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Abstract

The central theme of the thesis is the application of modern on-shell techniques to
compute Scattering Amplitudes and Form Factors in various Effective Field Theories.
In particular, we apply such techniques in the context of the Standard Model Effective
Field Theories, focusing on the renormalisation group evolution of irrelevant operators,
and the study of the classical binary problem in gravitational theories, beyond General
Relativity including higher derivative interactions.

We first show how to find a basis of EFT interactions from a purely on-shell point of
view. From these EFT building blocks, any tree-level amplitude can be computed using
a recursive algorithm which requires only the knowledge of lower-point amplitudes.
Starting from these results, modern (generalised) unitarity techniques allow for the
computations of higher loop amplitudes which can be used to characterise precision
observables both for gravitational waves and for collider experiments. We will focus
on the computation of form factors in the context of Standard Model Effective Field
Theory which allowed us to compute for the first time the one-loop mixing matrix for
all the dimension-eight operators in the theory. Then, we will show how to compute
the deflection angle and the time delays induced by higher-derivative corrections to the
Einstein-Hilbert action from the eikonal form of gravitational scattering amplitudes.
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Chapter 1

Introduction to Scattering
Amplitudes

In this chapter, we are going to introduce the definition of the S-matrix and its main
properties, which will be fundamental in understanding the topics presented in the
following chapters of this thesis. In particular, the elements of the S-matrix, which
are called Scattering Amplitudes, are mathematical objects encoding the observables in
scattering experiments.

The typical set-up of collider experiments consists of two collections of particles (non-
interacting within each cluster), in states, which are initially separated on a macroscopic
scale and are made to interact at microscopic scales. The nature of the initial particles
can be completely different from the results of this scattering experiment, which is the
third bunch of (non-interacting) particles, out states. The mathematical object which
describes the probability that, given an initial state, we find a final state in a specific
kinematic configuration is what we called the Scattering Amplitude. This definition
makes manifest that such objects encode most of the features of relativistic quantum
mechanics which is relevant for experiments in high-energy physics.

The last thirty years have seen a great development of computational techniques and
more theoretical structure in the study of the S-matrix, in perturbation theory. Some
of these new results are the main subject of this thesis and are collectively referred to
as on-shell methods. For a comprehensive review of this topic, we refer to [1-7].

1.1 A definition for the S-matrix

Following [8], the elements of the S-matrix are the overlap between an in and an out
states:

Sa—>ﬁ = <\P%Ut"lli§> ’ (11)

where such states (in the Heisenberg picture) are defined in terms of Mgller operators
Q(t), which intertwine states in a free theory with those of an interacting theory. In
particular,

TR/ = Q(Foo)|®a) (1.2)

where
Q(t) = etteiHot (1.3)

11



12 CHAPTER 1. INTRODUCTION TO SCATTERING AMPLITUDES

where H is the Hamiltonian of the full theory, Hy is the Hamiltonian of the free theory
and |®,) are eigenstates of the Hy:
Ho|®o) = Ea|®a) ,

(®5]®,) = 0(Eo — Ep) , (1.4)

where we ignored additional quantum numbers identifying the multi-particle states and
Eo=Y Ez=)» ym}+p?. (1.5)
1€Q 1€

In particular, the |®,) can be defined as vectors in a Fock space with a Lorentz-invariant
vacuum |0) (of the free theory, with (0|0) = 1). For example, if we are dealing only
with bosons we can write vacuum and the one-particle states in terms of annihilation
and creation operators a,(p) and ab (p) which satisfy canonical commutation relations

(a0 (p). alu(@)] = (2m) 47 2B 6,0 6V - ) (1.6)

where o refers to the quantum number characterising the state. The annihilation and
creation operators act on the vacuum as follow:

as(p)[0) =0, (1.7)

and
[p7) = al(p)|0) - (1.8)
The full Hilbert space of the theory is described by the Fock space of multi-particle

states, which is the direct sum of n-particle states obtained acting multiple times with
creating operators. Then the completeness relation read:

1= 0)(0] + Zz/dun\pgl,...,pgn><pf{1,...,pgn| , (1.9)

n=1 {0}

where du, is the Lorentz-invariant phase space measure

1 - ddpz'
dun = 11 ( O(E5,)8(p; —m3) (1.10)

s1! o8t
1=

s;! are some Bose symmetry factors and © is the Heaviside theta.

A number of properties follow immediately from this definition of the S-matrix, most
of which have a long history and go back to the seminal works of Wheeler [9], Heisenberg
[10] and the S-matrix bootstrap approach (for a review, see [11-13]). We are not going
to present an extended review of the topic, but only mention those properties which
will be essential to understanding the following chapters.

e The S-matrix is a Poincaré invariant object. In particular, translation invariance
implies momentum conservation and the elements of the S-matrix can always be
written as

Sasp = (2m)d 6@ Zpi—ij S(a—p), (1.11)
i€ JEQ
where S (v — ) should always be thought as a function defined of the support
of the momentum-conserving delta function.
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e Lorentz invariance also implies that the S-matrix elements are functions only of

2
invariant quantities, like the Mandelstam invariants s;,. ;, = (Z?Zl Di j> and the
masses of the asymptotic states pg = mf

e Scattering amplitudes are covariant under little group transformations of the
asymptotic states, in case we are dealing with spinning particles. Then any scat-
tering amplitude can be written as

a - B ZRa%ﬂ —)ﬁ ) (1'12)

where R( 2 ,p are rational function of some spinorial variables which encodes the

correct transformation properties under little group transformations, while ’T( asp
can include polylogarithms, elliptic or more complicated functions of the Man-
delstam invariants and the masses. The correct variables to describe R((;LB are
commonly referred to as Spinor Helicity variables and they are specific to the
space-time dimensions d (see Appendix A for an introduction to spinor helicity
formalism in four and six dimensions). The little group is defined as the subgroup
of SO(1,d—1) which leaves the momentum of the corresponding particle invariant.
We can write momenta in a form which makes this invariance manifest. Indeed,

we can always write a momentum in terms of two spinors

p=puy" =M1, (1.13)

where the y-matrices generate a Clifford algebra {y#,7”} = #*¥1. The spinors
A and A are matrices transforming in some (spin) representations of the (double)
covering of the Lorentz group and of the little group (the latter labelled by the
index I). These spinor helicity variables, properly symmetrised to form the correct

(@)

little group representations, define the rational terms R~ 4

e In natural units, the mass dimension of an n-point scattering amplitude, is
[An]=d—n. (1.14)

This property will be fundamental in the following chapter, where we consider a
perturbative expansion of the scattering amplitudes and we focus on the tree level.
Indeed, tree-level scattering amplitudes are particularly simple rational functions

as we will show in the following section. By definition, we have [p*] = 1, [\] = 3

s 2
and [\] = 3.

1.2 Unitarity and locality of the S-matrix

Although the properties we mentioned in the previous section and many other features
of the scattering amplitude hold at the non-perturbative level, in the following we will
focus only on perturbation theory around a free theory. In particular, in this section, we
are going to mention two of the fundamental properties of scattering amplitudes, namely
unitarity and locality. Such properties are made manifest in the standard approach to
perturbation theory in QFT, through the Feynman diagrams approach. On the other
hand, the ordinary formulation of QFT suffers from a number of gauge redundancies
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when we introduce particles with spin higher than one-half, which are not present in
the fully on-shell approach. In fact, as we will review in Chapter 3, gauge symmetries
are recovered from the above-mentioned principles of unitarity and causality.

Unitarity is one of the axioms of quantum mechanics and states that the time-
evolution of a system is governed by a unitarity operator, i.e. which preserves the
inner product of physical states. On the other hand, locality has no unique definition.
One possibility is to identify it with the cluster decomposition principle [8], which is
the requirement that the results of two independent experiments far apart from each
other must be uncorrelated (unless we put some special effort into preparing them in
an entangled state). In the scattering amplitudes, these two properties appear hand-
in-hand: in fact, locality dictates the position of the singularities of the amplitudes,
while unitarity fixes the “value” of the amplitudes across the singularities. In particular,
long-range interactions correspond to non-analytic terms in the scattering amplitudes,
which in turn must correspond to some propagating internal particle going on shell.
When a single exchanged particle goes on-shell, the amplitude develops a simple pole,
while an intermediate multi-particle state corresponds to a branch point. The residues
and the discontinuities are given by properly multiplying the corresponding lower-point
and/or lower loop amplitudes, in the perturbative expansion, and integrating over the
Lorentz-invariant phase space of the internal particles.

In the following, we show how such properties arise in the scattering amplitudes
and, in particular, we focus on the single particle exchange, which is all we need for
tree-level amplitudes, i.e. usually the leading terms in the perturbative expansion.
Beyond leading order, old-fashion unitarity is not the most efficient method to construct
loop-level amplitudes. Indeed, such an approach can be improved if we combine the
structures of scattering amplitudes with some insights coming from Feynman diagrams
(and Feynman integrals), as we will show in the next sections.

We start considering the S-operator
S = Q(400) Q(—o0) , (1.15)

which is unitary

STS=1. (1.16)

We can also write the S-operator as a trivial contribution, which keeps track of discon-
nected terms in the scattering!, plus a transition operator T which yields the non-trivial
part of the scattering matrix:

S=1+4+:T. (1.17)

A scattering amplitude A(a — () is defined as the expectation value of ¢ T (up to a
momentum conserving delta function):

i@ T1@0) = 200D [ S pi = S py | Ala— 5) - (1.18)
Se] JEQ
The unitarity of the S-operator can be written in terms of the T" operator as

—i (T—TT) = i1, (1.19)

IFor example, when we consider a 3 — 3 scattering, the S-matrix must include the possibility to
have disconnected 1 — 1 and 2 — 2 scattering processes.
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which encodes most of the analytic structures of the scattering amplitudes. In partic-
ular, if we consider the expectation value of both the LHS and RHS and we insert the
completeness relation in the product 77T discarding all the multi-particle contributions
we find

(@3] T ®a) — (@3] TT |2,) Z/dm%rT*|p><prT|<b> o (120)

Using crossing (for example, see [11]) on the LHS, this equation brings to

Re Ao — B) = —71‘25 2) Ala = p?) A (B —=p) + ..., (1.21)

where sq = (},c,pi)* and M, is the mass of the intermediate state |p,). A delta-

function real part can be obtained from a simple pole (see, for example, the Chapter 24
of [14]): . ’
i i

=P 6 (sa — M 1.22

“MZtie o sa_MZ T (50 = M) (1.22)

where P is the principal value? 3. Then, the residues on these simple poles are given by

h L — m n
Rest.An(pll. pn7 =if g Apm1(p pm ,pI DAp— m+1(p1 —>pm++11...pz ),
S1...m=—
7 sp,hr
(1.23)

where f = (—1)®* with As the respective signature of the fermion ordering between
the LHS and the RHS, s; and h; are the type and the helicity of the intermediate
state propagating?. This equation will be fundamental in Chapter 3 in the bootstrap
of tree-level amplitudes in generic Effective Field Theories (EFTs)5.

1.2.1 Tree-level amplitudes from BCFW-like recursion relations
In the following, we consider for simplicity massless theory in four dimensions and
amplitudes in the perturbative expansion, unless otherwise specified.

In general, all the three-point scattering amplitudes can be fixed by symmetry, helic-
ity weight and mass dimension considerations, up to an overall coupling constant [16]. In
particular, the kinematic part of any massless three-point amplitude can be written as

ig <12>h1+h2—h3 <23>h2+h3—h1 <31>h3+h1—h2 ZZ h; = —
A1 2h2 ghsy = g hi=hy=h3=0,

ig [12]h1+h2—h3 [23]h2+h3—h1 [31]h3+h1—h2 ZZ hi=n
(1.24)

11 1 1 Al

2A possible definition of the principal value is P— = = ( — + - ), such that / P—=0.
r 2 \x+ie x—1e AT

3To be more precise, equation (1.22) is only true O ((sa — Mg)o). These propagators are exact only

when we restrict to tree-level amplitudes in theories with two-derivative kinetic terms.

4We adopt the following convention: we indicate with ASLL)( .. ph") an L-loop n-point scattering
amplitude with all the momenta outgoing and with A%L)(p’fl Cophm pm"jjl ...pl") an L-loop n-
point amplitude with m incoming and n —m outgoing states. If the superscript (L) is absent, we mean
tree-level.

"Equation (1.23) works under the assumption that we are dealing with a well-defined basis of
asymptotic states. This is true in gapped theories, but it is not guaranteed to hold for theories with
massless particles (and infrared divergences), which introduce extra factorising terms [15].
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where n = 1,2,... and the mass dimension of the coupling constant is [g] = 0 in the
first and last case or [g] = 1 for the purely scalar case. In general, g must be thought of
as a tensor describing the non-kinematic quantum numbers of the asymptotic states.

This classification exhausts all the relevant and marginal couplings in relativis-
tic QFTs with only massless particles, once we consider the four-scalar interaction
A(19,20,3°,4%) = §\. For example, a list of all the three-point amplitudes in the
Standard Model, with the proper colour and flavour structures, is presented in Ap-
pendix B.2. The on-shell classification of relevant and marginal couplings for theories
with massive particles can be found in [17-19]. While the most general classification
of irrelevant interactions in four-dimension EFTs has been presented [20] and will be
discussed in Chapter 2. We will argue that, in principle, the knowledge of such min-
imal amplitudes is enough to fix any higher-point and higher-loop amplitude and, in
this section, we will show how higher-point tree-level amplitudes are usually computed
using BCFW-like recursion relations.

Before going to the higher-point amplitudes, some comments are in order about
three-point amplitudes. First, such amplitudes do not receive any loop correction and,
then, are tree-level exact. Such a feature will be fundamental in Section 3.3. Second, the
three-point amplitudes are defined only in complex Minkowski space. In fact, massless
three-point kinematic is not allowed in real Minkowski space because we are forced to
have s;; = 0, for 7,5 = 1,2,3. Then, we can consider A and X spinors as independent
(not related by complex conjugation). Then, s;; = 0 implies either (ij) =0 or [ij] =0
for all 4,j. If we consider, for example, the three-vector amplitude in the so-called
maximal-helicity-violating (MHV) configuration, we have A\; oc A2 o¢ A3 and momentum
conversation becomes equivalent to Schouten identity ((12)Az + (23)\1 + (31) A2 = 0).

In the amplitudes literature, the computation of higher-point tree-level amplitudes
from on-shell data is usually performed through BFCW recursion relation [21-23]| or its
generalisations [24-28|. The strategy of BCFW-like recursion relations is the following;:

e [ momenta are shifted introducing a complex parameter z (I-line shift) in a way
which preserves momentum conservation and on-shell conditions, and the real
kinematics is recovered when we set z = 0.

e The original amplitude is computed as a contour integral in the complex z-plane

An(0) = — 7{0 Anlz) (1.25)

21 z

using Cauchy’s theorem knowing that, under the assumption of good behaviour in
the z — oo limit (i.e. Ay (2) — 27 with v < —1), the other poles of the amplitude
correspond to factorisation channels and can be computed from (1.23).

These recursion relations are particularly well-suited for the computation of ampli-
tudes involving vectors and gravitons in four dimensions (thanks to the especially simple
massless spinor helicity formalism), for which the BCEFW (two-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 [29]: all renormalisable theories are shown to be five-line constructible and,
in particular, theories involving fermions and scalars charged under a U(1) are three-
line constructible, as in the case of the Standard Model. Moreover, non-renormalisable
amplitudes with no-derivative operator insertions are on-shell constructible, but it is
not generally true for operators with derivatives.
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On the other hand, recursion relations have some drawbacks. For n-line shifts with
n > 3, we have to introduce non-physical reference spinors and the final result does
not depend on the choice of it. On the other hand, eliminating such dependence is
usually a non-trivial task. In general, they also give rather cumbersome results and, in
no case, locality is manifest in the final amplitude, because of the presence of spurious
poles. The residues over such poles are always zero, but re-writing the amplitude such
that this property becomes manifest is in general very non-trivial. Moreover, this is
an unpleasant feature because, when we use such tree-level amplitude to construct
integrands at loop level (through generalised unitarity, which will be explained in the
next section), all sorts of unphysical singularities seem to be present in the analytic
results of the integrand. Finally, general recursion relations are defined only in four
dimensions, while BCFW shift has been generalised in six dimensions [30]. On the
other hand, a generalisation to generic d dimensions, which would be necessary for
(conventional) dimensional regularisation at higher loops [31-33], is not known. In
Chapter 3, we will show how to overcome these issues at the cost of some efficiency,
while keeping the recursive features of the on-shell methods (which is the key difference
with respect to Feynman diagrams calculations). In particular, the method we will
present can be applied to any EFT, even with the insertion of irrelevant operators with
derivative interactions.

1.2.2 Loop-level amplitudes from generalised unitarity

While tree-level amplitude has at most simple pole singularities, at loop level we can
find all sorts of branch-point singularities associated with multiparticle unitarity. The
simplest singularities of this kind are normal thresholds and the unitarity constraint
(1.19) fixes the discontinuities across the corresponding branch cuts in terms of the
product of two (lower-loop) amplitudes, integrated over a n-particle Lorentz-invariant
phase space integral. Such discontinuities can be further analytically continued to non-
physical values of Mandelstam invariants and present branch points on some specific
kinematic points called Landau singularities [34]. In general, such discontinuities can
be computed by putting a certain number of internal propagators on-shell
i
s — M?

—mé(s— M2, (1.26)

after glueing the resulting lower-loop amplitudes (i.e. summing over all the possible
states with mass M, which can be exchanged in the propagator) and integrating over
the phase space of the internal on-shell states.

These unitarity methods allow constructing recursively loop amplitudes from on-
shell tree amplitudes. In gauge or gravity theories, this also allows working only with
gauge-invariant quantities at every step, in contrast to Feynman diagrams. However,
the old-fashioned approach from the S-matrix bootstrap programme [11] suffered from
many problems: the reconstruction of the full amplitudes from the discontinuities is
not unique (indeed, we find subtraction terms which are left undetermined), and a
generalisation beyond four-point amplitudes had many technical issues and it was not
clear how to deal with massless particles. These difficulties have been overcome in
the perturbative approach by modern generalised unitarity, introduced in the seminal
paper [35], and powerful new methods were discussed in |21, 36—43]| to refine generalised
unitarity at one loop (a review of generalised unitarity techniques, even beyond one loop,
can be found in [44-47]). Indeed, while the old-fashioned approach heavily relied on
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non-perturbative properties of the S-matrix, the modern generalised unitarity combines
unitarity properties with the knowledge of the structures appearing in the amplitudes
in the Feynman diagrammatic perturbative analysis.

An L-loop amplitude can be written schematically as

L d*; 1 nig
L . J -1
AL —Z/H ST (1.27)
7 j:l Q; ?

where 4 labels all possible L-loop Feynman diagrams, [; are the [ loop momenta, o;
label the propagators and S; some symmetry factor. The factors n; are polynomials of
Lorentz-invariant contractions of external and loop momenta and polarization vectors.
The constants ¢; capture all the information about coupling and gauge group structure.

There are new effects at loop level with respect to the analysis at tree level. The
first is ultraviolet (UV) divergences, which arise due to the bad high energy behaviour
of the loop integrals. They can be absorbed through a redefinition (renormalization)
of the bare parameters appearing in the Lagrangian. The standard way to deal with
these divergences is by defining the theory in d = 4 — 2¢ dimensions (dimensional
reqularization):

dtl; ddl;

eot  @nT
Then, after the appropriate parameters are renormalized, one can study the limit € — 0.
A second complication has to do with those theories involving massless particles, they
are infrared (IR) divergences. These divergences can also be dealt with in the framework
of dimensional regularization, analytically continuing to negative e. IR divergences can-
cel in the IR safe cross-sections against corresponding divergences from real emissions.
The integrand is still a rational function which at most simple poles in specific kinematic
points, but the loop integration gives rise to the additional branch point singularities

(1.28)

mentioned above.

In this thesis, we will only present one-loop computations in four dimensions. Then,
in the remaining part of this section, we will briefly review one-loop generalised unitarity.
In general, if one is interested only in obtaining a result for scattering amplitudes up to
O(e) terms, it can be shown [48, 49| that one can reduce a generic one-loop integral to
a linear combination of one-loop scalar integrals of four, three, two and one point type,
plus terms which are rational in the external variables and we will denote them as R.
This is the so-called Passarino-Veltman reduction and the result reads:

In = 264’1'4124 + 26371‘3153 + ZC47i2I§2 + Z 0171'1];1 + R+ O(e) (1.29)
i4 i3 2 i1

where ij denotes the scalar M-point integral and ¢ refers to the possible distribution of
external momenta p; on the M vertices of I}'W. The coefficients cy; are algebraic four-
dimensional quantities related to the tree-level amplitudes and fixed by the unitarity
methods. For example, let us consider the triangles:

d
L) =i | o (1.30)
1:P2,P3 (27T)d d1d2d3 ) .

where

k—1
dy = (14 ) pj)* —mi +ie (1.31)
j=1
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where p; is the sum of external momenta in the j-th vertex and 25’:1 p; = 0, because of
momentum conservation. We shall also mention that UV divergences only occur in the
tadpoles and bubbles, IR divergences can only occur in some configurations of triangles
and boxes.

The idea behind modern generalized unitarity is to go beyond double cuts and to
construct the one-loop amplitude by applying also triple and quadrupole cuts. One
starts from the mazimal number of cuts in order to find the corresponding box coeffi-
cients in terms of four tree-level amplitudes, by matching the RHS and LHS in equation
(1.29). From this one proceeds to triple, double and single cuts to reconstruct the lower
integral coefficients, subtracting carefully the contributions from higher cuts. Rational
terms R are not captured by four-dimensional generalised unitarity, but they can be
computed, for example, from locality considerations [50, 51| (see discuss in Section 3.3),
four-dimensional recursion relations [52-54| or through d-dimensional unitarity [55-60],
as discussed in Chapter 4.

1.3 Form factors and low energy expansion

Scattering amplitudes are fully on-shell quantities, in contrast with correlation functions
which are vacuum expectation values of multiple insertions of some operators. A nat-
ural question is whether it would be possible to extend on-shell techniques to off-shell
quantities, in the perturbative expansion [61]. As an intermediate step, we consider an
interpolating quantity between completely off-shell and on-shell quantities, namely the
form factors. This is defined as the transition matrix between the vacuum as in state
and a n-particle out state, with an insertion of a local gauge-invariant operator O(z).

/ A%z €07 (pTt ... p7n |O(2)]0) = (27)36( D (q -3 pZ') (P, ...,p2n10(0)]0) , (1.32)
=1

where
Fo,n(pl', -, 0™ q) = (p7t, ..., P |0(0)]0) (1.33)
is the form factor.

Furthermore, form factors are also relevant in the context of EFTs. Indeed, form
factors can be physically interpreted as small perturbations of the S-matrix: setting
g* = 0, equation (1.32) can be interpreted as the linear term in the expansion of the
exponential in the path-integral with a deformed action

S:So+oz/ddx(9(x). (1.34)
Such deformations are common in EFTs when we integrate out massive modes whose

mass A is much bigger than the scales involved in the processes under consideration. In
particular, if we consider the large-mass expansion of a propagator

T L 19

in an amplitude, we find that each contribution is equivalent to an irrelevant deforma-
tion of the action with a local operator (involving derivatives at higher order in the
expansion). This is equivalent to considering insertions in the amplitude of a local
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gauge-invariant operator (at ¢g* = 0) with the correct field content (fixed by the interac-
tion vertices connected by the expanded propagator). In particular, if we consider the
free theory limit of Sy, using Wick’s theorem, we see that there is only one non-vanishing
form factor for the operator O(z) and it is completely local (polynomial) in the kine-
matic variables. Such quantities are called minimal form factors (for ¢* =0 or n = 2,
we will also refer to these polynomial terms as contact terms or minimal amplitudes)
and the one-to-one correspondence between its leading order term in perturbation the-
ory and kinematically independent (relevant, marginal or irrelevant) deformations of an
EFT action can be exploited to classify EFT operators. Such correspondence has been
first used in the context of Standard Model Effective Field Theory (SMEFT) in [62], as
there are several technical advantages in the on-shell classification:

e Invariance under field redefinition and the definition of field strengths [D,, D, ] ~
F,,, where D, are covariant derivatives, are automatically taken into account.

e Fierz identities and Bianchi identities correspond to Schouten identities for the
spinor helicity variables.

e Integration-by-part identities [ d?z 0,0" = 0 correspond simply to momentum
conservation.

Then, a basis of linear independent polynomial structures is equivalent to a basis of
EFT operators. Such classification will be the subject of Chapter 2.

1.4 Applications of BCFW-like recursion relations

Before moving to more advanced topics, we present some explicit computations of
BCFW recursion relations to clarify the role of the quantities needed in the compu-
tations. Then, in this section, we will present two examples, to show both the power
and the limits of this method to bootstrap tree-level amplitudes from the knowledge of
few on-shell data which are the seeds of the recursion. These are three-point amplitudes
or amplitudes which are polynomial in the kinematic variables which will name in the
following as minimal amplitudes, which will be classified in Chapter 2.

The colour-ordered MHV amplitude in Yang-Mills theories

First, we consider the colour-ordered mazimal-helicity-violating (MHV) amplitude with
n gluons.

Any n-gluon tree-level amplitude in Yang-Mills theory can be decomposed into sim-
pler amplitudes [63, 64]:

An (1hlvf‘1,...,nhmf‘n>= S AewAeo g, (0(1)%@),...,o(n)hv<n>), (1.36)
O'GSn/Zn

where h; and A; are the helicities and the color indices of the gluons, S, is the set
of all permutations of n elements and Z, are the cyclic permutations, 7414
the traces of n generators of the fundamental representation of the gauge group and
An(i?il yens ,i}ff”) are the color-ordered amplitudes. Such amplitudes satisfy a number
of properties, which are reviewed, for example, in [65]. Among such properties, it is

i in gre
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important to stress that these amplitudes have poles only in adjacent channels: e.g.
An (1M . nhn) have poles only at Sii+1,..i+m = 0, where the sum of the indices is
modulo n, and they only depend on kinematic variables (all the information about
colour has been factorised away).

In this section, we will apply BCFW recursion relation to determine the color-ordered
MHV amplitudes A, (17,27,3%,...,n"). All the amplitudes in Yang-Mills theories in
perturbation theory can be reconstructed from the (two) minimal three-point ampli-
tudes describing the interaction of three gluons (in a complex kinematic space) which
are fixed from little group, mass dimension and parity considerations in equation (1.24)
(with some constraints imposed by locality and unitarity as we will show in Chapter 3):

4

A3(17,27,37) = i9<12><<122?)>><?)1> ) (1.37)
4

Az(17,2%,31) = —igm][é?g”m : (1.38)

We want now to prove that the MHV colour-ordered amplitude we are interested in can
be written for any n as

12)4
A,(17,27,37,....nT) =ig"? < . 1.
(152030 =0 sy ot — 1) ) (1.39)
We can consider the BCFW shift
Xl — Xl — an R (1 40)
A = An + 20, '

and any other spinor is left untouched in the shifted (complex) kinematics. In particular,
we can notice that such deformation preserves momentum conservation and the on-shell
condition. Using now Cauchy theorem in (1.25) and factorisation we have

A,(17,27,3%, o0ty = A,(17,27,3%, . ah)|__, =

z=0
n—2 .
. N 7 - .
= Aerl(l 7'"7mhmaP[ﬂ:n)P72An7m+l(P[:i _>(m+1)+7"'an+)
m=2 Im Z:ZPIm
- . i - .
= A, 1(17,...,(n— 2)+,P;Ln)8 1 A3(=Pyy,(n =17, a7)
n—1i,n Z=Zn—1,n
(12)(23) - -+ (n — 1n)(nl) ’
(1.41)

where in the third step we used the fact that the all-plus (for any n) and single-minus (for
n > 3) amplitudes vanish at tree-level for pure Yang-Mills theories, while in the last step

we needed the amplitudes (1.39) (with n — 1 gluons) and (1.37), with z,_1, = <<71L;£711)>

and®

. ~ (In) ~
P =Ao1 [ A — ———X0 | . 1.42
L Z=Zn—1,n ! < ! <1 n — 1> ( )

Then, we showed recursively that the colour-ordered MHV amplitude takes the form
presented in (1.39). As we said, the BCFW recursion relations are particularly well

5We also adopted the convention A\_,o =%\, and X,pd = iXPm such that )\,pa;\,pd = —DPai-
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suited to compute tree-level amplitudes in Yang-Mills theories and Einstein-Hilbert
gravity. Already at this stage, we can notice that the alternative shift

)\1—>)\1—Z)\n,

~ ~ ~ (1.43)
An = An + 2A
would give an amplitude which does not fall off as z — oo:
A,(17,27,3%,...,aT) ~ 23, (1.44)

Fiade el

In particular, one could show that in Yang-Mills theories, even beyond the simplest
MHYV configuration, any other two-line shift

Mo = Ao — 2N

~ ~ ~ (1.45)
Ap = Ap+ 2,

gives the correct boundary behaviour if and only if we a and b do not correspond to a
helicity-minus and a helicity-plus gluons respectively [22]. Moreover, Yang-Mills tree-
level amplitudes can also be determined, for example, using MHV rules [66] (which can
be extended even to one-loop [67]), corresponding to the (three-line) Risager shift [24].

The dipole contribution to the A4 (15"‘, 1,b+,'y+,'y+) amplitude

We now consider a different scattering amplitude and, in particular, we want to focus on
the dipole contribution in the SMEFT to the 1)T+* — 4~~~ process. For the moment,
we will only define the relevant minimal amplitude: we need two types of three-point
amplitudes”

2
AL, 2g,3,y)—z'Qw<<132>> : A7, 2;,37) = Qw[[ 3]] : (1.46)
A, 28,30) = a/f;) 13123, A(17,25,37) = “/\6;’<13><23> , (1.47)

where the first line is the renormalisable U(1) coupling of fermions with photons, with
@y the charge of the fermion, and in the second line we have the dipole coupling.
Although this will not be relevant in the following, we specify that v is the vacuum
expectation value of the Higgs field, A is some energy scale typical of new physics states
and ag is a numerical Wilson coefficient. In general, a method to classify a basis of
minimal amplitudes in the a generic EFT (and, in particular, in the SMEFT) will be
presented in Chapter 2.

For the computation of this amplitude, we consider the so-called all-line shift 25|

where the w; have to satisfy
4
d wiXi=0, (1.49)
i=1

which guarantees momentum conservation in the shifted (complex) kinematics.

"In principle, we would need also the colour and flavour structures but, since these are only trivial
¢ factors, we will ignore them in the following computations.
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Using the BCFW recursion formula, we find

Ay (11;’2?;’3:;’4;_) ./43( :Zr (P14)1/1’ 7)P2 .Ag((Pm) — 21/1’31_) +
z=z14
As(1, (Pra)y, V)PQ As((P)y —27,37) (34 4)

e
(1.50)

Here we can notice some unpleasant features of BCFW-like recursion relations. The
amplitude is written in terms of some arbitrary spinor Ax and one can check (for
example, numerically) that the former does not depend on the latter. In particular, the
result in (1.50) has some fake (spurious) poles at (3X) = 0 and (4X) = 0. In fact, one
can show that the result just obtained is equivalent to

agv (12)[13][14][23)[24]

Au(17,2),37,47) = =21 Qy =5

1.51
= , (1.51)

but showing the equivalence of these two quantities is already non-trivial, and it becomes
a hopeless problem when we go beyond four points. Such spurious poles are particularly
disadvantageous when we use tree-level amplitude to construct the integrands of loop
amplitudes through generalised unitarity. Moreover, one can show that no BCFW (two-
line) shift can reproduce correctly such amplitude. This situation becomes even worse if
we would have considered interactions with explicit derivative insertions in the minimal
amplitudes [28] and such a shift could even not exist. Finally, we emphasise that the
method we will presented in Chapter 3 will bring directly to the result (1.51), for which
locality is manifest.

