of this section.
6.2.3 The quadrupole corrections

Next we extract the corrections to the mass quadrupole moment @;; from (6.16), (6.17)
and (6.19). To do so we simply match the appropriately normalised and Fourier-
transformed Ap, as defined in (6.21) below, to the quadrupole contribution in (6.9)°.

To begin with, we perform the relevant Fourier transforms using

d3 ) ; —0i04
/ / g qqﬂ ITRY = /dt (xzx] 5 2%) B (6.20)

Taking into account the non-relativistic normalisation factor of —i/4F)Ey, we arrive

at the quadrupole-like terms
NG

4F E,

1 . 1 1 —0i0]
= 5 C@(Ei,mi,p2) /dtﬁ (ZEiZL‘j — 3’/“252‘j> R w s

AL () = —
(6.21)

SFor further details on the procedure see for example [355,295].
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where Cp are coefficients depending on the energies and masses as well as 2 of the

heavy particles, with

. 3 K\ 2 E E .
Cr, (E;,m;, p?) = 3 (o1 + 2a) (2> ( 1E11 +m2E411 —2E1Ey — 2p2> ;

3 K\ 2 E E
CIQ(Elam’hp) () < 2 4+ 2 1>7

167 2 o 2E4 (6.22)
3 K
dal (Bs,miy p) = — (= A Ao —
Ctldal( iy M, P ) . <2> {8 1~ E. +8 2E4 +
FE E
0\2 1 4
{2<E1E4 +p ) mlmz] <771 Fam 7T m Elmé)} .

Comparing (6.21) with the Hamiltonian density obtained from the action (6.9), we
conclude that the modifications to the quadrupole moment arising from the cubic and
tidal couplings are given by
. Co
b = 6.23
Qf = 5Ok (6.23)
where we have introduced the leading-order quadrupole moment in the EH theory for

a binary system with masses m; and ma,
i i, 1 2 51j
Qny = p|x'2? — 3" 07, (6.24)

with p being the reduced mass defined in (6.10). Combining the various correction

terms, we arrive at

C C Clida ij
ho| 2l “”) g (6.25)

ij _ ) ij
QY —QN+Q11+Q + Qg = ( +/“"5 nrs | urd
It is interesting to write the three coefficients Cr,, C'r, and Cligal in the PN expansion.

Keeping terms up to first order in p one has

72
C'IPQN =3Gasmims ,

9 (6.26)

CEN = 3G 8\ + +i(8(m —mo) M1 + (31 + 5ma)m ) o5 | 22

tidal — 1 mn 2M 1 2/M 1 2)m N2 mi

+1< 2,
where

M :=mi; +mo , (627)
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and, as usual, k? := 327 G. For convenience we also quote the contribution due to the

(G35 interaction alone — this is given by

Q¥, = (@7 + Q)

M 252\ i
- 3Gagr5<1—52> i (6.28)
o=

6.3 Power radiated by the gravitational waves

We can now compute the power radiated by the gravitational waves in the approxima-
tion of circular orbits. In the EH theory, the radius of the circular orbit is given by the

well-known formula

= (G4)7 (620

In the presence of the cubic and tidal interactions, this quantity gets modified as

ro = ry +0r,

or = Q3 [—O;lv + (O;Q + 8)\12> (i +v(2v — 1)) + 712 (i + (v + 2))} + O(g?) ,
(6.30)

where g; stands for any of the coupling constants of the cubic and tidal perturbations.

We also introduced the symmetric mass ratio v defined as

mi1mso
V= (6.31)

and the parameter
v i=rNQ = (GMQ)3 | (6.32)

as well as the following combinations of the couplings

A A
Mpimp (25 25) = (e ) (6.33)

my My my My

Finally, 2 denotes the angular velocity on the circular orbit, and the value dr has been
computed using (6.30) and (B.30), where the potentials entering (B.30) are given in
(6.7) and (6.8). The total energy per unit mass M of the system, to first order in the
couplings, is then given by
1 9 o2 11 oM
Ew)= —zvv*4 = 1612 + 2 | -
(v) 5V v +4(GM)4V(a2+ 12 + 2m2) + S (GM)4{ vag

(20 — 1) (a2 + 16A12) + 40(v + 22| -

(6.34)
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The above formula is complete at leading order in all of the perturbations (that is
O(v'?) and at O(v'?) for the a; correction only. The remaining O(v!?) terms have
been obtained from a small-velocity expansion of our 2PM result, and in order to get a
complete result at that PN order one would need to include also the 3PM corrections
to the potential generated by cubic and tidal interactions®. We have also compared the
contribution to the energy from the 7; 2 corrections to [344], finding agreement (after

mapping their coefficients ug) to ours)”.

Next, we compute the leading-order gravitational-wave flux using the quadrupole for-

mula
Fy = S4GY 4% (6.35)

using the result of our computation for Q¥ in (6.25). To first order in the couplings ay

and ao the flux becomes

G i i 2
Fv) = S (Q% QR) {1 T (CEN +CpN +C§§al) + O(ad), (6.36)

where the PN-expanded coefficients C’gN are explicitly given in (6.26).

Two comments are in order here. First, we note that the prefactor <Q% Q%) is eval-
uated on the radius r. of the circular orbit in the presence of the cubic and tidal
interactions, as given in (6.30). Furthermore, the quantity p? := p? + pg) /r% can be
obtained using the fact that p, = 0 on the circular orbit while ps := [ is a constant,

which can be determined from Hamilton’s equations, with the result

urQ

= T 000 (6.37)

where 7, is given in (6.30) and U(r) is the part of the potential proportional to p?,
following the conventions of Appendix B.4. Using these relations, 52 is re-expressed as

a function of €2, the masses, and the couplings.

Factoring out the standard power radiated by the gravitational wave in EH,

Falw) = 4G4 G|

32

32 QVQUIO
=rx b

5 G

GuPryQb = (6.38)

6Similar considerations apply to our results for the flux in (6.39).
"For further details on mapping field-theory to point-particle actions see e.g. [27, 356]
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we can rewrite the expression for the flux as

10

(%
1+ Gt (12 g + 144 X1 + 48 N5 + 18112 + 61715)

32 1210
Fo=5"4¢"

12
+(C;M)4 { —8ay +2(2v —7) az +8(8v — 7) Mg + 24 Ny + (8v + 31) 12 + 97732”
(6.39)

with A2 and 72 defined in (6.33) and

1 )\1 )\2 1 m 12
= — =+ = fy = — [ =4+ =) . 4
12 7= 37 <m1 + m2> o T2 = 37 <m1 + m2> (6.40)

Similarly to (6.34), the first line and the a; term in the second line of (6.39) are
complete. We also note that the 71 2 part of the tidal flux is in agreement with [344].

6.4 Waveforms in EFT of gravity

Following [106] we can also compute the correction induced by the cubic and tidal

interactions to the gravitational phase in the saddle point approximation. In this

approach, the waveform in the frequency domain is written as®
- , T
hsea(f) ~ exp [i(s(ty) - Z)} : (6.41)
where
P(t) == 2nft — o(t) . (6.42)

Here ¢(t) is the orbital phase, while ¢(t) = 7F(t) defines the instantaneous frequency

F(t) of the gravitational wave. t; is defined as the time where

W(t) ]t:tf =0, (6.43)

implying that F(t;) = 2f. In the adiabatic approximation, the work of [346, 345]
provides explicit formulae for vgpa (ty) and t:

2 [Uret E'(v)
te) = 27 flrof — 20ref + — dv (v3 — 03 A4
Yspalty) T ftrer — 2¢ f+G oy v (v —v )]_—(U) ) (6.44)
Uref El(v)
tr= toos + M / dv , (6.45)
d o F(v)

8See for example Section IIT F of [346] for a detailed derivation.
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where vper = v(tref) and tes are integration constants, vy := (71GM f )%, and E(v) and
F(v) were computed to lowest order in the cubic and tidal perturbations in (6.34) and

(6.36), respectively.

We can now compute the correction to tspa(ty) due to the presence of the pertur-
bations, expanding the ratio E’(v)/F(v) at consistent PN order and performing the

integration in (6.44). Doing so we arrive at

wspa(ty) = VEBL (ty) + YEuh2 (ts) + YESal(ty) - (6.46)

Here

3

EH _ / /
Yspa(ty) = 27 flier — 20 + m

(6.47)

is the EH contribution, where we have also included the reference time and phase ¢/ ¢

and ¢/ ., which have been redefined in order to absorb terms that depend on v.f; and

refs
3 545 ay 4 (665 — 850v) s }
I1+1> _ 10 1 12
= — 56 —
Yspa(ty) 1280 0§ [ (GM) v 14(GM)* e
dal vy
) =~ {2 (02 i)+ 1200431
f
10 1}12
- (GJ{4)4 [4((91 — 170v) A2 — 6X)5) — 5(17v + 37)m12 — 97732] } ,

(6.48)

are the new contributions due to cubic and tidal perturbations. Similarly to our com-
ment after (6.34), we note that all the terms at leading order in velocity in (6.48) are
complete, while the remaining ones would also receive further modifications from a

3PM computation of the potential and a 2PM computation of the quadrupole.

Finally, it is interesting to compare our results with those of [106]. The perturbations

considered in that paper have the form
Ls = i1C> + BrCC + B3C7 (6.49)

where .
C := Ryypo R, C := 5 Buvas P s RVOM (6.50)
The modifications to 1spa(ty) due to quartic interactions as found in [106] are (rein-

stating powers of G in the result of that paper, and converting their dj into our f; as
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defined in (6.49)),

uartic 3 234240 522240 I5}
gartie(y ) — B (1) 4 [( - )( ! ]

128v07 [\ 11 11 aM)s ! (6.51)

Note the different dependence on vy in the correction terms in (6.48) and (6.51), which
are of (’)(v}o) and O(v}ﬁ) in the leading cubic and tidal, and quartic cases, respectively.
Comparing also the powers in GM, one is naively tempted to say that the contribu-
tions coming from cubic operators as computed in this chapter should be dominant
when compared to those in (6.51) stemming from quartic interaction, just as the power
counting in the EFT would suggest. In directly comparing these terms however, one
implicitly assumes that the cut-off scales and thus the degree of suppression within the
EFT, behave in a straight forward manner, with higher powers in Riemann being more
and more suppressed. On the other hand, considering the observations of [297], the cu-
bic interactions might actually be suppressed by a higher energy scale than the quartic
terms, as pointed out in [295]. It would thus be interesting to perform a comparison of
our result in (6.46) to experimental data, as performed in [106] for the case of quartic
perturbations in the Riemann tensor, allowing to possibly confirm or reject this sus-
pected stronger suppression, further adding to our understanding of higher derivative

interactions in a gravitational context.
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Chapter 7

Rational terms from

six-dimensional unitarity

The continuous search for new physics at the Large Hadron Collider (LHC) at CERN,
and possibly other future collider experiments around the world, fuels a continuous de-
mand for higher precision in the theoretical predictions. Scattering amplitudes repre-
sent the basic building blocks for such predictions, and the increasing required precision
translates into the need of accessing higher orders (and possibly higher multiplicities)
in the perturbative expansion. This endeavour can be roughly divided into two parts:
the determination of the analytic expression of the un-integrated amplitude, and the
computation of the associated integrals leading to an integrated result entering the

cross-sections.

Over the last decades, on-shell methods have established themselves as the go-to tech-
nique when addressing the first question while allowing to mitigate the second issue:
the systematic determination of multi-loop amplitudes usually leads to an expression in
terms of a finite (possibly minimal) set of integrals which constitute an integral basis,
knowledge of the basis integrals then entails complete knowledge of the integrated am-
plitude. However unitarity techniques are blind to a very specific type of contribution
which may be present in a loop amplitude. These are the rational terms, as opposed to
the remainder of the amplitude which we call cut-constructible. Rational terms have
no discontinuity in any kinematic channel and thus cannot be probed through a cut in

any of the kinematic invariants. An example of such a structure is given in (3.40).

The computation of rational terms has been addressed in several different ways, for
example one can make use of factorisation to establish a recursion relation that allows
to reconstruct rational terms [178,224] (see [357,358] for an elegant applications to two-
loop amplitudes in pure Yang-Mills). Another approach is to shift the dimensionality

of internal states in the loop away from four dimensions [109,110] where rational terms
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acquire a singularity which can then be detected using unitarity cuts. Multiple cuts
have also been used efficiently in this context [179,359,226]. This method requires that
the internal lines, corresponding to virtual particles, are kept in d = 4 — 2¢ dimensions,
while momenta and polarisation vectors of external particles live in four dimensions.
Keeping the dimensionality of the internal loop-momentum space arbitrary allows to
access directly the dependence of the amplitude on d and thus on the regulator ¢ when
dimensional regularisation is used, but there are compelling reasons to perform the

calculation in fixed integer dimensions instead.

The first reason is that integer dimensions allow for the use of a spinor-helicity formal-
ism, which typically allows to express the tree-level seeds of the multi-loop calculation
in a simpler way thus leading to simpler integrands. Furthermore, analytic results are
usually preceded by numerical ones, since the latter are where modern-day computers
really excel: however it is clear that no numeric computation can be done in an arbi-
trary non-integer dimension. Nowadays numeric results have acquired an even more
important role, since in many instances it is possible to make use of exact numeric
results on finite fields to reconstruct full analytic expressions, see [182,183] for some
pioneering work in this regard. The combination of unitarity methods with numerical
techniques has led to many notable results [130-134,136, 360-364].