1.5 Modern applications

In recent years, on-shell methods have proved to be extremely powerful in the study of
EFTs. Among other applications, they appeared as prominent tools in the study of the
SMEFT and (classical) gravitational binary systems.

The SMEFT is a systematic and model-independent framework to characterise both
experimental deviation from predictions of the Standard Model (SM) and its possible
extensions (for a review, see [68] and references therein), assuming that the light de-
grees of freedom are all those of the SM. Indeed, up to now, most of the measurements
in accelerator experiments of cross-sections are compatible with SM theoretical predic-
tions and no new physics has been observed. Nonetheless, the SM is 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. More recently, also an experimental deviation from SM predictions
has been measured in the g,—2 experiment. [69-71].

Then, how should we look for new physics beyond the SM? When considering extensions
of the SM, additional heavy modes with mass A can be integrated out at electro-weak
energy scales Fgw < A. In the Lagrangian formalism, we have some effective interac-
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tions which can be organised in terms of their mass dimension as

(9)
G (4)
a0 (1.52)

Lsverr = Lsv + Y

]
The first example is the dimension-five Weinberg operators [72] which generate light
Majorana-like neutrino masses:

C . o
LsymerT = Lsm + ALLH (QkEﬂU LiHH + e’keﬂLmiLnijHl) , (1.53)

m

where m,n = 1,2, 3 are flavour indices and ¢, j are SU(2) indices, and Ay, is the natural
cut-off of the effective theory. More precisely Ay, is the cut-off scale for effective inter-
actions which violate lepton and baryon numbers, as opposed to the scale A associated
with lepton/baryon number preserving interactions. Experimental constraints on the
neutrino masses put the lower bound on the cut-off scale at Ay /Chy,, 2 10'° GeV, which
are scales currently impracticable for the observation of new physics.

In fact, the leading contributions to the SMEFT come from dimension-six operators
[73-79], but there are interesting processes for which the dominant contribution comes
from even higher-dimensional operators. Some examples include the light-by-light scat-
tering [80], the light production via gluon fusion [81] and the neutral bosons production
[82] and even, in some scenarios, the g, —2 [83] and Higgs production in association with
a W boson [84], which receives the first contribution from dimension-eight operators.
dimension-eight operators can play a relevant role even when appearing as subleading
contributions [85], and recent studies of their impact on SMEFT have been performed
[86-90].

In this context, on-shell methods are acquiring a prominent role. They have been
used to discover non-interference theorems between dimension-six operators and the
SM [91], to study positivity bounds on Wilson coefficients [92-96] and natural zeros for
Wilson coefficient in the matching between UV and IR theory [97]. Crucially, on-shell
techniques played a key role in the study of the anomalous dimensions of irrelevant
interactions in the SMEFT [98-107|, to understand the patterns of zeros in the one-
loop anomalous dimension matrix for dimension-six operators in the SMEFT [108-110]
and, as we have already mentioned, in the classification of SMEFT interactions |20,
111-122].

The breakthroughs in gravitational-wave science, with the observations by the LIGO
and Virgo collaborations [123, 124], has opened new windows to observations in astron-
omy, cosmology, and particle physics. Gravitational waves can be the key to answering
longstanding questions in these areas and offers an observational test of gravitational
processes involving huge energy scales, which could have never been probed by experi-
ment. The LIGO and Virgo detectors precision will grow further in future upgrades, and
this demands very accurate theoretical predictions, which will be encoded in waveform
templates utilized for the gravitational-wave detection and the extraction of source pa-
rameters. This calls for high-energy physicists to develop a new theoretical framework
to study signals with more and more accuracy.

Traditionally, this is approached using effective one-body, numerical relativity, gravi-
tational self-force, and perturbation theory in the post-Newtonian (PN), post-Minkowskian
(PM)3, and non-relativistic general relativity frameworks. In the context of on-shell

8The PN and PM are complementary perturbative expansions. The former is a double expansion
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techniques and scattering amplitudes, the new discoveries started a program for un-
derstanding the nature of gravitational wave sources by the collapse of binary systems
of celestial objects (black holes and neutron stars, mostly in the inspiral phase of the
merging). Although some studies in this context can be traced back to the seventies
[125, 126] with some more recent developments [127-129], the program for understand-
ing the nature of gravitational-wave sources is based on tools from scattering amplitudes
and effective field theory (EFT) exploded in the last five-ten years [130-143|. These
ideas culminated with advancing the state-of-the-art computation to order in the PM
expansion to O(G?) [144, 145]. This result has been confirmed in a number of stud-
ies [146-150], including radiation [151-155|. Moreover, scattering amplitude techniques
allowed to compute the conservative two-body scattering dynamics up to O(G*) in all
orders in velocity [156, 157], and to lower orders in G including spin effects [158-167],
tidal effects [168-172] and higher-derivative interactions [173, 174].

Besides the above-mentioned line of research, there are other important topics which
are very important in the development of on-shell methods which we will not mention in
this thesis: for example, the strong hint for hidden geometric structures in perturbative
scattering amplitudes [189] (for a review, see [190, 191] and references therein), the
colour-kinematics duality and the double copy map which links amplitudes in scalar,
gauge and gravitational theories [192, 193] (see [65, 194] and references therein), the
study and analytic calculation of Feynman integrals (for a modern and comprehensive
review, see [195-197]), the study of cosmological correlators in de Sitter spacetime using
on-shell inspired methods [198] (see also [199]), or the ' = 4 Super-Yang-Mills high-
loop computations [200-206].

1.6 Summary of the thesis

This thesis is structured according to the following order:

First, we consider amplitudes which are polynomial in the kinematic variables,
1.e. contact terms.

Second, we show how to glue such contact terms to produce tree-level amplitudes.

We show how d-dimensional generalised unitarity is enough to construct ampli-
tudes and form factors at loop level.

Finally, we apply on-shell methods to study relevant (loop) amplitudes in the
context of SMEFT and classical General Relativity (GR).

In particular, the material in the various chapters is organised as follows:

1. In Chapter 2, we show the classification of the simplest scattering amplitudes, i.e.
contact terms. First, we introduced a new strategy for purely massless theories,

in the velocity squared and the inverse separation in units of the Schwarzschild radius, which are of
the same order due to the virial theorem (72 ~ Grm). In contrast, the PM expansion is organized
differently, including instead contributions to all orders in velocity at fixed order in G, and the nPM
order corresponds to O(G™). On-shell methods are intrinsically relativistic, then we will always work
in the PM expansion.

9There is an PM alternative to the fully on-shell methods, which combines Feynman rules in the
worldline formalism with high-loop integration which is also giving promising results in this direction

[175-188].
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which can be generalised to give a basis of contact terms in any EFT in four
dimensions, with masses and higher-spin particles. This chapter is based on |20].

. In Chapter 3, we present a recursive on-shell alternative to BCFW-like recursion

relations, which is valid for any theory. In particular, we first review how Lie al-
gebra structures follow from tree-level unitarity of four-point amplitudes in gauge
theories. Then, we show how to generalise the algorithm to higher-point tree-level
amplitudes. Finally, we show how unitarity and locality fix anomaly cancellation
conditions in the Standard Model. Most of this chapter is based on the work
presented in [104].

. In Chapter 4, we show how Dimensional Reconstruction Techniques allow com-

puting loop amplitudes, including rational terms, from d-dimensional generalised
unitarity. We generalised these techniques to form factors which are relevant to
the Higgs decay into gluons, following the paper [207].

. In Chapter 5, we present the techniques needed to compute the full mixing ma-

trix between dimension-eight operators in the SMEFT. Partial results are shown
explicitly for the operators relevant for the Higgs production in association with
a W-boson through pp scattering. The complete result is given in the ancillary
files of [104].

. In Chapter 6, we present the calculations of the corrections to the deflection angle

and the time delay of light and gravitons from a heavy source (like a black hole),
induced by higher-derivative interactions beyond GR, using the eikonal (expo-
nential) form of the corresponding two-to-two gravitational scattering amplitude.
These results were presented in [174].

. Finally, some appendices are presented. In Appendix A, we review (massless and

massive) spinor helicity formalism in four dimensions, massless spinor helicity
formalism in six dimensions, and some basics of momentum twistors relevant
for the generation of rational kinematics and some basic concepts of finite field
arithmetic. In Appendix B, we fix our conventions in the SMEFT and we provide
the three-point amplitudes of the Standard Model. In Appendix C, we give some
details on the computation of six-dimensional tree-level amplitudes relevant for
computations in Chapther 4. Finally, in Appendix D, we provide the analytic
results of the one-loop Feynman integrals appearing in this thesis.



Chapter 2

Minimal Amplitudes Bases for EFTs

In general, the classification of irrelevant operators in an EFT is a complicated task. The
counting of non-redundant operators can be performed via the Hilbert series method,
as shown in [208-210], however, explicit construction of the SMEFT operators is rather
involved. Traditional techniques require taking care separately of many sources of redun-
dancy, e.g. Bianchi identities and IBP identities of operators with derivative insertions,
field redefinitions and Fierz identities. More recently, as discussed in the introduction, a
more direct way of constructing this basis has been proposed, which relies on the classi-
fication of the independent effective interactions directly from their S-matrix elements,
and has been used to classify all the SMEFT operators up to mass dimension nine [117,
118]. Indeed, in the context of weakly coupled EFTs, the on-shell program provides
us with an alternative to the standard Lagrangian EFTs, where the information of the
theory beyond the IR physics is encoded by adding irrelevant operators. In particu-
lar, it exists a one-to-one correspondence between irrelevant independent operators and
minimal amplitudes, i.e. terms in the low-energy expansion of the S-matrix which are
polynomial in the kinematic variables (and are linear in the Wilson coefficients). This
means that from the S-matrix perspective the classification and enumeration of indepen-
dent operators [208-212] are equivalent to finding a basis of kinematically independent
polynomial structures in the amplitudes [62, 213]. From these “building blocks”, higher-
point tree-level amplitudes can be constructed from the knowledge of the factorisation
channels.

The classification program was carried out mainly in four dimensions where we take
advantage of the simplicity of both massless [214-217] and massive [18] spinor helicity
formalism. Generic techniques to classify fully massless interactions have been worked
out in previous works mentioned in the introduction. For massive particles, the authors
of [19, 116] introduced an unbolding/bolding procedure to classify massive structures
from their massless counterparts, and they presented a strategy to tackle this problem
for four-point contact terms and particles with spin S < 1. An alternative strategy valid
for any multiplicity and any spin has been presented in [218], but this method does
not allow for a clear one-to-one correspondence between independent structures and
operators. A general method for massive particles with any mass, spin and multiplicity
has only been developed recently |20, 121]

In this chapter, we present the method to classify generic contact terms in four-
dimension of [20], for any mass, spin and multiplicity (n > 4, the classification for
n = 3 is known [16-19]), starting from the graph method presented in [104], strengthen
by the wunbolding/bolding procedure of [19, 116] which we implement at the level of

27
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Figure 2.1: The graph associate to the kinematic structures (23)(31)%[12][14][32] and
(23)(34)[13][14][25] respectively.

graphs. In this algorithm, structures involving powers of any mass are always regarded
as kinematically independent from structures with fewer powers of mass. This allows
for a clear one-to-one correspondence between independent contact terms and operators
in massive EFTs.

This chapter is organised as follows. In Section 2.1 we review the graph method in-
troduced in [104], giving more details on the algorithm and its implementation. In Sec-
tion 2.2 we will extend the method to the structures involving massive spinor variables.
In Section 2.3, we work out explicitly four examples: the classification of SMEFT op-
erators (with some details about the identical particles and the Lie algebra structures),
the classification of D?"F* operators in SU(N) Yang-Mills theories, of dimension-six
interactions between (charged and uncharged) massive and massless vectors and of
quadratic-in-spin (spin-)tidal interactions in gravity.

2.1 The massless basis

2.1.1 Kinematic structures from graphs

A simple way to find all possible Lorentz invariant structures in four dimensions is to
identify them with an oriented graph with two types of edges, where each vertex is
associated with a particle, and the edges correspond to angle (red) or square (blue)
brackets, as shown in Figure 2.1. The orientation of the edges then keeps track of the
ordering in the spinor brackets and thus provides potential minus signs.

The valency of each vertex is given by two natural numbers v’ = (v?,v?) such that
vl — vl = 2h; is the helicity of the i*" particle. In general, we consider polynomial
structures with an arbitrary number of momentum insertions ng > 0. Each momentum
in the structure can be assigned to any of the n states, which increases the valency of
the corresponding vertex by (1,1). Then the number of momenta associated with each
vertex is min{v’, v’}. Moreover, for reasons which will become clear in the next section,
it is crucial to consider a circular embedding for our graphs, i.e. we take all the vertices

to be ordered points on a circle.

We can associate to each graph a couple of n x n adjacency matrices (A, S), whose
elements are non-negative integer numbers: each element A;; > 0 (or S;; > 0) indicates
the number of red (or blue) edges going from the i*P-vertex to the j*'-vertex. Finally,
there is a trivial map M from the adjacency matrices to the corresponding polynomial
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Figure 2.2: Graphical representation of the relation [13][24] = [14][23] + [12][34]. Then
Schouten identities are equivalent to untying crossings for both the two kinds of edges
(red and blue) in the graph.

spinor structure:
n

M(A,S) = [T @) i)™ . (2.1)

This map is in general non-invertible, because the spinor brackets are antisymmetric
((ij) = —(ji), [ij] = —[ji]). Then we restrict without loss of generality to upper-half
triangular adjacency matrices (4;; = 0 and S;; = 0 if ¢ > j), in order to make the
correspondence between polynomial structures and graphs one-to-one.

At this point, we are interested in finding a basis of structures that are independent
up to Schouten identity and momentum conservation. Notice that the former acts
separately on the angle and square invariants, while the latter mixes the two structures.
In the following sections, we will show how to deal with these identities in terms of the
graphs mentioned above.

2.1.2 Schouten identities
Schouten identities for angle and square brackets read

(11i9) (igiq) + (igi3)(i114) + (i3i1)(i2ig) =0 , (2.2)

[ilig][i3i4] + [igig][i1i4] + [igil][igid =0. ’
Thinking of the kinematic structures in terms of graphs, specifically using the circular
embedding already mentioned, if (i1,142,i3,74) are arranged in cyclic order, we notice
that (i1i3)(i2i4) correspond to intersecting edges in the graph, while (ijig)(igiq) and
(12i3)(i194) do not (the same is true for the square brackets). This is illustrated in
Figure 2.2. In a generic graph, this relation can be applied recursively a finite number
of times until we end up with a sum over graphs that do not have any crossings. It is
then clear that a basis for kinematic structures that are independent under Schouten
identity can be obtained by classifying all planar graphs associated with a polynomial
kinematic structure.

It is easy to see that the planarity of the graph translates into a sharp condition on
the adjacency matrices associated with it:

ifAij#O, Akl:Ofori<k:<j<l§n, (23)

foranyt=1,...,nand j =i+2,...,n—1. Indeed, to have an intersection between the
edges (i,7) and (k,[), the vertices must have the order specified above. In particular,
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the number of crossings of a graph is given by the sum

n—1 n n j—1
nx=3, 0 Ay L ) Au (24)
1=1 j=i+1 I=j+1 k=i+1

where the extrema of the sums are consistent with the restriction to upped-half trian-
gular adjacency matrices.

This also provides an algorithmic method to write any non-planar structure in terms
of planar ones. Indeed, if we consider a graph (A,S) for which, for example, the red
edges are non-planar, i.e. if in (2.3) any of the Ay # 0, then we can recursively untie
the corresponding crossing(s) using

M(A,S) = M(A +E{}7),8) + M(A + F{;}).8) , (2.5)
where

E((;Jlgab = —04,i Obj — O,k Ob 1 + Oayi Op i + aj Ob 1 (2.6)

F((,i?)) ab = —9a,i Obj — Oa,k Ob1 + Oai Ob1 + Oaj Obk - (2.7)

Applying such decomposition a finite number of times, every non-planar structure can
be written as a linear combination of planar ones. A proof of this statement is given at
the end of this section.

This algorithm can be used to find a basis of SU(2) singlets in the tensor product
of any finite-dimensional representation of the SU(2) group. In fact, any tensor that
transforms in a representation 2q + 1 can be written as a totally symmetric tensor
T % = (@) where a; are indices in the fundamental of SU(2). The singlets are
given by contractions of any product of tensors of this kind with €4,4, = —€4,q, and the
Schouten identities are equivalent to

€laras€azlas = 0 - (2.8)

Then to any tensor T" we can associate a vertex with valency ¢, and the edges correspond
to contractions of two SU(2) indices through an €4,q,. Any loop is then automatically
zero because

rertine, 0, =0 (2.9)

This observation is useful if we want to apply our method to select a basis of independent
SU(2) gauge structures (see for example [104]), or when we will consider polynomial
structures with masses involved because the little group for massive particles in four
dimensions is exactly SU(2). This could also be applied to the Lorentz group SL(2,C),
because the finite-dimensional representations are in one-to-one correspondence with

those of SU(2) x SU(2).

Reduction to the planar basis

In this section, we give details on the algorithm to decompose spinor structures corre-
sponding to a non-planar graph into our basis, given by the set of structures related to
planar graphs. Such decomposition amounts to repeatedly applying Schouten identities,
which act separately on angle and square invariants. Then for simplicity, we are going
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to consider Lorentz invariant structures with only angle invariants (S;; = 0 V4,5). The
condition that identifies a crossing between the edges (i,7) and (k,1) is

A #0 Aqg#0, a<c<b<d. (2.10)

Obviously, there are a finite number of edges (and crossings) associated with each vertex.
We can consider the total number of crossings of the matrices A and A + EEZ’Z?, which
we call ny and n/ , respectively. Then, proving that

nl, —nyx <0, (2.11)

is equivalent to the statement that every non-planar graph can be decomposed as a sum
of planar ones in a finite number of steps. We have

x T T *Z Z Z Z (A Eab) l+E((cd)) Akl+E(( ))jE((gs))kl> , (2.12)

i=1 j=i+1l=j+1 k=i+1
where

n—1 n n b—1 n

_ b n b—1 b
IDSDIDIP TIN5 o) Sl SIb St b 38 PFS
i=1 j=i4+1l=j541 k=i+1 i=c j=c+1 i=c+1lj=d+1 i=a+1j=c+1
(2.13)
n n a—1b-1 c¢-1 b b—1 d-1
Sy » ZEW A= =20 -2 2+ > Ay, (219
i=1 j=i+1l=j5+4+1 k=i+1 i=1 j=c¢ =1 j=c+1 i=c j=b+1

n n

Z > > Z B Bl =1 (2.15)

i=1 j=i+1l=j+1 k=i+1

Summing these contributions, we find

ny —ny < —Agp— A +1<0. (2.16)
The same is true for the difference between the total number of crossings of A and
A+F&$

Then, we need to choose a recursive way of eliminating all the crossings. We select
a,b,c,d so that we have (2.10) and they are the smallest (in the selected order). We
apply the decomposition in equation (2.5) min{Ag, A.q} times and we repeat this step
until we end up with a sum of planar structures. Obviously, this choice is not always the
fastest route, but the decomposition into planar graphs does not require an optimised
strategy.

2.1.3 Momentum conservation

Momentum conservation is more subtle and does not have a clear graph-based interpre-
tation. On the other hand, the classification above allows for a massive simplification
and the conditions to find a basis of spinor structures independent, up to both Schouten
identity and momentum conservation, are easy to implement.

We can take into account most of the relations coming from momentum conservation
simply by excluding the momentum of the n*t-particle from the previous assignment.
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|hn|+hn |hn‘_hn
2 ? 2

Then the n'M-vertex will have valency ( )L. This is equivalent to imposing

the constraint

n—1
Pn = — Zpi , (217)
i=1

and we can discard from our basis any graph whose adjacency matrix does not satisfy
the conditions

Ain =0 or Sjn =0 s (218)

forany ¢,7=1,...,n—1.

However, this is not the end of the story, because there are in general n additional
momentum conservation conditions that do not involve any insertions of the momentum
of the n'! particles:

S ilnl >0
0=1¢77] (2.19)
5 ()il b <0

which are a consequence of the equation of motion for free particles p, aa Xg =0 =
A P g If by = 0 the valency of the n'! vertex is (0,0) and there is only one additional
condition to consider:

n—1 2 n—2 n—1
(ZPM@) = Z Z sij=pa=0. (2.20)
i=1

i=1 j=i+1

As already noticed in the previous section, Schouten identities do not change the
valency of vertices in the multigraph, so they do not change the number of momenta
associated with each vertex. Then, we have to find a set of elements in our planar basis
which can be written as a linear combination of the others via momentum conservation.
Once we have discarded all the polynomial structures in which we find the momentum
of the n'-particle, we need to carefully discard the structures that mazimise their
appearance in conditions (2.19) and (2.20). Since the edges (1,n) and (n—1,n) are
always planar, the natural choice is to isolate terms where either p; or p,_1 appears

'Fully eliminating the momentum of the n*®-particle is a matter of choices and in principles we
could choose any other particle.
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and to write the additional momentum conservation conditions as 2

it = D)ltn = 1] = = 5 ()

_ hyp, >0,
((n =1)1)[In] = 2:32((” — 1)j)ljn]
S1n— 1—%3;81] i ni hn =0, (2.21)
= =5 5

(n(n —1))[(n —1)i] = — Z (nj)ji]

no T hn <0 .
(n)[1(n - 1] = - 22<nj>[j(n —1)]

=

Notice that also the structures ((n — 1)1)[1n] (for h,, > 0, or s;,—1 and (nl)[ln — 1] in
the other cases) are always planar, because any source of non-planarity would come from
(in) invariants, which are always excluded by our choice of eliminating any momentum
insertions of the n'M-particle. In other words, the valency of the n'"-vertex is (hy,0)
and (0, hy,) for h,, <0 and h, > 0, respectively.

The conditions on the adjacency matrices for the polynomial structures to be in our
basis are trivial. We are going to write them in the case h,, < 0 for simplicity:

Ap1n,=0 or Sijp_1=0,

(2.22)
Aip=0 or Sip—1=0,

Moreover, equations (2.21) provide an algorithmic way of writing linear relations of the
structures in terms of the elements of our basis.

2.1.4 A summary of the algorithm

In this section, we elaborate on the algorithms that follow from the considerations
discussed in the previous sections. In particular, we present, step-by-step, how to find a
basis of kinematically independent minimal amplitudes associated with a given particle
content (or field content of the associated irrelevant operators) and a specified mass
dimension. For the moment, we will ignore complications coming from colour structures,
which will be discussed briefly later in this chapter (for an extended discussion see for
example [117]).

1. We start with an initial trivial assignment of nodes valencies determined by the
field content of the operators we want to consider. In this step, we choose the
arbitrary ordering of the particles in the circular embedding.

2This is an actual choice between momenta of the 1°° and the n — 1** momenta. We could choose
an equivalent basis by writing (2.19) as

n—1

) [in] = — S (ij) i)
=2 Ly hn >0,

(100 - D)](n ] = =S (15)ljn]

<mmﬂ=5§mﬁm

(n(n = 1)[(n — V1] = — 3 (nf)[51]
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2. Accordingly to their mass dimension, such operators can have a number ng of
derivatives. These derivatives correspond to momenta insertions in the associated
minimal amplitudes. Then, we must consider all the permutations of the parti-
tions of ng momentum insertions into at most n — 1 integers. By doing so, we
have already taken into account the conditions (2.18) coming from momentum
conservation, i.e. we exclude any insertion of n'" momentum.

3. Each momentum insertion modifies the valency of nodes, as explained in 2.1.1.
Then, we have a set of possible valency assignations for the graphs and we need
to generate the corresponding structures which are kinematically independent:

(a) We classify all the planar graphs with the valency assignment just found.
(b) From this set of graphs, we exclude those not satisfying the conditions (2.22).

(c¢) Using the map M, we write down our basis of kinematically independent
spinor structures?.

4. Operators may involve multiple insertions of the same field, i.e. we have identical
particles in the minimal amplitude. For a detailed discussion see [212, 219]|. In
these cases, the set of kinematically independent structures does not correspond
to an independent basis of EFT operators. In practice, we consider all the previ-
ously classified independent structures and we act on them with a proper Young
projector over the labels of the identical states, as explained in Section 2.3.1.
When summing over permutations we introduce terms which are not elements of
our planar basis and we need an algorithm to write them as a linear combination
of such elements?.

(a) The inverse map M1 gives the graphs associated with such structures.

(b) We apply recursively (2.5) (both for the angles and squares invariants) a
finite number of times to write such graph as a sum of planar terms.

(c) We might end up with terms which do not satisfy (2.18) or (2.22). Such terms
must also be decomposed in our basis and the graph operations, equivalent

to (2.17), is
n—1
M(A,S) = - Y M(A + Gy, S +Gy)) | (2.23)
k=1
where '
GE;’)),ab = _6a,i6b,n + 5,1,1'(51,7]' . (2.24)

Similarly we take into account the relations (2.21). Obviously, such opera-
tions never introduce negative powers of the Lorentz invariant structures, by
construction.

(d) After applying momentum conservation identities, the terms in the sum
might not be all planar and we have to recursively apply (2.5) again.

3Each of the previous steps can be visualised in the Mathematica package MassiveGraphs, using the
function HelicityCategoryBasis (which perform the classification) and setting the option Echos to
True.

4This second part of the algorithm has not been made publicly available in the MassiveGraphs code
yet. On the other hand, an older version (valid only for purely massless structures) can be found in
the Mathematica package HelicityStructures and the function is called Al1Identities.


https://github.com/StefanoDeAngelis/MassiveEFT-Operators
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5. After this decomposition we end up with linear combinations of terms in the
chosen basis and transforming properly under permutations of the particles.

6. Finally we check whether there is a linear relation between such terms.

2.1.5 Checking the algorithm

We performed several non-trivial checks on the algorithm just presented.

1. The procedure seems to rely a lot on the cyclic order chosen for the vertices
of the graphs and the momenta which we want to eliminate (using momentum
conservation and equation of motion). Different choices correspond simply to
different but equivalent bases for the kinematic structures. We checked that the
number of elements in the basis does not depend on these choices in many non-
trivial examples, involving several particles, also with higher helicity, and a high
number of momenta insertions.

2. Generating all the graphs we classify all the corresponding structures. We veri-
fied numerically (on rational kinematic, as explained in Appendix A.3) that the
relations we find through our algorithm are correct and that they are all.

(a)

In particular, once the basis {b;}i=1 .~ is generated, we might ask whether
additional identities exist, which have not been considered in our approach.
If such relation exist, we can find rational non-zero coefficients {a;}i=1,. n
such that

N
D aibi=0. (2.25)
=1

We generate N independent rational kinematics and evaluate the RHS of the
previous equation. By doing so we obtain a homogeneous linear system of
N equations in N variables and, if its solution is a; = 0 Vi, we checked the
full independence of the elements of the basis.

In a similar way we can check completeness. It is easy to generate all the
graph corresponding to the helicity assignments and distribution of momen-
tum insertions {c;}i=1,. a» and we want to find numerically the rational
coefficients {f;;}i=1.... N, j=1,..m such that

N
C; = Zﬁ”bj . (226)
7j=1

We evaluate N + 1 times both LHS and RHS on random rational kinematics
and we obtain an inhomogeneous linear system of M x (N + 1) equations in
M x N variables. If a solution exists, we have verified completeness. We can
also check the solution against the linear relations found from the graphic
decomposition described in detail in the previous section.

We always found that the bases were complete and their elements independent
in several non-trivial cases. The linear relations match with the results of the
graphic decomposition.
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2.2 The massive basis

The classification of independent structures in massive theories involves more technical
considerations, but a generalisation of the method presented above for fully massless
theories is possible. There are two sources of such additional complications:

1. The little group structures,

2. The equations of motion involving mass terms.

Indeed, when classifying irrelevant interactions for massive theories, we have to be
careful about the mass ordering of the independent structures, i.e. we should not
consider the operators Oa and Oayg = m?(’)A as independent when listing operators
of dimension A and A + 2, for example.

In Section 2.1, we identified a basis of structures B = {b;} such that any other
combination of spinors with the proper mass dimension and helicity configuration can
be written as a linear combination of b;’s.

When dealing with massive particles, we fix the helicity category® and the mass
dimension of the structures. We can identify a set of structures such that any element
within the above-mentioned helicity category can be written as a linear combination
in this basis. On the other hand, the latter will contain terms proportional to m;, m;
(through the equation of motion) and p?, which are redundant when we exploit the
correspondence between polynomial kinematic structures and irrelevant operators.

Then, for a specified helicity category (S1,...,S,) and mass dimension A, we will
identify different bases that are relevant for different purposes:

e Kinematic basis: any spinorial structures within the chosen helicity category and
mass dimension can be written as a linear combination of the terms in the basis.
This basis contains also structures in different helicity categories, multiplied by
powers of the masses. Such basis is the relevant one when we test our method nu-
merically on rational kinematics as explained in Section 2.1.5 or we are interested
in building an ansatz for amplitudes (for example, see [104]).

e Helicity category basis: any term proportional to m; or m; is ruled out. This gives
a basis of structures that are kinematically independent of each other modulo
identities across different helicity categories. This basis is the relevant one when
we classify independent minimal amplitudes in order of the mass dimension of
the corresponding EFT operators. For example, when classifying terms of mass
dimension A, any terms proportional to m; or m; have already been considered
with arbitrary coefficients in the basis for terms with mass dimension A — 1. This
will allow us to work effectively up to terms proportional to any power of the
masses.

2.2.1 The Massive Little Group

When dealing with combinations of massive spinors, we must distinguish between
spinors whose little group indices are contracted and those with free indices (to which

5The helicity category [116] of a minimal amplitude is the helicity configurations of the structures
obtained unbolding the massive spinors [18, 19].
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Figure 2.3: Schouten identities w.r.t. LG indices (2.27) are again equivalent to untying
crossings of edges anchored to the spin and momentum vertices associated with the
same particle.

we will refer as free spinors). Since we are interested in structures that transform under
irreducible representations of the little group, the free indices associated with a particle
will automatically be fully symmetric®. This distinction suggests that we have to as-
sociate different vertices in the graph with each momentum (momentum vertices) and
free spinor (spin vertex).

Schouten identities for the little group can involve either a momentum or a free spinor

(Picer )\il 5 o Piaé /\Z.Iﬂ) or two momenta p;ag Piggp- We will show in detail that Schouten
identities are again equivalent to untying the crossing of two edges, both anchored to
momentum vertices and/or to the spin vertices. Indeed, considering the combinations
mentioned above, with pias = A Aias and antisymmetrising over two little group group

indices, we find

~ ~ ~Ii
Diae )\zlﬂ = me )‘iIo'z - 5d[§pia"y )\i’y s (2 27)
piadpiﬁg' = piﬂdpiaB - Eaﬂpi'ydpig ) .

and their “conjugates”’, which are identical to the relations one would find applying the
antisymmetrisation directly over the SL(2,C) indices. We show their graph representa-
tion in Figure 2.3.