The key idea we will build upon here to obtain complete loop-level results is that of
dimensional reconstruction [111-115]. In this approach, one investigates the depen-
dence of the loop amplitudes on the dimensionality of spacetime, which turns out to be
polynomial in pure Yang-Mills theory. Then one computes the amplitudes with virtual
particles kept in integer dimension d > 4 to fix the coefficients in the polynomial by
interpolation, which leads by analytic continuation to an expression valid for any non-
integer dimension d. The dimensional reconstruction approach can also be effectively
combined with the spinor-helicity formalism in six dimensions of [152], which allows for
compact expressions of the on-shell building blocks. At higher loops, these techniques
were used in [365] to derive the five-point all-plus gluon amplitude integrand in pure
Yang-Mills, a generalisation to incorporate fermions was carried out in [366] and then
applied in some of the already mentioned results obtained through numerical methods,

see for example [132].

In this chapter we study the application of dimensional reconstruction to form factors
of operators of the form Tr F", for n = 2,3,4, both for minimal and non-minimal
form factors up to four external gluons. Modern amplitude techniques were applied to
form factors of Tr F2, which compute the leading contribution to Higgs + multi-gluon
amplitudes in the effective Lagrangian approach, including MHV diagrams [154, 367]
at tree level [368,369] and one loop [370], and a combination of one-loop MHV dia-

grams and recursion relations [371]. Recent work [372-376] addressed the computation
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of the four-dimensional cut-constructible part of Higgs+multi-gluon scattering from
operators of mass dimension seven using generalised unitarity [17,12] applied to form
factors [41,43,47-49,374-383]. The key point of this chapter is that we show how
to extend dimensional reconstruction to any form factor of operators involving vector
fields, which requires the subtraction of form factors of an appropriate class of scalar
operators that we identify. Furthermore, we discuss how to generalise the procedure
both for amplitudes and form factors beyond two-loop order while still carrying out the

computation in a single fixed integer dimension.

7.1 Six-dimensional spinor-helicity formalism

Here we briefly review the six-dimensional spinor-helicity formalism. The construction
and applications of the formalism are rather similar to its four-dimensional equivalent,
the main difference being that due to the SO(4) little-group structure even the bracket
shorthand notation requires the use of additional explicit indices. Since we will be using
this formalism essentially as a computational tool, we will not go into too much detail
here but focus rather on highlighting key identities and fixing the conventions. For a

more complete discussion of the topic we refer the interested reader to [152].

7.1.1 Helicity Spinors in Six Dimensions

In six-dimensional Minkowski spacetime, the Lorentz group is SO(1,5), whose universal
covering group is SL(2,H), and we will denote it as SU*(4). Indeed, its representations
are in one-to-one correspondence to those of SU(4), which is the universal covering of
SO(6). The six-dimensional little group is SO(4) ~ SU(2) x SU(2).

Let us denote with (04 and 4 the objects transforming respectively in the fundamental
and anti-fundamental representations of the Lorentz group SU*(4) and (a, @) the indices
of the bi-fundamental representations of the two components of the little group. The
Clifford algebra is defined by

(7,3 4 B = A A7 + A4 AHCE = 26k | (7.1)

where = 0,...,6, 745 = fy{i‘ 5 and AHAB = FulAB]  These gamma matrices transform
in the pseudo-real representation 6 = 4 A 4 of SU*(4) and are related by

_ 1
PP = (vhp)" = 5P (7.2)

Six-dimensional momenta can be written as

PAB = DuVap » (7.3)
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and also transform in the 6 representation. The massless condition on the momenta

reads

2, ABCD
€

p papcp =0, (7.4)

which can be solved by expressing the momentum as the bi-spinor

DPAB = 6dean53 = XaAXdB ; (7.5)
where Xa A is a pseudo-real spinor. Analogously, we can write

PP = AT = AN (7.6)

which satisfies

AB

L1
pB = (pap)* = —=eBPpep . (7.7)

2

Notice that, given the above definitions, the spinors A\,4 and Xd A automatically satisfy

the Dirac equation:
1
paB\? = —§€ABCD)\QB)\I)C)\()D = —eapcpABAYAY =0, (7.8)

and similarly for Xaa. The Dirac equation can be also written equivalently as a relation
between A and \:

0= A""N0Xga = = MAPXga + MNP g, (7.9)

which implies
M =0. (7.10)

Next we need to define polarisation vectors in terms of the spinors, just as in four
dimensions one has to introduce a reference spinor to do so, which we call ¢. Then a

good definition is given by
V2
6&4(-1B(p’ Q) = 87|pa>[A[pd|gB} )
- (7.11)

V2
€aaAB(D:q) = —?’pa][A@aWB} )
2

where despite the bracket notation we explicitly display the Lorentz indices A and B

which are antisymmetrized.

Before moving to the relation between four- and six-dimensional quantities, we present

some useful identities for six-dimensional spinors. We focus on the SU*(4) structure of
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the spinors and keep the little group indices implicit for the sake of clarity, since the

latter can be restored at any time being unambiguously related to each spinor.

Consider a certain number of spinors )\;4 (and XiA), with labels ¢ = 1,...,n. The

Lorentz-invariant objects which can be built out of these spinors are of three types:

e Bi-spinor invariant objects:
AN\ ja = (ig] (7.12)

e Two distinct four-spinors invariant objects:

eaBeDNNENIND = (ijkl) , PPN aNpAecip = [ijkl] . (7.13)

The spinors transform in the fundamental representation of SU*(4), thus A =1,...,4.

Two identities (and their two complex conjugate) follow immediately from this:

APNBACAPAE — ¢ | (7.14)
and )
AANBAGADT = — (ABOD (1934) | (7.15)

4]

and analogous relations hold for A;4. Equations (7.14) and (7.15) can be combined to

give the six-dimensional Schouten identity:
> (12340 =0 (7.16)
cyclic

7.1.2 From Six-Dimensional to Four-Dimensional Quantities

For our purposes, we find it convenient to write six-dimensional spinors in terms of four-
dimensional ones, allowing amplitudes to be expressed in terms of the more familiar
four-dimensional spinors. We can view six-dimensional null vectors as four-dimensional

massive ones, by defining the two complex mass parameters
m = p4+1ips , m = p4 —ips , (7.17)

where ps and ps are the fifth and the sixth components of the 6D momentum p,,. The

six-dimensional massless condition becomes then
PP =" —mm=0. (7.18)

where (p(4))2 = pg —p?—pE— p§ is the four-dimensional massive momentum associated

to p,. We found it more efficient for our calculation to describe these momenta as a
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combination of two massless momenta, as in (2.36). We can decompose six-dimensional

helicity spinors in terms of four-dimensional spinors as

_ﬂua >\a ~ iua )\oz
A g —Aa pyHe

where the little group indices label the columns and the SU*(4) indices label the rows.
The SU*(4) index structure can be broken down into two SL(2,C) complex conjugated

4 [Ua o (ue
(@) e (7). -

This embedding is specific of our choice of gamma matrices: indeed, we choose them

indices:

such that the v-matrices restricted to u = 0,...,3 reduce to the familiar chiral repre-

sentation in four dimensions!.

pAP and pap are invariant under the little group SU(2) x SU(2) transformations

NEZUONY, N =Ua"y, (UL U7 € SU2) x SU(2) . (7.21)

The 6D momentum in 4D components reads:

e, A\ o8
AB ( meap + plakt ) , (7.22)

P\ Ren, — g i

where p = % We notice that m and m completely fix the diagonal components,

thus they are little group invariant objects. In our choice of gamma matrices, the
off-diagonal components precisely coincide with the 4D massive momentum:
4 5 ~ -
Poe = Ao + pafic (pM)? = miin . (7.23)
It is easy to see that the two copies of SU(2) of the 6D little group act in an identical
way on the 4D momenta and we recover the usual massive little group: indeed, they

depend only on the combination mm and we can obtain dotted transformations from

the undotted by simply replacing

m— —m, m— —m . (7.24)

The Lorentz-invariant quantities (iqjal, (iajvkcla), [tajjkelj] can be written in terms of
four-dimensional angle and square brackets, once the helicity indices are fixed (a, b, ¢, d =

1,2 and a,b,¢,d = 1,2), by using the decomposition given in (7.20) and decompos-

'For the explicit basis of gamma matrices see Appendix A of [152].
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ing eapop ~ Zeo‘ﬁedﬁ- and 5j§1 = diag(ég,ég‘). For a concrete example of how four-
dimensional amplitudes are encoded in six-dimensional ones we refer to Appendix C.1,
where in particular we discuss how the choice of the little group indices relates to

four-dimensional helicity structures.

7.2 The Dimensional Reconstruction Technique

In the first part of the section, we look at the one-loop case from a different perspective
which lends itself to a systematic generalisation to form factors. The viewpoint we adopt
presents the much desirable advantage that it disentangles the number of dimensions
in which amplitudes need to be computed from the loop order. This feature allows for
a natural generalisation to any loop order, for both amplitudes and form factors, which

will be discussed in the second part of the section.

7.2.1 One-Loop Dimensional Reconstruction

The first step in our study is to identify the dependence of the loop amplitude on the
dimensionality of the spacetime. In the literature, a common procedure is to distinguish

the two sources of this dependence:

e the first is the number of spin-eigenstates, which is a function of the dimension

of the spacetime ds (for example, gluons have ds — 2 spin degrees of freedom);

o the second is the integration over the loop momentum, which lives in a d-dimensional

space.

Specifically, in the following we consider pure Yang-Mills theory

1
Ly, = —Z(FﬁyF““”)(x) , (7.25)
where A% is a vector in a spacetime of dimension ds and z is defined on a spacetime

of dimension d > 4.

As we mentioned earlier, we are interested in calculating amplitudes (and form factors)
involving four-dimensional external gluons. At one loop it is possible to write a general

litud
amplitude as " A N ({pi, hi})
A(ds,d) ({pi, hl}) = / (27_‘_)51 Hz D, ’ (7.26)

where N'% ({p;, h;}) depends on d, through the number of spin eigenstates and on d

through the loop momentum. However, since all external momenta are four-dimensional,

the additional components of the loop momentum enter the amplitude only through
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its square, which can always be written as

d—1
P=B-13-8B-153->12=(01")72-p2 (7.27)
=4

The dependence of the amplitude on p? manifests itself in a number of additional
integrals with non-trivial numerators, which have to be added to the usual master

integral basis. These integrals have the form:

S i
= I[P 7.28
| Grape o, = B (7.28)
which can be evaluated as ordinary integrals, but in higher dimensions [110]. The

presence of these integrals cannot be probed using four-dimensional unitarity cuts.

Consider now the explicit dependence of the amplitude on ds. One-loop amplitudes
involving only bosons are linear in dg, because it appears only in a closed loop of
contracted metric tensors coming from vertices and propagators. Consequently, in
order to determine the dependence of the amplitude on ds, only two constants need to
be fixed and these can be obtained by interpolation. Thus it is sufficient to compute
the amplitude in two integer dimensions, for example dy and d; = dyp + 1, and then
write the analytic continuation to four dimensions in the Four Dimensional Helicity
(FDH) scheme [227,384]. The result of the interpolation is given by [111]:

A&?d) = (d - 4)«4&2,@ — (do — 4)/%1@) : (7.29)

By definition d are the dynamical dimensions of the theory and we can always choose
do > d. By doing so we can consider the extra dimension in the d;-dimensional space
as non-dynamical. Then a d;-dimensional gluon behaves as a dp-dimensional one plus
a real scalar A% = (A% ¢%), and the Lagrangian of the system reads?
1 1 IO | X

Ly, = —ZFﬁyFW” =1 oM+ 5D,;¢“D“¢a , (7.30)
where the hatted quantities refer to dy-dimensional Lorentz indices. From the La-
grangian (7.30) we arrive at the conclusion that the one-loop d;-dimensional amplitude
A(a;,4) can be expressed as the sum of two contributions: the first contribution is given
by the equivalent one-loop gluon amplitude with internal particles living in dy dimen-
sions A4, q); the second one, denoted in the following as Afd), takes into account also
scalar interactions coming from the second term on the right-hand side of (7.30). It is

also important to stress that .A*(g ) is a gauge-invariant quantity in its own right. As a

2The fields are non-dynamical in the di-dimensional direction of the space-time, thus we can set
8d014a'u = 0 and 8d0¢“ =0 (8,10 = 8d1—1)~
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result of these observations, (7.29) can be written as:
AL = AW (g — 1) A8 (7.31)

Since we are considering only the one-loop order, it is easy to see that A*(gd) can be

obtained by trading the gluon loop for a scalar loop.

Up to some additional considerations, the above discussion holds true for form factors
as well, and so does (7.31). In particular, the scalar quantity that we have to subtract
from the form factor with dp-dimensional internal gluons is obtained by trading the
gluon loop with a scalar one. However, in contradistinction with the amplitude case,
there are two sources for scalars when we are dealing with form factors. Inside the loop,
one can have scalars coupled to gluon lines coming from terms of the form %Duqﬁ“D“qﬁ“
in the dimensionally-reduced Lagrangian (as in the case of amplitudes), but also scalars
coming from the operator inserted in the form factor. This procedure will be clear in
the calculation of the non-minimal Tr F'2 form factor, described in Section 7.4.2, where

we will emphasise the role of these two distinct contributions (see also [113]).

Finally, what we need is to identify the scalar operator. The procedure we follow is
reminiscent of dimensional reduction, which for the operator Tr F? was performed in
(7.30). From this new point of view, the generalization of the Dimensional Reconstruc-
tion technique to other operators is straightforward. In particular, for the only two
operators with mass-dimension six involving solely gluons, namely Tr(DF )2 and Tr F3,

the scalar contribution comes from
DHFZ‘}pD“Fa”” — D, D,¢*DV'D"p* , (7.32)

and
facha'uyFprFCpu — fabcDud)aqubch;w 7 (733)

where scalar operators associated to each operator come from the dimensional reduction
from d; to dyp. On the other hand for the Tr F* operator, which we will consider later

in this chapter, at one-loop we get
Tr FF FY ,FP o F7 = Tr D¢ D¢ F¥ [, FPF (7.34)

where in the last equation the trace is in colour space®. The proportionality coefficients
are still to be fixed and we will give the right prescription for them within the full

tree-level calculation in Section 7.3.