We should emphasise a crucial point: since we are looking for a basis of polynomial
structures with a well-defined notion of mass ordering, momentum vertices must be
all succeeding (or all preceding) the spin vertex. Indeed, we want the combinations
which are proportional to higher powers of the mass to be always planar. This is not
guaranteed if the condition mentioned above is lifted, as shown in Figure 2.4.

2.2.2 Equations of Motion

So far we find a proliferation of vertices, each particle is associated with a vertex carrying
both helicity weight and momentum insertions for massless particles and only spin

SFor those spinors we will use the bold notation introduced in [18].
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Figure 2.4: The notion of mass ordering requires that momentum vertices succeed (or
precede) the spin vertex, as dictated by the on-shell conditions pma)\?l = ﬁu/\{a and
Piaap;” = MZ53.

weight for a massive one. Besides, in the latter case, we need to add a vertex next to
the spin vertex of the corresponding particle for each insertion of massive momenta.
The order of momentum vertices among themselves is irrelevant, even though it seems
crucial when we are dealing with planar graphs only.

In this section, we will show how the Dirac equation for the spinors allows map-
ping our problem to a finite set of fully massless classifications. Then, before dealing
with momentum conservation identities, we simplify our problem by using the graph
equivalent of the unbolding-bolding procedure presented in [116].

In the previous section, we have shown that choosing carefully the arrangement of
the momentum vertices in the circular embedding is essential to guarantee that any
polynomial structure can be written as a linear combination of structures in our basis
which have the same number of explicit mass powers or higher. This suggests that there
could be a way to classify independent spinor structures with fixed powers of mass,
i.e. a classification modulo equations of motion, excluding all the graphs where any
momentum vertex is connected to the corresponding spin vertex. The key observation
is the following: wunbolded graphs, i.e. graphs for which we do not distinguish between
momentum and spin vertices, are in one-to-one correspondence with planar “massive’-
bolded graphs for which no momentum vertex is linked to the corresponding spin vertex
and between themselves, and the edges are not crossing. An example of this is illustrated
in Figure 2.5.

When we deal with massive structures, we have to introduce a notion of transver-
sality, because the spins characterise our structures only partially. Indeed, when we
consider, for example, a spin-1 particle, its polarisation tensor (that we define to be
dimensionless) could in principle be defined in several ways:

MDA
@ (2.28)
m M m

which correspond to transversality —1, 0, and +1 in our notation. In general, the
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Figure 2.5: We considered the planar graphs associated terms in the helicity category
(110 210 3+1 4=1) and mass dimension 6. For simplicity, we did not consider a priori
the ones with insertions of ps and those proportional to any insertion of M7 and Ms.
We are showing both the unbolded and the bolded versions of the graphs to make the
one-to-one correspondence evident. The two framed graphs correspond to our basis
after taking into account momentum conservation.

transversality can take the values C' = —J, —J + 1,...,J and we will specify it as J¢.
The set of transversalities and helicities identify the helicity category of the structure.

Any edge, linking a momentum vertex with its respective spin vertex, gives a power
of the mass and changes the transversality of the structure:

Yol ~ I oy I Yol
DiaaN; = MiNjg PNy = AT (2.29)
or graphically
1 Di 1 i -1
= M; ,—> = m; s~
/,I\\ I,I N /,I\\ /,I\\

Indeed, given the valency of the spin vertex of the i*M-particle (v, v?), then J =
vi +v¢ and C = v% — v). When we classify the combinations in the helicity category
({ZSZ}Zzln) (with S; = Ji¢, or S; = h; for massive and massless particles, respec-
tively) and mass dimension A, the number of momentum insertions is A — Y | [S].
Then, if we are interested in the kinematic basis, in addition to the structures with the
chosen transversality and no mass insertion (helicity category basis), we need to consider
also the terms in which the equations of motion change the transversality. We consider

the example shown in Figure 2.5, i.e. (1'0,2%0 371 4=1)s: we also need to classify
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(11+1 ; 2107 3+1a 4_1)57 (11_17 2107 3+17 4_1)57 (1107 21+1 ) 3+1a 4_1)57 (1107 21_17 3+17 4_1)5
(multiplied by My, m1, M2, ma respectively) and (11+1,21+1 31 4=1)(11-1 2b+1 3+ 4=y
(1141 20=1 3+ =1y, o (11-1 211 3+ 4=1), (all multiplied by my ma, mq ma, M1 ma,

mq m2)7:

{(12)[12)(4|p2[3]%, —(14)(24)[13][23](3|p2[3],

— mi1(12)(14)[23](4|pa[3], —m[12](24)[13](4]p23]

_ | (2.30)
— M2(12)(24)[13](4]p2|3], —m2[12](14)[23](4]p2|3],
m1m2<14>2[23]2,mlﬁl2<24>2[13]2} .
and the structures (1%, 2% 371 471), ‘multiplied by both M? and M3:
{M2(14)(24)[13)(23), M3(14)(24)(13)(23)} (2.31)
Such terms are generated by the contractions pimpf‘ﬂ = Mf&g and pf‘apmbs = ME(SE,

or graphically

Di Di bi Di

E 7 E g

The total power of the masses cannot exceed the number of momentum insertions
in the original structure. In particular, the maximum power of the i*"-particle mass in
the kinematic basis is

min{max{\Ci—Ji,|C7;+JZ-|},A—Z|Si|} . (2.32)

i=1

2.2.3 Momentum Conservation

When dealing with massive structures, momentum conservation identities involve more
subtleties. First, we can always choose a particle whose momentum does never appear in
the structure: for example, the ntP-state. Then, we can write the remaining momentum

"We have already taken into account momentum conservation identities, which will be described in
the next section. The reader might notice that in the example shown, with the fourth particle being
massless, momentum conservation identities are identical to the fully massless case, once we consider
the unbolded graphs.



2.2. THE MASSIVE BASIS 41

conservation identities as

po1ln’] = =Y " piln'] = paln’] ,
n—2

(n'|pn—1 == (n'|p; — (n'|pn ,
i=1

n—2
(n!lpa|(n = 1)) = = " (n|pil(n = 1)"]
=2

— (ol pal(n = 1)) = 0l [puoil 0 — 1] (239
(= 1] = = S0 = 1)
(= ) ) {(n - o)
2p1 - pn1 = My - i nz;ll?pz pj - Z

where the LG indices can be either contracted or not, or not be present at all (as the
corresponding particle could be massless). We write these identities such that the terms
with higher powers of the masses are independent, i.e. they can only be written as a
linear combination of the structures with the same or higher mass powers. This allows

D
us to effectively set them to zero and work modulo equations of motion (~), as explained
in the previous section. For example, some of the equations in (2.33) look like

Pn-1ln’] Zmn :

n—2

((n— 1) [pr|n”] = — > (=1 |piln”] (2.34)
=2
n—2 n—1

2p1'pn—1g—z Z 2pi-pj

i=1 j=i+1

which resemble fully massless identities (2.21). Classifying the structures up to equa-
tions of motion means that we can put forward the identification

G pilk™) M, 2 G il (2.35)

and its “conjugate”. This is equivalent to stating that the momentum conservation
conditions for unbolded graphs are identical to the fully massless case, i.e. that we
should not distinguish between spin and momentum vertices but only keep track of the
number of momentum insertions for each particle. In particular, if the n'" particle is
either massless or J, < 1 5, momentum conservation identities for unbolded graphs are
identical to the fully massless case, once we check if there are insertions of p; or p,_1.

On the other hand, there is a subtlety when we consider fully massive structures
or, in general, we choose to fully eliminate the momentum of a spin-J massive particle
whose transversality C' # —J, J and J > 1. In particular, in these cases, the structures
(n!|p1|(n —1)7] and {(n — 1)?|p1|n”] are not guaranteed to be planar because the spin
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vertex of the n'P-particle has non-vanishing valency for the edges corresponding to both
squares and angles, even if there are no momentum insertions associated to it. Never-
theless, these non-planar structures give additional momentum conservation constraints
which should be taken into account.

An ad hoc solution to overcome this problem is the following:

1) We classify and count the number m of independent structures, or planar graphs
after redefining the valencies of the vertices as

(U;,’U;) — (U; - l,’l); - l) ’
(p h ol ™) = (W =l =) (2.36)
(vg,vg) = (vg — 2,05 —l)

where [ = [y + l3. In this way, we classify the independent structures for which we
factorise the product ((n — 1)1|p1|n?t]" (n'2|p1|(n — 1)!2)%2.

2) If we restore the factorised edges in the graphs obtained in this classification as

Aiin—1— Aitn—1+ 1,

Aiin — Aiin+1la,

(2.37)
Siin-1 = Sijin-1+12,
Siin = Sijin+1,
for i =1,...,m, we obtain a series of planar and non-planar graphs. The structures

corresponding to planar graphs in this classification must be removed from our basis.

3) Non-planar structures must be treated separately. There is a unique source of non-
planarity in these graphs and, using iteratively Schouten identities, we can write
these non-planar structures as linear combinations of planar ones. In particular, we

find

= + )

»
and its “conjugate”. Using momentum conservation on the LHS we can trade p;
insertions with a sum of structures which do not depend on neither p;, p,_1 nor
Pr. This means that each non-planar structure gives a linear constraint for terms

appearing on the RHS.

4) Then, we can discard a number m of graphs whose adjacency matrices satisfy the
conditions

Aip >0, S1, >0, Fi st Sjp_1>0, (2.39)

or
A1, >0, S 1, >0, Ji st. S1;>0, (2.40)

or their “conjugates”.
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2
1
70 10 7 0
n n n
n—1 n—1 n—1
2 2 2
1 1 71 )
7 ) .
n n 7o J
n—1 n—1 n—1

Figure 2.6: Planar structures to eliminate corresponding to the factorised term
(In)[(n — 1)n]((n — 1) pa[1].

Surprisingly, if we consider cases in which J; > 1 and C; # —J;, J; fori =1, n—1, n,
there is an additional relation to take into account:

n—2
(1n)[(n — 1)n)((n - 1)[ > pil1] |2 [1n){(n — 1)n 1|sz|n—1 (2.41)
=2

In order for the terms in this additional relation to be independent from the momentum
conservation conditions already considered, the momenta p;, p,—1, and p, must be
massive and none of them can appear in the structures in (2.41). The algorithm to
eliminate this additional constraint is identical to the one just presented, except for
the factorised structure, which we choose to be (1n)[(n — 1)n]((n — 1)|p2|1], and the
corresponding planar structures that we need to eliminate are shown in Figure 2.6.

These algorithms give the basis of the independent kinematic structures we are look-
ing for, modulo Schouten identities, momentum conservation, and equation of motion.
To find the complete kinematic basis we need to consider all the helicity categories bases
with lower mass dimensions multiplied by proper mass powers, as shown in Section 2.2.2.

2.2.4 A summary of the algorithm

We now present a summary of the algorithm for minimal amplitudes, including massive
particles. The general structure is the same presented for fully massless amplitudes,
with few key differences.

1. We start with an initial trivial assignment of vertex valencies determined by the
field content of the operators and the distribution of momentum insertions (i.e.
mass dimensions).

2. We are interested in the helicity category basis, then we will work up to terms
with explicit powers of the masses, i.e. we do not distinguish free spinors and
momentum vertices in the graphs.

3. We generate the corresponding structures which are kinematically independent®:

8As in the massless case, this classification correspond to the HelicityCategoryBasis function in
the MassiveGraphs code. If we are also interested in the terms proportional to powers of the masses,
i.e. to the kinematic basis, the function to use is KinematicBasis.
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(a) We classify all the planar graphs.

(b) From this set of graphs, we exclude some of the graphs thanks to momentum
conservation, as explained in Section 2.2.3.

(c) To each of the remaining graphs, we can associate a unique planar massive
graph?.

(d) Using the massive generalisation of the map M, we write down our basis of
kinematically independent spinor structures in the helicity category basis. It

is quite hard to write down an explicit (and clear) closed formula for such a
map, then we provide a couple of examples from Figure 2.5:

1/2 D2
Mo = (12)[12](4|p|3]? ,
4 D2
3
1
Mo P2 = (14)(24)[13][23](3|p2|3] -
4

4. When dealing with identical particles, we also need to decompose some structures
which do not appear in our basis. Since our algorithm relies on the unbold-
ing/bolding procedure at the level of graphs, we can find linear relations only up
to terms with masses, like equations (2.34), (2.35) or (2.41). The details can be
extrapolated from point (4) in Section 2.1.4 and the discussion of Section 2.2.3.
Even if such linear relations are not complete, the information they provide is
enough, as the missing terms are proportional for minimal amplitude with the
same field content, but a smaller mass dimension.

5. After this decomposition we end up with linear combinations of terms in the
chosen basis and transforming properly under permutations of the particles.

6. Finally we check whether there are linear relations between such terms.

7. The checks on the algorithm are exactly the same presented in Section 2.1.5.

2.3 Applications

In this section, we are going to present some applications of our method for the classi-
fication of irrelevant interactions in effective theories. The fully massless algorithm has
been used in [104] to list the SMEFT irrelevant operators up to dimension eight.

The method presented in this thesis can be applied to any number of particles with
arbitrary helicity and spin. In particular, we will show some details needed for the
construction of our SMEFT basis, the classification of D?"F* effective interactions in
SU(N) Yang-Mills theories, five-point effective interactions involving W, Z and ~y vector

9For the interested reader, the bolding map at the level of graphs is not shown in this thesis, but it
can be found explicitly coded in the MassiveGraphs package.
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bosons and spin-tidal interactions in gravity. In particular, in the last case, we will
show how our method is related to the strategy presented in [116], explicitly showing
the mass-complete relations relevant to the case considered.

In the first part, we will briefly mention how to treat identical particles and colour
structures, which have been extensively studied in the literature [116, 117, 210, 212,
219, 220].

All algorithms for massive particles have been implement in the Mathematica package
MassiveGraphs, which make use of the SpinorHelicity package. An older version of
this code, working only in the fully massless case and focusing on the construction of
a SMEFT basis of irrelevant interactions, is SMEFT-operators, which make use of the
package SpinorHelicity6D to deal with spinor helicity structures.

2.3.1 The on-shell classification of SMIEFT operators

In this section we are going to extend the on-shell methods to the classification of
effective interactions [62, 113, 116 in the SMEFT [19, 111, 112, 114], corresponding in
the Lagrangian formalism to insertions of irrelevant operators [211, 221-223|. First, we
are going to classify all the independent kinematic structures in a generic theory in four
dimensions introducing a new algorithm in terms of graphs and then we will consider
the specific case of the Standard Model, combining these with the colour structures'®.
A subset of the contact term basis for dimension-six and dimension-eight irrelevant
interactions, relevant for the study of deviation from the Standard Model in the process
pp — Wh, is shown explicitly in the next chapter, in Table 5.1 and 5.2. The full list up

to dimension-eight can be found in the ancillary files of [104].

Mass dimension and minimal amplitudes in massless gauge theories

As we explained in the previous sections, each effective interaction will be identified by
its minimal amplitude, i.e. the amplitude at leading order which does not vanish in free
theory (if we switch off all the other interactions). This has to be a contact term, i.e.
no intermediate modes are propagating.

As a first step in the classification procedure, we fix the mass-dimension [O] of the
irrelevant 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 irrelevant operator by

9ol =4 -10] . (2.42)
What we are looking for are the kinematic structures which have mass dimension
O] —n>0, (2.43)

where n is the number of external legs in the corresponding minimal amplitude. Equa-
tion (2.43) 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, to get helicity weights
right, each vector in the minimal amplitude will contribute with at least two spinor

10The approach presented in this section has been coded in Mathematica. The code and an example
notebook are available at the link https://github.com/StefanoDeAngelis/SMEFT-operators.
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(ng- ng+,nf7,nf+,n8) Independent structures

(0,0,0,0,6) 1
(0,0,0,0,4) [12](12), [23](2 3)
(0,0,0,2,3) [12]
(0,0,0,4,0) [12][34], [14][23]
(0,0,1,1,2) [23](13)
(0,0,2,0,3) (12)

(0, 0,2,2,0) [34](12)
(0,0,4,0,0) (12)(34), (14)(3)
(0,1,0,2,1) [12][13]
(0,2,0,0,2) [12]?
(0,3,0,0,0) [12][13][23]
(1,0,2,0,1) (12)(13)
(2,0,0,0,2) (12)2
(3,0,0,0,0) (12)(13)(23)

Table 2.1: All the independent structures and possible particle content for minimal
amplitudes corresponding to irrelevant operators of mass dimension six.

variables and each fermion with at least one. This leads to the stronger constraint!!

1 1 3
[O]—nZQxixnngfxnf — 2ng+§nf+ns§[(9], (2.44)

2
where ng, ny and n, are respectively the number of vectors, fermions and scalars and
clearly n = ngy + 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 (n,-,ng+,np-,ns+,ns)'? compatible with the constraint (2.44). Once ng, ny
and ng are fixed, we take into account that every state can contribute to the kinematic
structures with powers of its momentum, which correspond to derivatives in the operator
language. The total number of momenta ng is fixed by saturating the mass dimension
constraint to
ng = [O] —2ng — gnf — N . (2.45)
This algorithm classifies efficiently all the SL(2, C)-invariant structures which are
polynomial in the spinor variables with fixed mass dimension and helicity configuration,
associated to each (n,—,ng+,ns—,ns+,ns). We notice that this algorithm can be applied
also beyond gauge theories and massless states. As an example, in Table 2.1 we show all
the possible particle configurations for minimal amplitudes corresponding to irrelevant
operators of mass dimension six in generic gauge theories.

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. Information about the Standard
Model enters only in the SU(3) x SU(2) x U(1) (invariant) structures associated with
the chosen set of particles.

"This condition is not only necessary but also sufficient for having local interactions.
12The superscript of the subscript specify the helicity of the particles: ng = ng- + ng+ and
ng = Ngp— +nf+.
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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): to each (ngf s Mgty T, nf+,ns) structure we associate all the possible com-
binations of Standard Model states for which the total hypercharge is zero.

e 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 with the
invariants. Each oriented edge from the n'" to the m'™" vertices correspond to an
einim 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 with 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.

e SU(3): the SU(N) invariants have been studied a lot both in mathematic and
physic literature (see, for example, [224-226]), so we will not go into further details
here. In our algorithm we adopt the standard Littlewood-Richardson rule [227,
228| as suggested in [117, 118].

Once the kinematic structures associated to (n,-,ng+,ns-,ns+,ns) have been gen-
erated and a compatible set of gauge singlets was found, we combine all the invariants
to find a basis of independent structures enclosing information about both the kinemat-
ics 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.

Repeated fields and Young projectors

There are cases for which the minimal amplitude involves identical states, for example
for [go] = —2 we could have minimal amplitudes with (GT,G*,G") or (Q,Q,u,d).
The treatment of this subtlety has been systematically taken into account in [117,
219]. Starting from their classification, we take a slightly different approach, since we
deal with minimal amplitudes and not with operators. We distinguish between identical
bosons and fermions at the level of the minimal amplitude and impose the Bose-Einstein
statistic for the former and Dirac-Fermi statistic for 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:

In.m= -] sz' ; (2.46)
Ti=1

where p; are all the permutations of the n labels associated with the identical
bosons.
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e in the case of n identical fermions we act on the structures with the total anti-
symmetriser projector

|
1 n:
y = ﬁ Zsi Pi (2.47)
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 inde-
pendent structures chosen. 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 of 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 baryon number violating effective interactions with
(Q,Q,Q,L) (n=3). Then we have a basis of four independent structures:

€410203 1114 1213

(12)(34) (2.48)
10203 (102 314 (19 (34) (2.49)
(14)(23) (2.50)
(14)(23) (2.51)

I

€a1a2a3 1114 2213 14 23

23

)

€a1a2a3 1112 74314 14

There are three inequivalent representations of S3, corresponding to the Young diagrams
[, EP and E Then we can act on the independent structure with the projectors

associated to the standard Young tableaux [I2[3], , 13 There is a unique linearly

independent structure associated with each irreducible representation:

G V0 €19293€ M4 6215 (1) (34) (2.52)
CR2ALIY g o naraneinisiaia (19)(34) (2.53)
Chimabtt, 0 ena2a3 il cials (19)(34) | (2.54)

where C,li{,%m 5,mq 15 @ Wilson coefficient tensor associated with each effective mini-
mal 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-

(3).(1} CBHL o) A2

ated to the prOJeCtOI"I e.g. lemzmg,nu — (m1m2m3),m ) mi1mams,maq [m1m2}m3,m4

13The fourth standard tableau would not give an independent minimal amplitude, because it

could be obtained from the second one by relabelling: Y = (2 3) o Vg © (2 3), where (2 3) is the
permutation of the labels 2 and 3.
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C[{ri 71173172{71;1}3] e — 0 and 07%71,112%{317},14 = C’[{nl1 117712}775;]} ma® The number of independent opera-

14 (Np#+2) (Np+ D) Ny - (NpH+ D) Ny (Np=1) ) g Ny Ny —1) (Ny—2)
6 ’ 3 6

tors for this specific case is for

each tensor respectively.

2.3.2 D?"F* interactions in gauge theories

We consider now a simple example in which all the particles are massless vector bosons in
SU(N) Yang-Mills theory with N > 3. We will consider in order the three independent
helicity configurations (+ 4+ ++), (+ + +—) and (+ + ——).

All-plus configuration

The algorithm provides us with a basis of kinematically independent structures which
are compatible with the mass dimension 4 4 2n and the chosen helicity configuration.
In particular, we find

sTo12°[34]%, sTo[14]2(23], siy[12][23][34)[41] , {s55 " 5Ty [14)*[23)* bemo,nm1 - (2.55)

which correspond to the only n + 3 graphs that meet all the requirements stated in
Section 2.1. A basis of independent colour structures for NV > 3 is

C = {5A1A45A2A3 , 5A1A35A2A4 , 6A1A25A3A4} U {TAlAiAjAk}(ijk):'Pg(Q 34) > (2.56)

where P3(2, 3, 4) corresponds to the permutations of (2,3, 4), and 741424344 is the trace

of four SU(N) generators 74.

These two bases must be combined to find the effective interactions we are looking for.
At this point, we have 9 x (3 +n) terms and, as we are dealing with identical particles,
we need to sum over all the permutations of the external legs in these structures. For
example, we can consider §4144§4243 57 [12]2[34]2:

1 1
o gArA2gAsAsgn 11912[34)2 = 35‘41‘426’43’44371’2[12]2[34]2 + §5A1A35A2A4s?3[13]2[24]2

1
+ §5A1A45A2A3333[14]2[23]2 :
(2.57)

The structure s75[13]2[24]2 does not belong to our basis and we have to rewrite it as
a linear combination of elements of our basis. We can do this using the algorithm
presented in Section 2.1 and we always verify such relations on rational kinematics,
as presented in Appendix A.3. This means that, after symmetrisation, not all the
9 x (3 + n) structures are kinematically independent. Indeed, it turns out that only
44-2| 5| structures actually are. We are going to present a basis of effective interactions

1 The counting can be performed using the Hook Content Formula.
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for n < 8, which we will denote by Byoy:

By = ([14]%[23]” x C1) U ([14]%[23)% x C2)
Be = s23 X By ,

Bs = (s12 x Bg) U (s125923[14]*[23]% x C3),
Bio = s23 X Bg ,

Bz = (s12 x Big) U (s12555[14]%[23]% x C1) ,
Biy = s23 X Bya

Bis = (sTas53 % Bs) U (s1ys23 x Ba)

Bis = s23Bi6 ,

Bao = (515833 x Bs) U (s7y855 x Bs)
where

(Z _{6 1 45 2 377- 1A42A3 4}7
(Z _{6 1 35 2 477. 14244 3}7

A1Az sA3A A1A3AzA
63:{(512(534,7'1324},

and the symmetrisation is understood for each element in the lists. For example, the
first element in By is

gArAssA24s[14]2[23)2 — %5A1A25A3A4[12]2[34}2 - %5A1A35A2A4[13]2[24}2
1 A1Ay A2 A3 2 2 (2'58)
+got oA 142 (23]

Single-minus configuration

In this case, the basis of kinematically independent structures consists of n elements:
{75 1 s55(24) 2122123 Himo,.n—1 - (2.59)

After combining with the colour basis and symmetrising over the (1,2,3) we end up
with | 2%t | independent contact terms:

Bs = ((24)2[12]*[23)*> x 1) ,

Bs = (s93 % Bg) U {rA14244435,0(94)219]2[23]%}) |

Bio = s12523(24)2[12]2[23]2 x (Cy U Co) U {7143 444251, 55(94)2[12]2[23]2},
Bio = s93 x Byg U {7h14s42445,,2 (94)212]2[23)?}

Bis = s12 X Bia U s19555(24)?[12)%[23]* x C;

Bis = s39555(24)%[12]%[23)% x C ,

Big = 5%2533 x Big U 512533 X Bia

2 4
Bao = s12523 X Big U 879823 X Bs

where the symmetrisation is understood for each element in the lists.
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MHYV configuration

In this configuration the basis of kinematically independent structures consists of n + 1
elements:

sTol12]7(34)°, iy ' [12]°(34) (3lpap1|4), {s55 " ?s12[12]* (3lp2p114) im0, n—2 . (2:60)

where the negative powers of the Mandelstam invariants for n = 0,1 mean that such a
structure is not in the basis.

The number of effective interactions in the SU(N) gauge theories is 44 | 2 | and the
choice of basis is given by

By = [12]*(34)% x (C; UC3) ,

B = s12 x By U [12]%(34)(3|pap1|4) x C} |

Bs = s1y x By U [12]2(3|pap1[4)? x (CLUC, UCy U {7 hidsdzAsyy

Big = s12 x Bs U s23[12]*(3[pap14)® x Cf ,

Bia = 519 x Bio U s33[12]2(3|pap1|4)? x (C1 UC3)

B4 = 519 x Bia U si3[12]%(3|pap1]4)? x C} |

Bis = s7y x Bia U si3[12)*(3[pap1[4)? x (Cr UC, UCg U {rhiAsdzAsy)

Big = 535 x Bia U saz x (Big \ 879 x Bi2) U s29555[12]2(3|pap1 |4)% x C

Bao = 51y X Bia U s33 X (Big \ 572 X Bia) U s13555[12]%(3[popn[4)® x €1
U s7ps53[12]*(3[pap1[4)* x (CLUC3) ,

where
Ch = Cy U {rArAsA2Aay (2.61)

Clearly, the basis we found is not the most symmetric and recursive. In this section, we
wanted to show how our method can systematically deal with this problem of classifi-
cation. But it is easy to start from our basis and find more symmetric ones, as we will
show explicitly in Section 2.3.4.

2.3.3 Five-point interactions between W, Z and ~

In this section we show how our algorithm can be applied beyond the results of [116]
(beyond four-point and purely massive amplitudes), classifying the effective interac-
tion corresponding to dimension-six operators at five-point, with massive (both charged
and uncharged) and U(1) massless vector bosons, which we call W*, Z and ~. Such
operators can appear in various combinations: D(W)2(W~)2Z, DWW =23, DZ5,
F,(WH)2(W™)2, EEWTW =22 and F,Z*. Now we will deal with the purely massive
cases and the mixed case separately, as the purely kinematic structures are common in
the two cases.

Five-point massive effective interactions

First, we need to classify all possible contact terms using the algorithm presented in Sec-
tion 2.2: we need terms with mass dimension 6 and in the helicity category (110,210, 310,
4o 510) and terms with mass dimension 5 in the various helicity categories (11#1, 2%,
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3lo 410 510) plus the permutations needed to distinguish different particles. We are
not going to write all the structures explicitly as they are of order 10%. As in the purely
massless case, after symmetrising over identical particles we find structures that are not
in our basis of kinematic independent structures. Nevertheless, we can use our algo-
rithm to write down explicitly the decomposition of such structures. When doing so,
it is important to distinguish between m;, m;, and M;, and only at the very end set
m; = m; = M;, as explained in the Appendix A.3.

It is important to note that in the massive case, such relations contain terms across
different helicity categories, which enter in the relations multiplied by powers of the
masses. Then, the linear independence of the symmetrised terms can be checked by
either setting all the masses to zero and working with a fixed helicity category, or by
keeping the masses and considering the independence across the different categories in
order of increasing mass dimension.

The number of independent contact terms in the three cases under consideration
DWH2(W™)2Z, DWtW~Z3, DZ® are, respectively, 20, 14 and 0:

By7 ={My(15)(23)(45)[14][23], My (15)(24) (34)[15](23], Miw (14)(23)(45)[15][23],
My (12)(34)(45)[15][23], My (25)(34)[14][15][23], My (23)(45)[14][15][23],
My (13)(45)[15](23][24], My (12)(25)(34)[15][34], Mw (15)(24)[15](23][34],
My (12)(45)[15][23][34], My (15)(23)(24)[13][45], My (12)(23)(45)[13][45],
My (15)(24)[13][23][45], Mz (14)(23)[15][23][45], (13)(45)[15][34](2|p1|2],
(13)(45)[13][45](2(p1[2], (12)(45)[15][24](3|p2|3], (15)(24)[15][24] (3|p23],
(15)(23)[15][23](4|ps|4], (15)(23)[23][45](4|ps[1]} ,

and

By ={Mz(15)(25)(34)[14][23], My (15) (23) (45) [14][23], M(12)(35)(45)[14] 23],
My (25)(34)[14][15][23], Mw (13)(45)[15][23][24], My (12)(25)(34)[15][34],
Mz(15)(24)[15][23][34], Mz(12)(45)[15][23][34], My (14)(15)(23)[25][34],
Mz(15)(24)[12][34][35], (13)(45)[15][34] (2(p1|2], (12)(45)[12][45](3|p2(3],
(15)(24)[15][24](3|p2[3], (15)(23)[15][23](4|ps[4]} .

All elements of these lists are understood to be properly symmetric under permutations:

the elements of the former must be symmetric in (1,2) and (3,4) and the latter in
(3,4,5). For example, if we consider the first element of BgV4Z, we have:

M (15)(23)(45)[14][23] — %<14><25><35>[14] 23] + %<15><23> (45)[14][23]

+%<15>< 4)(35)[13][24] + %(13><25)(45>[13] [24] .

Finally, keeping in mind the definition of the polarisation tensor for massive vectors
(2.28), we need to divide these polynomial structures by M}, Mz and MZ, M3 to obtain
contact terms with the correct mass dimension.

F7W4, F7W2Z2, F,YZ4 contact terms

This example is easier to follow than the previous one because there is only one helicity
category involved when we consider dimension-six operators. The kinematic basis has
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only six elements:

{(12)(34)[12][53][54], (12)(34)[23][51][54], (12)(34)[34][51][52],

(14)(23)(12)53]54), (14)(23)[23)[5Up4), (L) (23)Bas 52} . )

After the proper symmetrisations, we find that the number of contact terms for the
operators we are considering are 1, 3 and 0, respectively. In particular, we find

B = {Mlév o Jiam o (14)(23)(23][51[54]}

and

1

BgW2ZQ _ {]\W%Vy o <12> <34>[12] [53] [54]7 ]\4%1]\43[/3) o <14><23>[12] [53] [54],

sz Vi o (14)23) 23554

2.3.4 Spin-tidal interactions in gravitational EFTs

In this section, we will apply our algorithm to classify the operators that encode spin-
tidal interactions for spin S; = 1 in gravitational systems. This work has been carried
out for §; = O,% in [169, 172|. In this section, we will massage the original basis
such that the terms appearing are easily recursive when going up in mass dimension.
Furthermore, we will highlight the difference between our strategy and the existing
procedure presented in [116]. We will study the helicity category (10,20 3%2 4+2) in
detail and present the general result in Table 2.2 and 2.3.

The minimal mass dimension for such helicity category is 6, and the basis is
Bs = {(12)[12][34]", (12)[14][23][34°} (2.63)

A helicity category basis for higher mass dimensions is
D n—k ~ -
Boson 2 {(12)12)34)° 515 s }o..o U {(12)[14)[23][34 %55},  (264)

where 5;; = s;; —Mf -M ]2 and g means that these bases have been found from the origi-

nal basis from the algorithm Section 2.2, working on the graphs modulo terms with pow-

ers of the masses (and different helicity categories). Terms of the form (12)[14][23][34]33%, 375 %
with k # 0 are not kinematically independent from those in our basis. In particular, we

have the (mass completed) relation:

§12(12)[23][14][34] — 523(12)[12][34]* =

— ma(12)[14] [34]3<2\p1!3] — m(12)[24] [34}?)(1’172’3] + M22<12>[12] [34]4 . (2.65)

In the strategy of [116], in the helicity categories (11-1, 210, 3+2 4+2) and (110, 211,32 4+2)
we would allow only (anti-symmetrised) spinor structures

M2 (12)[14][34]°(2]p1[3] — 701 (12)[24][34]*(1|p2|3] (2.66)

such that we could consider 312(12)[23][14][34]% and 523(12)[12][34]* as independent.
On the other hand, our algorithm regards the two structures in the different helicity
categories as independent and excludes the terms mentioned above.
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Helicity category B, Ba+2n
[12]7[34]* {1 ][34]4 12 ’“823}k:o ..... n
(1h+1, 211,32 442) [14]7[23]7[34])* [14]7[23]*(34)* 81285’5 '
[12][14][23][34]* [14]%[23][34]* 5,

(e gt g2 grey | RIS (@l RIS LB, ",
R (2|p1/3][14]?[23][34]? (2[p1|3][14])%[23][34]2s3,
(111,211,372 4%2) (2[p1[3]*[14]*[34] {(2p1 |31 [14]2[34)s"5 " 553 } =0, .0
(10 g1 g2 gr2y | (UpBII2IRABIT T { (Upal3 22434, Fshdico, e
’ ’ ’ (1|p=2|3][14][23][24] [34]2 <1|p2|3][14][23][24][34] 503

(110,910 342, 42 (12)[12][34]" (2 12)Ba5, Foby i,
o (12)[14][23][34] (12)[14][23][34]° 35,
(10, 21-1,3%2 4%2) (2[pa[3)(12)[14][34]° {(2[p13)(12)[14][34)° 5?2 "5 h=o.....
(111,211, 3%2 4+2) (1]pa[3]*[24)*[34] {(Llp2[31[24]%[34]°s7; * 583} h=0,...n
(11-1,2%0,3%2 4%2) (1]p2[3)(12)[24][34]" {<1\p2|3]<12>[24][34] 5?5’“5’53}k 0,
(11_1721_1’3+2?4+2) <12>2[34]4 {< > [34] 12 kSQS}k 0,..
(11,211,372 472) (4]p2|3]*[12]? {{4]p2[3]*[12]7575 323}k 0,
(111,210,372 472) (4]p213]°(24)[12][13] {(4]p2[3]* (24)[12][13]575 * 323}k 0,...
(1h+1,21-1,372 472) (4]p2[3]*(24)*(13] {(4]p2[3]2(24)° (13515 " 553 h=0,..m
(110, 21+1,3%2 472) (4]p2]3]° (14)[12][23] {(4]p2[3]°(14)[12][23]575 553} r—0,...
(110,210,372, 47%) | (4]pa3]*(14)(24)(13][23] | {(4]p=[3]*(14)(24)[13][2 ]5?2 "5 Hh=o....
(110, 21-1,3%2 472) (4]p2|3]°(12) (24)[13] {(4]p2[313(12)(24)[13]57; "5} 4o,
(111,211,832 472) (4lp2]3]?(14)[23] {{4lps[3]>(14)*[23)%57, kszs}k 0,..0
(111,210,372, 472 (4[p2[3]*(12)(14)[23] {{4lp2]3]*(1 ><14>[23}512 "33 hm0..
(1'-1,211,3%2,472) (4]p2[3]*(12)* {(dlp2[3]*(12)2575 " 555} k0,..n

Table 2.2: The helicity category bases for the spin-tidal interactions at S = 1.

Until now, we have dealt with gravitons and spinning massive particles as different
between themselves. The basis is further restricted when we consider identical particles:

B am = {(12)[12][341* 535" 555 Ye—o,...m (2.67)
and

Bt ami2 ={(12)[12][34]'535" 2838 hmo, L m U {(12)[14][23][34° 53571}, (2.68)

where the elements of the bases are always understood as properly symmetrised.
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Helicity category Bignm Lo
Vg o Vi o [122[34] 487, 3% k=0,..., 2]
(4, ++) Vi © Vhar © [14]2[231234] 51053
(40, ++4) Vi © Vi © (21p1]2][13][14][34]3s7, * Tsha ! k=0,...,[5] -1
’ Vi © Ve © (2[p1]3][14]%[23][3 ]823 n even
(+—,++) Vi © Vg © (2|p1[3]%[14]7[34] s 8’53 k=0,..., 5]
(0—,4++) I © Ve <2lp1|3]<12>[1§J[?;;l] sty lshst k=0, (3] -1
(——,++) iz © Vg © (12)%[34])*575°"5 k=0,...,1%]
(++,+-) y- o (4pa|3)* (12757, *5% k=0,.... (%]
(+0,+-) o (4]p2]3]°(24)[12][1 ]8’1‘2 Py k=0,...,n
(+—,4+—) yo<4|p2|3] (24)2[13]%57], 55, k=0,....n
(00, +—) Yz © (4lpa3]%(14) (24)[13][23]57, 7338 k=0,..., %]
(0—,+-) o (4]p2|3]°(12)(24)[13] 37, "3k, k=0,-- L
(—,+-) o (4lpo[3]1(12)%57, % 5% k=0,...,|%]

Table 2.3: The amplitude bases for the different helicity categories, after taking into

account that we are dealing with identical bosons.

On the right-hand side, we wrote

only the transversality and the helicity of each particle, separating massive and massless

states with a comma.
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Chapter 3

Bootstrapping Tree-Level
Amplitudes

In the previous chapter, we have introduced a systematic algorithm to classify poly-
nomial terms in four-dimensional scattering amplitudes. From such contact terms, we
can in principle compute any tree-level amplitude. In Section 1.2.1, we introduced the
strategy of BCFW-like recursion relations, emphasising their limits. In particular, when
it comes to effective field theories, such relations cannot fix amplitudes with insertions
of irrelevant interactions with derivative insertions and locality is never manifest in the
final result. Since in our approach we should consider all kinds of operators, we have to
find an alternative approach to recursion relations, which is anyway completely on-shell,
and in the following chapter 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.

In this chapter, we will focus mainly on the Standard Model in the unbroken phase'
and the SMEFT as a playground for the development of the new recursive method.
But we will mention some possible extensions beyond fully massless theories and four
dimensions.

In particular, in Section 3.1 we will show, in the context of the Standard Model,
how consistent factorisation of four-point tree-level amplitudes constrains the (matrix)
couplings g in (1.24). Then, in Section 3.2, we will generalise the tree-level bootstrap to
higher-point amplitudes, constructing an ansatz consistent with locality and unitarity
and fixing all the unknown coefficients using factorisation of the tree level on finite
fields. Finally, in Section 3.3, we will move to one loop using generalised unitarity and
show that unitarity and locality also fix the anomaly cancellation conditions, from a
purely on-shell point of view.

3.1 The Standard Model from on-shell techniques

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 3.2.1 but we assume

!The mixing of EFT operators, discussed in Chapter 5, is a UV phenomenon, then we can work at
energies which are much larger than the electroweak scale (~ 100GeV). Effectively, we will ignore the
higgs vacuum expectation value in the SM Lagrangian and work with states transforming under the
full U(1) x SU(2) x SU(3) symmetry.

57
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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 [16].

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 [229] and their minimal coupling to fermions and scalars,
i.e. the Lie algebra structures and the universality of Yang-Mills coupling (see, for
example, [230]). 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. Similar
arguments have been applied to supersymmetric theories and gravitational amplitudes
[18] and recently also to massive gauge theories [231].

3.1.1 Lie Algebras from Tree-Level Unitarity
Jacobi identities from factorisation

In this subsection we review the observations in [16], from a somewhat different per-
spective. We consider the three-gluon amplitudes?
(12)°

A ~B ~C\ _ ABC A B ~Cy _ _ BCA
AGA,GB.GY) =gs f 2331 A(GZ,GY,GY) = —g3 f

[23]°
[12][31]

L (3.1)
where fABC — flABCIS ¢4 satisfy Bose-Einstein symmetry of the three-point ampli-
tude and we try to bootstrap the four-gluon amplitude from factorisation. The most
generic (slightly redundant) ansatz for the four-point amplitude which is compatible
with locality and unitarity is

A(GA,GB,GS,GR)  fABE fCDE <61+62> I i b <C3+C4>

i(12)2[34]2 B 512 513 S14 513 S12 Sia (3.2)
ADE ¢BCE ’
C C
At (5 N 6>
14 S12 S13

The coefficients ¢; can be fixed from factorisation using (1.23) which in the 4-point
case reduces to?

—i Res A4 = .A3 . .,43 . (3.3)

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

fABEfCDE (Cl + fACEfBDEC3 o fADEfBCEC5 —_ _9?2) fABEfCDE

6 = ~g} FACEFEPE L (34)
— g2 fADE fBCE

fABEfC’DEC1 + fAC’EfBDE(C3 _ C4) _ fADEfBCEC
fABEfCDE02 _ fACEfBDEC4 4 fADEfBCE(C5 _ CG) —

2The relative minus sign between the so called MHV and MHV amplitudes is fixed by requiring
parity invariance of the theory.

3In principle, this assumption could be lifted and would follow from factorisation as well if the gauge
group is compact, but for simplicity we assume it from the beginning.

4We remind the reader that when fermions are present in the amplitudes, the RHS of (3.3) 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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This linear system in general has no solutions, unless we impose the following quadratic
relations among the constants f45C:
fABEfCDE + fBCEfADE + fCAEfBDE =0 ’ (35)

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

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 local-

ity and unitarity [18]. We consider as an example the four-point amplitude A(G4, GZ, a2, ub).
The three-point minimal coupling is fixed by little group and in principle can take the
general form

2 2
A(Gf‘, T ub) =1i93m TAab {12) A(GA, u®, ub) =1i93m TAab [[12:2] ; (3.6)

where, for the moment, 74 % 1is 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

A(GA,GB ) fABC70 (&+2)s ] (2+2)
i(13)2[23][24] s12 513 Su

BAa
T Cs Cg
+ ( - )
514 512 513
ABa Aa B

where 7474 = 749 779 Again taking the residues and matching with the factorisa-
tion channels as in equation (3.3), we find:

513 512 S14

(3.7)

fABCTC ab (Cl _ 02) 4 7.AB ab c3 — 7_B‘A zzb cs = igS 93.m fABCTC zzb

AB AB BA 2 AB

fABCTCa o) 4 7ABA (c3 — cy) — 7849 ¢ = 95mT7% ) (3.8)
ABC..C AB BA _ 2 BA

f T ey = TP G e + TP (65 — 6) = g5 TG

This linear system has solutions if and only if

g3m = g3 , (39)
7_ABab _ 7_BAab _ Z'fABCTcab , (3.10)
A

i.e. iff the coupling constant of the interaction is universal and the matrices 79 are
representations of the elements of a Lie algebra, with fAB¢ the structure constants.

Charge conservation and Yukawa coupling

Last 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
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the matter states to the abelian vector is conserved. The relevant three-point amplitudes
are

2
A(B_,e,e):z'gln<<1223>> , (3.11)
AB_, L LV) =ig Y8 <<1223>>2 , (3.12)
A(B_,H' H’) = iglyHag“?gSD : (3.13)
ALY e, HY) =i Y¥si12] (3.14)

where Y; is the hypercharge associated to the i-th state, and Y®) is the Yukawa coupling

matrix for the electron family, with Y& = (y(3> )T. The most generic ansatz consistent
with locality and unitarity is

AB- L e H) :5?< 22 = > , (3.15)
i(12)(13)[23]? 7\ 512813 S12814  S13514
and probing the three different factorisation channels we find the system:
c1—c=—-qYPVL
¢ —c3 =+ YOV, (3.16)
2 —cs =+ YIYy

which has solutions if and only if we impose the hypercharge conserving condition:
Y=Yy —-Y.. (3.17)

Analogously, one can also find the charge conservation conditions for the processes
involving quarks, instead of leptons:

Yo=Yy —Yy, (3.18)
Yo=-Yy-Y,. (3.19)

3.2 Bootstrapping the tree-level amplitudes

The strategy presented for four-point amplitudes can be generalised to higher-point
amplitudes in generic massless effective field theories, keeping in mind the particular
example of the SMEFT. While the four-point cases can be worked out by hand analyt-
ically, the same procedure become rather cumbersome for higher points. In particular,
the number of terms in the ansatz grows and the relations between spinor helicity struc-
tures make the matching procedure on the cuts exponentially difficult. On the other
hand, generating the ansatz with computer algebra software and fixing the coefficients
evaluating the kinematics numerically make the following algorithm definitely more ef-
ficient than summing over all the Feynman diagrams and writing the amplitude in a
form which manifests both gauge invariance and locality.

At the end of this sections we will show a possible generalisation of the algorithm
(which relies heavily on four-dimensional spinor helicity formalism, so far) to d-dimensio-
nal scattering amplitudes, which are essential for generalised unitarity when we go
beyond one-loop [32, 33]. As an example, we will compute analytically the one-gluon
amplitude in the HEFT with two heavy sources, from the single-heavy-source amplitudes
presented in [232].
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3.2.1 Higher-point Amplitudes without Recursion Relations

The procedure can be roughly divided into two parts: the construction of an ansatz and
the 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

Cro1an
h , ay,
An(p(llh NI ,Pﬁn’h") = Z ”T ci,]}k/\[iyj,k + paran, (3.20)
i.jk ’
where pfi’hi represents a generic state with helicity h; and gauge-group index a;. The

tensors Czajla" are the gauge-group invariant structure of the amplitude, whereas D;
and N, 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 renormalisable theories through a simple di-
mensional analysis consideration: due to (1.14), for n > 4 we have [A4,] < 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
[P®an] > (. These considerations imply necessarily that for renormalisable massless
theories for n > 4 P9 % = ( and every term in the amplitude must posses some
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]52[34]2 _ [13]522[24]2 _ [14]52[23]2 7 (3.21)
12 13 14

whose residue is zero on any of the three configuration s10=0, s13=0 or s14=0. These
structures do not introduce any correction to the factorisation channels of four-point
amplitudes (i.e. they are polynomial in the kinematic variables, thanks to the permuta-
tion symmetry). We will systematically ignore such contact terms at four points, except
for the four-scalar contact term (corresponding in the Lagrangian formalism to the A¢*
interaction). Indeed, such terms are usually computed through d-dimensional gener-
alised unitarity techniques as one-loop finite rational terms [233, 234, hence they must
be vanishing at tree-level®. In particular, in the case of the four-scalar amplitude we
will add to the factorisable part a contact term whose kinematic dependence is trivial:

5For example, we know that such terms can never be generated by any local Lagrangian interaction
at tree-level.
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Ag(HO H2 {3 H3) = — (gf Y7 6251 4 g2 0“32.10“‘41.2) 8128;314 — NG 4 (345 4)
13
(3.22)

We stress that for n > 4 non-singular terms such as (3.21) cannot appear: by dimen-
sional analysis considerations, there must be a singularity for renormalisable amplitudes
with more than four external particles.

This argument cannot be generalised to the case of scattering amplitudes with in-
sertions of effective interactions. For example, consider the six-scalar amplitude with
an insertion of a 9%¢* interaction, call it F6,6,0244- There is no equivalent argument to
discard a ¢-like contact term contribution arising in the calculation of this amplitude.
On the other hand, any physical process which gets a contribution from Fg g 5244 will
also get one from Fg s 46 which is the contact interaction due to the operator ¢% itself.
Physically, the two contact term contributions cannot be disentangled, because they
provide the same description for the interaction between scalars. As a consequence, if
we are already considering an effective field theory with both 9%2¢* and ¢° interactions in
our operator basis, neglecting the ¢%-like contact term in F6,6,02¢1 can be compensated
by appropriately shifting the Wilson coefficient of the ¢5 operator.

This argument can be generalised to more generic theories, like the SMEFT in our
case. 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, so P4 % = (.

Now we present the algorithm to compute higher-point tree-level amplitudes from
factorisation.

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 tree graphs®. First, we enumerate all the possible
tree graphs with trivalent and quadrivalent internal vertices, and then we apply a
selection criterion to discard channels which are not compatible with the particles
associated to the external vertices and the Standard Model interactions.

2. We associate to each tree graph a unique kinematic denominator D;, which is the
product of the propagators corresponding to internal edges in the graphs, 7.e. it
is a product of the Mandelstam invariants characterising the channels.

3. Unitarity also fixes the colour structures associated to each graph {CZ;“" Yi=t,.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 contraction of the colour structures in the three-
point amplitudes associated to each vertex.

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

5The nodes of the tree graph must be either the Standard Model three-point interactions (plus the
quadrivalent scalar interaction —\(HH)?/4) or, if we are considering amplitudes with effective operator
insertions, also any of the relevant effective interaction classified in Section 2.3.1.
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Section 2.1.17. The {Nijk}k=1,.n are h independent spinor structures in our
basis, and a set of these numerators is associated to each of the colour structure
C’ia’ ;a" corresponding to the denominator D;. The latter fixes the mass dimension
of the numerators through [N ;x] = [An] + [D;] whereas the helicity weights
are given by the external particles. Each of the N ;j is multiplied by arbitrary
(rational) coefficients ¢; j , which will be fixed by the matching procedure over the
different factorisation channels described in detail later in the section. Notice that
the basis of numerators does obviously not depend on the colour structures, but
only on the mass dimension of the denominator structure: i.e. Nj, j, x = Ni, jo i
if [D;,] = [D;,] for any colour structure labelled by j; and jp. 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, which are associate to a physical intermediate one-particle state.

6. Finally we solve for the {¢; ;;} by matching over the different factorisation chan-
nels as described below. The matching usually fixes all the coefficients {c; ;x},
but there are cases where the ansatz is redundant. We have already encountered
the first example in the previous section: in fact, when we have particles with
helicity |h;| > 1 we are forced to introduce some redundancy in the ansatz, as we
will explain later in this section.

We consider, as an example, the five-point amplitude As(Q% %, w2, H® H', H').
There are 21 trivalent graphs compatible with this process, and some of them are shown
in Figure 3.1. Most of the graphs do not involve the scalar quadrivalent interaction,
except the last one. Indeed, we then have [D;] =4 for i = 1,...,20 and [Da1] = 2 with:

{Di}tiz1,... 21 = {s12535, 514535, 524535, S12534, S15534, S25534, 513525, S14525, 525534, S13524,

515524, 524535, S15524, S15534, 514525, 514535, 513524, $13525, 512534, 512535, 812}
(3.23)

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
denominators as

[An] = Wijkl = [D;] = [Nijal=4—n+[Dy] . (3.24)
In our example we have then
{Nijikte=1,...6 = {s12[12], 513[12], 523[12], 524[12], 534[12], (34)[14][23]} , (3.25)
fori=1,...,20 and any 7, and

{Na1jkte=1 = {[12]} . (3.26)

"The 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
algorithm presented in Section 2.1.1, in which we ignore momentum conservation.
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Figure 3.1: The splitting of As(Q®, % H'™ H' H') into trivalent graphs and the
associated 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 W's propagating, which give us two different colour structures
C1,1 and Cy 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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Computing the amplitude then reduces to fixing the rational coefficients ¢; ;; multiply-
ing each of these numerators.

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 denomina-
tors, 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
3.1. 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}k=1,.n,and we assume the existence of a set of structures with
the same helicity configuration and mass dimension d —2, i.e. {M;ji1}i=1,. h,- If
the latter do not exist, this procedure can be skipped, as in the case of Naj 1,1.

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

n

some coefficients d'?) through

i,k
h1
Zdz(’f;‘),k Nijk = Siyoin Mijy V1. (3.27)
k=1
These conditions provide us with p =1, ..., [D;] - hy vectors di’;) I

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

h1
S cigrd? =0 Vp, (3.28)
k=1

which fixes some of the ¢;;, as anticipated. In our specific example, for D;
we find Cl1,5,1 = 0 and Cl1,5,5 = —C1,42 — C1,5,3 with j = 1,2 and for Dg we find
C21,4 = —C2,1,1 and, again, ca 15 = —C2,1,2 — €2,1,3-

The case of external vector bosons

The procedure described so far works very well when we are dealing with amplitudes
with only scalars and fermions as external particles. But when vector bosons are in-
volved, 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 de-
nominators 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)?[34]? which has mass-dimension four, and consequently
a single i (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

8When 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
variables can be written as
aj\d — 2
. caa(p, &) = V223, (3.29)

€+. =
aa(pag) \/5 <€)\> ; [Ag]
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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 comput-
ing higher-multiplicity amplitudes, because we did not implement any systematic way
of combining different factorisation channels. Such combinations may be better un-
derstood in connection with the color-kinematic duality [192, 193] and/or geometries
described by the singularity structures [189, 235].

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 and it is strictly related to gauge invariance.

Solution of the ansatz

So far we have built an ansatz of the form (3.20), where each of the N ;j has an
associated coefficient ¢; ;. In order to fix these coefficients we impose the validity
of (1.23) in every single kinematic channel, and we do so through repeated numerical
evaluations:

. h n hi Rim R h him hip
—i Res An(pll o -PZ ) = f E Am—i—l(pill Ry 7p11)~/4n—m+1(p[[ — b; i ; ) .
N—

S
Siq..im m mtl n

s1,h
ansatz L lower point on-shell amplitudes

(3.30)
The lower point amplitudes in the RHS of (3.30) is 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
Section 2.3.1, the colour structures on both sides of (3.30) in a suitable basis {C;"* """ }:

Cfn = Z bij C/ (3.31)
[

We impose the matching of the coefficients of the colour structures in this basis on both
sides of the equality (3.30) so we end up with a set of equations of the type

: bir ji
—1 Z Z,V’]’ ci’,j,kM’,j,k = IC[ . (332)
gk Pi
where pag = Aada 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.

9By 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.
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Here ¢ runs over the tree graphs in which the specified Mandelstam invariant s;,. ;.
appears, the Dy are the Dy stripped of a factor s;,. ;,, and the ¢; ;; are the rational
coefficients to be fixed. The K; are kinematic coefficients defined by the product of
lower point amplitudes as

h; iy R h hi,, i\ . ..Gn
Y Ama it i o) Ancmn (7 = py, L pim) =Y O (3.33)
l

s1,h1

where the colour structures Cl‘““'“" 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 gi, V) and X. Each equation (3.32) now
only contains kinematic invariants, the c; ;j 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 c; ; ; which upon solution yields a subset of the ¢ ; ;. 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 4.,k 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 ¢; ; ;, 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 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 [238, 239], as explained in Appendix A.3, 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 appendix A.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 (3.32) ¢ 4+ 1 times, with ¢ being the number of ¢y ;1 appearing in the latter
linear equation'?, and can be schematically written as

9The use of finite fields in high-energy physics has been introduced in [236] in the context of IBP
reductions, and further pioneered in [237] where a much wider range of applications was explored. A
brief overview of the topic can be found in Appendix A.4.

1Tn 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 (3.33), pr is defined by the same intersecting lines for both of them.

12Generating and solving a system with an additional redundant equation ensures that when a
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S
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where the a; ; are numeric constants (from the numerical evaluations of the kinematic
parts) and the m, are the unknowns ¢; ;; or monomials in the couplings g, Y and A
and the imaginary unit ¢. The explicit mention of the imaginary unit is due to the fact
that it 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
vector of constants ¢; ;; and couplings. The relation V' = 0 can then be trivially solved
for the couplings ¢; j, 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 consistency tests need to be performed a posteriori,
through 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. 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 [240] recursion for example, then the ansatz solution could be clearly done in
one go solving a single large system in all the ¢; ;5. 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.

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.

B3 These 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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3.2.2 Generalisations and application to the heavy-mass EFT

This method does not apply only to massless theories in four-dimensions, but it can be
generalised for amplitudes with massive particles and in any spacetime dimensions. Re-
laxing the former restriction can be done by simply generating the possible numerators
in step (4) of the algorithm as elements of the kinematic basis for massive structures,
presented in Section 2.2. The numerical evaluation over finite fields is still possible,
generalising the twistor construction to the massive case, as shown in Appendix A.3.
But in this case polynomial terms must be treated carefully to preserve unitarity [231]
and contrary to the fully-massless case constrains like those presented in Section 3.1
are expected also at higher points in the massive scalar sector of the theory under con-
siderations [241, 242|. On the other hand, in generic space-time dimensions we would
need a systematic algorithm to classify kinematically independent numerators and an
algorithmic way of generating rational kinematics, but the strategy still works generi-
cally for any (effective) theory. As an explicit example, we show how to compute the

five-point colour-order amplitudes with two heavy scalars and an external gluon in the
HEFT [232, 243-245].

Five-point amplitudes with two heavy sources in the HEFT

The analytic form of the tree-level (n + 2)-point amplitude with n external gluons and
one heavy source (two scalars) which makes colour-kinematic duality manifest has been
found in [246]. We use the three- and four-point amplitudes from this thesis and the
knowledge of the leading soft limit in Yang-Mills theories [247| to determine completely
the five-point with two massive sources (four-scalars) and one gluon. The five-point
kinematic can be represented as

D2 p'2 =p2 —Qq2

N
7N

Pi=pm—a

k (3.35)

In this parametrisation, momentum conservation reads k* = ¢}’ + ¢4 and the on-shell
condition for the external scalar, after taking the heavy-mass limit, becomes
pi-q =0O(mY) . (3.36)
In the HEFT, massive propagators are linear and the amplitude is a homogeneous
function of the masses of degree 1 (in gauge theories, while is it homogeneous of degree
2 in gravitational theories). This point will be fundamental in constructing an ansatz
with a very limited number of terms. Also, the factorisation channels with internal heavy
scalars cannot be probed in the heavy-mass limit, because such kinematics lays beyond
the regime of validity of the HEFT, as suggested by condition (3.36). Nevertheless,
we will show that the knowledge of the massless poles (together with the leading-order
soft behaviour) is enough to fully fix the amplitude, thanks to the mixing of channels
induced by the presence of the external gluon. Finally, we should mention that gauge
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invariance will be always manifest, both in the ansatz and in the factorisation channels
because we will use the gauge-invariant amplitudes of [232, 246].

e In the generation of the amplitude a power counting analysis is essential. We will
perform it in four dimensions for simplicity, but the result is not dependent on
this. The five-point amplitude has mass dimension

[As] = -1, (3.37)
and the Yang-Mills coupling is dimensionless ([g] = 0).

e The massless pole are ¢? and ¢3. Then, we want to generate an ansatz

As M Ny N3
3 =5 +— +
g q7 q5

N (3.38)

q1 95

which has no redundancy, i.e. j\/i\qz:o = 0 and they are finite, as we want that
J

all the massless singularities are in the explicit propagators. N, is a term which
as no massless propagator and we improperly call contact term, as it still have
(linear) massive propagators, which can be probed by taking the soft-k limit.

e In order to guarantee both gauge invariance and little group covariance, we require

As = F,QWAE,W , (3.39)
where F; ,f = ke, — kye,, is the linearised field strength. Schematically, then we
must have o

Fk ® ®p Ny, 5
i = Wz] ’ p] = {p17p27QI7QQ7 k} ) (340)
®pj '
with

> nij—mi;=0, (N =1), (i=1,2) (3.41)

J
Y ngj-mg;=2,  (Ns]=3). (3.42)

J

Trivially > ;i and Y M j must be even and, since Fk,’j = 0, we must have
Zj m;; # 0. In the denominators only massive propagators are allowed: in
particular, only py - k and ps - k can appear (p1 -q2 = p1 -k and p2-q1 = p2 - k
in the heavy-mass limit). We will assume that only single powers of these linear
propagators can appear (which will be enough for the gauge theory amplitudes,
while it would not work for gravity).

e As we have said already, we are computing HEFT amplitudes which are homoge-
neous in the mass and, in particular, proportional to mimso.

e First, we consider N7 and N5. A single factor p; - k is not enough, because the
homogeneity forces any term to be zero. Then we need both massive propagators
and there is a unique term contributing:

p1-p2p1 - Fy-p2 .
N; = o . i=1,2. 3.43
oprokpek (343)
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e N3 is more convoluted:

1/ 17 2
Ny NG NG

Ao O 7 3.44
3 3 pr-k  p2-k  p1-kpe-k ( )
where

NO = Bip1- F-pa

NS = Bopr paraqr- Fepr+ Bypr paaa- Fieopu (3.45)

1//
2
Ng( = Biar-a2p1- Fiopa+ Bs (1 p2)? a1 Fioae

But o Fy,-p = —q1 - Fy-p and q1 - F, - ¢2 = 0 (from the equation of motion
ku,F}"" = 0). Moreover, qi - g2 @ + ¢3 (from k* = 0). Then, we can choose
B4 = B = Ba = B5 = 0, such that we do not have a redundant ansatz. Anyway,
there is still a source of redundancy which we did not consider. Indeed, the
following non-trivial identity holds:

(@ —@)p1 - Fyp2=2p1 - kq1-Fy-pa—2p2-kqi - Fy-p1 . (3.46)

Then we can also impose
a=a; =a, (3.47)

without any restriction.

e The complete non-redundant ansatz is

A 1 G +q3) p1-p2p1 - Frpe
S [a(l 2) + Bip1- Fi-p2 + (p1 - p2) X

ig® 4} dd p1-kpa-k

% (52(11 k P1+ﬁ3Q1 k Pz)]_i_NC.
p1-k p2 -k

(3.48)

e We fix these four remaining coefficients («, 51, B2, 83) by matching the residues on
the massless poles with the factorisation channels:

—i Res As(p1, p2; @1, g2, k) = As(pr; 1) Aa(pa; b, —q1)|2—o

4;=0
_ 2p1-Fr-p2  2p1-p2qu Fiop2
- 2 + 2 ’
42 Gp2-k
—i Bes As(p1, po; a1, @2, k) = Aaprs —a2, k) As(p2; @2)lg—o =
q5=
_ 2p1-Fr-pr 2pi-prqu- Fiopr
a7 gip1-k ’
(3.49)
and solving the resulting linear system we find
_ 1
a=-7
=-1
% (3.50)
B2 =
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e Finally, we notice that homogeneity and mass dimension considerations do not
allow for any contact term with a single power of linear propagators at the de-
nominators. On the other hand, higher powers would introduce more singular
terms in the soft-k limit which cannot be compensated by any of the terms in
(3.48). Then, simple power counting considerations give

N.=0. (3.51)

We checked that (3.48) and (3.50) match the computations with Feynman diagrams.