3We emphasise that (7.34) is exactly the scalar operator up to an overall factor, which has still to
be fixed. In particular, the two scalars in the previous operator have to be adjacent, because the gluon
operator involves only contractions between adjacent field strength.
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7.2.2 An L-loop Generalisation

The arguments leading to (7.29) can be extended to arbitrary loop order. Considering
pure Yang-Mills theory, any L-loop amplitude can be written as a degree L polynomial
in the dimension d*, .
A =S "(ds — 4K (7.35)
i=0
where K; are quantities to be determined. In particular, note that the four-dimensional
amplitude in the FDH scheme [227,384] coincides with the zero-degree coefficient: Iy =
Agi)d). In order to find the coefficients IC;, we can interpolate the polynomial in L + 1
distinct integer dimensions d; > 4. Writing the problem in matrix form, one has

AEdLo),d) 1 (do — 4) (d[) _ 4)2 .. (dO _ 4)L Ko

(n) .
Aaag | _ |1 (=4 (- 47 (di—4) K , (7.36)
AEsz,d) 1 (dr —4) (dp— 4)2 ce (dp — 4)L Kr

where we recognise the Vandermonde matrix. Inverting this matrix, it is possible to

express the IC; as functions of the higher-dimensional amplitudes AE? d) fori=0,...,L.
In particular g, which is the four-dimensional amplitude we are interested in, can be
written as
(L) = S T (L)
A =Ko=1[|(d; —4) A (7.37)
1

We can always choose dy > 4 to be the smallest dimension among the d;’s, and we also
know that at most d dimensions are dynamical, with 4 < d < dy. Then, we can write

the Lagrangian of pure Yang-Mills theory in d; > dy dimensions as:

d;—do

d;—do
1 1 A
Lo == Fo,F" + o 37 DugiDl e — D f% 37 o565 , (7.38)
i=1 ,j=1
>t

where 1, v are dg-dimensional Lorentz indices, a, b, ¢ are colour indices and f®¢ are the
structure constants of the gauge group. The vector field in d; dimensions is decomposed
in a (dp-dimensional) vector A}, and d;—dy scalars ¢7. The coupling of the ¢ interaction
is given by

A=g?, (7.39)

4As already mentioned, the d, dependence comes from traces of 1 tensors, and there can be at most
L closed loops leading to such a trace.
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Figure 7.1: Two of the many possible diagrams contributing to the scalar amplitudes at six
loops. On the left-hand side an example contribution to .A(Sdf)ﬁ()i 2,0) is shown. On the right-
hand side the same diagram but with one of the gluon loops involving a four-point interaction

replaced by a scalar. The latter diagram contributes to .A(Sd(6 4,2.1)"

and we call it A for reasons that will be clear in a moment.

From (7.38), we can compute the amplitude with only external gluons®

L-1 L-m
m=0 n=1

where AE? ) is the complete L-loop amplitude where all the internal legs are vectors

and Adodnm

Specifically, the diagrams contributing to AL (do d m) are of order \™, i.e. they contain

) are specific combinations of diagrams with at least one scalar loop.

m four-scalar interactions, and in addition have n distinct purely scalar subdiagrams.
The coefficients for the scalar contributions in (7.40) can be understood as follows.

1. The number of distinct flavours of scalars is d; — dp and they all give the same

contribution.

2. Given a set of contiguous scalar propagators inside a diagram, when we draw
the first scalar propagator, we need to multiply the diagram by a d; — dy factor,

corresponding to the distinct possible flavours.

3. Inside the same set of contiguous scalar propagators, each vertex with two scalars
and one vector must preserve the scalar flavour, while the four-scalar vertex

changes it. Thus each power of A brings a d; — dy — 1 factor.

4. Every distinct set of scalar propagators leads to an additional d; — dg factor.

5In this section, for the sake of clarity, we reserve the word vector only for the do-dimensional vector,
whereas we refer to the four-dimensional equivalents as gluons.
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dz_d()
I d; — do - Rl y
7 4
\\ ,, \\ /,
-~ - .,
N
)
N
E 4 ) N
/— \\ 4 *
’ N // \\
\
Y d; — do - WA - - - - - - Lppn
\\ /I dz _do _1

Figure 7.2: Two two-loop diagrams for comparison. In the first case there are two disconnected
scalar loops, and every loop admits d; —dj different flavours leading to an overall factor (d; —dg)?.
The second diagram represents two scalar loops connected by a flavour-changing four-scalar
vertex (highlighted in green). In this case there are d; — dy allowed flavours in one loop but
only d; — dy — 1 in the second loop, which leads to an overall factor (d; — do)(d; — dop — 1).

5. Since there are no external scalars, the number of distinct sets of scalar propaga-
tors plus the number of scalar quartic interactions coincides with the number of
scalar loops:

n+m = # scalar loops (7.41)

6. Clearly the number of scalar loops can be at most L.

We can substitute (7.40) in (7.37) and, for simplicity, we choose
di = do + (7.42)

with ¢ = 0,...,L. The final result should not depend on this choice, because the
coefficient of a polynomial cannot depend on which point we choose for the fitting.
After some manipulations, we find a closed expression which relates complete L-loop
four-dimensional amplitudes to the same amplitudes in a higher integer dimension dy

up to subtractions of scalar contribution:

L—1IL—
L L m
AP —AD Z Z 4—do)"(3 - do)" ALY (7.43)

where, in order to prove this formula, we have used the identity

L I .
gd_‘l)]';‘[(dk— gl;[od_‘l (7.44)

The whole reasoning can be applied to a more generic scheme where d;, = 4 (FHV
scheme) is replaced by a generic ds (e.g. the HV scheme [385] with ds = 4 — 2¢). As
long as we keep d; > ds and d; > d, all the previous steps are still applicable, and we
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arrive at
() W e S(L)
Al gy = Aoy + 2 2 (ds = do)"(ds —do — 1) Ay ™y (7.45)
m=0 n=1

which at first sight is identical to (7.40). The non-trivial difference between the two
expressions is that ds < dp, while we need d; > dp (i = 1,...,L) in order to write
(7.40). Moreover, as we stressed before, the quantity (d; — dp) has a precise physical
meaning: it is the number of distinct flavours of scalars in the dimensional reduced
theory (7.38). On the other hand, (ds — dpy) takes into account the number of extra

spin degrees of freedom in dimensional regularisation®.

A posteriori, the fact that the two expressions are exactly the same is a consequence
of our previous considerations. Indeed, one could have recognised the polynomial de-
pendence of the amplitude on the dimensionality ds already from (7.40), and further
identified (7.45) as its analytic continuation for ds — dy < 0. Thus, starting from
the dimensionally reduced Lagrangian (7.38), the dependence on the dimensionality d;
emerges naturally, and the preceding considerations relating the d; to dg through the
Vandermonde matrix may appear redundant. However, starting from the analysis of
the dimensional dependence of the amplitudes provides a clear physical picture of the

relation between dg, d and d;.

Our expression reproduces the known results at one loop [111]

1 _ 4 S (1)
Atded) = Aldo,ay T (ds = do) Al 0.1 » (7.46)

and two loops [365]

2 2
A ) = Ay + (ds = d0) ATy, gy + (ds = do* AT oy (7.47)
where
S _ 152 S(2) s _ 4502 5(2)

Ado.d) = Aao.a0,1) ~ Aldod,1,1) Ay = Aoy T Audiny - (748)

Considering the two-loop expression in more detail, one sees that in [365] the four-scalar

vertex is interpreted in terms of three fictitious flavour contributions:

N . N . N . N .
N . N . N .
* ’ ) e
N v /
N7
A ;
4 N /
. N N\
. . . . . .
4 N

. S . S . S

The two continuous lines in the grey blob represent the colour flow inside the vertex.

SThere is no dynamics in the dimensions d; — do, while this could be not true for the dimensions
do — ds.
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Considering Figure 7.2 we see that, in our interpretation, the only diagram which
at two loops involves this vertex contributes with a factor (ds — dp)(ds — dop — 1).
However, splitting the vertex according to colour flow as above, the contribution of
the same diagram can be attributed to terms containing a factor (ds — dp)? as well as
(ds — dy). Taking into account this different interpretation of the four-scalar vertex,
the two methods perfectly match.

S(L)
(do,d,n,m)

we know that AgdL& d) is gauge invariant and the same is true for Agi)d), regardless of the

We emphasise that individually each A is a gauge-invariant quantity: indeed,

choice of dy. Since the coefficients of the scalar contributions depend on dy, the single

A5(D)

(dodn,m) must be gauge invariant by themselves.

As in the case of the one-loop procedure, (7.43) can be applied also to form factors, as far
as we bear in mind that more scalar operators are involved in higher-loop calculations,
in addition to those entering already at one loop. These additional terms emerge clearly
from (7.38). Indeed, for the operator Tr F'?, beyond one-loop calculations we also need

to subtract the scalar contribution from the ¢* operator:
2 rabd d b7 1 d T
T s A B B (7.49)

where ¢ and gg have to be scalars with different flavour. Its contribution has to be
carefully taken into account in the subtraction with the right ds-dependence. In partic-
ular, in the form factor equivalent of (7.40), its insertion brings a (d; — do)(d; —do — 1)

coefficient, because of the flavour changing.

An equivalent reasoning is also valid for higher-dimensional operators. For example,
from the dimensional reduction procedure of the Tr F'3 operator, we find that the

additional scalar operators entering higher-loop calculations are

gfabcfadeDugbbDu%ch)dqge

SN (7.50)
93fabcfadefbfgfchz¢d¢e¢f¢g¢h¢z

facha,uVFbuchpM N {

where the former enters the calculation at two-loop level, while the latter from three
loops. We stress that ¢, gz~5 and gg represent three different scalar flavours. Then, in
the generalisation of (7.40) to form factors, the insertion of the scalar operators bring
a factor of (d; — dp)(d; — do — 1) and (d; — dp)(d; — dp — 1)(d; — dp — 2) respectively.
Following the same procedure one can recover the scalar operators for Tr F4, which we

do not write explicitly.

In the following we are going to apply this technique to one-loop calculations for form
factors. We will always choose dy = 6, due to the existence of a powerful Spinor Helicity

Formalism in six dimensions [152,115].
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A technical comment is in order here. In performing loop calculations, initially we
treat the loop momenta as living in dy =6 dimensions, instead of d. This procedure is
well defined at the integrand level. Indeed, we know the functional dependence of the

integrand on the d — 4 components of the loop momenta, which appear only through
Z(—ze) -l](-_26) and p?. Then, once we identify these combinations,
we can treat the loop momenta as being d-dimensional and integrate over them”.

rational combinations of [

7.3 Tree-Level Form Factors

In this section we will provide all the analytic expressions of the tree-level colour-ordered

form factors required for loop calculations.

The tensorial structure of the field strength in four dimensions is given by the antisym-

metric product of two vector representations

(33)" (3:3) =G0 ©D | (7.51)

where we can choose each component to correspond to the helicity configurations +1.
We then define the self-dual component of the free field strength as®

Fop aaps = AarsEsp (7.52)

which has helicity —1 and transforms in the (1, 0) representation of the Lorentz group®.

Then, the anti-self-dual component, transforming in the (0, 1) representation is
FASD,aaﬁB = 6aﬁ)\a/\3 . (7.53)

In terms of SU*(4) representations, the six-dimensional free field strength transforms
in the 6 A 6 = 15, which is the traceless part of 4 ® 4. Thus it can be written as [386]

FitP cp = adiiFa ™ py | (7.54)

where « is a numerical coefficient to be fixed and F,; 4 g is such that Fy, 4 4 = 01°.

It is worth mentioning that in terms of the six-dimensional spinor components the quantity men-
tioned above reads as follows: 15726) -1;7%) = %(miﬁlj +mym;) and p? = mims.

8To clarify the abuse of nomenclature, this quantity is the field strength in momentum space corre-
sponding to a polarisation vector of given helicity.

9We could have used as definition the following: Fspaaps = PacCgy = Pppas = —V2Xa gy 5. As

we can see the only difference is an overall —v/2 factor.
A B,... = 1,...,4 are indices in the (anti)fundamental representation of SU*(4) and a,d are
indices of the six-dimensional little group (for a detailed discussion see Appendix 7.1).
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In spinor helicity variables this quantity is [386]
Fui 5 =M | (7.55)

which is indeed traceless thanks to the six-dimensional Dirac equation (7.10). Upon
dimensionally reducing (7.55) down to four dimensions we match it with (7.52) and

(7.53), which fixes the proportionality coefficient to be av = 2.

7.3.1 Tr F? Form Factors

In this section we consider the operator
Oq = Fj, F* . (7.56)

In four dimensions Oy splits naturally into the sum of the traces of the self-dual and

the anti-self-dual components of the field strength:
Tr F? = Tr F3p + Tr Figp - (7.57)

It is trivial to identify these two four-dimensional components of the colour-ordered

form factor:

FS) (17,27 q) = 2[12][21]

0 (7.58)
Fc(92)(1_,2_;q) =2(12)(21) .
On the other hand, the six-dimensional form factor is
FO (Laa 2,3 0) = 210 2;)(2 14] (7.59)

where the definitions of the spinor brackets can be found in 7.1. Using the partic-
ular embedding of the four-dimensional into the six-dimensional space introduced in
Appendix 7.1.2 we find that!!
F5) (144,245 Q)‘4D = Fo)(17,2%;q), FS) (195, 29 q)LD = F3(17,275q).
(7.60)
An analogous statement is true also for amplitudes, where all the four-dimensional

helicity configurations can be recovered from the six-dimensional amplitude.'?

" Eour-dimensional limit here means choosing appropriate little-group indices corresponding to the
desired helicity configuration in four dimensions, and then taking m;, m; — 0 for any particle .