3.3 Anomalies from Amplitudes < Locality and Unitarity

On top of the relations we found so far, it would be nice to be able to further relate
Y. and Y, as is done by the anomaly cancellation condition Y7, + 3Yy = 0. Indeed, it
has long been known that in gauge theories with chiral fermions anomalies arise from
fermion loops 248, 249|. 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 [50, 51|, 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 using generalised
unitarity methods, up to rational terms which have no branch points. Such amplitudes
by construction are unitary, however locality is not guaranteed (spurious poles can
appear in the final result) and needs to 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 the MHV configuration. The full one-loop amplitudes in the Standard Model can be
schematically written as

Alfloop :A}]gcloop+A1—loop+Al—loop’ (352)

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. The kinematic
information of these amplitudes is entirely captured by the coefficients of Figure 3.2
with cyclic rotations providing the other orderings. For later convenience we define
the following kinematic combinations, which turn out to be ubiquitous in the one-loop
amplitudes

(24)2[13)? e _ (24)°[13]? P T
Keyen == m Z(Cw‘ + Cm‘)lz’(]) ; Kodd = m Z(Cw‘ - Cw‘)Ii(]) )

(3.53)
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Figure 3.2: Kinematic coefficients from generalised unitarity [41], here a kinematic
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with ¢ = 2,3,4 and j = s19,514, and Is, I3 and Iy being the bubble, triangle and
box integrals given in Appendix D. Notice that in the chosen helicity configuration
in the one-loop amplitude there are no discontinuities in the s13 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 Ws and two
Bs as external states, and consequently @)/ Q and L/I_/ as the only possible fermions
running through the loop. We find

At "W, B WY BL)| = glg3 (V] +3Y5) 6" Koven (3.54)

cu

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 §2 = 3 for the Q/Q loop.
The SU(2) part on the other hand contributes with a factor of Tr 6/o/ = 16!/ in both
the s12 and s14 channels, which then leads to an additive combination of the kinematic
parts into Keyen. Studying the behaviour of Keyen in the small-s13 limit one finds that

5130 <24>2[13]2 (_3212 _ 512

Keven 2
Si3 513

+ 0(393)) : (3.55)
512514
thus, in order to restore locality, this amplitude requires a rational term whose kinematic
part is of the form
(24)%[13)?

Reven = - 2
513

) (3.56)
which cancels both the spurious poles of (3.55) and does not produces any modification
to the residues in the s15 and s14 channels. Adding together the cut-constructible and
rational piece one gets the complete fermion loop contribution

AP (WL B_, Wi, B_) = gg3(Y? +3Y3) 6" (Keven + Reven) - (3.57)

ferm

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

B i
Ap (Wi, W Wi, B_) =503 (YL+3Yg) " Koaa , (3.58)

where once again the SU(2) colour structure, which is Tr olo/c = ﬁe”K in the s12
channel and Tr o/o%¢”/ = —iel JK in the s14 channel, is responsible for the relative

sign among the kinematic structures and the combination into K,qq.

Now K,qq in the small-s13 limit goes as

s 24)2[13)?
Roag 2% BRI (22 4 o)) (3.59)
512514 513

requiring a compensating rational term of the form

Roqq = (24)2[13]2 212~ %14 3.60
odd = (24)°[13] 2512513514 ( )

which would lead to a complete fermion loop contribution of

_ 7
A%errll(i)op(W-lI—a WL]? Wf> B—) = 5 glgg(YL + 3YQ) EIJK (Kodd + Rodd) . (361)
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However, Roqq introduces (unphysical) corrections to the residues in the s19 and sq4
channels, because the one-loop four-point amplitude cannot have any factorisation chan-
nel 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 + 3YQ =0. (3.62)

In a similar fashion, when looking at the one-loop interaction of three gluons with a
single B we get the condition
Yo=Y, +Yy, (3.63)

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

= —29193(Yu + Ya) (Keven + Reven) - (3.64)

ferm

Alfloop(GA’ G?, GC, B_)‘

+ABC

On the other hand, it is not clear with amplitudes we need to study in order to
obtain the additional textbook constraint on the hypercharges

27 - V3 +3(2v5 -V -Y}) =0, (3.65)

and
(2Yr, —Ye)+3(2Yp -Y, —Yy) =0. (3.66)

The former may be found studying unitarity and locality properties of the three-point
form factor with a Lagrangian insertion (which is any way reminiscent of the classical
treatment of anomalies in perturbative QFT'), while for the latter we need to couple the
Standard Model to Einstein-Hilbert gravity.

MThree-point amplitudes are exact at tree-level and fixed by helicity and mass dimensions consider-
ation. This make 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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Chapter 4

Form Factors from Unitarity in 6D

The aim of this chapter is to construct complete, analytic form factors of gauge-invariant
operators at one loop. In supersymmetric theories, four-dimensional unitarity |35, 36|
is sufficient to obtain complete answers for amplitudes at one loop. Without supersym-
metry or for form factors of non-protected operators this is no longer the case because
of the appearance of rational contributions. In the amplitude context, this problem
has been addressed in different ways. In one approach, one makes use of factorisation
to establish a recursion relation that allows to reconstruct rational terms [52, 53| (see
[250, 251] for recent 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 [55, 252] where rational terms acquire a singularity which can then
be detected using unitarity cuts. This method requires that the internal lines, corre-
sponding to virtual particles, are kept in d dimensions, while momenta and polarisation
vectors of external particles live in four dimensions.

Having the internal particles in arbitrary, non-integer dimensions introduces compli-
cations, since tree amplitudes are no longer simple and the power of the spinor-helicity
formalism is lost. Moreover, it is not possible to numerically evaluate d-dimensional
amplitudes in non-integer dimensions. A solution to these problems is offered by “di-
mensional reconstruction” [59, 60, 233, 253, 254]. In this approach, one investigates the
dependence of the loop amplitudes on the dimensionality of spacetime, which turns out
to be polynomial in pure Yang-Mills theory, at the level of the integrand. Then one
computes the amplitudes with virtual particles kept in integer dimension d > 4 to fix
the coeflicients 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 di-
mensions of [30], which allows for compact expressions of the on-shell building blocks.
At higher loops, these techniques were used in [255] to derive the five-point all-plus gluon
amplitude integrand in pure Yang-Mills, while a generalisation to incorporate fermions
was carried out in [256]. Recent numerical as well as analytical results for arbitrary he-
licity configurations of five partons were derived in [257-259|. Six-dimensional unitarity
has also been used in [260] to test conjectures about rational terms in two-loop all-plus
gluon amplitudes up to nine-points. In this framework, a systematic prescription for
complete form factors, including rational terms, have been presented in [207].

As already explained in the general introduction, a form factor is defined as the
overlap of an n-particle state and the state produced by an operator O(z) acting on
the vacuum. Notable examples of form factors include the form factor of the hadronic

7
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electromagnetic current with an external hadronic state, which feature in the ete™ —
hadrons and deep inelastic scattering matrix elements, and the form factor of the elec-
tromagnetic current, which computes the (electron) g — 2. The form factors which will
be considered in this thesis are related to scattering processes of the Higgs boson and
many gluons. In the large top-quark mass approximation or considering an BSM heavy
particle, we find infinite series of higher-dimensional interactions of the Higgs with the
gluon field strength and its derivatives, in addition to couplings to light degrees of free-
dom, which we will consider to be just pure Yang-Mills. More precisely, this effective
Lagrangian reads

4
. 1 ZA 1
[’eff = Cy OO + W C; OZ + @ <J\4,4> s (41)
i=1

where the leading-order term in the expansion is O :== h Tr F'? [261-264] and h is the
Higgs field, O;, i = 1,...,4 are dimension-7 operators made of gluon field strengths and
covariant derivatives [265-268|, M is the mass of the heavy particle integrated out, and
¢o, ¢; are Wilson coefficients!. In the study of Higgs + gluon processes one replaces
¢® with the squared mass of the Higgs m12{ to obtain the amplitudes relevant for this
process.

In this thesis we will apply the approach discussed so far 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 F?, which compute the leading contribution to Higgs + multi-gluon amplitudes in the
effective Lagrangian approach, including MHV diagrams [66, 67] at tree level [269, 270]
and one loop [271], and a combination of one-loop MHV diagrams and recursion relations
[272]. Recent work [273-277] addressed the computation of the four-dimensional cut-
constructible part of Higgs+multi-gluon scattering from operators of mass dimension
seven using generalised unitarity applied to form factors [278-290]. The key point
of this chapter is that we 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. Along the way we have also found
a generalisation of this procedure to any loop order, for amplitudes and form factors.

The rest of the chapter is organised as follows. In Section 4.1 we review the dimen-
sional reconstruction technique at one loop and generalise it to form factors involving
vector fields. We also discuss its generalisation to any number of loops, which for one
and two loops is in agreement with known results. In Section 4.2 we study tree-level
form factors for a wide class of operators involving field strengths in four and six di-
mensions. These quantities are needed in the one-loop unitarity-based calculations of
Section 4.3. There, we begin by reproducing the well-know one-loop form factors for
Tr F? with two and three external gluons. Then we prove that the minimal form factor
for Tr F'3 has no rational terms, as argued in the literature. Finally, we calculate for the
first time the non-minimal one-loop form factor for Tr F® and the minimal form factor
for Tr F* with different helicity configurations. We also generalise some of these results
for a class of form factors of the Tr F'™ operators.

'The Wilson coefficients are proportional to v the Higgs field vacuum expectation value. If we
consider the Wilson coefficients in the EFT after integrating out the top quark in the loops, then they
will be proportional to 1/v. Their precise form will be of no relevance for this thesis.
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4.1 The Dimensional Reconstruction Technique

In the first part of the section, we look at DR technique at the one-loop case from a
different perspective, which lends itself to a systematic generalisation to form factors in
generic Yang-Mills theory. The new viewpoint we adopt presents also a much desirable
advantage: it 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.

4.1.1 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 d; (for example, gluons have ds; — 2 spin degrees of freedom);

e the second is the integration over the loop momentum, which lives in a d-dimensio-
nal space.

In the following, we will show how such dependence can be disentangled.

As we said, we consider pure Yang-Mills theory in dimensional regularisation (d =
4 — 2¢):
1
4
and we are interested in calculating amplitudes (and form factors) involving four-
dimensional real® external gluons. At one loop it is possible to write a generic ansatz
for the amplitude

L=—=(F,F™")(z), (4.2)

d B
A%me=/é$Nﬁgm, (43)

where " d({pi, hi}) depends on d, through the number of spin eigenstates of the gluons
and the loop momentum. Since all external momenta are four-dimensional, the latter
dependence (i.e. the additional components of ) enter the amplitude only through the
square of the loop momentum, which can always be written as

2= (1W)2 — 2. (4.4)

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:

. dr, 2
| G = (45)

which can be evaluated as ordinary integrals, but in higher dimensions [55|. The pres-
ence of these integrals cannot be probed using four-dimensional unitarity cuts, 7.e. such
terms do not have discontinuities in four dimensions. In particular, such integrals cor-
respond to the rational terms we are looking for.

ZHere real is used in contrast with wvirtual, which describes both internal particles propagating and
soft emissions, which must be treated on the same footing to preserve unitarity.
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Consider now the explicit dependence of the amplitude on spin. One-loop integrands
involving only vector bosons are explicitly linearly dependent on d. The origin of such
dependence is the contraction of the metric tensor, coming from vertices and propaga-
tors, in a closed loop. Since we were able to tell these two sources on d, we can write
the amplitude as

AU dy N ({ps, i) — No({pi, b
ALy oekip) = | oL e r}[) —Solleehil) (4.6)

where we distinguished between d and dg and the physical meaning of such distinction
will be clarified in a moment.

By definition d are the dynamical dimensions of the theory and we can always choose
ds < d, following a procedure reminiscent of dimensional reduction [291]: indeed, it is
sufficient to write a d-dimensional vector as A% = (A“ﬂ, %t gb“’d_ds), where A%
transforms as a vector under transformations of the Lorentz group in ds dimensions, and
to ignore any contribution to the amplitudes from the ¢®! scalars. On the other hand,
since the dependence of the amplitude on dy is trivial, we can analytically continue it to
ds > d [292]. Then, it is sufficient to compute the amplitude in two integer dimensions,
for example dy and d; = dy + 1, and write it in the Four Dimensional Helicity (FDH)
scheme [293]. The result of the interpolation is given by [59]:

Aﬁi,)@ = (d1 — 4),4&))@) — (do — 4)A227d) : (4.7)

On the other hand, the di-dimensional gluon behaves as a dp-dimensional one plus a
real scalar. In terms of the Lagrangian, we have

1
Edl = ‘Cdo =+ §D#¢GD’M¢(J . (48)

It is easy to conclude that the one-loop di-dimensional amplitude .A(dl’d)?’ can be ex-
pressed as the sum of two contributions: the first contribution is given by the equivalent
one-loop gluon amplitude with internal particles living in dy dimensions A4, q), the sec-
ond one, denoted in the following as Afd), takes into account also scalar interactions
coming from the second term on the right-hand side of (4.8). It is also important to
stress that A(S ) is a gauge-invariant quantity in its own right and it is the sum of dia-
grams with a scalar running in the loop and the gluons as external particles. As a result
of these observations, (4.7) can be written as:

Ay = AR ) = (do — ) AT (4.9)

Up to some additional considerations, the above discussion holds true for form factors
as well, and so does (4.9). 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 %D#gbaD“qba in
the “dimensionally-reduced” Lagrangian (as in the case of amplitudes), but also scalars
coming from the same operator as the form factor insertion. This procedure will be clear

3This notation denotes an amplitude for which the virtual gluons have momenta defined in d di-
mensions, while their polarization vectors live in di > d.
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in the calculation of the non-minimal Tr F? form factor, described in Section 4.3.2, where
we will emphasise the role of these two distinct contributions (see also [254]).

We need is to identify such scalar contributions for a generic operator in Yang-
Mills theories to extend the DR technique and, again, the procedure is reminiscent
of dimensional reduction, as in (4.8). In particular, for the only two operators with
mass-dimension six involving solely gluons, namely Tr(DF )2 and Tr 3, the scalar con-
tribution comes from

D, F2,D"F®? s D,D,¢*D*D" ¢ , (4.10)

and
facha;LVFbl/chpu s fabcD'ugbaqubchm/ 7 (411)

where scalar operators associated to each operator come from the dimensional reduction
from ds + 1 to ds. On the other hand for the Tr F4 operator, which we will consider
later in this thesis, at one-loop we get

Tr F* ,F” ,F? ,F° ,, — Tr D¢ D¢ F , FP* | (4.12)

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 4.2.

4.1.2 An L-loop Generalisation

The arguments leading to (4.7) 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 dy dimensions?,

L
I .
Agds),d) - Z(ds —4)'Ki (4.13)
=0
where K; are quantities to be determined. In particular, note that the four-dimensional
amplitude in the FDH scheme [292, 293] coincides with the zero-degree coefficient:

Ko = AE4L)d . In order to find the coeflicients K;, we can interpolate the polynomial in
L + 1 distinct integer dimensions d; > d. Writing the problem in matrix form, one has

L
Agdo),d) 1 (do—4) (do—4)? (do — D)\ [ Ko
L
Aldra | A (=4 (=R K , (4.14)
L
At U (dp—4) (dp—42 - (dn—2%) \Ks
where we recognise the Vandermonde matrix. Inverting this matrix, it is possible to
express the K; as functions of the higher-dimensional amplitudes A(cLli) d) fori =0,...,L.
In particular Ky, which is the amplitude in the FDH scheme, can be written as
(L) - QU SRR ST
A(4,d) =Ko = H(dj —4) 2 (4 —4) H (dr — di)A(dﬁd) . (4.15)
j=0 =0 %;(’L)

4As already mentioned, the d, dependence comes from traces of 7 tensors, and there can be at most
L closed loops leading to such a trace.



82 CHAPTER 4. FORM FACTORS FROM UNITARITY IN 6D
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Figure 4.1: Two of the many possible diagrams contributing to the scalar amplitudes at
six loops. On the left-hand side an example contribution to AS (do ()12 0) is shown. On the
right-hand side the same diagram but with one of the gluon loops 1nvolving a four-point

(6)

interaction replaced by a scalar. The latter diagram contributes to A° (do.d,2,1)"

We can always choose dy > d to be the smallest dimension among the d;’s, and we
also know that at most d dimensions are dynamical. Then, we can write the Lagrangian
of pure Yang-Mills theory in d; > dy dimensions as:

difdo d dO
1
Lq, = —ZngFaﬂw 5 D DudiDIef f“bCfade Y Hidseles . (4.16)
i=1 ,j=1
7>

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 AZ and d; —dp scalars ¢{'. The coupling of the ¢* interaction
is given by

A=g?, (4.17)
and we call it A for reasons that will be clear in a moment.
From (4.16), we can compute the amplitude with only external gluons®
L-1 L—m
Agdid) A o+ D (di = do =)™ D (di = do)" A (4.18)
m=0 n=1

where AE d) ) is the complete L-loop amplitude where all the internal legs are vectors

and ASdgL;nm) are specific combinations of diagrams with at least one scalar loop.

Specifically, the diagrams contributing to AL (do d m) Are of order A\, i.e. they contain
m four-scalar interactions, and in addition have n distinct purely scalar subdiagrams.

The coefficients for the scalar contributions in (4.18) can be understood as follows.

1. The number of distinct flavours of scalars is d; — dy and they all give the same
contribution.

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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Figure 4.2: Two two-loop diagrams for comparison. In the first case there are two
disconnected scalar loops, and every loop admits d; — dy different flavours leading to
an overall factor (d; — do)?. The second diagram represents two scalar loops connected
by a flavour-changing four-scalar vertex (highlighted in green). In this case there are
d; — do allowed flavours in one loop but only d; — dy — 1 in the second loop, which leads
to an overall factor (d; — dp)(d; — dp — 1).

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.

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 (4.19)

6. Clearly the number of scalar loops can be at most L.

We can substitute (4.18) in (4.15) and, for simplicity, we choose
d; =do+1 (4.20)

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—1L—m

AE) = do, YD (4-do)" (3~ do)mAdo,dnm : (4.21)

m=0 n=1

The whole reasoning can be applied to a more generic scheme where d; = 4 (FDH
scheme) is replaced by a generic ds (e.g. the HV scheme [294] with ds = d = 4 — 2¢).
As long as we keep d; > ds and d; > d, all the previous steps are still applicable, and
we arrive at

L—1 L—m
AEdLs),d) = ‘A(do, + D > (ds = do)"(ds — do — 1)m"4(sdffdn m) > (4.22)

m=0 n=1
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which at first sight is identical to (4.18). The non-trivial difference between the two
expressions is that ds; < dp, while we need d; > dy (i = 1,..., L) in order to write (4.18).
Moreover, as we stressed before, the quantity (d; — dy) has a precise physical meaning;:
it is the number of distinct flavours of scalars in the dimensional reduced theory (4.16).
On the other hand, (ds — dp) takes into account the number of extra spin degrees of

freedom in dimensional regularisation®.

The fact that the two expressions are exactly the same is a consequence of our pre-
vious considerations. Indeed, one could have recognised the polynomial dependence of
the amplitude on the dimensionality ds already from (4.18), and further identified (4.22)
as its analytic continuation for ds — dyp < 0. Thus, starting from the “dimensionally-
reduced” Lagrangian (4.16), the dependence on the dimensionality ds emerges naturally,
and the preceding considerations relating the d; to ds through the Vandermonde matrix
may appear redundant. However, starting from the analysis of the dimensional depen-
dence of the amplitudes provides a clear physical picture of the relation between ds, d
and d;.

Our expression reproduces the known results at one loop [59]

n 4@ S (1)
A(ds»d) - A(do,d) + (ds - dO)A(do,d,O,l) ) (423)

and two loops [255]

2 2
Agdi,d) = Agd()),d) + (ds — do)A*(gdo,d) + (ds — d0)2A?5;7d) , (4.24)
where
S 452 S5 (2) S -IC) 5(2)

Aldo.d) = Aldo,d0,1) ~ Aldod,1,1) - A%do,d) = Algoa02) T Aldedr) - (4.25)

Considering the two-loop expression in more detail, one sees that in [255] the four-scalar
vertex is interpreted in terms of three fictitious flavour contributions:

\\ /, \\// AN b AN //
Y — n ) ( n \
’/ \\ /\ , N /

The two continuous lines in the grey blob represent the colour flow inside the vertex.
Considering Figure 4.2 we see that, in our interpretation, the only diagram which at
two loops involves this vertex contributes with a factor (ds — dy)(ds — dp — 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 — dg)? as well as (ds —
dp). Taking into account this different interpretation of the four-scalar vertex, the two
methods perfectly match.

5(L)
(d07d7n7m

We emphasise that individually each A ) is a gauge-invariant quantity. Indeed,

we know that .Agzg ) is gauge invariant by its own right and we might consider a theory
for which A # ¢ and a number of scalars ns # ds — do: then, the respective coefficients

in the sums in (4.22) would change but the full answer would still be gauge-invariant.

As in the case of the one-loop procedure, (4.21) can be applied also to form factors,
as far as we bear in mind that more scalar operators are involved in higher-loop calcula-
tions, in addition to those entering already at one loop. These additional terms emerge

6There is no dynamics in the dimensions d; — do, while this could be not true for the dimensions
do — ds.
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clearly from (4.16). Indeed, for the operator Tr F?, beyond one-loop calculations we
also need to subtract the scalar contribution from the ¢* operator:

FSVFQMV s g2 fabdfaqubb%Z;cqbd%e 7 (426)

where ¢ and gz~5 are scalars with different flavour. Its contribution has to be carefully
taken into account in the subtraction with the right ds-dependence. In particular, in the
form factor equivalent of (4.18), its insertion brings a (d; — dp)(d; — dp — 1) coefficient,
because of the flavour changing.

An equivalent reasoning is also valid for higher-dimensional operators. For exam-
ple, from the dimensional reduction procedure of the Tr F'3 operator, we find that the
additional scalar operators entering higher-loop calculations are

gfabcfadeDH(bbDygc(bdae
93fabcfadefbfgfchi¢)d¢e¢f¢g¢h¢i
where the former enters the calculation at two-loop level, while the latter from three
loops. We stress that ¢, ¢ and ¢ represent three different scalar flavours. Then, in
the generalisation of (4.18) to form factors, the insertion of the scalar operators bring
a factor of (d; — do)(d; — dop — 1) and (d; — do)(d; — do — 1)(d; — dop — 2) respectively.
Following the same procedure one can recover the scalar operators for Tr F4, which we
do not write explicitly.

F R S { , (4.27)

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 |30, 60].

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, as we showed. Indeed, first we have to sum over the
helicity states of the internal gluons and reduce to four-dimensional components for the
external one. Then, knowing the functional dependence of the integrand on the d — 4
components of the loop momenta, which appear only through rational combinations
of 15_26) . lj(—%) and p? 7 we can identify these combinations and we can treat the
loop momenta as being d-dimensional and integrate over them. The choice dy = 6 is
guaranteed to be good enough for the integrands at least up to two loops because we do
not introduce any additional Gram determinant identity. Power counting and symmetry
arguments may extend the validity of the six-dimensional computations beyond two
loops in some special theories, see for example [60].

4.2 Tree-Level Amplitudes and 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 anti-
symmetric product of two vector representations

(;;) A (;;) —(1,00® (0,1) , (4.28)

It is worth mentioning that in terms of the six-dimensional spinor components the quantity men-
tioned above reads as follows: l§72€) . l§-726) = %(mz‘ﬁlj +mym;) and p? = mim;.
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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®

Fopy aapp = AarsEsg (4.29)

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

Frap.aass = Caphas - (4.30)

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 [295]

A
FC%B CcD — aé[[CFad B] D] 5 (431)

where « is a numerical coefficient to be fixed and F,; 4 g is such that F,; 4 4 = 019, In
spinor helicity variables this quantity is [295]

Fai B =N ab (4.32)

which is indeed traceless thanks to the six-dimensional Dirac equation (A.28). Upon
dimensionally reducing, (4.32) down to four dimensions we match it with (4.29) and
(4.30), which fixes the proportionality coefficient to be o = 2.

4.2.1 Tr F? Form Factors
In this section we consider the operator
Oy = Fj, F*" . (4.33)

In four dimensions O 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 - (4.34)

It is trivial to identify these two four-dimensional components of the colour-ordered
form factor:

FS)(1F,2%;q) = 2[12]21]

0) (4.35)
F(92 (17,275q9) = 2(12)(21) .
On the other hand, the six-dimensional form factor is
FG) (Laas 245 ) = 210 2%](2 1a] (4.36)

8To clarify the abuse of nomenclature, the 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: FSD,ad,BB = pad‘f;g — Pgpas = —\/5)\0)\56&3. As
we can see the only difference is a —y/2 normalisation factor.

YA B,... = 1,...,4 are indices in the (anti)fundamental representation of SU*(4) and a,é are
indices of the six-dimensional little group (for a detailed discussion see Appendix A.2).
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where the definitions of the spinor brackets, in both four and six dimensions, and the
conventions adopted can be found in Appendices A.1 and A.2. Using the particular
embedding of the four-dimensional into the six-dimensional space introduced in Ap-
pendix A.2 we find that!!

0 0 0 0)/1— o—
Fo)(Lin2130)|, = Fol(17.2750), Fo) (g 2550)| = FG)(17,2739).
(4.37)

An analogous statement is true also for tree-level amplitudes, where all the four-dimensional
helicity configurations can be recovered from the six-dimensional amplitude.!?

The scalar form factor is obtained from (4.8), and we find
FS) (1,2:0) = —(14,2;] (17, 2" = 2515 , (4.38)

where

Oy 5  (D¢)? := D,¢* D" . (4.39)

The normalisation of (4.38) has been fixed by matching the four-dimensional limit
of this operator with that of the scalar components of (4.36) (i.e. reducing first to four
dimensions and selecting the helicity components (1,2) or (2,1)), which must yield the
same result. An equivalent prescription would be computing the minimal form factors
of the two operators with the relative normalisation fixed by the Lagrangian (4.8). But
the four-dimensional matching prescription is faster for more complex operators.

It is also important to 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 BFCW recursion relation |21, 22| in six dimensions [30] 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 Oy with three gluons reads

0 .
FS) (Laas 245, 3cci 0) = (10 2;)(20 1a] (3l p,13¢] + cyclic

523531
P <1 P 1) (1 24) (25 3 3 o] — (14 20)(2; 336 1))
(4.40)

which agrees with the analogous result computed from Feynman diagrams in [254],
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 [269].

Furthermore, as it will be clear from the discussion in the next section, in the scalar
subtraction we need to take into account both the form factor of the operator Oz with
two external scalars and one gluon, which is different from zero:

0 2
F((QQ)(L 2,33 Q) = _8712<3c‘p1¢2‘36] 5 (441)

HEour-dimensional limit here means choosing appropriate little-group indices corresponding to the
desired helicity configuration in four dimensions, and the taking m;,m; — 0 for any particle i.

2Further details on the relation between four and six-dimensional tree-level quantities can be found
in Appendix C.1.
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and the non-minimal scalar form factor of O 4:

e

FY (1,2,30:9) =
(9278( ) <y CC)Q) $93831

3elp 3] - (4.42)

For a detailed derivation of (4.40)-(4.42) see Appendix C.1.1. The sum of (4.41) and
(4.42) agrees with the result of [254].

4.2.2 Tr F? Form Factors

Consider now the operator
Oz :=Tr FF ,FY ,FP . (4.43)

Similarly to the case of Tr F2, this operator splits, in four dimensions, into a self-dual
and anti-self dual part

Oz :=Tr F3 = Tr F3p + Tr Fagp (4.44)

Consequently, the only possible helicity configurations of the minimal tree-level form
factors are all-plus and all-minus:

FS)(1F,2+,3%; ) = —2[12][23]31] ,

©0) (4.45)
F03(1 ,27,375q) = 2(12)(23)(31) .
In six dimensions the minimal form factor is given by
F((,)(;)(laaabe,?)cé) = FlAaB; C’DFQCZ’E EFFQ),ECI; AB (4 46>

= —(L1a2;](263¢)(3cLa] + [1a25)[2;3¢) [3¢1a)

where F;}.IB ¢p is defined in (4.31). From (4.11), we find the scalar operator associated
to the scalar subtraction:

O3.5  Tr(D$)*F := Tr D¢ D, pF* | (4.47)
and )
FS) (1,2,3c) = 5piPpac S ap = (3elpypyl3] | (4.48)

where, once again, the normalisation is fixed by matching the four-dimensional limits
of this quantity with the scalar configuration of (4.46).

As a final remark, we point out that O3 is not the only mass-dimension six operator
which appears in the Yang-Mills theories (also with matter). One also has a contribution

from N
O3 = DaF“"”DaFﬁV . (4.49)

However, it is easy to see that the minimal form factor for Os can be related to the one
of Oy as 0 0
0 0

F53 (Laa, 2(,[,5 q) = 512F(92 (Laa, 2(,(‘,5 q) - (4.50)

It can be shown that any other contraction for operators built from two covariant

derivatives and two field strength, such as DFFJ¥DPFEY, . are not independent and can

be expressed in terms of (53 up to a normalisation factor. Moreover, we must highlight
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that 63 itself must not be regarded as an independent operator. Indeed, as explained
in the introduction of this chapter, the study of this form factors may be relevant in the
context of the effective field theory as correction to the jet production through Higgs
decay in the Standard Model. Then, the form factor can be thought as the correction
to the h + jets amplitude due to the irrelevant deformation h63 and we notice that
s12 = ¢ = m3, in (4.50). Then, from the Lagrangian point of view, it exists a field
redefinition which maps hOs to mih(’)g at leading order in the irrelevant deformation.
For a detailed discussion on this point from an off-shell point of view using equation of
motion, see [296].

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
F((Qg) (1(1('17 2657 SCC" 4dd; Q) = Ba(zbbcc’dd + Cadbbcc'dd + Dadbi)cédd ’ (451)
with
(4alp,Psl44] .
Badbi;cc'dd = (_<1a 2b} <2b 30] <36 1('1] + [Li 2b>[25 3c>[3c 1a>) M + CyChC s
534541
1, 2;:1(2p4;:1{443:](3c 14 14 20)12: 44014 3¢) (3¢ 14 .
Cadbi)cédd: ( b]( b d]< d 3¢ ]+ b)| b 4| d ) >+ eyelic |
534
1
Doaticiai = = (Z - H) (10 23](26 36] (3c 41{4a La] + [1a 2)[25 30) 3¢ 4) 44 1a))
i=1 """

(4.52)

e the non-minimal tree-level form factor of O3 with two external scalars

FON12, 30, 40450) = — ((304)(4alp 13 — (4a3:] Gelp plg])  (4.53)

512

e the non-minimal tree-level form factor of O3 ¢ with two external scalars

<3C|]‘j47)2|3é] <4d|7)1p2 [4,] i <4d|]1)1]/’3|4d] <3C|7)1p2|3é]

FY) (1,2,80,4,5q) =
03"9( et 441 ) 523834 534541

+ <3C|p2¢114d]<4d3é]< ! 1+1>

— +
534 523 S41

(3P, [4a) Belp 14 (; N 1) |

S41
(4.54)

— alpp BB

These formulas have been obtained generating an ansatz similar to the one presented
in (3.20) and by requiring the six-dimensional form factor to match, upon taking the
four-dimensional limit, the known four-dimensional expressions in different helicity con-
figurations [266, 273, 297, 298|. The resulting ansatz was then numerically compared
with the results from Feynman diagrams and a complete match was found.
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A rather surprising fact is that the result obtained from the six-dimensional gen-
eralisation of the BCFW recursion relations precisely matches this expression as well.
This is quite remarkable because the two-line shift does not reproduce the correct re-
sult for Tr F® amplitudes with generic helicity configurations in four-dimensions [25,
298|. In particular, the all-plus (and all-minus) configuration cannot be obtained cor-
rectly with a two-line shift. While it exists a specific BCFW-ghift which reproduces
the single-minus (and single-plus) helicity configuration. The origin of this might be
the helicity-averaging introduced by the tensor X% in equation (C.15), which “select”
the best large-z behaviour, cancelling any pole at infinity. Such observation deserves a
more detailed analysis.