2Further details on the relation between four and six-dimensional tree-level quantities can be found
in Appendix C.1.
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The scalar form factor is obtained from (7.30), and we find
(0) o 1/1a ob] _
Fo, (1,25q) = —(14,23](1%,2°] = 2512 , (7.61)

where

Og s o (D¢)? == D, ¢" D" ¢ . (7.62)

The normalisation of (7.61) has been fixed by matching the four-dimensional limit
of this operator with that of the scalar components of (7.59), which must yield the
same result. Of course, if one starts from the Lagrangian (7.30) and computes the
minimal form factors of the two operators on the right-hand side, the resulting relative
normalisation would be the same. The four-dimensional matching prescription is much
faster for more complex operators. Let us stress that it would not be possible to
implement the scalar subtraction just by excluding the little group components that in
four dimensions behave like scalars. Indeed, this would bring us to a result which is
not invariant under a little group transformation of the internal six-dimensional legs.
In particular, for the subtraction we need a quantity that behaves as a scalar in six
dimensions and matches the scalar components of the dimensional-reduced gluon in

four dimensions, as shown in Appendix C.1.

Using BCFW recursion relation [12,13] in six dimensions [152] we have derived the
six-dimensional non-minimal form factors with three external legs at tree level, both

for the gluon and the scalar operators. The results for O with three gluons reads

F5) (Laas 243 3e6:4) = (1o 23)(25 La)(3clp B, |3¢] + cyclic

523831

+2 (1 L1y 1) ((La 23)(26 3e](3c La] — [La 26)[24 3¢)[3¢ La))
512 523 531
(7.63)

which agrees with the analogous result computed from Feynman diagrams in [113],
upon some algebraic manipulation. As a further consistency check we verified that in

the four-dimensional limit the different helicity components match the results of [368].

Furthermore, in the scalar subtraction we need to take into account an additional
contribution, namely the form factor of the operator Qs with two external scalars and

one gluon, which is different from zero. Indeed, this is given by:

0 2
FE)(1.2.310) =~ (3.lp /3] (7.64)

157



CHAPTER 7. RATIONAL TERMS FROM SIX-DIMENSIONAL UNITARITY

Finally, the non-minimal scalar form factor of O s can be shown to be

e

0
F((QQ)ys(]-7273cé;Q) = 593531

Belp py134] - (7.65)

For a detailed derivation of (7.63)-(7.65) see Appendix C.2. The sum of (7.64) and
(7.65) agrees with the result of [113].

7.3.2 Tr F3 Form Factors

Consider now the operator
Oz :=Tr FF FY ,F?,, . (7.66)

Similarly to the case of Tr F2, this operator splits, in four dimensions, into a self-dual

and anti-self dual part
O3 :=Tr F3 = Tr F3p + Tr Fagp - (7.67)

Consequently, the only possible helicity configurations of the minimal tree-level form

factors are all-plus and all-minus:

FO(F, 2%, 8% q) = —2[12]123][31] ,

© (7.68)
Fo, (17,27,37;q9) = 2(12)(23)(31) .
In six dimensions the minimal form factor is given by
F((QZ)(lada 21){)’ 3cc’) = FlAag CDFQC;:}? EFF:FCIS AB (7 69)

= —(1a2;}(263¢)(3c1a) + [1a2)[233¢) [3¢1a)

where FAP op is defined in (7.54). We can obtain the corresponding scalar operator
from (7.33), which states that

O35 o Tr(Dp)*F = Tr D¢ D, g . (7.70)
Thus )
0
FS) (1,2,3c) = 5piPpacn FLE an = (3clpp, 13 (7.71)

where, once again, the normalisation is fixed by matching the four-dimensional limits

of this quantity with the scalar configuration of (7.69).

As a final remark, we point out that Os is not the only mass-dimension six operator
which appears in the Yang-Mills theories (also with matter). One also has a contribution

from

O3 = DF¥ Dy S, . (7.72)
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However, it is easy to see that the minimal form factor for O can be related to the one
of Oy as
0 0
F((;;(laa, 245 9) = 812F((92)(1aa, 243 4) - (7.73)

Further Lorentz contractions of two covariant derivatives and two field strengths, such
as DMEY DPEY,, are ruled out or expressed in terms of the operators previously men-
tioned thanks to the equations of motion. In particular, in the case of pure Yang-Mills
theory O3 can be expressed as a linear combination of 02 and O3 through the equations

of motion. For a detailed discussion, see [387].

Finally, we provide the tree-level expressions needed for the one-loop computation of

the non-minimal form factor of O3 which are:

e the non-minimal tree-level form factor of O3 with four gluons

0
Fé)g) (1‘1d’ 2bi)’ SCC" 4dd; Q) = Baabi)cédd + Caabl}cédd + Dadbi)cc’dd ’ (774)
with
(4alp,p,l44] .
B ipiccad = (—(La 2;1(2p 3¢ (3¢ 1a] + [La 26)[24 3¢) [3¢ 1a)) M + cyclic,
534541
14 2:1(2p 4 5](44 3¢](3c 14 16 2p) |2 44)[4:3c)[3¢ 14 .
Caabbcédd:< il (2 44) (a3l | [a 20) 25 4) 44 )l >—|— cyclic,
834
11
D abbecdd = — (Z S ‘+1> ((1423)(26 3c](3c 4,4)(4a 1a] + [La 2u)[2j 3c)[3¢ 4a)[4, 1a))
i=1 7"

(7.75)

¢ the non-minimal tree-level form factor of O3 with two external scalars

F@@%@%mw:;«&mmmww—ww@mmm)<w&

 the non-minimal tree-level form factor of O3 ¢ with two external scalars

<3C|7j4p2 3] <4d|}¢1}7)2 144] I <4d|P1p3 14] <3c|}¢1% 3]

0
FS) (1,2,306,4g4:) =

593534 534541
1 1 1
3 40443 (—+ — + —
T Gelpyp il (da 3] <834 * 523 * 841)
= (g BB+ Blp By ) (o + =)
dIpapy 3¢l (3e Aoy clPy|4a)Belp, 144 So3 | S41)
(7.77)

These formulas have been obtained by requiring the six-dimensional form factor to

match, upon taking the four-dimensional limit, the known four-dimensional expressions
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in different helicity configurations [372, 388,389, 311]. The resulting ansatz was then
numerically compared with the results from Feynman diagrams and a complete match

was found.

7.3.3 Tr F* and Higher Dimensional Form Factors

The fourth power in the field strength can be considered as a turning point in the
general behaviour of the operators, for reasons which will become clear in a moment.
The first study of renormalisation properties of gluonic operators of dimension up to
eight was carried out in [390] and with more recent techniques in [391]. It turns out
that we can have four possible independent operators involving different contractions

of four field strengths:

Tr F*,F¥ ,F? ,F° ,, , Tr F* F,, FP Fy |
(7.78)
Tr F* ,F? ,F¥ ,F° ,, , Tr F* FPFy Fpy .

In pure gauge theories, which we are considering in this work, all these operators can
appear with independent coefficients, while they are no more independent in the low
energy effective action from the superstring theory [392-394]. In this section we will

focus only on the first operator, which we will refer to as Tr F'*:
Oy =Tr F*:=Te F* ,F” ,F* ,F° , . (7.79)

This encloses all the main features of the operators with higher powers in the field
strength, and at the end of this section we will be able to generalise some results to a

peculiar operator involving a consecutive chain of n field strengths.

In four dimensions the main difference between Tr F'* and the lower-power cases is
that the structure of this operator allows the mixing of the self- and anti-self-dual

components, i.e. schematically
Tr 4~ Tr By + Tr (Fip Fisp ) + Tr Fisp - (7.80)

Thus the usual all-plus (all-minus) minimal form factors appear along with MHV-like

quantities:

FS)(1F,2+,3%, 4%, q) = 2[12][23][34][41]

FOA*,2%,87,471q) = [122(34)? (7.81)
FO(+ 27,34, 47;¢) = 132(24)2 |

and all the other configurations can be obtained by symmetry and parity arguments.
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In six dimensions the minimal form factor is

0
FS) (Lads 24y 3ce Agis @) =F{E cpFGP prPEE auFSH 45
7.14
Y (10200236 (3o J4alal + [122)[2330) Beda) d41a)  (782)

+ (1a2p3c44) [1a2;3:4]

where we notice that at this power of the field strength the new structure (- - - )[- - -]
involving four-spinor invariants appears, which is very reminiscent of the four-point
amplitude. This new structure gives us the MHV-like components in (7.81) when we
consider the appropriate little-group configurations in the four-dimensional limit (see
Appendix C.1).

We have already identified the scalar operator associated to Tr F* in (7.34) and we
define
O4,s < Tr D¢ D, ¢F” ,FPH (7.83)

such that its minimal form factor is
1
Fo, (1,2,3c:,444:9) = §prpchF3(’;? erFl ap
) (7.84)
= *<3C|p2p1|4d} <4d 30'] + Z<2a2a3c4d>[1a1a3c’4d] .

The expression of Tr F'* gives us some insight about the operators involving the n'h
power of the field strength, where the Lorentz indices are contracted between adjacent

field strengths, which we will refer to as Tr F™:

Op = Tr F" = Tr F, "2F,, "3 ... F,  #F, 1 (7.85)

It is easy to show that this operator can be decomposed in a sum of double traces (in

the Lorentz indices) on the self-dual and anti-self-dual parts, schematically!®:

n
Tr F" 2 3 Tr(Fly ' Fsp ) - (7.86)
=0

Take two disjoint and ordered subsets of labels Sy = {pg }r=1..; and S— = {gx }x=1..n—i)
with S, US_ ={1,...,n}. Then all tree level form factors, for any helicity configura-

13We stress that this general structure was hidden by lower power-operators because the field strength
is traceless: Tr FgglFASD =Tr FSDFZELl) =0.
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tion, can be written in a very compact way:

A n

F((’)(:l)(lhla conig) =cng [[Ioepes] T (ak aes1) (7.87)
k=1 k=i+1
where the overall coefficient is
2 1=0
Cni =< (=1)"" i#0,n. (7.88)
(—)™2 i=n

An explicit example of this general formula is given by

FS)(17,2%,37,47,5%;q) = —(13)(34)(4 1)[25][52] . (7.89)

The structure of Tr F™ form factors in six dimensions is much more complicated than
the four-dimensional one, the number of terms grows very fast, but nonetheless some
general pattern can be observed. In particular if we restrict to a kinematic configuration
for which only some of the legs are truly six dimensional and the others are defined on
the embedded four-dimensional subspace, the formulae are much easier and compact.
In principle, this is all we need in order to calculate rational terms with the dimensional
reconstruction technique, since we need to consider only the limited number of internal
loop legs as six dimensional. As an example, consider the minimal form factor of Tr F™™
with two six-dimensional legs and n — 2 four-dimensional legs in the all-plus helicity

configuration. The general expression is given by

Tr F™(Laa, 245,37, - .on) =((1a2;)(2631][3 4] (n11a] + [1a26)[2331)[34][n 1a)+

n-1 (7.90)
+ (La25m131)[1a233144]) [ lid +1] -
i=4

This result can be found by observing that the combination A;‘;Xi B appears only
once for each six-dimensional leg, which allows to write an ansatz comprising every
possible combination with arbitrary coefficients to be fixed. The coefficients can then
be determined by taking the four-dimensional limit of the six-dimensional gluons and
requiring the form factor to match (7.87). For the sake of comparison, if we take n = 6
the three terms of (7.90) come from a fully six-dimensional expression of 39 terms which

has already been reduced from initial 52 terms using Schouten identity.
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7.4 One-Loop Form Factors

In this section we will consider a number of one-loop applications of the dimensional
reconstruction procedure discussed so far. The results obtained for the minimal form
factors of Tr F? and Tr F® were already known in the literature. We prove that the
latter has no rational terms, as it has also been argued by [388]. These calculations
will be useful to set the stage and give an example of the procedure before dealing with
more involved operators and kinematic configurations. In particular, we reproduce the
known non-minimal form factor of Tr F'? with three positive-helicity external gluons.
Finally, we compute the complete minimal form factor of Tr F™ with n = 4 at one loop

and generalise some of the results to arbitrary n.

7.4.1 The Minimal Tr F? Form Factors

As a first proof of concept of the method we will confirm the well known statement
that the minimal form factor of the operator Tr F? in pure Yang-Mills does not have

any rational terms. In particular, we will consider the all-plus helicity configuration.

. 1+

’
-

- 2+

1+ -
2+

Figure 7.3: Two-particle cut of the one-loop form factor Tr F2 in six dimensions.

s s

The quantity we want to compute can be written as

FG)(1%,2%5q) = FS)(1%,2%59) - 1 (s10) (7.91)
= 2[12][21] - f@ (s12) , |

where we factored out all the helicity dependence in the tree-level prefactor, and
f (2)(512) is a function only of the Mandelstam variable si5. As explained in Section 7.2

this quantity can be computed using (7.31):

F® (s12) = £ (s12) = 275 (s12) (7.92)

where f3 (s12) and fdz, (s12) are the form factors with six-dimensional internal gluons

or scalars respectively, normalised by the corresponding tree-level quantity.

At one loop, the two-particle cut represented in Figure 7.3 is'*

! The explicit expression of A, can be found in Appendix C.1.
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fip (1), = 2[121][21] / LIPS F (—19%, —18) A (L Taa 111, 299) » (7.93)
where dLIPS is a short-hand notation for the one-loop Lorentz phase space integration,
more explicitly upon uplifting the cut one can set dLIPS = d”1/(27)” with | = [; and
lo = g—11, or equivalently swapping [y and I, while on the cut dLIPS also includes the
positive energy conditions for the cut momenta §(+)(13)5(+)(13). In order to simplify this
expression we decompose the six-dimensional quantities in terms of four-dimensional
ones, as explained in detail in Section 7.1.2. These calculations are rather lengthy
and have been dealt with through the use of a Mathematica package devised during
the preparation of [1] and described therein. In general, we write six-dimensional
expressions in terms of {Am,Xm, Wices Piici, Mi, ;b with @ = 1,2,11,1l2, as explained in
Appendix 7.1.2. Imposing that the external legs are defined in four dimensions is
equivalent to setting m; = 0 and m; = 0 for j = 1, 2, which automatically removes any

dependence of f) on Kia and [ijs. From (7.22), momentum conservation implies
> mi=0, > iy =0. (7.94)
i i

Only the two internal legs l; and [ have to be kept in six dimensions, in other words

p3,p% # 0 for i = Iy, Iy, which implies
mp, = —my, = —m, ’I’7L12 = —ﬁLll = —-m s (795)

where
p? =mm , (7.96)

with p2 defined in (7.27). The result for the complete integrand in (7.93) is, schemati-
cally,

; 2 2
S5 Y

4 terms) 4 pt (17 terms) 4 18 (5 terms) + 48 (1 term), (7.97)
512521,

where the Mandelstam invariants are defined in terms of six-dimensional momenta. It
is important to note that the dependence on u; and p; is spurious and we can choose
these “reference momenta” in order to cancel as many terms as possible from our result.
After doing so one has to be careful in identifying the loop momenta and Mandelstam

invariants consistently with this choice. A particularly convenient choice is

My — )‘12 ) Hiy — >‘l1 ) ﬂl2 — ﬂl1 . (7'98)
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Doing so, we immediately arrive at

fip ()|, = /dLIPS L (7.99)
6D 12 9—cut - Sal Sat, . .

Next we repeat a similar computation for the two-particle cut with internal gluons

replaced by scalars:

2) _ 1 © (7 7\ 40 y
£ (312)]2_%*2[12”21] / dLIPS FS) (11, —l2) A% (2, 11, Laa, 2,)
) (7.100)
= [dupsit .
S21,

Taking the difference between (7.99) and twice (7.100) leads to the desired four-dimensional
result

1
f(2) (512) |27cut == *7;812 dLIPS — . (7101)
521,

It is important to stress that in order to perform the scalar subtraction consistently, one
needs first to write both fég and f (;2) as functions of the full d-dimensional momenta
and Mandelstam invariants, in order to eliminate any dependence on the choice of
the arbitrary helicity spinors p; and p;. We can directly read off the one-loop result

from (7.101):
P

fP (s12) = —isi1z - (7.102)
p2

where the triangle integral with outgoing momenta (pi,p2,q) is defined in Appendix
C.3.

As anticipated, our result (7.102) does not contain any p? term i.e. any rational term,
and is thus in agreement with the very well known result. An equivalent result holds

for the all-minus helicity configuration.

7.4.2 The Non-Minimal Tr F? Form Factor

In this section we address the computation of the one-loop non-minimal form factor of

the operator Tr F2. As usual we begin by defining the normalised quantity f(23) as

FO @At 2% 8% q) == 2(12)[23][31] - £&) (51, 523, 513) (7.103)

2

with
f(2;3) (812, 823, 813) = fé12);3) (512, 823, 813) — 2f<§>2;3) (s12, 523, 513) , (7.104)
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Notice that we decided not to normalise by the corresponding tree-level form-factor,
which carries additional non-trivial dependence on the Mandelstam variables, but sim-
ply by a factor [12][23][31] which only captures the complete helicity dependence of

the operator. Computing the discontinuity in the sjs-channel we have

1 (0) (7ac b 0)
= dLIPS Fp) (199, 18°,311) AQ (—laaa, =1 4 111+ 293),
sp—eut  2[12][23][3 1]/ 0, (1% 157, 313) AT (=l2aa, =Ly <7111052)2)

which, upon making use of momentum conservation in the form of (7.95), is a 356-term

£ s

expression. We make use of the redundant degrees of freedom to simply the expression

by choosing

R VR A R T I A P (7.106)
which leads to
5 s, [ dLIPS B (0 )12 3). (7.107)

Note that, after using (7.106), the last expression apparently is no longer invariant with
respect to little-group transformations of /1 and ls, since these transformations mix the
A and p. In other words, looking at the numerator of (7.107), I; and ly appear as
four-dimensional massless momenta, whereas they should really be massive. Hence in
order to further manipulate the expression in a consistent manner we have to restore the

masses, ¢.e. restore explicit little-group invariance. This is achieved by the replacement

- < . 112 . 12 .
APAT = AN+ ~~u2~"ﬂ§”‘> T T2y T (7.108)
(X i) [ Ad] (X i) [ A
p£4) ad

which in the particular case of (7.107) becomes

(4) p? (1) 5
’ll>[ll‘ — ll - W”2>[3| y |l2>[12’ — 12 - m|l1>[3| s (7109)

where the replacements (7.106) have already been applied. After this substitution and

some further manipulation, (7.107) becomes

. 12 .
£ (512, 503, 513)| = 12[3”:;1] / auips (3] /9 1913 729 (7.110)

sia—cut [

where

) 4 -9 2.2 —4 2
Iélz),:a) _ 7512 Hq~ 512 K831 531, _ (7.111)

2
51252,—155311 531y

Performing the appropriate scalar subtraction for the non-minimal configuration of the
operator Tr F2 is more subtle than in the minimal case. The double cut one needs to

compute is represented in Figure 7.4. There are two different tree-level form factors to
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02 02,5 x
(23) _ [ [ 3
f¢ ‘Slg—cut - q 7?? _'_ q 7?? :

3t 3t

Figure 7.4: A double cut of the scalar contribution to Tr F? non-minimal. The red boxes
highlight the two different operator insertions.

be inserted into the cut: the non-minimal form factors with two external scalars and
one gluon of the operators Tr F? and (D¢)?. The tree-level expression for these form
factors are given in (7.64) and (7.65) respectively. Computing the complete result for

the double-cut of the scalar contribution leads to

(2:3) _ . [12] (4) 7(4) g7 7(2:3)
f¢ (812, $93, 813)‘512_Cut = lm dLIPS [3‘ ll 12 ’3] I¢ s (7.112)
with )
Iéz;g) _ 29812+ 831,831 (7.113)

$T952,—15531, 53l
Upon subtracting twice (7.112) from (7.110), uplifting the cut and performing some

algebraic manipulations on the numerator, one ends up with the final expression:

q P1 q P3
(2,3) — _ g _ gt
(512,823, 813)| L _qise = = 207 2533
D3 P2 P2 p1
D1 p3
_ M . la P2 +q
512523531 p1
p3 )
P1
i q b1 0 q
¥4 1
A O¢Er1
b3 D2 ps3
P2
(7.114)

where all integrals can be found in Appendix C.3.
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‘ ‘

| I+ R s
q | 2t —  2X q:éé) ! o+

3+ 3+

Figure 7.5: Two-particle cut of the one-loop form factor Tr F? in the sq»3 channel in six
dimensions.

Clearly the double cuts in the channels sg3 and s13 can be derived from (7.114) by
symmetry arguments, thus the only invariant channel left to compute would be si23,
see Figure 7.5. This double-cut involves the use of the five-point amplitudes in six
dimensions with five gluons as well as with three gluons and two scalars'®, combined
with the minimal form factor of Oy and O s respectively. The only topology probed
by this cut, which is not probed by any of the previous cuts, is the bubble with the
form factor in one of the two vertices and all the momenta in the other. Performing
the calculation the associated coefficient turns out to be zero. Thus (7.114) and its

permutations give the complete result, which matches the one given in [395,113].

7.4.3 The Minimal Tr F3 Form Factors

We now consider the Tr F? form factor in the all-plus helicity configuration. The
procedure we follow is exactly the same as in the Tr F? case. First we factor out the

helicity dependence as an overall tree-level prefactor:

Fo)(17,2%,3%0) == Fg)(1%,27,3%50) - 1 (s12, 525, 513) (7.115)

= —2[12)[23][31] - f® (s12, 523, 513)

then we compute f® as the difference fé%) -2 fég). We start with the two-particle cut

in the s12 channel represented in Figure 7.6, which reads

1 (0)/ jaa _ jbb (0)
— [ qups FO (et i 3, warl 10 200)
so—cut  2[12][23][31] /d S Fou (=11, =15, 311) A7 (l2aa, 1y (;11162§)

Upon expanding the six-dimensional invariants we get a 168-term expression. This can

) (s12)

be considerably simplified using momentum conservation as in (7.95) and choosing the
us to be
Ky — /\12 s ﬂll — 5\3 s My — )\ll s ﬂ12 — 5\3 . (7.117)

5 Their analytic expression is given in Appendix C.1.
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Doing so, we arrive at the compact expression

(3) . IR A E WA R AIE)
f6D (8127 523 813)|812*CUt - / ALIPs ( S21, [213] [321] " ,u2 [3| 1;1 ZZ;B] 7

(7.118)
where we have already reconstructed the full d-dimensional momenta. Computing the

scalar contribution in a similar fashion!® leads to

’ (4) 7(4)
(3) i 2 (31117 15 13]
f¢> (512’523’513)|512—cut = 2/dLIPSM [3’%?2’3] , (7.119)
and finally
(4) 7(4)
3) _ [12] / B 717 15713]
(12,823, 513)] o UCRIER dLIPS - : (7.120)

After using (7.117), it is possible to write f(3) in terms of Mandelstam invariants:

f(s) (512, 5923, 813)| = —’L/dLIPS <812 + 2> (7121)

sia—cut 591,

modulo terms which integrate to zero. Uplifting this result leads to:

1
q q b1
FD (519,598, 313) |, _qiee = 1512 ><[ —2i. >Q< L (1.122)
b3 l b3 ; b2
D2

Combining the discontinuities in the three channels s1s, so3 and s3; we arrive at the

complete one-loop form factor

n

f(g)({slj}) = Z f(g)({sij})|5kk+1—disc ’ (7123)

k=1

where every term in the sum can be obtained from (7.122) by relabelling the external

legs.

6For the case of the scalar contribution it turns out that the most convenient choice for the us is
the same as in the gluon case. Notice that it is for this particular reason that we would have been
allowed to perform the subtraction between the two contributions without writing them in terms of
full d-dimensional quantities first. Indeed, if this were not the case, we would have had to reconstruct
the form of the loop momenta in terms of general us before doing the subtraction.
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- 1+

- 2+
3T 3T

Figure 7.6: Two-particle cut of the one-loop form factor Tr F3 in the s;» channel in six
dimensions.

7.4.4 The Non-Minimal Tr F3 Form Factor

In the last sections we showed how the dimensional reconstruction can be applied to
form factors. In this section we derive the complete form factor of the operator Tr I3

with four gluons in the all-plus helicity configuration.

The procedure we follow has been described in detail earlier, hence we now only sketch
the relevant derivations and provide the main results. Up to cyclic permutations there
are two independent unitarity cuts to be computed, say in the sjo-channel and si93-
channel. Starting from the sjo3-cut, one needs to evaluate the following difference to

obtain the complete result:

1+ -

N 1+
2+ - 2x q @2%—
3+ hE o 3+

T.‘C
4+ ‘ 4+

where the tree-level form factor in the scalar subtraction term (second term in the figure

above) is the minimal form factor of the operator Tr (D,¢D,¢F"”). The Passarino-

Veltman reductions of the resulting tensor integrals have been performed using the

Mathematica package FeynCalc [396,397]. From the two-particle cuts in the sjo3-
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channel we obtain the following functions:

p1 )
1
Pa g
1 0 0
Fo)(1F,2+,3%,4%; D, e = DY + ol N
Pa
p3
p3 p2
p1
q p q p1
Lo L SO
P4 P4 p3
P3
(7.124)
with the coefficients
DY = ~iF(1,2,3:4) ,
C[O] — —Z'M F(1,2,3;4) 7195
0 512523 A (7.125)
Ol = P8 53 piy o 3.4y
512523
where
s
F(1,2,3;4) = % (512[13][24] 4 s31[12][34]) (s23[13][24] + s31(23][14]) . (7.126)
31
Finally the coefficient of the bubble can be written as
B = 2i[12][23)34][4 1] b | (7.127)
where the helicity-blind function bg)] is defined as
plol — sTa3 ( 1 i 1 >+ [13][24] 75 . 1 i [13][24] 75 . 1 ‘
O 7 s19803 \s12+s31  sa3+s31/  [12][34] sogs31 s12+ 31 [14][23] 51283% 523 —1)- 531
7.128

The result also contains a box integral with a ;> numerator, which after integration is

of O(e). For completeness we quote its coefficient:

(7.129)

DI = —2isyas (u LA, LI, L 412> .

Next we consider the two-particle cut in the sjs-channel and, as discussed in earlier

sections, the discontinuity of the complete form factor is determined from the difference

D1+ oF at+ 4+. M1+ ot at+ »4+.
Fap (17,27, 3% atsq)| = 2F, (17, 27,37 a%q)] (7.130)

171



CHAPTER 7. RATIONAL TERMS FROM SIX-DIMENSIONAL UNITARITY

where the second term is the scalar subtraction. As in the case of the non-minimal form
factor of Tr F'2, there are two contributions to the scalar quantity £ él) (17,2737, 4% ¢q),
which are represented in Figure 7.7. The first contribution comes from the operator

Tr F3 with two scalars and two gluons, whereas the second one comes from the scalar

operator Tr D,¢D,pFH" .

F{V(1+, 24,34 4%, )|

S12

Figure 7.7: A two-particle cut of the scalar contribution to the non-minimal Tr F® form factor.

—cut

The red boxes highlight the two different operator insertions.