4.2.3 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 renormalisation properties of gluonic operators of dimension up to eight was carried
out in [299], and more recently in [104, 300]. It turns out that we can have four
possible independent (single-trace) operators involving different contractions of four
field strengths in d-dimensions:

Tr F*,F¥ ,F? ,F° ,, , Tr F* F,, FP Fy |
(4.55)
Tr F*,F? ,F¥ ,F ,, , Tr FHFP Fy Foy

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 [301-303]. In this section we will
focus only on the first operator, which we will refer to as Tr F*4:

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 F* ~ Tr Fép, + Tr(Fép Fagp) + Tt FAsp - (4.57)

Thus the usual all-plus (all-minus) minimal form factors appear along with MHV-like
quantities:

FO(1+ 2%, 8% 4%, ¢) = 212][23][34][41] ,
FS)(1%,27,37,47;q) = [122(34)% , (4.58)
F((o(l)(1+,2_,3+,4_;q) = [13]%(24)? ,

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) .\ _AB CD EF GH
Fo, (Laa, 24, 3ces 444:0) =F1aa cpFy ) BrFse auFy; AB

=(1a2;)(23¢) (3c4,](4ala] + [1a25)[2;3c) [Beda)[41a)  (4:59)
+ <1a253c4d>[1d263¢4d'] ,

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, in (C.1). This new structure gives us the MHV-like components in (4.58)
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 (4.12) and we
define

Oy < Tr D¢ D, o F" ,FPF (4.60)
such that its minimal form factor is
1
Fo,. (1,2, 3c 444 @) = 5P1 " P2cDFsed mrFyy ap

. (4.61)
= —(Bclp,p, 1440 (44 3] + Z<2a2a3c4d>[la1d3é4 il -

The expression of Tr F* gives us some insight about the operators involving the n'®
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, "2 F,, " ... F, " F, " (4.62)

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
TrF™ ~ Y Tr(FY ' Fisp) - (4.63)
=0

Take two disjoint and ordered subsets of labels Sy = {pg }x=1..; and S_ = {qx }k=1..n—i>
with Sy US_ = {1,...,n}. Then all tree-level minimal form factors, for any helicity
configuration, can be written in a very compact way:

n

7
0
FS) M, nfq) = eng [ Ioepen] T (anarnr) . (4.64)
k=1 k=i+1

where the overall coefficient is

2 i=0
i = (V1) i#£0,n. (4.65)
()2 i=n

13We stress that this general structure was hidden by lower power-operators because the field strength
is traceless: Tr FgBIFASD =Tr FSDF:E& =0.
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An explicit example of this general formula is given by
Fo)(17,24,37,47,5%; ¢) = —(13)(34) (41)[25][52] . (4.66)

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™(1aa, 255,37, .. nt) =((1a2;]1(2534][34](n11a] + [1a25)[2;31)[34] [0 1a)+

n-1 (4.67)
+ <1a25n131>[1a263141]) H [ZZ + 1] .
i=4

This result can be found by observing that the combination )\faxi Ba 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 (4.64).

4.3 One-Loop Form Factors

In this section we will consider a number of one-loop applications of the dimensional
reconstruction procedure discussed in Section 4.1. The results obtained for the minimal
form factors of Tr F? and Tr F? were already known in the literature. We show that
the latter has no rational terms, as it has also been argued by [266]. 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.

4.3.1 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.

The quantity we want to compute can be written as

FS)t,2%q) = FS(1F,2%59) - f@ (s12)

(4.68)
= 2[12][21] - f@ (s12) ,



4.3. ONE-LOOP FORM FACTORS 93

- 1+

- 2+

Figure 4.3: Two-particle cut of the one-loop form factor Tr F? in six dimensions.

where we factored out all the helicity dependence in the tree-level prefactor, and f(2) (s12)
is a function only of the Mandelstam variable s15. As explained in Section 4.1 this quan-
tity can be computed using (4.9):

£ (s12) = £ (s12) — 215 (512) (4.60)

where fZ, (s12) and f; (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 4.3 is'

£ (512) e = 2[121][21] / LIPS FS)(—15%, ~18) A (1, i lads 1115 205) - (4.70)
In order to simplify this expression we decompose the six-dimensional quantities in terms
of four-dimensional ones, as explained in detail in Appendix A.2. These calculations
are rather lengthy and we have devised a MATHEMATICA package to deal with them.
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 fjo and fijq. From (A.39), momentum conservation implies

> mi=0, > =0 (4.71)

Only the two internal legs I3 and l» have to be kept in six dimensions, in other words
p3,p8 # 0 for i = Iy, l2, which implies

mp, = —my ‘= —m, le = _mll =-m ) (472)
where
p? = mm (4.73)
with p? defined in (4.4). We immediately arrive at
2
B )| = [aups (=22 42l 4.74
Jop (s12) 2—cut / ZSQlQ * 252;2 ' (4.74)

Next we repeat a similar computation for the two-particle cut with internal gluons
replaced by scalars:

(2) _ 1 © g (0) 9.
T <512>\2cut—2[12][21]/ ALIPS Fo, ,(=h, ~la) A0z, L, Laa, 255)
(4.75)
12
— / dLIPSi—— .
521,

! The explicit expression of A, can be found in Appendix C.1.
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Taking the difference between (4.74) and twice (4.75) leads to the desired four-
dimensional result

£ (s512) |y, = —isio / dLIPS - (4.76)

5215

We can directly read off the one-loop result from (4.76):
p1
F® (s12) = —is1a- 4 : (4.77)
P2

In this section we are only interested in showing that our method correctly computes
those terms which are not captured by four-dimensional unitarity techniques. Then,
we will always show the result in terms of the integral basis, rather then the integrated
result. The triangle integral with outgoing momenta (p1, p2, q) is defined in Appendix D.

As anticipated, our result (4.77) 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. As expected, there are no bubbles in the result,
because both Tr FSQD and Tr F§SD are protected operators in N/ = 4 super-Yang-Mills
and the form factor does not depend on the extra particle content of the theory.

4.3.2 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®&3) as

F(E)lz)(ﬁ, 2+, 3% q) = 2[12][23][31] - £ (51, 523, 513) (4.78)
with
FE (512, 823, 513) = fé]z:);s) (512, 823, 513) — 2fq(52;3) (s12, 523, 513) (4.79)

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 simply
by a factor [12][23][31] which only captures the complete helicity dependence of the
operator. Computing the discontinuity in the sj2-channel we have

3 1 0) (jad b
féD) ({Sw}) —— = m /dLIPS F((QQ)(ll 7lgb731i) A(O)(_lum —l1bi;7 1117222)7
(4.80)

which, upon algebraic manipulations, becomes
(2:3) _ . [12] (4) 7(4) o7 7(2:3)

fop (512,823, 513) |, _oue = USTIER dLIPS (3| 177 15" (3] Zen (4.81)

with . 5 )
I(%?’) _ 812 — 2p17q"s12 — 441”831, 830, _ (4.82)

2
81252,—15 531, 831,

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 4.4. There are two different tree-level form factors
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Figure 4.4: A double cut of the scalar contribution to Tr 2 non-minimal. The red
boxes highlight the two different operator insertions.

to 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 (4.41) and (4.42) respectively. Computing the complete result for
the double-cut of the scalar contribution leads to

2:3 [12] 4) 4(4 2:3
18 512,928,913)] e = Iz / duips 3| /47 15713 28 (4.83)
with )
Ié)2;3) _ 2 dse s sy, (4.84)

2
571252,—15 5311 5312

Upon subtracting twice (4.83) from (4.81), uplifting the cut and performing some alge-
braic manipulations on the numerator, one ends up with the final expression:

;4 ;4

23 _
2 )(51275237313)’51241% = - 2% - 2%3

p3 p2 p2 p1

p1 p3

_ ig*(s31+s23) 1q b2 +q
512823531 p1
p3 D2

" q P o; q
+ TZ . W + 7/]/ .
S1o 512
p3 P2 p3

where all integrals can be found in Appendix D.

1

b2

4.85)
Clearly the double cuts in the channels s93 and s13 can be derived from (4.85) by

symmetry arguments, thus the only invariant channel left to compute would be s723,

see Figure 4.5. 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

5 Their analytic expression is given in Appendix C.1.
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X X
: 1+ - : S- 1+
q | 2+ - 2X =R ! 2+
| 3+ ey 3+

Figure 4.5: Two-particle cut of the one-loop form factor Tr F2 in the s123 channel in six
dimensions.

with the minimal form factor of Oz and O3 ¢ 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 (4.85) and its
permutations give the complete result, which matches the one given in [254, 304].

4.3.3 The Minimal Tr F? Form Factors

We now consider the Tr F® form factor in the all-plus helicity configuration. The proce-
dure 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)(1F,24,3%q) == Fy)(1%,2%,3%5q) - f® (s12, 503, 513)

(4.86)
= —2[12][23][31] - f® (s12, 523, 513)

then we compute f®) as the difference fﬁ(]?’)) -2 ff). We start with the two-particle cut
in the s12 channel represented in Figure 4.6, which reads

1 0 aa b
s12—cut - _m /dLIPS F((93)<_ 1 7_112)b7 311) .A(O)(l2a[z, ll bi? 111, 222)

(4) 7(4) 4) 7(4)
:l/dLIPS<[12][3|ll 12 |3]+,u2[3|ll 12 |3]> '

£ (s12)

s, 23][31] 319, 7,03
(4.87)
Computing the scalar contribution in a similar fashion leads to
i 315" 1513
£ 512,523,513, o = 5 / dLIPS 2l 22 2 (4.88)
: oig-ct = 3 317,
and finally
(4) 7(4)
® _ ;11 / BIA" LB
f (812, 5923, 813) ’slgfcut (3 [23] [31] dLIPS S21, . (489)

Then, it is possible to write f®) in terms of Mandelstam invariants:

f(S) 512, $23, S13 _ = —¢ | dLIPS 512 +2 4.90
s12—cut

S214
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3t 3t

Figure 4.6: Two-particle cut of the one-loop form factor Tr F2 in the s15 channel in six

dimensions.
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Figure 4.7: Two-particle cut of the one-loop non-minimal form factor Tr F’ 3 in the s193
channel.

modulo terms which integrate to zero, and uplifting this result leads to:

pP1

q q P1
£ (512, 503, 813)‘512_(115(: = —1812 —2i- >Q< . (4.91)
b3 D3 2]

b2

Combining the discontinuities in the three channels s19, so3 and s3; we arrive at the
complete one-loop form factor

n

f(g)({sl]}) = Z f(g)({slj})‘sk k+1—disc ’ (4'92)

k=1

where every term in the sum can be obtained from (4.91) by relabelling the external
legs.

4.3.4 The Non-Minimal Tr F? Form Factor

In the previous sections we reproduced known results for form factors through the
generalisation of the dimensional reconstruction technique. In this section we derive for
the first time the complete form factor of the operator Tr F® 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. There are two independent
unitarity cuts to be computed, say in the sio-channel and sjo3-channel, up to cyclic
permutation. Starting from the sj93-cut, one needs to evaluate the difference shown in
4.7. The tree-level form factor in the scalar subtraction term (second term in the figure)
is the minimal form factor of the operator Tr (D,@DVQSFW ) The Passarino-Veltman
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reductions of the resulting tensor integrals have been performed using the Mathematica
package FeynCalc [305, 306]. From the two-particle cuts in the sj23-channel we obtain
the following functions:

q 1 )
1
D4 q
(1) ) _ plo] (0]
Fo, (1F,27,3%,4%; q)’SmﬁdiSC = Dy +C " .
P3
b3 D2
P
q P q P1
e o SO,
y2 D4 D3
p3
(4.93)
with the coefficients
DY) = ~iF(1,2,3;4)
C[O} _ _im F(1,2,3;4)
0 512523 1459 %) (4.94)
Cl = BB R 9 3.y
512523
where
s
P(1,2,34) = T2 (s1a[13][24) + 551 [12)34)) (s2513][24) + s 23)[14) . (4.95)
31
Finally the coefficient of the bubble can be written as
BY = 2i[12][23][34][41] B! (4.96)
0 0 :
where the helicity-invariant function béo] is defined as
TR N T T T X L. S
O " s12803 \s12+ 831 sa3+ 831/ [12][34] sa3s31 s12 +s31 [14][23] s12831 S23 + S31
(4.97)

The result also contains a box integral with a 2 in the numerator, which after integra-
tion is of O(e). For completeness we quote its coefficient:

(4.98)

D = gy (W22 | BSELE | Q9207

512 523 S31

Next we consider the two-particle cut in the sjo-channel and, as discussed in earlier

sections, the discontinuity of the complete form factor is determined from the difference
1

Fap (14,2734 4% q)|

1
— 2P (17, 2%, 3%, 4%, g)| (4.99)

s12—cut s1o—cut ’

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 Fél) (17,2%,3%,4%;q),
which are represented in Figure 4.8. The first contribution comes from the operator
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. 1+
[} ( bl I ) 7q)}

s12—cut

- 2+

Figure 4.8: A two-particle cut of the scalar contribution to the non-minimal Tr F'* form
factor. The red boxes highlight the two different operator insertions.

Tr F3 with two scalars and two gluons, whereas the second one comes from the scalar
operator Tr D,¢D, ¢ FH".

After tensor reductions, we find

p1 pa
D4 pP3
FS)(t 2,3t 4t = DY + Dl

s19—disc

b3 b2 D1

P1
q P
+ of : C[O]
P4
p3
q
+ C:EO} D4
p3

+ Bgo} D4
P3

P4

p1
P2

oy %
o X
(4.100)

where we checked that the coefficients D[[)p ], D[p ] Cy Pl and Cy Pl match the ones found in
the previous calculation, up to relabelling. The other coefﬁ(nents for the triangles are

cll = i[12] 23][34)[41] ¢ |

o _ (4.101)
ol = —~ A ag3ans)2)
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where

o0 Szt ss | s <1 T E I 524) _ [13]24] [5123(312 ts31) —siy _ s12
3 523 534 S14 523 [14][23] 513 534

[13] [24] 512
[12] [34] 8%3 5923

[5123(523 + 831) — 28%1] + (1, 4) — (2, 3) ,
(4.102)

while for the bubbles

1 1 2 2
B = 2i[13)2[24]2 ( S S ) + 2i[12]2[34] ( - 512)
S31 823 823531 s23  s23(513 + 523)

1 4 2 4
+ 2i[12][34][13] [24] (S o 824
12 23 34 23534

> +(1,4) «— (2,3) ,

(4.103)
and 4
B = S [12)134] ([13)[24] + [23][14]) . (4.104)
512

We have checked that our result satisfies the expected infrared consistency conditions.
In particular, using the results for the coefficients Dy, Cy and C, one immediately finds

that the coefficient of (7316# vanishes, as required. We have also confirmed that the
(=s12)"°¢
€

coefficient of 2+— is proportional to the corresponding tree-level non-minimal form
factor derived in [273],

FO(1t, 2,37 4% q) = —

3

,[121[23][34][41] <1 L [13]24] 324) +oyelic . (4.105)

S12 [23] [41] S41

4.3.5 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 (4.62). 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 Mandelstam
invariants of adjacent momenta in the colour-ordered form factor. At this point it is im-
portant to stress that non-planar contributions would need an additional consideration:
as one can see from (4.12) there is no “non-planar” scalar operator, i.e. the scalars can
only appear next to each other in the colour-ordered form factor, 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) = 2[12][23][34][41] - 1D ({s3;}) - (4.106)

At one loop, we can make the following observations:
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e The cut-constructible part, coming from the form factor involving only gluons,
has the same structure as Fgg(l*‘, 2% 3% q), with both UV and IR divergences.

e Terms proportional to p? and u* 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 e 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

P1
A 324\ o s §
PP = 1 (14 F22) p4%< s m
P3 P2 pP3 l
l Po
P1 pP1
q q
12134 - [34)
+ 1 - D4 — Va7 ¢+ P4
ERI AN Bl
D2 P2
(4.107)

Notice that in the final result the integral I3[u?] appears. In general, in a renormalis-
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
(4.92) 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

TeF" (1%, )], = ("2 [[IRk 4+ 10 £ ({5i7)) (4.108)
k=1
and
q p1
n _ . 13|[2n R .
PPl = =i (14 i) - p3>O<p2 o
l
P1 P1
.[12][3n] . [3n] _
+1 : B A rTrevvern ey L
3] ErTD.
P2 P2
(4.109)

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

16For analytic expressions of such integrals see for example Appendix D.
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factor of Tr F™ is identical to that of Tr F* up to the replacement 4 +— n, as can be
seen from (4.67). As a final remark, notice that we can a posteriori explain the absence
of rational terms for Tr F'3: indeed we can recover (4.91) by simply replacing n + 3 in
(4.109). Then, rational terms vanish since they are proportional to [3n].

MHYV Configuration: the Alternate and Split-Helicity Form Factors
We define the MHV colour-ordered form factor with alternate-helicity gluons as follows:
1 _ _
Fo)(1%,27,3%,47;q) = (24)2[13]% - £ ({s55}) - (4.110)

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 sijo-channel is given by

f(4) ({ })' /dLIPS i IG2D
s _
a,6D J s12—cut 512891, <24>2[13]2 (4‘111)
:—/dLIPS L2k 1)?,
512521,
where
Top = 202(24)[13] + (2171713)(4175711) + (21757 13] (4l 159 1) (4.112)

and in the last step we removed terms proportional to (2|/ ;4)]1] that vanish upon inte-
gration. Also k, is a massive momentum defined by

kaa = Hg/\zaim - gii/\mxla ; (4.113)

and it is easy to prove that it satisfies the following relations:

K2 =2p1 - k=2py- k=512 . (4.114)

Surprisingly, the scalar contribution is identically zero after integration:

@ (g5 _ i @)l 18 el 12
Fais {31 |y —cut = /dLIPS P BT =0, (4.115)

because of the presence of the term (2|/ §4) |1]2. Thus the discontinuity in the sj2-channel
is completely given by the pure six-dimensional contribution (4.111), which after the
integral reduction can be written as

q

£ (si}) }slrdisc = —is12 -
p3

(4.116)

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:

F&)(17,3%7,27,47;q) = [13220)% - 19 ({si;}) - (4.117)
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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 sjo-channel, after the scalar
subtraction, is given by

p1
q

FEO s |,y e = —i513 -
D2

(4.118)

D3

The cut in the so3-channel is reminiscent of the alternate-helicity case, with vanishing
scalar contribution up to integration:

@) ({54 ~ — [ LIPS ——(2k - 1p)? 4.119
O (55D = = [P T, @a19)
where the momentum £k, is defined by
23, < (29, «
kas = 7= A0 a + - MaA3a 4.120
[13]2 1+<24>4 3 ( )
and it satisfies the following relations:
k? =2py -k =2p3-k = so3 . (4.121)
The cut in the s93 channel is
A q
9 (s }823_(1180 = —1S923 - (4.122)
2

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.

e The only operator that contributes in four dimensions is Tr (FSQDFE\SD), which is
a descendant of Tr ¢* in N/ =4 SYM!".

e We note the absence of bubbles in the final result for this (unrenormalised) 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:

Fo)(1%,27,3%,47;q) = FS)(1%,3%,27,473q) . (4.123)

4
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 (4.123) 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.

17See for example Table 7 in [307].
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Chapter 5

One-Loop Anomalous Dimensions
in the SMEFT

On-shell techniques provide powerful strategies to study the UV mixing in (non-supers-
ymmetric) EFTs, as first pointed out in [98] using techniques developed for the study
of the anomalous dimension of operators in N' = 4 super-Yang-Mills [308-311] (for a
review, see [312] and references therein) from scattering amplitudes and form factors
[287-290, 313-318] and recently applied to the SMEFT [99-107]. Furthermore, on-shell
techniques also provided a good understanding of the mysterious pattern of zeros in the
one-loop anomalous dimension matrix of the SMEFT [108-110]. At one-loop, such a
calculation requires only two main ingredients: the tree-level (four-point) amplitudes in
the SM and the identification of a complete (but not redundant) basis of EFT interac-
tions/operators, which have been studied in the Chapters 2 and 3.

The first systematic and complete computation of the one-loop anomalous dimension
matrix for dimension-six operators in the SMEFT has been carried out in [319-321]. So
far, the study of the anomalous dimension of SMEFT interactions has been completed
only partially in the literature for operators up to dimension 8 [104, 322-329]|. In this
chapter, we present the general on-shell set-up which will allowed us to fully compute
the one-loop anomalous dimension matrix for all the operators in the SMEFT of mass
dimension 8. As a proof of concept, we reproduce know results for the mixing matrix
of operators of dimension 5,6 and 7 and we present the mixing matrix of dimension 8
operators for the SMEFT considering a single flavour family Ny = 1. We compute the
anomalous dimension matrix to linear order in the Wilson coefficients, i.e. we ignore
the mixing between dimension-six and dimension-eight operators, which are however
partially known in the literature (see Table 5 of [329]).

The present chapter is organised as follows. In Section 5.1, we review the computa-
tion of the one-loop anomalous dimension matrix from on-shell data through unitarity.
We make use of the presented techniques to reproduce known results for dimension 5,
6, and 7 operators as well as to compute the mixing of dimension 8 operators at linear
order in the Wilson coefficients and leading (quadratic) order in the renormalisable cou-
plings. These general results are made available in separate ancillary files of the paper
[104]. In Section 5.2 we present the explicit mixing coefficients for dimension 6 and 8
operators relevant for Higgs production with a W boson.

105
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5.1 The UV anomalous mass dimension matrix at leading
order

In Chapter 3 we argued that any tree-level amplitude in the Standard Model can be
fully determined from its factorisation channels, and in Chapter 2 we gave a general
algorithm to find all the SMEFT interactions. These are all the ingredients needed to
compute the UV mixing matrix for the SMEFT interactions ’yg_\fdl, where d is the mass
dimension of the corresponding effective operators for d = 5,6,7,8. In this chapter we
restrict to the case of Ny = 1 and we leave the treatment of full flavour dependence for
future work. The results for vy, were provided in the ancillary files of the work [104],
and at the end of this chapter we show as an example the mixing coefficients of the

dimension 6 and 8 operators relevant for Higgs plus W production from pp-scattering.

Sticking to the notation introduced in Section 3.1, we write the amplitudes with a
single insertion of an irrelevant interaction as fn’d7i(pclll’h1, e p%"’h"), where d is the
dimension of the irrelevant operator and ¢ is its corresponding label (for example, in the
case of Ny =1and d=6,i=1,...,84), in order to distinguish it from amplitudes A
with only relevant and marginal couplings. The central formula for our computations

has been presented in [98] and gives the action of the dilatation operator D = afagu on
the amplitude in terms of its discontinuity?:
e ™D Fr =S e F*, (5.1)

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 a specific discontinuity of the effective amplitude.

The dilatation operator is linked to the UV mixing matrix fyg/j by the Callan-
Symanzik equation [330-332]:

9
DF; = <7J-Ul’z~ — i b+ B(Qz)aigz 5@']') Fi s (5.2)
k

where (gﬁ) is the beta-function for the coupling g and v/® is the IR contribution to
the anomalous dimension of the amplitude F; which depends only on its external states.

Combining (5.1) and (5.2), expanding to leading order in the coupling and at linear

'In principle, we could consider 'y}ijl\;dz, with di # da, which involves amplitudes which are non-
linear in the effective couplings. In this work we are not considering such contributions, but it is worth
stressing that conceptually their treatment is very much the same.

2This formula has been first presented in [98] for F being a form factor, but it trivially holds for
(effective) amplitudes as well, by setting ¢ = 0 in the form factor.
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order in the effective interactions, we find?

dQ h
h 2 h m
WG =23 T [ [ Al ol
Tz 1 {I1,l2}
<
gk; Tk l1 Tk l2 hl hl
- F; Loop 2.
g cos2 6 sin2 6 (- Py Pry )
n ,y(l)
h . 11
+ F(p .. ph )-;160;2 ,
(5.3)
where ) .
dQ Td 2
2:/ do * d62cos fsin b (5.4)
47T 0 27'(' 0

is the two-particles Lorentz invariant phase space integral, the sum over {l1,l2} is over
the species and the helicity configurations of the internal particles, ’yc(?u is the IR collinear
anomalous dimension associated to the {*"-particle and the term with T ki - T, takes
care of the subtraction of the (divergent) IR cusp anomalous dimension (the label £ 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
hypercharges in the case of U(1)) associated to the outgoing (or equivalently incoming)

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

3
1 1
E G2 Thi T = <_6> 4 +92<7”m —i—ggTA“’”TAgl ) (5.5)
k=1

The helicity variables associated to the internal momenta, on the cut configuration, can

be written in terms of the phase space angles 6 and ¢ and the external momenta p; and
Dm, as first shown in [313]:

A\ cos —sinf e Al (5.6)
N, ) \sinfei® cosf Am ) '
together with the complex conjugate rotation for the spinors Xll and X;Q.

5.1.1 Infrared collinear anomalous dimensions in the Standard Model

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 [98]:
2
hi1, ho |y choll _ T dfdy
a0 3 ek = {ZZ} e
11 2

i A pl1 Pl2 —>p1 p2 %)

hiy Ry

T T;
ng | e p,1T0)

0s2 6 sin? 6

(5.7)

3The results in the ancillary files of the paper [104] are given in terms of the matrix %%v = 167T2'VJUXZ,

where we factored out the usual loop factor 16%
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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 states of the theory.

We start by giving the stress-tensor form factor [18] following the normalisation
procedure given in [98] for generic complex scalars, fermions and vectors respectively*:

_ s 1 ~ g ~ s o
(@" 9% 1299 (0) = 207 (MNTREN, = AP ATNTRS — AASA] — AgATAERS
— MAGAT + AN -
5.8
n aiBh 1 ayBYaYh a\BYaYs av\BYaYh ayByaxs
(P |T* P |0) = §5§ <)\1 AN + ATAAENS = AP AGAGAS — A ATAG )\5)
(Lol |T685)0) = —26" T AOAINGDS |

where A, B, I, J are generic colour indices. Once we fix the minimal form factor for the
stress tensor, we can apply the formula (5.7):

2
’Y dQQ h
<W£W_i|TW|o>-Z—1g;g= = Z / [uu i = WIWY)
=1 l1,l2}
93 Tiopy - Tioy hi, hy
o sng | PPt T

k=1
(5.9)

where the sum over {l1,l3} runs over the pairs
{W_, Wb W, o {Q, Q4 {Q, QY AL, LY AL, L} {H, H} {H,H}} . (5.10)

Considering that ,YZVOH = 'yzvoﬁ =", we can rewrite (5.9) as

dQy hy, h
70011 = —8rm Z /32 D) llllpl2l2 — W{W_‘i_])
{l1,l2}
h h
ng Ty, - Tk;zQ <P11l1 J2[TH|0)
0s2 0 sin? 6 <W£W_{|TW|O> ’

(5.11)

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 Ny 1
7$1=—g§<><2—f>< —f—>, (5.12)

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.

4The different overall minus sign with respect to [98] comes from our different convention choice for
A% =M and A%, = i)\$, while the authors in [98] chose A%, = A% and A%, = —\§.
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Finally, we give the explicit results for the other states in the Standard Model. We
start from the vector bosons

2

Yeon =308 (VG < 2+ Y2+ YF) x 3+ (V2 x 24 ¥2) +Yi] (5.13)
11 N

Yoon = gg<3 3—3f><2><2), (5.14)

where the first X2 in the second term of 'Yg)u 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
have the collinear anomalous dimensions for the fermions

(1), = -3 (#78+ 1+ 5 &) b+ VYIW +IBIY . 619
(Yeol) mn = —3 (9% Yo+ 29%) Smn + 225 VS, (5.16)
(ven) ~=-3 (g? i+ 295) mn + 2V VD (5.17)
(Veol) yam = (.91 Y7+ i 92> Smn + Y V), (5.18)
(Vo) mm = —3 91 Y2 bn + 2V V)| (5.19)

and, finally, the Higgs

v = —4g?YE — 443 x %+2 T Y. YW %342 Tr Y@ . Y@ 5342 T 3. PG

(5.20)
where 3 and 2 are the Casimir of the fundamental representation of SU(2) and SU(3),
respectively.

5.2 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 [84], with a technical difference due to the
fact that in the mixing problem considered in this work we look at 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 2.3.1, which are in one-to-one correspondence with
the independent operators considered in [84]. 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 [99, 100, 319-321, 333]. The full
mixing matrix for all the operators in the SMEFT up to dimension 8 can be found in
the ancillary files of [104].

There are thirteen dimension-six operators (five of which are self-hermitian) con-
tributing to the scattering pp — h W and such counting can be performed using Hilbert
series method. In Table 5.1 and Table 5.2 we show the content of the various operators
and their multiplicities as shown in reference [210] and the corresponding independent
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# | Hilbert series Minimal amplitude
LR 0 600
2 2D2H2 2 i © Vam o (1 >[13]5;35;;
3 Vg © <12)[12]5;j<5;;
4 2DQQHH (13)[2 ]525;‘;5212
5 i (13)[23)57,0515;
6 | B_.B_HH (12 )25’4

7| ByB{HH [12]25@4

8 | W.W_HH (12 >251112514

9 | W.W,HH [12]2511125;3

10| G.G_HH (12)2641 42571
11| GyG HH [12]2541 42474

12| BW_HH (12)%0 fmjg

13| B,W,HH [12]%072"

Table 5.1: The table shows the thirteen dimension-six 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.

minimal amplitudes, respectively for the dimension-six and the dimension-eight irrele-
vant operators.