After tensor reductions, we find

q . q s
P4 p3
1 0 0
Fo)(1+,24,37 419)| 4= DY + DV
ps P2 P2 P
b1 2z
p q
+ C[O] e
P s
p3 b2
q
+ [0] +C3 P4
p3

where we checked that the coefficients D[[)p ], [p ] , Cf Pl and (0F) Pl match the ones found in
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the previous calculation, up to relabelling. The other coefficients for the triangles are

cl = i1 2)[23)34][41)
o 4 (7.132)
o = 2oy an ey,
S12

where

|
4
|

[14][23] 534 534

Jor_ s12tss s < 513 S24> _ [13][24] [ s123(s12 +531) — 515 s12
’ 523 534

12
mS%BS% [8123(823 + 831) — 25%1} +(1,4) «— (2,3) ,

(7.133)

while for the bubbles

11 2 2

B = 2i[13*[2 42 ( S > + 2i[1 223 4] ( _ 312>
531 S23 823531 s23  s23(s13 + s523)

1 4 2 4

42123 4)[13][24] <+__ 524

512 523 534 523534

)+(1,4) «—(2,3) ,

(7.134)
and _
B = 54%[1 2][34] ([13][24] + [23][14]) . (7.135)

We have checked that our result satisfies the expected infrared consistency conditions.

In particular, using the results for the coefficients Dy, Cp and C', one immediately finds

that the coeflicient of (_SIE# vanishes, as required. We have also confirmed that the

(*8122)_6
€

coefficient of is proportional to the corresponding tree-level non-minimal form

factor derived in [372],

R (1% 25,00 %) = oL AZBULY (SR o

- ) + cyclic . (7.136)

512 3} [4 1] S41

7.4.5 The Minimal Tr F* Form Factors

In this section we consider the form factors of Tr F* in all possible helicity configura-
tions. The case where all particles have the same helicity is interesting since it admits
an immediate generalisation to the minimal form factors of operators of the form Tr F™
defined in (7.85). In this family, Tr F* is the first operator whose minimal form factor
contains rational terms. We are going to consider the quantities in the planar limit
of the theory, i.e. at one loop we will probe only the discontinuities in the Mandel-
stam invariants of adjacent momenta in the colour-ordered form factor. At this point

it is important to stress that non-planar contributions behave differently: as one can
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see from (7.34) there is no non-planar scalar contribution, because in the operator the
scalars can only appear next to each other, and then the complete four-dimensional

contribution coincides with the diagrams with purely six-dimensional internal gluons.

All-Plus Helicity Configuration

We begin by defining
FO)(1%,2%,3%, 4% q) = 212]123]34][41] - F@ ({s5;}) - (7.137)

At one loop, we can make the following observations:

e The cut-constructible part, coming from the form factor involving only gluons,
has the same structure as F((ng))(lﬁ 2%, 3%;q), with both UV and IR divergences.

« Terms proportional to p? and p* now appear. As already mentioned, these could
not arise for n < 4 because of the limited kinematic, as we will show below. The
new integrals are two triangles with x? and p* numerators'” and when expanded
in powers of the dimensional regulator € give a finite contribution in the € — 0
limit. They are exactly the rational terms that cannot be seen by the completely

four-dimensional cut construction, where clearly p? = 0.

Following the procedure outlined in the previous sections, we find

b1
q p1 q
PP = = () O i m
b3 p2 p3 l
l P2
p1 p1
q q
[12[34) B
Tt N RECTIO R
D2 P2
(7.138)

Notice that in the final result the integral I§[u*] appears. In general, in a renormaliz-
able gauge theory one would expect triangle integrals to appear with at most a third
power of the loop momentum in the numerator, which allows for at most a p? triangle
contribution. However we are considering an effective field theory with an operator of
mass-dimension eight, hence the possibility of having also an I3[u*] term. The last step
of the calculation is the sum over all the possible channel discontinuities, as we did in
(7.123) for Tr F3.

The above result can be immediately generalized to Tr F" for arbitrary n in the all-plus

helicity configurations, where we define

7For analytic expressions of such integrals see for example Appendix C.3.
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TP (1, ot g)] oo, = ("2 [T RE+1] F™ ({si5}) (7.139)
k=1

and

T AT, e
PO siN) gy ase = =1 (1 frEs) - >Q< s
p3 D2

-[12][3n]

__Bn]
+ .
23][n1] s

derrmi

(7.140)

This simple generalisation is due to the fact that, upon properly normalising with the
corresponding four-dimensional quantities, the six-dimensional minimal tree-level form
factor of Tr F™ is identical to that of Tr F'* up to the replacement 4 — n, as can be
seen from (7.90). As a final remark, notice that we can a posteriori explain the absence
of rational terms for Tr F'3: indeed we can recover (7.122) by simply replacing n ~ 3

n (7.140). Then, rational terms vanish since they are proportional to [3n].

MHYV Configuration: the Alternate and Split-Helicity Colour Ordered Form

Factors

We define the MHV colour-ordered form factor with alternate-helicity gluons as follows:

Fo)(1+,27,3%,47;9) = (24)°[13]2 - 1Y ({s5}) - (7.141)

Since this case presents some peculiarities in the calculations, we will give more details
about it. In particular, the cut of the form factor with six-dimensional internal gluons

in the sjs-channel is given by

4 (s | - [aues LT
a,6D ”Lj S12— cut 8128212< 4)2[1 3]2 (7.142)
/ dLIPS (2k - 12)?
31252l2
where
Top = 2p(24)[13] + 217 13)(al 7157 11] + 217571314171 1] (7.143)

and in the last step we removed terms proportional to (2| 154)|1] that vanish upon
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integration. Also k, is a massive momentum defined by

12, < (12)
EQQ SQ_M

kad =

MaAia (7.144)
and it is easy to prove that it satisfies the following relations:

k‘2 = 2p1 k= 2p2 k= S12 . (7.145)

Surprisingly, the scalar contribution is identically zero after integration:

@ . B i @)@ e
oo U551 |y —eus = /dLIPs P POIEE =0, (7.146)

because of the presence of the term (2|/ 54) |1)2. Thus the discontinuity in the sj2-channel
is completely given by the pure six-dimensional contribution (7.142), which after the

integral reduction can be written as

q

fo ({s45}) |312,disc = —i812
D3

(7.147)

It is worth stressing that all the other planar contributions can be obtained from the

previous one easily by symmetry arguments.

As usual, for the split-helicity configuration we factorise the tree-level form factor:

FS)(1%,3%,27,475q) = [13P24)% - 119 ({s57}) . (7.148)

Unlike the previous case, in the planar limit we have two different cuts which can-
not be related by symmetry: in particular, we can perform the cut in channels with
same or opposite helicity gluons. The discontinuity in the sijo-channel, after the scalar

subtraction, is given by

q

fs(4) ({Sl]}) ’513—disc = —is13 -
D2

(7.149)

The cut in the soz-channel is reminiscent of the alternate-helicity case, with vanishing
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scalar contribution up to integration:

@) ({si; ~ — [dLIPS — (2K - 1,)? 7.150
O ) oy = [ QLIPS S et (2150
where the momentum k,, is defined by
[23] ~ (23) ~
koo = 7= 20 6 + 71 MaA3a 7.151
« [13] 2a 1a+ (24> 4aN\3a ( )
and it satisfies the following relations:
k? =2py -k =2p3-k=s93 . (7.152)

The cut in the so3 channel is

q

Y ({sii}) ‘323_disc = —1S23 -
Pa

(7.153)

Let us emphasise some relevant features of the result:

e The final result is free of rational terms. Thus we would have found the same,

complete, quantity even with four-dimensional unitarity-cuts.

o The only operator that contributes in four dimensions is Tr (Fgp Fagp), which is
a descendant of Tr¢* in N/ = 4 SYM'®,

o We note the absence of bubbles in the final result for this (unrenormalized) form
factor. This may be related to the independence of the bare quantity on the
matter content of the theory. One could then regard the computation as if it was
performed in N' = 4 SYM, where the operator under consideration belongs to a

protected multiplet.

e An unrelated observation is that the colour-ordered form factors with alternate

and split-helicity configurations are the same:
F(F, 27,34 471q) = FP (17,3727 47, 7.154
Oy ( ’ ) ’ ’ Q) Oy ( 9 ) ) 7Q) . ( . )

This is an accident due to the simple topology of the integral basis combined
with the fact that bubbles do not appear. At first, the equality (7.154) could
appear as a consequence of the photon decoupling identities which hold in Yang-
Mills theory. However these identities are no longer valid when one considers

interactions with higher powers of the field strength.

18See for example Table 7 in [398].
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Chapter 8

Conclusions

In this thesis we discussed some of the many applications of on-shell techniques in the
context of high-energy physics. As we saw in Chapter 2, for what analytic expressions of
tree-level amplitudes are concerned an on-shell recursion like BCFW appears far more
desirable than an off-shell one like Berends-Giele. On-shell expressions are typically
more compact, and taking advantage of the factorization properties of tree-amplitudes
on physical poles also drastically reduces issues related to combinatoric complexity
usually associated to diagrammatic or off-shell methods. On the other hand, we saw
that in order to apply these BCFW-like recursions to a wider range of theories, the use
of unphysical reference spinors may be required. This motivated the search for a general
algorithm combining the best of both on-shell and off-shell worlds: a recursive approach
making use of on-shell seeds, taking advantage of unitarity through factorization but at
the same time incorporating the information on the pole structure provided by locality,

reproducing compact results of simple physical interpretation.

In Chapter 3 we presented a first attempt at such an algorithm, but various improve-
ments are clearly desirable. In particular, it would be interesting to better understand
the way external vector bosons contribute to the singularity structure of the tree-
amplitude. When writing the latter in terms of spinor structures carrying the helicity
weights and Mandelstam invariants in the pole structures, the presence of vector bosons
leads to additional poles which do not come simply from intermediate particle propa-
gation but also from external polarization. These mix in non-trivial ways but always
miraculously produce at most additional simple poles compatible with locality of the
final result. A better understanding of how this recombination happens from an on-
shell point of view would be greatly beneficial to our algorithm, and it would also be

an interesting problem in its own right.

Equipped with the tree-level machinery we saw how to recombine this information in

order to obtain loop-level results. In Chapter 4 we discussed applications to the com-
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putation of the anomalous dimension matrix for operators in the Standard Model EFT.
The parametrization of Beyond Standard Model physics through SMEFT has become
increasingly popular over recent years, due to the fact that no a priori information on
the complete UV theory is required in this setup [51,52]. In this context it is impor-
tant to compute the anomalous dimension matrix which is usually non-vanishing and
non-diagonal, implying that the Wilson coefficients at the energy scales accessible to
the colliders differ from those at the high-energy matching scale, and furthermore they
mix among each other. Unitarity techniques crucially simplify the computation of the
anomalous dimension matrix [237] and provide insights in the deeper structure of the
zeros appearing in it [34-36]. We addressed the computation of the mixing of all the
mass-dimension eight operators in the complete SMEFT, at linear order in the Wilson
coeflicients, extending previous partial results and pushing ahead the study of this class
of operators which start to attract more and more attention due to their contribution to
specific processes of experimental interest [73—77]. Immediate extensions of our results
include the computation of the mixing when more than one fermion family is consid-
ered, or when we allow for subleading contributions of the Wilson coefficients, both of
which could be achieved with some modifications of the computational machinery al-
ready at our disposal. Additionally, it would also be interesting to repeat the two-loop
computation in [37] with dimension-six operators but in the complete Standard Model
instead of the simplified SU(N) theory considered in that paper. The hope would be
that combining such a computation with the knowledge of the SMEFT mixing matrix
at one loop for dimension eight operators, would allow to spot new patters in the zeroes

previously hidden by the sole focus on one-loop dimension six operators [84-86].

Unitarity methods find interesting applications also in EFTs of gravity. Considering
theories with massive matter classical effects can be found also at the loop level [94-96].
In other words, computing higher-order contributions in the perturbative expansion
around the gravitational coupling G leads to terms which are non-vanishing in the
h — 0 limit and thus contribute for example to the classical gravitational potential.
Loop-level on-shell methods are particularly well suited for the task of extracting rele-
vant information without the need of computing the complete amplitude, since taking
unitarity cuts in the appropriate kinematic channel immediately isolates the contribu-
tions corresponding to graviton exchange between two external scalars mimicking the
heavy galactic objects. Furthermore, taking the cuts in four dimensions automatically
discards the terms corresponding to local interactions in the potential, i.e. the rational

terms.

In Chapter 5 we looked at the effect of higher-derivative operators on the bending angle
and the time delay experienced by a light particle when interacting with a heavy ob-
ject. Modifications to the action where incorporated as new tree-amplitudes in the con-

struction, and modifications to the observables directly extracted through the eikonal
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approach [100-105]. Due to the non-minimal interactions we considered, the eikonal
phase was promoted to a matrix, from which we extracted related phases through di-
agonalization. This leads to different values of the deflection angle and time delay
for different helicities and allows to find some consistency conditions of the theory
which replicate conditions already found in the literature [297,336,337]. In this con-
text it would be particularly interesting to explore the sub-sub-leading corrections to
the eikonal phase due to the R* operator: in the eikonal approach, successive con-
tributions in the perturbative expansion are expected to re-sum into an exponential.
We explicitly find exponentiation for R3, however for R* one-loop provides the leading
contribution to the eikonal phase, thus additional two-loop results would be required

to check exponentiation.

In Chapter 6, we performed the study of R? operators discussing the interplay with tidal
effects and in particular we compute the quadrupole corrections for these terms. These
corrections are extracted from a five-point amplitude which, beyond the massive scalar
states, also features a soft graviton representing the emitted radiation. Considering the
binary system from afar as a small extended object which emits gravitational radiation
through a multipole expansion, we extract the quadrupole constributions from the
computed amplitude and use it along with the already known potential [293,294] to
extract the radiated power. In this regard, it would be interesting to perform a study
similar to what was done for the R* operators in [106] but for R3, based on the results

here presented.