The running of the Wilson coefficients
_ 0
¢ o= 167‘(‘2#@@ , (5.21)

of the thirteen dimension-six operators is

0 = 8 (6 2y3 4 2% : 108)‘) + 6l
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40
+ 9 (16g2Yy Yo + 24Py — 240 Ds) — 6 D@V 4 adOyH

. 28¢2Y 2 21 Y
{49 L) ( POH | qgv2 % + 863+ 12%%) + i (298 + 28

+c3

(2 gy 2YQ+ % 4y1y1+8y2y2)
f ;

1 2
FYyYy — 22 + 2011 — y2y2) +c (6) ( ~@iYuYo + == — y1y1> ;
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# Hilbert series Minimal amplitude # | Hilbert series Minimal amplitude
1 H'H? 0 010507067 34, - (12)3[12]0 ™"
5 52100 xi 2D?B_W_HH I
2 B2H’H y- <12>25];6J3 35 (12)%(23)[23]0 "2,
3 B2H?H? Vi o [12]20% 8% 36 - [123(12)0",
- 72 172 54153 Iais 2D2B+W+HH Izli
4| B-W_HH Yam © Ve o (12)20}5072 37 i [12]2(23)[23]0 2"
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6| oprgeme 0(12)2611125;35§2 39 | D°W_B.HH (13)2[23]20 "1
2 o
7 Y © <12>2§[i“;6i ljéi” 0| o ez | Yemedame (12)(14) [24]&4;50—11112 2is
8 QW2 A2 Mg o [12]%07 _25@5]‘3 41 Vm © Vam © (12)(13)[23]035 071",
9 o [12]%0 ’zfmalm 42 s mapre | Ve o Vg o [12][14)(24)e Woo i
10 G*H*H? y_ o (12)2541424% 3y 43 2D°W HH a1 © o [12][13](23)8% 0 hia
— Ja < 2
11 G2 H*H? o[12 25A1A25’55‘6 44 o (12 1225“5”
o I +W2HH Vi © [12] i S (12)%[12] 1’ ”
_W2H (12)(23)(13)e oo 45 yo i © (13)°[13]°5367
13 B+W%HH [12][23][13]e’zfsxsaxé’fsﬁ1 46 o o (12 ><13>[12][13]§‘55“
14 W%{IH (12)(23)(13){7?35;3 47 o o (13)[23]eq,672 572
- 15 _ _ i2 ¢i5 U6 $A
15 W;I_{H [12][23][13]52 ijﬂ 81 4poomH? o 51m © (13)(23]0,26770350,2
16 G*HH (12)(23)(13) fA1A2A3 572 49 Vama © Vs © (15)[25]87267287% 652
17 GLHH [12][23][13] fArA2A2 57 50 o Vg1 © (13)[23]53f5;153§5§f
18| papegs | hmme dmmme 1202000558 | 51 (12)°p3laaot,
19 i o Viasmg © (14)[14]87103676 || 52 (12)(14)[34]5:5”;1 _1“]2
20| D?B_B.HH (13)2[223]fél;§ Z_ 53 | 6DW_QQHH (12)%23]5;3;5;;: 1;5?
. 4 = E 3§43 ;115
2 oprw w, mH g‘” [2231] 1‘5; N o4 <12><124>[34]fj4fb2 7
22 , ] (13) [23] e; 2A sAa o 55 (12)2[23)672 5320 1;}4
) ; !
23| D {ZG_Gj_QHI;[ (13)2[23]2541 42474 . 56 <12><14>[34]f§§f;’?7iw ”
24| D’B_H*H Vb © Vg o (12)(14)[24]57675 || 57 [13](23)87, 05201,
25 DQB+HfH2 o o [12] [14](24)5;25;; 58 [13] [14](24)5;;5;2301_%].2
26 D?B? HH <12> (1257 59 | 6DW.QQHH [13]%23)5;35,?;01”5_72
27 D?B2HH [12]3(12)6'4 60 [13][14](24)5’35‘13[’“5 i
_ II 4 13 §a3 1115
B oprwran (1271216 Ii o Xoia o1 L3J*(28)1; f o 11{4
29 Vi o (12)%(23)[23]e1 2 Xo g et 1 62 [13][14](24) 52552015
_ 1115 sia 2 1,2 PN
30|, DWRAH [12]3(12)6 1[21?2){6 - 63 (13)(23)[23] 6“;:]12 .
31 i o [12]%(23)[23]e o™ 64 upsgoiH (12)(13)[12][23]6;2 6346}
32 D*G2HH (12)3[12]g41 42572 65 <13><23>[23]26“51§573
33 D*G2HH [12]3(12)541 4247 66 (12)(13)[12][23]6;2 634 652

Table 5.2: The table shows all the dimension-eight operators, their multiplicity and a
set of independent minimal amplitudes.

41g2 S 5
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3
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(6) = c8 (2 Y2 + —== + 12)\> + 2612 9192YH + Cé ) (2%011 + 2%011) to
(6) = c9 (2 Y2 —l— + 12)\) + 2013 9192YrH + Cg() ) (28 +2v) + -
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ng) = 652) <691YH +2 4 4>\> + 4Cé6)9192YH + 4Cé6)9192YH

+ CgQ) (290 + %ou +8)+-.
053) = ng) <691Y2 + ?2 + 4)\> + 40(76)9192YH + 4056)9192YH

+ Cg?,) (27eon + Yeon + Veon) -+

where the dots indicate that the operator 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. These results fully
match with previous calculations in the literature, after a proper change of basis, and
we take this as a cross-check for the on-shell methods techniques in this thesis.

Then we present the result for the running of the Wilson coefficients of the dimension-
eight operators associated to the minimal amplitudes. Since most of the operators mix

with operators outside the sector we are investigating, we are going to omit the dots,

as well as the IR subtraction, i.e. we show ¢; /®) Z( UV _ (8)’IR.
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Chapter 6

Gravitational EFTs and the Eikonal
Limit

One of the exciting applications of scattering amplitudes focuses on the computation
of classical observables in gauge theory and gravity [140], such as deflection angles
and time delay/advance, or effective Hamiltonians describing the dynamics of binary
systems. Early results in this direction date back to [125], where it was already noted
that loop amplitudes contribute to classical processes. The intimate connection between
loops and classical physics was sharpened in [129], and had already been applied in [128]
to obtain the classical and quantum O(G?) corrections to Newton’s potential, where G
is Newton’s constant. In this approach, gravity is treated as an effective theory [127],
where one can make predictions at low energy despite the non-renormalisability of the
theory.

More recently, a systematic approach employing scattering amplitudes in conjunction
with unitarity was developed to compute classical quantities in gauge theory and gravity.
Classical [131] and quantum [130, 131] corrections to Newton’s potential can be obtained
from a two-to-two scattering amplitude of two massive scalars, in particular narrowing
down to terms that have discontinuities in the channel corresponding to the momentum
transfer ¢ of the process [129]. An additional simplification stems 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 least up to two loops [334]
(but not beyond [335]). Unitarity has also been applied in [132, 134, 135, 141, 336, 337|
to compute the deflection angle for light or for gravitons passing by a heavy mass, a
quantity that has the advantage of being gauge invariant.

In this chapter, we compute the graviton deflection angle and time delay /advance for
the three interactions R, R* and FFR, and in addition the photon deflection and time
delay induced by the F'F'R interaction. The single most important qualitative difference
with the EH theory is that the propagation and speed of the massless particle acquire a
dependence on its polarisation. This generically leads to a time advance at small impact
parameter b in the classical theory. Interestingly, in the case of graviton scattering due
to R* and FFR, causality violation can be avoided if the coefficients of the interactions
obey certain positivity constraints which, for R*, are in precise agreement with those
of [338, 339]. For the R? interaction our results are fully consistent with the tree-level
findings of [340], extending them to one loop. Note that while we used a massive scalar,
[340] used a coherent state to set up the background in which the graviton is deflected.
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Similarly, the F'F' R interaction induces superluminal propagation of photons.

The chapter is organised as follows. In Section 6.1, we present the action of the sys-
tem under consideration, classifying all the independent effective interactions beyond
Hilbert-Einstein. In Section 6.2, we review the basics of the eikonal approximation of
scattering amplitudes and how to compute observables from it. We discuss our kine-
matic set-up and provide explicit expressions for the spinor helicity variables associated
to each massless particle in the eikonal limit. We then discuss some general aspects of
the eikonal approximation, in particular the extraction of the phases 7 from the loop
scattering amplitudes. Section 6.3 contains the computations of all tree-level and one-
loop amplitudes relevant for our analysis. As a warm up we consider the EH theory,
where we re-discuss the graviton deflection computation of [141]. We then move on
to present the relevant four-point two-scalar two-graviton amplitudes with and with-
out helicity flip in the case of R3, R* and FFR, as well as the two-scalar two-photon
amplitudes for the F'F'R case, all at tree and one-loop level. While at tree level we
present exact expressions, at one loop we work in the eikonal approximation and we
only consider cuts in the ¢g>-channel which produce non-analytic terms arising from the
long-range propagation of two massless particles. Section 6.4 is dedicated to the compu-
tation of the leading and subleading eikonal matrices dg and 1, from which we will then
obtain the O(G) and O(G?) corrections to the deflection angle and time advance/delay
for the four cases considered — scattering of gravitons in the presence of R?, R* and
FFR terms, and scattering of photons induced by the F'F'R interaction.

6.1 Gravity with higher-derivative couplings

Much attention has been devoted to the study of effective theories of gravity obtained by
adding higher-derivative interactions to the Einstein-Hilbert (EH) action. In particular,
efforts have been made in [341-343| to confront such modifications with gravitational
wave observations. It was also noted that for these effects to be measurable by exper-
iments such as LIGO the cutoff of the effective theory must not be much larger than
O(km™!). A study of the effects that these higher-derivative terms have on the Hamil-
tonian and deflection angle was initiated in [173]. In this chapter, based on the work
[174], we sharpen this study by rooting it in the eikonal approximation — specifically,
applying it to three types of terms, denoted schematically as R3, R* and FFR, for
which we compute the corresponding corrections to the deflection angle and time de-
lay /advance. More in detail, the particular action we consider for the graviton, photon
and a massive scalar has the form:

2 1 1 1
S = / d*z/~g [ R - 1 By + 5(Dug)(D"6) — §m2¢2

! (6.1)
2 (a2 o'? 2 « '
- (=—n+—a Z Ly — 2LFWEPOR
m2<48 SRSy 3>+n28 8 Hp
where
I =R R" R, Gz:=1I —2R"5R" ,,R 10 , (6.2)
while B B
Ls = B1C?% + BCC + p3C?, (6.3)
where )
C := Ryupy R™P C := = Ruyap e®? s R1OM (6.4)

2
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A few comments on the various couplings in (6.1) 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. Their effects on gravitational
scattering of different matter fields have been discussed recently in [173, 344]; specifically
for the scattering of two massive scalars, both independent structures Iy and G3 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 [173] that the G interaction has no effect.
Additional interesting features about the I; and G3 couplings are that I; is the only
coupling that contributes to pure graviton scattering in d < 6 [298, 345] and is the
two-loop counterterm in pure gravity [346]. G3 is a topological term in six dimensions:
as such, for d < 6, we can always perform a field redefinition at the amplitude level of
the action such that such term is not present (in the case of pure gravity) or re-written
in terms of tidal effects. For example, if we consider a theory of gravity with matter, e.g.
massive scalars (mimicking black holes or neutron stars), the presence of a G's coupling
alters their dynamics. In particular the four-point amplitude with two gravitons and
two scalars becomes [173, 344]

Qg (RNZ g 2
ig (5) [34]* (2m2 + 5) .
(6.5)
The non-trivial contribution to the scattering amplitude of two massive scalars and
two gravitons from the G35 interactions modifies the classical potential in the two-
body system, as shown in [173, 344]. It is easy to show that the contact term pro-
portional to [34]* (2m? + s) in the amplitude (6.5) is (up to a numerical coefficient) the
amplitude arising from a particular tidal interactions of the form RH p"RWp(,m2¢2 —
V&R pUVQRHVpU¢2, see for example [347]. But, 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 we

will refer to it simply as the R? term, since no confusion can arise.

My (61,60, W BET) = M (61, 62, B ) +

The second interaction we study is of the type R*. In principle there are 26 indepen-
dent parity-even quartic contractions of the Riemann tensor [348], 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 [349, 350|. In four dimensions these reduce to
two independent parity-even structures [341, 351], plus one parity-odd structure [342],
as shown in (6.3). In agreement with [351] 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
B2 in (6.3) is non-vanishing, then the all-plus and all-minus graviton amplitudes are in-
dependent. We also note that a particular contraction of four Riemann tensors appears
in type-II superstring theories where it is the first higher-derivative curvature correction
to the EH theory, and can be determined from four-graviton scattering [352].

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 [353, 354, and considered more recently in [355, 356].

As we have already mentioned, we have also introduced in the action a minimally
coupled massive scalar to represent a black hole®.

'n order to describe charged black holes the real scalar in (6.1) should be replaced by an electrically
charged complex scalar.
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Note that in (6.1) 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 (for example, see [357] for a recent review).

6.2 Physical observables from the eikonal phase matrix

The physical observables of interest are the classical deflection angle and the time de-
lay /advance [358] experienced by massless gravitons and photons when they scatter off
a (possibly charged) massive scalar. A method ideally suited for obtaining classical ob-
servables directly from amplitudes, without passing through intermediate, unphysical
quantities, is the eikonal [359-364]°. In this approach the relevant amplitudes are evalu-
ated in an approximation where the momentum transfer || 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 parameterisation 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 deflection angle and time
advance/delay. Recent applications of this method to this type of problem include [367]
for the deflection angle of massless scalars up to 2PM, [134] for photons and fermions
up to 2PM order, and up to 3PM order in [147, 162, 368].

An important point we wish to make is that in our case, because helicity-preserving
as well as helicity-violating processes contribute, the eikonal phase is promoted to an
eikonal phase matriz in the space of helicities of the external massless particles, with
(+—) and (—+) being the diagonal entries associated to no-flip scattering (in a con-
vention where all particles’” momenta are outgoing), while (++) and (——) are the off-
diagonal entries, with helicity flip. The associated mixing problem has to be resolved
in order to 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 [340]. See also [355, 356, 369-374]
for further discussions an resolutions of this issue in UV-complete theories and [353,
354]| for related discussions involving helicity flip and no-flip amplitudes.

In this section we first 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.

6.2.1 Kinematics of the scattering

We begin by describing the kinematics of the scattering processes we consider. We
denote by p; and ps the four-momenta of the incoming and outgoing scalars, respectively,
with m being their common mass, while the momenta of the incoming and outgoing
massless particles (gravitons or photons) are ps and ps. We will work in the centre of
mass frame, with the following parameterisation:

2This eikonal was intensively studied in the context of gravity and string theory in the nineties [363,
364]. For related recent work see also [142, 365, 366] and references therein.
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A\ :

W =—(Ey,—D+q/2),
V=—(Evnp—7q/2),
o o= (Es it d/2). (6:6)
N Pl = (Bs,—7—/2)
D1 pZ“

In our conventions we take all momenta to be outgoing, hence the minus signs in the
expressions of p; and py since particles 1 and 4 are incoming. We also have

By =By =/m?+p? +72/4,

Fs=FE4 = \/m = w,

where p - ¢ = 0 due to momentum conservation. Hence ¢ lives in a two-dimensional
space orthogonal to p. In this thesis we define the Mandelstam variables as

si=(p1+p2)’=-7% t:=@1+p)’=(E1+E)? wi=(pr+p3)? (638

with s +t + v = 2m?2. 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.

(6.7)

In the above parameterisation, the kinematic limit we are interested is
m>w> |7, (6.9)
which implies for the Mandelstam variables
t~m?+ 2mw, ut —m* ~ —(2mw)?, (6.10)

and for the energies of the massless particles

8p
For definiteness we choose p = [p| 2 with |p| > |7], as implied by (6.9). In this

approximation we can write the four-momentum ps of the massless particle in spinor
notation as

=2
By =E;=w~|p] <1+qg> . (6.11)

-2

a-  q
8|p 2
p3 = |p‘ , (6.12)
q o
)
5 7]

with ¢ := q1 +ig2 and g := g1 — ig2. One can then find an explicit parameterisation for
the spinors associated to the null momenta p; = A\;\;, ¢ = 3,4, with the result

q
— | 4[p] N = q
pa=vapl | P A= el (g 1)

1
; (6.13)
. - D 5 . S q
= [T =R (g 1)
1

Note the extra factors of ¢ due to the negative energy-component of py corresponding
to an incoming particle.
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6.2.2 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.

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 ¢,

A) = / L Aq) (6.14)

= e :
dmw J (2m)d—2 1>

where b is the impact parameter, and the number of dimensions will eventually be set

tod=4— 2e.

In the eikonal approximation the gravitational S-matrix is conjectured to be of the
form [363, 367]

Seiie = e 00F0F) (6.15)

where §y is the leading eikonal phase, which is O(G), 1 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

Seie = 1+ A + AW 4 A 4 A% 4 A% 4+ 4@ 4 ... | (6.16)

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.

Equating (6.15) with (6.16) one gets

5= —i A0 (6.17)
&= —i AL (6.18)
as well as the condition
50)? ~
_( g) = A, (6.19)

which implies the consistency condition

Al = %(Zg)))? . (6.20)

Thus, the contribution to the one-loop amplitude that is leading in w, .ZSQ% does not
provide any new information about the S-matrix. In general, it is only the term in
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AD) that is linear in w, .,Z{L(UL), that provides new information entering 67,. Also, (6.17)—
(6.20) are conjectured to be valid as matrix equations in the linear space of helicity
configurations of external states.

Note that a priori these statements are known to hold for EH gravity. The results
in this thesis show that (6.20) also holds for the higher-derivative interactions discussed
here at least up to one loop.

Finally, the particle deflection angle can be obtained from the eigenvalues 6 of the
eikonal phase matrix §. Using a saddle-point approximation [134, 137, 363| one finds,
for small 6,

o0 — 1950

- 21
St (6.21)

where 4 runs over all eigenvalues of § and b = \5 |. For the time delay, we will use instead
[375-377]

(6.22)

6.3 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 (6.1). At tree
level we will present exact expressions, while 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 (6.9) — this will
be 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 [158]. We chose instead to
compute the one-loop amplitudes through two-particle cuts, which also determine the
quantum part of the amplitude. The reason for doing this is twofold: at the practical
level, computing the relevant terms in the amplitude from generalised unitarity does
not improve the computation significantly, and the additional terms, despite not being
used in the present thesis, could become relevant when considering the exponentiation
in the eikonal limit at higher orders (see, for example, the discussion about the eikonal
exponentiation of N' = 8 four-point amplitude in [366]).

We will begin our discussion with the simple case of EH gravity, quoting from [141]
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 to compute
the corrections induced by the R?, R* and FFR terms in (6.1). The two-particle cut
diagrams relevant for the R? and R? cases are shown in Figure 6.1. The corrections
induced by the F'F'R interaction need a separate analysis and we show the corresponding
diagrams in Figures 6.2 and 6.3. Indeed, for the R? and R* interactions both internal
and external particles are gravitons, while in the case of FI'R we either have external
gravitons and internal photons, or viceversa.

$We recall that s = —|7|? where ¢ is the momentum exchange between the classical source and the
graviton.
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Figure 6.1: The two-particle cut diagrams for the R™ (n = 3,4) 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 Fig-
ure 6.1, the case hg = hy corresponds to the massless particle flipping helicity upon
interacting with the scalar, whereas hs = —hy 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 hg
and ho and divide the result by 2, which correspond to the Bose symmetry factor for
the internal gravitons.

6.3.1 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?:

0 o K\2 (31441 i i
Ag(1%.2%.37 07 = - (5) S + il

0 K\ 2 34)2 i i
AEI){(1¢’2¢’3++’4++) - <§> m* <[34]>2 [t — m? * u— mQ] ’

(6.23)

The computation of the four-point one-loop amplitude without helicity flip in the eikonal
approximation (6.9) was performed in [141], with the result

4
ASI){(W, 29,377 4T ~ N, <g> [(2mw)4 (Ls(s,tym) + Ly(s,u;m)) — 15(m*w)?I3(s;m)

+ (4mw)?sI3(s) — 229(mw)212(3)} ,

(6.24)

where
Ny = <<;E|ﬁ]>4 (6.25)

is a pure phase and A}, — 1 in the eikonal approximation. We have also computed the
new amplitude with helicity flip in the same approximation, with the result

4 2
Agy1e, 2 3 4y~ (5)" 2

5 (m?s)? [L;(s,t; m) + Iy(s,u;m)| . (6.26)

4See for instance [173, 378].
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6.3.2 Four-point scalar/graviton scattering in EH + R3

We now consider the amplitudes with addition of the R3 interaction in (6.1): the helicity-
preserving amplitude at tree-level is vanishing

A0 (12,29 377 47+) =0, (6.27)
while the helicity-flip amplitude is
A (19,29, 34+ 4+) = (’;)2 <CZ>2 g U= mz)s(“ —m) (6.28)
At one loop, the result of [173] for the no-flip amplitude gives:
A(l)(1¢ 29,377,471 ~ (E>4 <0/>2 N, [(ms)4(l (s,t;m) + Ls(s,u;m)) + (m*sw)?I3(s;m)
ra (17,27, ; 5 1 h a(s,t; 4(8,u; 3(8;

+ g(ms UJ)2IQ(S)} .

(6.29)

The one-loop amplitude with helicity flip requires a new computation and the result in
the eikonal approximation is

N 2
Ag§(1¢’,2¢’,3++,4++) ~ (g)4 (Z) [34]4 {(2mw)4(14(5,t; m) + I4(s, u; m))
— 13(m?w)?I3(s;m) + 16(mw)?s I3(s) + %(mw)%g(s)

(6.30)

6.3.3 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 G2. In order to build this amplitude using
the unitarity-based method we first need to find out the expression for the four-graviton
tree-level amplitudes in the R* theory. We do so here starting from the Lagrangian in
(6.3) in order to make contact with the notation of [341]. We also present an alternative
derivation only relying on the algorithm presented in Chapter 2, which does not require
writing down any Lagrangian.

Deriving the four-graviton amplitudes from (6.3) 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

. 1 ) )
R(Z)MVPG = §F(2>m/ F(l)pa (6.31)
where
F (i) = Pip€iv — Piv i - (6.32)

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)spaagg = _\/5)\ia/\iﬁ€d5‘ and F(i)ASD adBf = —\/§S\id5\iﬁ'6a5 ) (6.33)
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The building blocks in (6.4) are bilinear in Riemann tensors, and take the form

C =~ (F(i)aysp - F()aysp)” (6.34)
and

C =~ (F(i)asp - F(i)(asp) (F( i)(A)SD * 1* F(j)(a )SD> , (6.35)

where - denotes Lorentz contractions and * denotes the usual Hodge dual which acts on
the (anti-)selfdual field strengths as *Fgp = Fsp and *Fasp = —Fasp. Furthermore,
given the form (6.33) these expressions are only non-vanishing if both particles 7 and j
have the same helicity. In summary, if both gravitons have negative helicity (SD field
strength) we have

C=iC==(ij)*, (6.36)
while if both gravitons have positive helicity (ASD field strength) we have

C=—iC= % [if]* . (6.37)

With these results one easily arrives at
. K\ 2
AQ) (ot g+t gty — gt (5) ([204[347% + [13]*[24]* + [14]*[23)%)

AV 23 4 ) =g (g)Q ((12)4(34)* + (13)%(24)* + (14)*(23)*) , (6.38)
A+ ot 37 47y =i (g)Q [12]4(34)%

with
gt =4 (51 + ; B2 — 53) ; (6.39)
B~ = (Bl - %52 - 53) ; (6.40)
B=a(Bi+8s). (6.41)

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 7 = 3~ := §.

The next step is to carry out one-loop amplitude calculations in the eikonal approx-
imation, as done in previous sections. The result for the relevant amplitudes is:

AD(®, 2037 47 ~ N B (5 ) 52 [345 (mw)? Ig(s;m)+f’(mw2)212(s)] ,
Al )(1¢ 20,37+ 47+ ~ (2) [ (mw)t I3(s;m) + % (mw?)? IQ(S):| ,
A (19,2 37 47) (g) { (mw)* I3 (s;m) + %(mw )212(5)} :

(6.42)
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R* contact terms from the graph-based method

Here we show an alternative and simpler way to compute four-graviton contact terms
induced by R*-type interactions, based on the algorithm presented in Chapter 2. Despite
begin simpler, such method does not provide a normalisation of the amplitude in terms
of the couplings appearing at the level of the action (6.1).

The first observation is that the terms we are after are polynomial in the spinor vari-
ables for which the degree of homogeneity are either (42,42, +2,+2) (and its complex
conjugate) or (42,42, —2,—2). Then, we are looking for the structures with the min-
imal mass dimension, 7.e. with the minimum number of momentum insertions, which
in this case turn out to be zero. This means that all the planar graphs give a basis
of kinematically independent monomials. The MHV configuration (42,42, —2, —2) is
trivial because there is only one monomial: which also respect the correct permutation

l—=—*
AQ)(1+, 27+ 37 477) x Mo = [1214(34)4

3

symmetries.

For the all-plus configuration we have five kinematically independent monomials:

= ! 3

Mo = [12]4[34)* , Mo = [14]%[23]* ,

= P\ 3

1 2 1 2

Mo = [12]3[14][23][34]* , Mo = [12][14]3[23]3[34] ,

4 3 4 3

Mo [12]2[14]2[23]2[34])? .

4 3

Upon imposing permutation symmetry to such terms, we find that the first and the
second couple of terms give the same contact terms. Moreover, after symmetrising such
structures, we find that the polynomials are written in terms of non planar monomials.
For example, for the first we find:

%[14]4[23}4 + %[13]4[24]4 + %[12]4[34]4 :

where the first term correspond to
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1 2
M ([14]%[23]%) =

4 3

We can recursively untie the crossing of such graphs to write them as a linear combina-
tion of the planar monomials, using recursively the graph identity shown in Figure 2.2.
Once we perform this decomposing we find that the three remaining terms are all pro-
portional to each other. Then there is a unique kinematically independent contact term
for the all-plus configuration

==
AQ) (1, 2 3 4t o oMo — 1 ([14]*[23]* + [13]*[24]% + [12]4[34]1) .

e

6.3.4 Scattering with the FFR interaction

The last interaction we wish to consider is the FFR term in (6.1). 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.

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

0 . (R (67
Ap(17,27,3%0) =i (5) () 13121232 (6.43)
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 by its helicity structure and dimensional analysis up
to a normalisation which we fixed from the our action (6.1).

Graviton deflection

Using their factorisation properties or Feynman diagrams, we have computed the four-
point amplitudes relevant for graviton deflection from a massive charged source (such as
a charged black hole). The new F'F'R interaction involves two photons and one graviton,
hence 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
6.2.

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 [130]

(0) o2 o B i
Asqep(1%,27,3%,47) = @*m? = (— 5+ —— ), (6.44)
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X X
26, AR ghs 26,, B 3hs
® @ W
Lg,, 15 1" 4l Lg,, 152 13" 4ha
Figure 6.2: The two-particle cut diagrams in the s = —¢ 2-channel of the graviton de-

flection 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 hy = hs for the
internal photons. The second diagram is proportional to x*, it is non-vanishing when
hy = —hs and hy = —hy thus it contributes solely to the helicity-preserving configu-
ration. Also, it only produces quantum corrections (bubble integrals) with coefficients
that vanish in the case of four-dimensional external kinematics.

along with the modification to the two-graviton/two-photon amplitudes arising from
the FFF' R coupling for both helicity configurations of the graviton: no flip,

O 1+ o+ 3—— 4++) — _: (BV (™ 2 (3[1]4]*
AL (1t 2t 37 4t = 1(2) (4)[12] ol (6.45)
or flipped,
(0) (14 ot att gty o (FY2 [0y (([13]7[34]*[42)* | [23]?[34]?[41)?
Appr(17,27,377,4 )—1(2) (4)< - + -~ . (6.46)

Both amplitudes can be computed with on-shell techniques. Specifically, (6.45) can be
constructed using BCFW recursion relations [22] by shifting appropriately the graviton
momenta, while it is easy to verify [25] that (6.46) can be derived via an (holomor-
phic) all-line shift. Note that the two-particle 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 F'F'R interaction
is non-vanishing only for same-helicity photons.

We now move to the cut diagram on the right-hand side of Figure 6.2. The two-
photon /two-graviton EH amplitude only exists in the configuration where the gravitons
and the photons have opposite helicity (see for instance [134]),

(4]1]3]?
stu

2
Aph(17,27,87,477) = —i () 13 (20)?

, (6.47)

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'F'R interaction:

_ C(R\Z2 /a
AW (19,2937 4%) = i (5) (f) (3]1]4]2 . (6.48)

Such amplitude is a contact term and can be only computed consistently with the action
(6.1) using the corresponding Feynman rules.



134 CHAPTER 6. GRAVITATIONAL EFTS AND THE EIKONAL LIMIT

Following the above considerations, the one-loop amplitudes in the eikonal limit can
be computed entirely from the LHS of Figure 6.2, and are found to be

it 47 =i (5 ().

) 5| (ms)? (La(s, t;m) + La(s, u;m))

+ (mw)?I3(s;m) + §£I (s) + §w21 (s)
39, 4 w2 3 2 2 ’

2
Aphe(19,27,354 470 = @2 (5) " (F) m*B4 (i),
(6.49)
where again N}, is the phase defined in (6.25), and @ denotes the charge of the classical
source (the black hole).

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 [134], and present the new corresponding am-
plitudes induced by the FF'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 non vanishing, both at tree level
H>2 (3]1]4]?

) (6.50)

AQ (12,29 37 4t) = ( :

and at one loop [134],

4
AGK(19,29,37,4%) = =N (5) [ @) (Ta(s, tsm) + La(s,usm)) — 15(m%w)* Ty s m)
+35(2mw)? I(5) — o (mo)? 12<s>] ,
(6.51)
where the phase factor N, is
(BN
N, = < oo ) =L (6.52)

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

(t = m2) (1 m?)

AQ (19,29 3% 4T) = —i (5>2 (%) 134

2
5) (5 +m?| ,  (6.53)

contributes in the eikonal approximation, while the no-flip amplitude, already quoted in
(6.48), is a contact term that is subleading in the eikonal limit (it does not have a pole
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Figure 6.3: The two-particle cut diagrams in the s = —|¢| 2-channel contributing to

photon deflection to first order in the F'F'R 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.

in s = —|7|?). We also notice that this amplitude can not be completely fixed using
on-shell arguments, in a consistent way with (6.1), then we needed the corresponding
Feynman rules.

Moving to one loop, the relevant two-particle cuts for the (++) configuration are
shown in Figure 6.3. We find that the amplitude with photons in the (++) helicity
configuration in the eikonal approximation is

AR (12,2%,3°,4%) = — (5)" (%) 342 [ 2me)* (Ta(s, ) + Ta(s, s m)

— 15(m2w)?I3(s;m) + 35 (2mw)? I3(s)

5 (mw)? Is)| |

10
(6.54)
while the amplitude with photons in the (+—) helicity configuration vanishes:
1 _
AW (192937 4ty =0 . (6.55)

6.4 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 (6.1). The key quantity
is the eikonal phase matrix §, 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 dg.

In the following we focus on the classical contribution to §. We stress that for the
cases we consider, § 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 hy = —hg), while the off-diagonal
ones correspond to the two helicity-flip processes (with hy = hg).

As a final comment, we note that the combined effect of the interactions in (6.1) is
simply the sum of the contributions of each interaction treated independently; hence
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we will study them separately, and begin our discussion by reviewing the computation
in EH gravity.

6.4.1 Graviton deflection angle and time delay in Einstein-Hilbert
gravity
Leading eikonal

The relevant tree-level amplitudes in EH gravity are given in (6.23). In the eikonal
approximation (6.9) they become

2 (2 2
A0, 20,577 4y i (5)7 Bl
) o, TEQ y (6.56)
0) (16 o¢ at+ 4++) ~ <7) g
17,2 4 ~ ~
AEH( ) 73 ) ) ? 9 (2w)2q—»2 Oa

where the second amplitude is subleading compared to the first.