To conclude the thesis, in Chapter 7 we took a look at some technical aspects of the
multi-loop unitarity methods. Since these methods rely on the discontinuities which are
present in the amplitude in order to reconstruct its analytic form, terms which do not
present discontinuities in the kinematic channels cannot be detected. While one way of
solving this issue is to move away from four dimensions and perform the unitarity cuts
in D = 4 — 2¢ dimensions [109,110], this presents some drawbacks, including the fact
that one looses the possibility of making use of the powerful spinor-helicity formalism as
well as of numerical evaluations. To bypass this issue in the case of Yang-Mills theory, it
has been found that the dependence on space-time of the amplitude is polynomial and
the complete amplitude can be obtained by evaluating the associated coefficients from
amplitudes in integer dimensions [111-115]. We have seen how to extend this method
from amplitudes to form factors and furthermore how to generalise it beyond two loops
in such a way that still only evaluations in a single higher-dimension are required. A
first task would be to perform a proof-of-concept calculation at a higher loop order,
which in turn would also require possibly additional six-dimensional building blocks
to be fed into the unitarity cuts. Obtaining these tree-level amplitudes/form factors
in six-dimensions can be cumbersome, so another direction worth exploring would be

the generalisation of the algorithm presented in Chapter 3 to six-dimensions, which
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should only present a technical rather than conceptual challenge. In this thesis we only
considered pure Yang-Mills theory, but theories including fermions clearly should be
addressed too. Doing so should lead to an extension for form factors of [366] which
then would allow to address any general theory and obtain complete four-dimensional

results from six-dimensional amplitudes.

The applications discussed in this thesis are only the tip of the iceberg of what unitarity
considerations, or in other words simple conservation of probability, can tell us about
amplitudes and form factors. These insights manifest in terms of the on-shell unitarity
methods which nowadays gain widespread interest and study, and surely will produce

further outstanding results for decades to come.
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Appendix A

SMEFT auxiliary material

A.1 The Standard Model gauge group

In Table A.1 we write explicitly the representations under which each particle in the in-
frared spectrum of the Standard Model transforms, for the gauge group U (1) x SU(2) x
SU(3).

d
=
N
d
S
n
d
@

(=] Ren) Nan) Fap

_l’_

NI = ROl Lo NI = o] Lo el Do |-

_l’_

_l’_

_l_

+

anfBun] e h&:@mh&m@ﬁfgj
|

DO DN = DN = = | N = N b= = DN = QO
Pt |t | |t | QR QO QO = = | QO QO QRO OO | =

+

Table A.1: The spectrum of the Standard Model and the transformation properties of all the
fields.

Our convention on the colour factor are completely specified by the decomposition of

the contraction of two generators for both the SU(N) and SU(2) groups respectively:

LAa _Be _ 1 sap 50+ % FABC Ca %dABC Ca (A1)

c b_2N
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where fABC are the structure constants and d45¢ is the traceless completely symmetry
d-tensor, and
Ii Jk 1J i JIK K
oo - (5 5Z € ol (A.2)

For the SU(2) group we also need to specify how indices in the fundamental are raised
and lowered by the e-tensor:

T = € - €ij RLE (A.3)

A.2 Three-point amplitudes in the Standard Model

In this section we present the complete set of non-vanishing three-point amplitudes in
the Standard Model. As already mentioned in Section 3.1.1, consistent factorisation of
the four-point amplitudes imposes constraints which not only fix the colour structures
but also relate the couplings of the various three-point amplitudes among each other.
Once these constraints are taken into account a small set of the numerical coefficients

in front of the amplitudes is still arbitrary and up to convention.

AWL w? WEy = g, e”Kﬂ, AWL W Wy = —ngUKﬂ,
23)31) 12][31)
AGAGP ) =g O A GR G = e
A(B_.émsn) = i g1 S <<1223>>2, A(By ém, en) = i 1 0nm [[12?;}]2 ,

AB_, L L3) = =i L 5,67 <<1223>>2 o ABL L) = =i b 5J[[12?;}]2 ,
Al == R Al = - s
B ) =i Do i A ) = D
ABL Qi Q) =1 Do N AL Q) = B s
A(B_, H', 1Y) —z‘;lag‘(lzg” LA HL ) = i 2] [1[22”;1] :
AW L 1) =2 o AL L) = igabm oL
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A(WI Aa,i Qb,j) — Zg25 an' (5b <12>2 A(W[ Aa,i Qb,j) _ 2925 Jlj‘ 6b [1 3}2
— m n mn 7 a<23> 9 +> m n mn 1 a[23] bl
I iy — g 10 (12031 T iy — i 10 [12][31]
AWL H' H) =igyo’, 23 AW, H',H) igao Y, 23
A(GA, 0%, ub) = —i g3 8pm T (2)" A(GA, 0%, ub) = —i g3 8pm T [13)
— Umyy Un 3 Unm b <23> 9 =+ Ym>y Yn 3 Unm b [23] 9
A(GA, dy, db) = —i g3 G T 12)” A(GY, dl, db) = —i g3 G 6] 744 L3
—y YUy Yn nm b <23> 9 49 Wimyy U nm Y; b [23] 9
2 2
A Aai obgy _ ; Ab j<12> A Aai by _ j _Ab [13]
A(G_, m’Qn) Zg35mn7— a6z (23> > -A(G—H m n) Zg36mn517— a [23] )
-’4( _gﬁiva?ng) = zy,%% eij(sg <12> ’ “4( %%ivugaHj) = _1377%7)1 Eijdg [1 2] )
AQul db ) =i YD oiop [12),  AQw by, HY) =i V2 665 (12)
A(LL,, e, HY) =i Y3 60 [12] AL en, H) =i V) 67 (12) .

A.3 Infrared collinear anomalous dimensions in the Stan-
dard Model

In this section we are going to show an example of the computation of the collinear
anomalous dimension for the W bosons in the Standard Model and we will give the

result for all the particles in the spectrum of the theory.
We start by giving the stress-tensor form factor [127] following the normalisation pro-
cedure given in [237] for generic complex scalars, fermions and vectors respectively!:
_ . . 1 o~ o~ — o~ — o~
(GPTP|0) = SR (ATMATAT = MNAIXS — APATREN, — AATAN,
— XN + ANEN) "
4
_ o 1 o~ o ~ o
(W@AYBIT)0) = ZoR (ATMASAT + APNATN, — MIATAEN — ASATASAS )
(! o |To4B8)0) = 28I AeATRSRS |

where A, B, I, J are generic colour indices. Once we fix the minimal form factor for the

'The different overall minus sign with respect to [237] comes from our different convention choice
for A%, =i\ and A%, = i\{, while the authors in [237] chose A%, = A¢ and A%, = —\%.
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stress tensor, we can apply the formula (4.35):

y %O dQs hi, h
(wiw|r|o) - Z 167;1 = Z /32 2[ (p, o2 — WIWY)
{1,2}
(A.5)
9ir Thty - T [N ——
- Z cos? 0 sin? 5] "2, (710)

where the sum over {l1,l2} runs over the pairs
{{W—a W+}7 {W-i-u W—}7 {Qa Q}u {Qu Q}? {Ea L}7 {L) E}a {-Ha H}7 {H7 ‘H}} . (A6)

Considering that fycvgﬁ = vgvoﬁ =, we can rewrite (A.5) as

hy, h
dQs, hl hi Teerd 3 g]% Tray Trpy | Py, 0,2 [TH10)

8 it Wiw) - 30 | T
s 3 f st )-SR e

k=1
(A.7)
We will list now the different contributions from the W bosons (which need the infrared

divergence subtraction), the quarks, the leptons and the Higgs doublet, respectively:

11 N N 1

where the factor of x2 in the first term is the Casimir of the adjoint representation
of SU(2), while the factor of x3 in the second term comes from the sum on different

colour of the quarks. This is the usual result for the SU(2) beta function with Ny Weyl

fermions and 1 scalar, both transforming in the fundamental of the gauge group.

Finally, we give the explicit results for the other states in the Standard Model. We

start from the vector bosons

2

W=t (Vo x 2+ Y2 +Y7) x84 (Y2 x24¥2) +YE] . (A9)
11 N

Yool = 93<3 33f><2><2), (A.10)

where the first x2 in the second term of 4&), comes from the sum over SU(2) indices
(or equivalently over d and u) and the second x2 factor comes from the fact that SU(3)

is not a chiral theory and the quarks behave as a doublet of Dirac fermions. Then we
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have the collinear anomalous dimensions for the fermions

(30), = 3 (Y8 + 368+ 562 b + DRI +AIR . (A1)
(Yeol)ymn = =3 (gf Y2+ 293) Smn +2V5) VS, (A.12)
(vn) ~=-3 (g% Y7+ 295) S + 2D Vi) (A.13)
(vn) ~=-3 <gf YE+ ig§> Smn + Y VD), (A.14)
(Voo mn = =398 Y2 O + 2 V53 VG (A.15)

and, finally, the Higgs

(A.16)
where 3 and % are the Casimir of the fundamental representation of SU(2) and SU(3),

respectively.
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Gravity EFTs auxiliary material

B.1 Some relevant integrals

In this section we give the explicit expression for the integral functions appearing in
some our results, in particular in Section 5. These expressions are expanded in € up to

the relevant orders, and only terms with an s-channel discontinuity are kept.

B(s) = oy~ log(—s)] (B.1)
I(s)~ = 6;2 : [elz - log(e_s) + %1og2<—s)} B2
Iy(s;m) ~ *é[m 1—3 log;f’g”?)} , (B.3)
(s, tm) o+ Ty, wsm) o= — =t () 5"
B4
T sl(mw) E ~ log (‘z)} o

B.2 Feynman rules

Below we list some of the Feynman rules used to obtain the tree-level amplitudes
needed in Section 5. Note that 14, represents a massive scalar with momentum py, 1%

represents a photon with momentum pq, and 3#" represents a graviton with momentum
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p3:
2.
EH ik )
g =i (2) | = 7 (P P2+ m?) + pliph + pipt | (B.5)
14,
28
F? (EY L s (i v)B aB (1 v)
g =1ilg) 3" n s12 — NP s12 — 20 py py (B.6)
la +20°0 p) pf + 208w p?) pg — v pf pg

28
FFR (KR (0% v
> =1 <2> <4:}’> |:n06(ﬂ nl’)ﬂ 513 823 — 27704(H p2) pg 513 (B?)
. ) B

—20P0 ) p% s + 4p{ pb) p3 P

B.3 The tree-level amplitudes

In this appendix we collect for the reader’s convenience all the tree-level amplitudes we
have used in our derivations. All are consistent with the normalisations of (5.2), also

we assume all momenta to be outgoing.
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(0) B [34]2 i i

Asdep(19,27,37.47) = #m® = (g b g ) (B.8)
2 2

©) (1+ 9= a++ 4=y — . (B 270 12 (4[113]

AQ) (1%, 27 3+ 4) = 1(2) a2 5 (B.9)
2 4 . .

(0) (16 96 a— 440y — _ (£) Bl1H4] i i

AL (19,90 37 4+) = <2> g ] (B.10)

2 8

(0) (144 o+ a—— 4=y — , (£~ 512513 (34)

A3 =i (5) S5 o B4y
2 2 . .

0) (16 9 at+ 4++y _ _ [ F 4 [34] i i

A (19 2% 31+ 47 <2 m<34>2[tim2+uim2}, (B.12)

2 2

AS&(1¢,2¢,3—,4+)=1‘(’;) <3|2|4} , (B.13)

A (19,29,3% 4Ty =0, (B.14)

Aps(1FF, 275 37 4=y — —j <’€>2(O‘/)2(<41>[13]<34>)2[12”23”3” (B.15)

A 2) \4 12@Ey)

AN (0,20,37" 4 =0, (B.16)
2, N2 2 2

A£3(1¢,2¢,3++,4++):¢(g) (j) gt ¢ m)s(“ m) (B.17)

2
AQ) (1, 27+ 3 4+H) = g (;) (2134 + 13" 124) + 14 [23]*) , (B.18)

A ) =i (5) e (B.19)

AR (19,29 305 ah1) =0 with  hg, by € {+, = ++,——} , (B.20)

AL (1t 2t 3t = ( ) ( ) (B.21)

, (3114
AL (17 2+ 37 4t ) = ( ) ( ) St’u] : (B.22)
(0) (1+ o+ a++ g++ K\? (o ([L3]7[347[42°  [23]°[34]°[41)?

Appr(17,27,377,477) = Z(2> <4>< 513 * 523 ’

(B.23)
2
At 237,00 = =i () () luiap (B.21)

A (19,29 3% 4F) = —i (;)2 (OZ) [34)2 l (B.25)




APPENDIX B. GRAVITY EFTS AUXILIARY MATERIAL

B.4 Hamiltonians with momentum-dependent potentials

The expressions presented here have been used in Section 6.

Consider a momentum-dependent Hamiltonian of the form

=2

H=""[1+22U(r)| +V(r) , (B.26)
2p
2
where p? = p? + i—%’. From Hamilton’s equations we learn that py := [ is constant,

as well as ¢ = ﬁ [1 + 2MU(7’)}. The latter equation can be used to re-express [ as a

function of . We also have
. Dr
r==—|14+2pU(r)| , B.27
x| )] (B.27)

and, for circular orbits, we see that p, = 0 and hence p,, = 0. In this case, the Hamilton

equation p, = —%—f simplifies to

12 12
V(o) — W[l +2uU(ro)] + ﬁU,(To) =0, (B.28)

]

where 7, is the radius of the circular orbit. We will also set  := qb(r =7,), Or

Q=

o [1+2uU(rs)] . (B.29)

Using this to eliminate [ in favour of €2, we finally get

pro? [ uroU' (ro) } _o.

(ro) 14 2pU(10) 1+ 2pU(ro)

(B.30)

This equation determines r, as a function of 2. In the absence of a perturbation, we

have

Oy = —o | (B.31)

where rpy is the radius of the circular orbit in the EH theory, given in (6.29).
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Appendix C

Some six-dimensional results

In this section we present some six-dimensional tree-level results, both for amplitudes

and non-minimal form factors, needed for the unitarity calculations in Section 7.

C.1 Six-Dimensional Scattering Amplitudes

As we already mentioned, in six dimensions the notion of helicity is encoded in a
tensorial structure, which must be reflected by the amplitudes. The advantage of
this tensorial nature of helicity is that a single (tensorial) expression of the amplitude
contains all the possible four-dimensional helicity configurations, when dimensional
reduced. The drawback however is that one looses some of the simplicity which was
peculiar to specific helicity configurations. In particular there is no concept of MHV

amplitudes.

In Section 7.1.2 we have chosen the embedding of the four dimensions into the six-
dimensional space. Thus the four-dimensional helicity structure is embedded in the
six-dimensional amplitudes. In general this represents a good consistency check for
six-dimensional results. In fact for an appropriate limit these results must return their
four-dimensional counterparts. More specifically, accordingly to our embedding, it
turns out that states characterised by little-group indices (1,1) and (2,2) correspond
to the positive and the negative helicity states in the four-dimensional limit (m,m — 0),
because of representation we chose for the gamma matrices. On the other hand, in four

dimensions the additional (1,2) and (2,1) components coincide with two 4D scalars.
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The four-gluon amplitude, computed in [152], is

Laa 2y

1
Ag(lada 2(,67 3Cé7 4dd) = @ = - <1a 2b 30 4d> [1d7 2b7 3[27 4d] .

512523
4dd 3cc'
(C.1)
According to our embedding, we expect Ay (12, 222,311,411) to reproduce the MHV
amplitude A(17,27,3%,4%) in the limit m;,7; — 0 for ¢ = 1,...,4, which is indeed

the case:

. (12)*
.\ s . . (C.2)
ole2 22230, h0)) =1 ey

While Ay(112, 221,311, 422) reproduces the four-point amplitude with two scalars and

two opposite-helicity gluons A(1g4,25,3",47):

(14)%(24)

A2, 221,311, 422) = 1 s Ty -

(C.3)

Another amplitude of which we make frequent use is the six-dimensional four-point

amplitude with two gluons and two scalars [113]

1aa 2y

Z' .
As(lag, 2,5, 3,4) = = o (14 25 3 39)[14, 25, 4%, 4,]. (C.4)

-’ ~

. ~

4 3

The massless scalars in six dimensions behave as massive scalars when reduced to
four dimensions. Taking the limits mi, ms,m1,my — 0 and choosing the helicity

components we find the four-point amplitudes for gluons and massive scalars in four

dimensions:
(4)
1 2
As (122,211, 3,4) = _iw 7
v e (C.5)
12]2
As(111,211,3,4) = iy [12] 7
4D 512523

where p? coincides in this case with the mass of the scalar squared.

Finally, the last amplitude one needs is the five-point tree-level amplitude. The ampli-
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tude with five-gluons has first been computed in [152]. In [386,115] this result has been
extended to the five-point superamplitude in the N' = (1,1) theory. This superampli-
tude also contains information about the amplitude with scalar fields which is needed
for the scalar subtraction when doing dimensional reconstruction. The amplitude with

five gluons is
7
Ag(Laa, 245, 3ces 444y Dee) = P (=M piiecadec + Paavbecddes) (C.6)
12523534545551

with
M aviceddce = (LalPoPaPuPs11al (26 3¢ 4a 5e)[2) 3: 4, 5¢] + cyclic, (C.7)

and

2D isbecddec = (Lo D3l (26 3c 4abe)lla 3e 4 Bel + (3e Byl (La 26 4a 5e) [1a 2; 3¢ 5]
+ (40556] (10 2 3¢ 5e)[1a 23 3¢ 4] — (3¢ Sse] (L 26 4a 5e) [La 2; 3¢ 44
— [1aZop) (10 3c4a5e)[2) 364 5¢] — [3¢ Zaa) (Lo 26 3¢ 5e)[1a 2; 4, 5]

— 45 %5e) (1o 26 3c 4a)[1a 25 3¢ 5¢) + [36 Sse) (1a 2 3 4a)[1a 25 4, 5e] -
(C.8)

The amplitude with two scalars and three gluons is
1
Ag(1¢72¢?736é74dd’758é) = - (Cg)

(M D)
5$12593534545551 céddeé céddeé

with

Mic'ddeé = <3C|17)1‘4d>[3‘3@2’4&]<5e’p1p2p3p4’5é] + <4d‘7)1’5€>[4d|p2|5é]<30‘p4p5p1p2|30']

+ (3elp156) Belpy |5e] (Aalpop, Popy 144] + (3c 4a5e 1) [3e 4456 23] (10 5B

(C.10)
and
DS e = —(4alp, 15) Belp,|5el (e Byl + (4alp,15e) [Belp, |44 (3c Sse]
—(3clp, 5e) [Belpy | 4] (4a Sse] + (3clp, 15e) [441,15¢] 3¢ Taa) (C.11)
—(3clpy [4a) [44[P,[5e][Be Bse) + (3clp, 4a) [3elp, |5¢][44 Ese) -
The ¥ and ¥ that appear in the previous formulae are defined as
Xia) = (pi¢i+1pi+2pi+3 _pi¢¢+3pi+2pz‘+1> lia) (C.12)

Sia] = (711'7314173#273#3 _pz’pz’+3pz’+2pi+l> [ia]
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where we define pﬁ = pl.

C.2 Non-Minimal Form Factors

In this section we will address the computation of six-dimensional tree-level building
blocks using BCFW recursion relations!. In particular we briefly comment on the main

steps of the calculation of Tr F2 in the non-minimal configuration.

Lz[z
]-aa : iaa
T 9.
q 2 = 4 o+ g 2
3ee 3 ; wvvi::
‘ 30&

@

Figure C.1: BCFW construction of the tree-level non-minimal Tr F? form factor in six di-
mensions.

Diagrammatically the terms we need to compute are represented in Figure C.1. In
this computation one needs to make use of the three-point on-shell amplitudes in six-
dimensions. These are most conveniently defined in terms of a set of auxiliary SU(2)
spinors which we denote by ug, U4, w, and W, following the conventions of [152]. These
objects are not Lorentz-invariants in six dimensions and thus are not allowed to ap-
pear in the final expression, however they enjoy useful properties which simplify the
calculation. The on-shell three-point amplitude cleanly expressed in terms of the above

mentioned spinors:
As(Laar 253 3ce) = i Tane(1,2,3) T13(1,2,3) (C.13)

with

LCape(1,2,3) = w1 qu2pW3e + U1 qW2pU3 e + W1 qU2pU3C
(C.14)

Lie(1,2,3) = @y ¢y j W3 ¢ + U1 aWq Uz e + W1 ol ;U e -

Consider now applying six-dimensional BCFW as in Figure C.1. The hatted momenta

are shifted by a quantity proportional to the complex parameter z as

Ay — Xa('z .
pl p1+z .61(1047 (015)

P3 =03 —2X"€144 ,

'For a more detailed account of six-dimensional BCFW see [152].
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where X% is an arbitrary tensor needed to saturate the little group indices. This
tensor, which also multiplies C.19, will be removed at the end of the calculation. The

on-shell condition ﬁ%’Q = 0 implies det X = 0, which allows to express X as
Xt — gagd (C.16)
Furthermore we can define the quantities
P =303, 1970 g = at(1%30 7, (C.17)
which allow us to rewrite the momentum shift C.15 in terms of the spinor shifts

1) = [1%) + 22y [3°) |

13°) = I3%) + 23’24 [17)

. (C.18)
19 = [19] — 22, |3"],
139 = |30] — 2 P74 [19].
Considering now for example term A in Figure C.1 one has
. ~ N _’L T
(A) = Xlla,Ag(lm‘l, 2b57 kdd) 57 F((')(;)<—kdd7 3cc'; q)
i 12 , (C.19)
= 8712 X I\abd(l, 2, k?) Fizl}d(lv 2, k) <kd 3&] <3C kd] )

Before substituting the definitions (C.18) in (C.19), we make use of the properties of

u, %, w,w to simplify this expression. The most useful identities are

UiqWibh — UipWiq = €ab,  UiaW;j — U;jWia = €gj,

i i) = luj-g),  wa-i] =la;-j] Vi j=12k,

(C.20)
lwy - 1) + |wy - 2) + |wy - k) =0,
|1 - 1] + [y - 2] + [y, - K] = 0,
where we used the shorthand notation wu;,|i%) = |u; - i) and ;4]i%] = |4; - i]. These
identities allow us to rewrite
Capa(1,2, k) (k4 = (14| uap + (2] us
~abd(A A) (A .| <A ol ugp + (2] ug, (C.21)
Popd(1,2, k) 169 = [1a] g +12;] 44
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which in turn leads to

(C.22)

To further simplify the result, and to eliminate the residual SU(2) spinors, we make

the following observations:

o pairs of u;, i; with ¢ # j can be immediately rewritten in terms of six-dimensional

invariants as

u1ﬂ~:12', u25ﬂ1~:—2b1-,
oz = {1a 2] ¢ (2 Lo (C.23)
Uopline = (2 ke],  Ukclgy = —(ke2;)
e pairs of u;,%; with ¢ = j can be rewritten using the identity [386]
_ ()P . .
Ui qUWUiag = 7]3 <Za|ij|Zd] s (0.24)
K3

where p; is any other momentum belonging to the same three-point amplitude as
pi, and P;; = +1 for clockwise ordering of the states (i,j). Also P is any given

arbitrary momentum.

Repeating a similar reasoning on term (B) one gets

523

(B) = iXaa (<1a 3:)(3. Lj] Uiy, + (10 36](2p 1a] us ciiy (C.25)
( (

The on-shell condition for the intermediate propagators in (A) and (B) defines two
different BCFW shift parameters, which we label z4 and zp respectively. By computing

z4 and zp one can see that they are related by

S
2= —2 4 (C.26)
512
Thanks to this relation multiple cancellations happen between terms in (A) and terms

in (B). With some further algebra and removing the X tensor, one arrives at (7.63).

The analytic expression of the six-dimensional form factor F((Q(;)(laa,be,Scé;q) could
also be computed using Feynman diagrams, see for example [113]. Due to the low
multiplicity of this form factor, there is just a small number of contributing Feynman
diagrams. The diagrammatic approach may thus be considered as equivalently viable as
BCFW in this case, the latter method however leads to a far more compact expression

with all the symmetries manifest.
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/’- 1
1
-- 1 111
- \
02/, ! \\
, !

q #%;'; 2 = (g
3cc' 300'

Figure C.2: BCFW construction of the tree-level non-minimal Tr F2 form factor with two
scalars.

-2

In a similar way but with much less involved calculation, we can find both the non-
minimal form factors with two scalars and one gluon (7.64) and (7.65). In Figure C.2
and Figure C.3 we show the BCFW factorization channels for these calculations. The
only missing ingredient is the three-point amplitude with two scalars and one gluon in

six dimensions, which turns out to be very simple:

A(laa, 2, 3) = ’iulaﬂla . (027)

Figure C.3: BCFW construction of the tree-level non-minimal D¢? form factor.

C.3 Integral Expressions

The integrals needed in the calculations of Section 7 are:
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P1 B / d472el 1 . er (_812)76
: :pz ) 22 2 (14 pr+p2)? (4m)2ce(l1—2¢) ]

p1
:/ d4—2el 1 _ icr (_512)—1—6
(2m)4=2¢ 12(1+p2)?2 (I + p1 + p2)? (4m)2—e €2 ’
P2
P
_dep 1 (=) = (=)
(47)2—< 2 ¢ — p? J
q
(C.28)
and
q b1
_/ d4726l 1
(2m)4=2¢ 2(14+p1)?2 (L +p1 +p2)? (1 + p1 + p2 + p3)?
p3 P2
. 2iep 1 1 e e o
T (4m)2e 512523{ 2 {( 512) " + (—523) (—a%) } +
. 512 . 823 1. 5812 L
Lig (1— 22) 4 Lig (122 ) 4 Z10e2 (22) +
+12< q2>—i— 12( q2>+20g (823>+6}+(’)(e),
(C.29)
where - . )
1 1-—
o= LAH AT =" (C.30)

I'[1 — 2¢]

This results are exact to all orders in €, and the expression of the corresponding integral
functions in a different number of dimensions can be obtained by simply replacing e
with the appropriate value, for instance ¢ — ¢ — 1 and € — ¢ — 2 for d = 6 — 2¢ and
d = 8 — 2¢, respectively. In particular it turns out that all the integrals which give the
rational terms, i.e. those with a non-trivial numerator written in (7.28), can always be
expressed as integrals in higher dimensions [110]. Indeed consider the general integral

function

4—2¢ 47(4) —2¢
10 = [ Grm P D) = [ Gt [ Gz h (k) (€31
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and the p-measure can be rewritten as

—2e 1 oo —1—e¢
Ja ety =5 [a0ie [ a7t

C.32
— IQ—1—25 /d2p—2elu ( )
J dQ2p—1-2¢
Then (C.31) can be written as
27T)2p fdQ,1,2 d4t2r—2¢
Ig 2p = ( - / n % 7l
W = T My ) e P (C.33)
=—c(1-)2—¢) - (p—1—e)dm)PI7?1] ,
where
o'
dQ, = . C.34
[ e = e e

We can then obtain the following values of the integrals involving the mass term pu:

§@<p1 — ¢ .82_1_(9(6) q p1
P2 (4m)2 6 ’

v =00,
o7
5 7 b3 D2
= -+ 0
;< (471')2 + (6) ) q ”
N P2
) 1
o e N Al
4 ot 512
;< = (a2 21 TOE) ps P2
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