The amplitudes in impact parameter space are obtained from those in momentum
space using (6.14). To compute them, we will use repeatedly the result

—d/QF d+p
Pa arn ZTT(UR)
f(p,d) = /(271’)d e g = F( p) pdtp (6.57)

where b:= |b|. We then have

~ 2 d 1
Apae,20,37 4t =i (5) T <2 - 2) =g

“ dm 2 (6.58)
zgg<1¢72¢73++,4++)\ ~ 0,
therefore the leading eikonal phase matrix is
Ko 2 K\ 2 mw 1
= (= —2.d — ~—(=) — |—— +1 .
d0,EH <2> (mw) f(=2,d —2)1, <2> 5 [4—d+ ogb] lo+---, (6.59)

where we omitted terms of O(d — 4) and finite terms which do not depend on b.

Next we consider the one-loop amplitudes (6.24) and (6.26). In order to check expo-
nentiation (6.20) 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
ASI){(1¢,2¢,3__,4++) = (g) (2mw)4[14(s,t;m)+I4(s,u;m)] ,

w3

(6.60)
A(Elf)l(ld)’ 2d>’ 3++’ 4++)

=0,
w3

where the sum of the box integrals Iy(s, t;m)+I4(s, u; m) was evaluated in d dimensions
in [142] and is given in (D.12). Transforming to impact parameter space, we have

(Y e 2T -4 1
W <2> ) w3 (d— 403 —d/2) b*7° (061

A (1929 37— 4tF)

As expected from (6.20), we find that

~ 17 ~ 2
A 0,203 a%)| = A% 203 )| o). (6.62)

w? w



6.4. EIKONAL PHASE MATRIX, DEFLECTION ANGLE AND TIME DELAY 137

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 (6.24):

4
“41(31})1(1¢72¢73__,4++) o= (g) (—15m* w?) I3(s;m) (6.63)
where I3(s;m) is given in (D.11), and as usual s = —|¢|?. In the following we focus

on the first term on the right-hand side of (D.11), since the log term only contributes
quantum corrections. Using

d=2q .o o 11

we obtain the subleading part of the amplitude in impact parameter space:

2
TQ) (16 o0b g—— 44+ ’ _ .<§>4 15 mw
19,2 4 = — .
AEH( ) 73 ) ) w ? 2 25671' b ’ (6 65)
and finally, using (6.18), d;:
kN4 15 miw
Sipn = (f 2 ¥y, 6.66
LEH 2) 26r b - (6.66)
The eikonal phase matrix up to one loop in EH is then given by
K\ 2 mw 1 kK\2 15 m
O0pH = 0 0 -~-:—<—>—7 1 b—(—) — — |1
EH = O00,EH + 01, EH + 5) or [4—d + log 5) 9567 b | 2
(6.67)

Note that this matrix is proportional to the identity, since the polarisation of the gravi-
tons scattered by the classical source is unchanged. The deflection angle can now be
extracted using (6.21). While the eigenvalues of § are divergent in d = 4, the corre-
sponding deflection angle is finite:

1 /6\2m K\2 15 m 4Gm 15t m
oon = =5 (5) % [”(2) 128b} =T <1+G166> - (68

This result agrees with the derivation of [141], and as expected matches the photon
deflection angle [132, 134], first computed by Einstein.®

Another quantity of interest which can be extracted from the eigenvalues of the
eikonal matrix is the time delay. Using (6.22) applied to the leading eikonal phase
(6.59), we get

K\2 m 1
tpy = — (5) 7 <4 — + log b> . (6.69)

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 [340]. Doing so the pole in (6.69) drops out, and neglecting
power-suppressed terms in by one gets

I€>2 m bo

bo
=|=) —log—=4 log — .
ten (2 5. 108 G mlog p (6.70)

®Note that such a contribution is absent in (6.26).
SInitially up to a factor of two [379].
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in agreement with [380]. Including now also the contribution from §;, we arrive at the
result

K\2 m bo k\2 15 m 15t m
ton = (5) %[logﬁ(z) 128b} —4Gm[l *+Gﬁ€ (6.71)

In the next sections we compute the corrections Ay and Atx to the deflection angle
(6.68) and time delay (6.70) in EH due to the inclusion of an interactions X in (6.1).
The complete deflection angle and time delay will then be g + Afx and tgp + Atx.

6.4.2 Graviton deflection angle and time delay in EH + R3
Leading eikonal

The relevant new amplitudes are obtained by evaluating (6.27) and (6.28) in the eikonal
limit (6.9), with the result

AQ (19,22 37 4%+) =0,
4 (6.72)

2 2
A2, 2037 a7 =i (1) (‘fl) (2mw)? L5,

where from (6.12) we have [34]* = ¢*. In order to transform to impact parameter space
we rewrite

-

b-¢ = bg+bq, (6.73)

with b := (by +ib2)/2, and b := (b — ibz)/2 (and we recall our previous definitions
q=q1 +iq2, § = q1 — iq2), from which bb = b?/4. Then in b- -space we have

N\ 2 4
Ausramrarn] = a5 (§) o (55) sc2a-o

()5
SCRIGRIOIER] 67

Hence the leading eikonal phase matrix &g, including the first contribution from the R3
interaction, has the form

(6.74)

(—=2,d—2),

where

6o = So,eH + O0.r3 (6.76)
where o g is given in (6.59), and
kN2 (a2 0 b
b = (5) (4> (me) [€f(~2,d - 2)] (b_4 . ) , (6.77)

where we have used (6.17).

Moving on to one loop, from (6.29) and (6.30) we obtain

Agg(1¢’2¢’3__a4++) 3 = O )
(1) (16 96 a++ 4++ ’ K\L N2, A (6.78)
AR (17,20,37F 47%)| = <§> (Z> 13414 (2mew)t [ Iu(s,£) + Lu(s, )
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Transforming to impact parameter space, and using (D.12), we arrive at

G (5) () e

4 2 2 /
= (5)' () Sreratqfu-sa-n,

jgg(lﬁﬁ’ 20 3+t 4t)

(6.79)

where

¢ = (d—4)(d—3)(d—2)(d—1) . (6.80)

The leading one-loop amplitude matrix in the eikonal approximation is then found to
be

I\ 2 5/
(d—6,d—2) ! (a) bt
T (K\? 9 f(d—6,d— 4) b
A = = (3) (mw) Tow | (ayie . (6.81)
4 b4
One can then check the matrix relation
AY = (50l + Ol —4), (6:52)

in agreement with (6.20). In writing (6.82) we have used that,

o\ 2
@) = (£) me2[r(-2.d-2) ) L 68)

up to and including O((//4)?).

Finally we compute the eigenvalues of the matrix dg in (6.76). Using

3
Ef(=2,d-2) = 5 +0(d—14), (6.84)
we can rewrite it as
o\? 3
L (9)
2¢ 4 ) bt
K\ 2 mw
oo = (=) — :
0 (2) 27 N 2 ’ (685)
) A
1) 6t T2 8
whose eigenvalues are
2
a2 _ (R\Pmwr 1 o’ 48
%" = (2) on { 5e ~logbE <4 b4} ' (6.86)

Following identical steps to those leading from (6.67) to (6.71), one obtains for the time
delay at O(G)

b o/ \? 48
T 4Gm[log€0 + (4) bﬂ , (6.87)

where G = k?/(327). For sufficiently small b the eigenvalue with the choice of negative
sign may become negative, leading to a time advance.
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Comparison to the work of [340]

The time advance due to R? terms was first discovered in [340], from which it was
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 [340] 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. This set-up avoids a subtlety which is present when we consider
the graviton scattered off a black hole. Indeed, such causality violation can be observed
only for very small impact parameter. On the other hand, such classical scattering is
meaningful only if the impact parameter is larger then the Schwarzschild radius of the
black hole, b > 2G'm. In the shockwave scattering considered in [340] such constrain is
lifted and this is an example of causality violation of the classical theory. On the other
hand, the quantum (effective) theory is well-defined up to a UV scale A (b>> 1), with
o = % and ¢, a order unit coefficient. Indeed, it is easy to check that such causality
violation appear at length scales b ~ %, where the predictivity of the theory breaks
down.

Concretely, it is interesting to compare the eigenvalues (6.86) of the leading eikonal
phase matrix (6.76). Pleasingly, these eigenvalues turn out to be identical” to the
eigenvalues (3.22) of [340], upon replacing mw — w?. This is due to the fact that we
consider a different set-up, 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.

Subleading eikonal

We now go back to the one-loop amplitudes (6.29) and (6.30) and extract the triangle
contributions which are the relevant terms contributing to the subleading eikonal matrix:

A 4 2
= ) () bt
/

2
AN e
o= —13 <§> (4) gt mi? I3(s;m) .

AD(19,29,37~,47H)

(6.88)
A%§(1¢, 2¢>7 3+, 4++)

"Note that in (3.22) of [340] the 1/¢ pole was not written explicitly. This pole does not affect either
the time delay (6.87) or the particle bending angle. Our 1/e pole corresponds to the log L term in [340],
where L is an infrared cutoff.
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We can now transform to impact parameter space, using

d2q .7 91
igb |23 — <~ —4
N [ a2 7 1051 1
“ 1q-b | = |—1 _ - d—4) . .
<ab> /(27r)d26 1 = gpppr TOWY (6.90)
The amplitudes in impact parameter space then become
N 2 2
AW (16 90 35— 4++‘ _ _~(E)4 ANt 9 mw
'AR3( 29,377, )w ? 9 4 251 b°
N4 (a'\? 1365 miw 1 (6:91)
AV (16 9 a++ ++‘ _ (7) @ il
19,2 4 = —
Ap(19,20.370.470)| = 0(35) \T) 2096r b o

Using (6.17), we can extract the contribution of the R? interaction to the subleading
eikonal matrix d1:

9 1365 1
1 /a/\2 1 2 bt 16 b4
S s = (f) a)y - me (6.92)
’ 2 4 256w b 1365 1 9
16 b+ bt
Then the correction to the graviton deflection angle is
AGm (/\*[, 192 57 Gm
ALY = 2T (2 +— 4+ —(-9+1 — . .
015 5 1 b + 16( 9 4+ 1365) W (6.93)

The deflection involving a graviton whose helicity is preserved in the scattering pro-
cess has already been studied in [173], instead the flipped helicity case is presented here
for the first time.

Finally, for the time delay we arrive at

N\ 2
1
At = aam (Z) [148 gt 116 (—9 + 1365) %m : (6.94)

6.4.3 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 (6.3) in order to present more compact formulae, therefore
we set B2 = 0, and hence 8T = 3~ = f in (6.38) and (6.42). 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 (1PM)
bending associated to the new term in the Lagrangian, and one has

ot =0, (6.95)

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 amplitudes
does not contain any box integral. This is consistent with the absence of a tree-level
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contribution in (6.95) which, in the eikonal approximation, is expected to exponentiate,
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 6.4.4.

The relevant one-loop amplitudes are given in (6.42), and from the massive triangle
contributions we extract the following results in the eikonal approximation:

~ 4 35
A(l (1(15 2(15 3, 4++)‘ \ =if <g> —m3w4]cj’|3,

¥ (6.96)
4
(1)(16 96 3++ ++’ i <E>4i34i
19,292,377, 4 =
A N =10) ™ g
which then translate in impact parameter space into
~ (k\4 315 mAw?
Ao,20 5 00| =i () S
A(l (1%,2%,3%+, 4++)’ 3 (%)4 315 m2w3 1 '
=i (=) — — .
3 2 512 327b b4
The subleading eikonal phase matrix resulting from the previous amplitudes is given by
~1 81
231 | P8 1661
P (n)‘l 315 m2w? 1 b* 16 b (6.98)
M) sz e b |5 g '
6o Do

Upon extracting the eigenvalues and using (6.21), we can compute the deflection
angle

15757 w?
A0? = — (B£8) (Gm)? 27 (6.99)
and the time delay
(1,2) 4945 m2w? 1 ~ 5 945 w?
At (*Biﬁ) (2) 512 21 b° <ﬁi5) (Gm)” =~ 37 - (6.100)

We can express (6.99) and (6.100) in terms of the couplings introduced in (6.3). In the
parity-even theory (82 = 0) we get 5 + B =88, and B — 8 = 885. In order to avoid
a potential time-advance and associated causality violation in the classical theory, we
need to require

B1>0 and f3>0. (6.101)

Interestingly this positivity constraint is the same as derived from causality considera-
tions in [338] and general S-matrix analyticity properties in [339]. On the other hand,
the computation of the time delay is not completely well-posed as the eikonal phase
§ oc w3 is expected to break causality and unitarity (as discussed for the signal model
in Appendix D of [340]).

6.4.4 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 F'FR coupling. As discussed in Section 6.3.4, at tree level there is no new two-scalar
two-graviton amplitude generated by this interaction, hence

SorFr = 0. (6.102)
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In order to compute the subleading eikonal phase matrix, we look at the massive triangle
contribution to the one-loop amplitudes in (6.49),

__ ) K\2 /-~ mw®
AR (19,2237 47| = -iQ* (5) (F) Sl -

D o 47 32 (6.103)
++ g4+ _
Appr(17,29,375,477)| =0
Using
d2q  op L 11
we obtain
AW (19,29 3~ 4++)’ =iQ? (5)2 (%) 5o i
FFRAT =05 w 2 4 ) 256w b3’

(6.105)
JZSF)R(1¢72¢73++’4++)‘ —0,

w

In this case the eikonal phase matrix is diagonal and the subleading contribution d1 prr
is immediately seen to be

S (5 () 2 L .
01,FFR = @ (2 1) 96r B2 (6.106)
The new contribution to the graviton deflection angle due to the F'F'R interaction is
2/« 3 1 o 31
Abprr = —Q2 (2) (22) 2 = = —@2¢ () = — . 6.107
FFR Q(2)<4>2567rb4 QG<4>32b4 (6.107)
and the time delay is
2 ra 1 1 Q 11
Atprr = Q> (E) (J) 12 (g> — 6.108
e =@ 5) (0 wmer i 99 T ) 320 (6.108)

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 (6.107) or (6.108). We conclude that in order
to avoid possible causality violation due to time advance the coefficient of the FFR
interaction must obey the positivity constraint

ay >0 . (6.109)

6.4.5 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 (6.50), which
in the eikonal approximation becomes®

2 (2 2
AQ) (19,29 37 47) ~ (g) (Zf;‘)), (6.110)

8We recall from Section 6.3.4 that ASEOP)I(ld’7 29.3%,47) = ./4](501){(1‘257 29.37.47) = 0.
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or, upon transforming to impact parameter,
~ 2
AL (12,2937, 4%) 22(%) mw f(=2,d—2). (6.111)

Note that (6.110) has the same form as the two-scalar two-graviton amplitude in the
eikonal approximation, first equation in (6.56), as consequence of the equivalence prin-
ciple.

At tree-level the helicity-preserving F'F'R amplitude (6.48) is purely a contact term,
while the helicity-flip amplitude is given in (6.53). The leading contribution in the
eikonal limit is then

AO (19,2937, 4%) ~ 0,

N2 oy 9 (6.112)
AR (19,22,3%,4%) ~ i (5) (%) emwpL
27\ 4 7]
where we used [34]2 = —¢?. Transforming the non-vanishing helicity-flip amplitude to
impact parameter space we obtain
~ 2
Afpr (19,2937 4%) ~ i (g) (%) % ¢ f(=2,d—2), (6.113)
where
d d
"={5-2)(5-1). 6.114
(32 () 619
Defining
53 = 53,EH + 637FFR ) (6.115)

we can combine (6.111) and (6.113) into a single leading eikonal phase matrix
1 o 1
—— +logh —(22) -
. o | Tma TR 1) 262
JFFR — (f) o

0 2/ 2« (Ow) 1 L s

-z ——+lo

4)202 4—d  *®

(6.116)

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

. B K\ 4 d—6,d—2
Ao an| = (5) w2022

2 on(d—4) (6117)
~ K\ [y (mw)? f(d—6,d—2)
Agn(1%.29.37.40)| == (3) (T) T @-9 5

which are obtained from (6.51) and (6.54). Expanding around d = 4 we find that flsz)
satisfies the matrix equation

AY) = —%(50)2+(’)(d—4), (6.118)

w2

as expected.
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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 (6.51),
and reads 9
(1) 16 0 ae 4+ ’ B ,<§>4 15 m*w
19,2937 ,4 = —_ . 6.119
AEH( ’ ’ ’ ) w ¢ 9 2567 b ( )

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 (6.66) thanks to the equivalence principle.

The contributions coming from the F'F'R interaction are obtained from (6.55) and
(6.54), and in impact parameter space are

AR (19,22,37,47) =0,
w ) R (6.120)
1% 929 +4+’ :'<f) (ﬂ) MT'
A (1%,2°,3%49)| - =(3) (T) 1002 5 b
Combining these results into a subleading eikonal phase matrix we get
1 (%)i,
4 15 m?2 4/ 4b2
Tren = (5) 0= . (6.121)
7 2/ 2561 b a 3
(T
4/ 462

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 eigenval-
ues of the eikonal phase matrix (6.116), which at leading order match qualitatively the
result of photon deflection in a shockwave background (see [370], and [356] for related
work). We find the light bending angle up to O(G?):

sy - (5 =2 1= (2) + () i 3 [+ (3) 3]}

4Gm ay\ 4 15m Gm ayy 9 (6.122)
:_b%i(4)w+161)bi<4)wﬂ’
and the time delay up to O(G?):
st = () g e = (D)o BV i3 = (DR]}

bo ay\ 2 15w Gm oy 3
—4Gm {1 (4)7 —om Tm 1j:<—7)— :

" { ey 216 b 1)
We note that the O(G o) part of our result (6.122) is in precise agreement with [354]
while it disagrees with [353]?. Note that (6.123) 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 [340].

9The result of [353] for AO)py was already identified as incorrect in [354] due to an inappropriate
definition of the deflection angle.
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Chapter 7

Conclusions and outlook

In this thesis, we applied modern on-shell techniques to study different aspects of effec-
tive field theories.

In Chapter 2, we introduced a novel method to construct bases of polynomial terms
in any EFT, which are in one-to-one correspondence with operators in the usual La-
grangian formulation of perturbative QFTs. The method works for particles with any
mass and spin in four dimensions and we showed applications to the SMEFT and to the
classification of spin-tidal effects relevant to the study of the binary problem in classical

GR.

Knowing such polynomial terms allows to bootstrap tree-level amplitudes in generic
EFTs. In Chapter 3, we proposed an alternative to BCFW-like recursion relations, to
compute tree-level n-point amplitudes, which extends beyond the regime of applicability
of the latter. Indeed, the method is valid for any EFT with only massless states, even
with irrelevant interactions involving explicit derivatives. A natural future direction
is the extension of this method to theories with massive states and to d-dimensional
amplitudes, which are the necessary building blocks for loop integrands in dimensional
regularisation. We also showed how rational terms in loop amplitudes (which are not
seen using four-dimensional unitarity cuts) determine anomaly cancellation conditions
in the Standard Model for non-abelian groups. There are still questions to be answered
in this context: it is not clear how to extend the method to fully abelian anomaly
cancellation conditions, like (3.65) and (3.66). It would also be interesting to prove
the Adler-Bardeen theorem [381], i.e. the non-renormalisation of anomaly cancellation
conditions beyond one loop, from a purely on-shell point of view.

Tree-level amplitudes are used to determine integrands for loop amplitudes. In Chap-
ter 4, we showed how d-dimensional generalised unitarity is enough to fully determine
loop-level form factors. In particular, we used the power of six-dimensional spinor helic-
ity formalism and dimensional reconstruction techniques to construct the full integrands
for a class of operators relevant to Higgs physics and QCD.

In Chapter 5, we used (5.1) and the tools developed in Chapter 2 and 3 to compute
the one-loop UV mixing of all the operators of mass dimension eight within the SMEFT,
between themselves and at leading order in the couplings. In particular, we showed
explicitly the anomalous dimension of all the operators relevant to the Higgs production
in association with a W boson. The results in [104] can be extended in many different
directions. In the following, we will mention a few (computational and conceptual)
problems that we have encountered.

147



148 CHAPTER 7. CONCLUSIONS AND OUTLOOK

1. The first and most trivial problem to take into account is the extension to a
generic number of flavours, or simply Ny = 3. This does not represent either
a computational or a conceptual problem as we only need to code the flavour
structures and a systematic algorithm to take into account their symmetries.

2. Automatising the computation of the anomalous dimension matrix beyond leading
order (i.e. beyond quadratic order in the gauge and Yukawa couplings and linear
order in the Higgs self-coupling) at one loop requires a deeper understanding of
the different contributions in the computation of the Lorentz-invariant phase space
integral. Indeed, as already noticed in [98], beyond leading order the computation
requires tree-level amplitude with more than four points and non-minimal form
factors. When considering separately each combination with the proper configura-
tion of the external states, such contributions give rise to intermediate logarithms
which cancel out at the very end. While in the automatisation this might not be
strictly a problem, we notice that in more complicated theories, like the SMEFT,
the result of this computation is contaminated by terms which are already com-
puted at lower order. For example, consider three operators with the same mass
dimension, two of length L (with different field insertions, for simplicity), labelled
as 01 and O, and another of length L+1, O3. At leading order, only O; and
07 mix, like shown in Chapter 5. In general, at the next to leading order, gluing
for example O; with the proper five-point amplitudes and integrating over the
Lorentz-invariant phase space give the contribution of the anomalous dimension
of O3 from Oy, but the result may be contaminated by the contribution of the
anomalous dimension of Oy from O; computed through a non-minimal form fac-
tor. The problem of disentangling these contributions is strictly related to the
final cancellation of intermediate logarithms. A possible solution of such prob-
lem may be found using generalised unitarity, trying to disentangle the different
contributions using the proper unitarity cuts.

3. There is an additional direction in which the result of [104] can be extended: we
could consider the contributions to the anomalous dimensions from operators with
different mass dimensions (i.e. beyond linear order). In fact, multiple insertions of
lower-dimensional operators in the (non-minimal) form factor or in the scattering
amplitude could contribute to the anomalous dimension of higher-dimensional
operators. This step is straightforward. On the other hand, if the theory under
consideration has a relevant coupling, like a mass term for example (for example,
in the Standard Model lagrangian we have —u?H H, with u? < 0), then higher-
dimensional operators can also contribute to the anomalous dimension of lower-
dimensional one. For example, in [319] it was shown how dimension-six operators
contribute to the anomalous dimension of the marginal couplings. It is not clear
how the central formula (5.1) has to be modified in massive EFTs.

4. Tt is worth mentioning that extending the formalism and the computations to two
loops, following the work presented in [102, 107], is a valid direction.

In Chapter 6, we studied correction to the bending angle and time delay for a massless
particle scattered off a celestial object. In particular, we focused on the corrections
induced by higher derivative interactions and we used the eikonal representation of the
amplitude to extract such quantities. In the context of studying the classical two-body
problem in GR, it would be interesting to study, using scattering amplitudes techniques,
other observables which might be relevant also to GW experiments in the near future.
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In this direction, one direction might be the direct extraction of waveforms from on-
shell quantities. On the line of previous works in the literature [179, 180, 382-385], it
is interesting to study scattering amplitudes of two massive heavy particles scattering
and emitting a number of gravitons. In particular, the (classical part of the) one-loop
five-point scattering amplitude is not known in the literature and it would interesting
to compute it using the recently developed heavy-mass Effective Field Theory (HEFT)
and its corresponding gauge-invariant double copy [150, 232|. We hope to come back
to some of these questions in the near future.
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Appendix A

Spinor Helicity Formalism

A.1 Four-Dimensional Spinor Helicity Formalism

In this section we briefly review the four-dimensional Spinor Helicity Formalism (SHF')
[18, 214217, 386], having as a main goal to present our notation and conventions.

Most of the work in this thesis has been done working in (+ — ——) signature,
where usual four-momenta can be converted to bi-spinors using using Pauli matrices
as a realisation of the isomorphism so(1,3) ~ sl(2,C): paa = puUZw P = puﬁma,
where the Pauli matrices are o/, = (1,5) and 6#%* = (1,—&). The undotted and
dotted indices transform in the fundamental and anti-fundamental representation of
the SL(2, C) group. These spinor indices are raised and lowered by the two-dimensional

e-tensors, such that: .
€ape’? =0, 6(545657 =4 . (A.1)

For massless and massive momenta we have
det piaa = (2) = Diag = )\jaiid ; (A2)
det piag = M; = Diag = NjgNial

where I is an index in the fundamental of SU(2) (massive little group)!. Uniformly to
(A.1), SU(2) indices are raised and lower by e-tensor defined such that

ey’ = oK (A.4)
The two spinors are related by complex conjugation:
(o) =sign(@’) Aa,  (AL)" =sign(”) Aar (A.5)
The Lorentz invariants are defined as
(i) = Gl = MNja (4] = lll7] = XiaA] (A.6)

!The massless spinors as well are not completely determined by such definition. Indeed, the rescaling

id, ~ iy ~
Aia —> € 2 Nia Aia —> €2 Aig - (A.3)

leaves momentum invariant and correspond to a little group transformation for massless particle. The
little group in four dimensions is the double covering of SO(2) ~ U(1) and we choose to assign helicity
f% to A and +% to A. Thus it is now manifest how the new variables can carry information about
both the momentum and the helicity of an associated particle.
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where the spinors in this definition can be either massless or massive, in which case we
omitted the spinor indices. Spinors satisfy the Dirac equation

pilt)y =0 pilt] =0
L (A7)
pilit) = myli] pili’] = mylit)
where m; = €M, and m; = —e "*M;, with « being a constant real number. This

distinction is immaterial and we will set o = 0 at the very end of the calculations, but
it is relevant when we evaluate these structures numerically, as explained in detail in
Appendix A.3. This is guaranteed if we define m; and m; as

(i1i7y = —myel 7, [i1i7] = mel” . (A.8)

Finally, when flipping the sign of the momentum p we adopt the symmetric convention
on the associated spinors

Apa =1Xpa, A pa=1Npa, (A.9)
this convention enters also when performing the crossing of fermions from in to out

state, leading to a factor % for every crossed fermion.

The spinors satisfy some crucial identities. For example, it is simple to convince
oneself that the so called Schouten identity holds:

(1) Mka + (FE) Nia + <ki>)\ja =0. (A.10)

A similar identity can be written for the Xs as well and for the massive spinors. More-
over, the sigma matrices satisfy the Clifford algebra

{U,ua 61/} = 2"7;w s (A.ll)

where gHde .— ¢of 60‘1,8'015 5 Then we have that

PEDjac = 2Di - Pj - (A.12)

At this point, to connect the four- and six-dimensional helicity formalism presented
later in the next section and the dimensional reduction procedure, we turn our attention
to the spinor helicity description of massive momenta. One can always write a massive
momentum L as [386]

L2

Lt ="
+2l-77

", (A.13)

where both [ and 7 are massless momenta and L? = m? is the mass associated to this
momentum. The previous expression fixes [* in terms of the massive momentum L*
completely once we have chosen the arbitrary n* vector:

L2

I — [ —
2L -n

. (A.14)

We can write (A.13) in terms of helicity spinors as

Diac = NiaNia + ﬁﬂia/jiéz . (A15)
(Nipea) [ ]



A.2. SIX-DIMENSIONAL SPINOR HELICITY FORMALISM 153

Focusing on the number of degrees of freedom, we expect to have 3 from the spinor
variables, plus an additional one from the mass squared m?. The quantity )\axd already
carries by itself 3 degrees of freedom, but u, and fis apparently carry two additional
degrees, which coincide with their direction. Indeed, the momentum is invariant under
the rescaling

o — @ g e —> b fig , (A.16)

where a,b € C. The redundancy is taken into account by the four-dimensional massive
little group SU(2), which has two additional generators, with respect to the massless
one. Indeed, we can write a massive momentum in terms of the irreducible SU(2)
helicity spinors [18]
I
AL = ()\a ﬁﬁ@ : (A.17)
and, in this form, it is obvious that any SU(2) transformation

N — Ny, ! (A.18)

leaves the momentum invariant.

A.2 Six-Dimensional Spinor Helicity Formalism

In this section we give a concise overview of the six-dimensional spinor helicity for-
malism. In particular, we will show how it can be dimensional-reduced in terms of
four-dimensional spinors. For a more detailed discussion see 30, 295].

In six-dimensional Minkowski spacetime, the Lorentz group is SO(1,5). As in the
four-dimensional case, it is useful to exploit the isomorphism between the double-
covering of this group with SL(2,H), where H are the quaternions. For simplicity,
we will denote this group as SU*(4). Indeed, its representations are in one-to-one cor-
respondence to those of SU(4) (which is the universal covering of group of rotation
in the euclidean six dimensions, SO(6)). The six-dimensional massless little group is

SO(4) ~ SU(2) x SU(2).

Let us denote with 04 and 04 the objects transforming respectively in the funda-
mental and anti-fundamental representations of the Lorentz group SU*(4), and a and
@) the indices of the two inequivalent fundamental representations of the little group.

The Clifford algebra is defined by
(3 )a® = V46T A45cAOP = 2ok (A.19)

where 1 =0,...,6, ¥4z = 7{1& B] and F#AB = F#AB] These gamma matrices transform
in the pseudo-real representation 6 = 4 A 4 of SU*(4) and are related by

1
~uAB * ABCD
ARAE — (’yff‘B) = 56 ’yﬁB ) (A.20)
Six-dimensional momenta can be written as
PAB = DPuVap (A.21)

and the massless condition becomes

2, JABCD

p pappcp =0, (A.22)
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which can be solved by expressing the momentum as the bi-spinor product

PAB = eabXdAbe = X,-lAXaB , (A.23)
where Xd A is a pseudo-real spinor. Analogously, we can write

pAB = XAND — _ab\A\B (A.24)

which satisfies

. 1
p*P = (pan)" = _§€ABCDP(JD : (A.25)

Notice that, given the above definitions, the spinors A\,4 and Xd A automatically satisfy
the Dirac equation:

1
papA\Z = —§€ABCD)\QB)\bC)\bD = —eapop 2XAD =0, (A.26)

and similarly for X(-L 4. The Dirac equation can be also written equivalently as a relation
between A and A: B B B
0 =AN\BAgs = MNP Ags + MNP B, (A.27)

which implies

M Xaa =0 (A.28)

SU*(4) Spinor Identities

In this subsection we present some useful identities for six-dimensional spinors. We focus
on the SU*(4) structure of the spinors and keep the little group indices implicit. Of
course little-group indices can be restored at any time because they are unambiguously
related to each spinor.

Consider a certain number of spinors )\;4 (and Xz‘A), 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: B
X% = (] (A.29)

e Two distinct four-spinors invariant objects:

eapcpNINEAONP = (ijkl) . APOPN AN B e D = [ijkl] . (A.30)

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:

AAABASAPAE = 0 | (A.31)
and ]
A D
APABAG AT = L€ 1234y (A.32)

and analogous relations hold for Xz A. These can be combined to give the six-dimensional
generalisation of the Schouten identities:

> (12340 =0 (A.33)

cyclic
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From Six-Dimensional to Four-Dimensional Quantities

It is fundamental to our purposes to write six-dimensional spinors in terms of four-
dimensional ones, to make the dimensional reconstruction unitarity technique more
clean.

The first step is to write six-dimensional null vectors as four-dimensional massive
ones, by defining the two complex mass parameters
m = py +ips , m = pg — ips , (A.34)

where p4 and ps are the fifth and the sixth components of the six-dimensional momentum
pu- Then, the massless condition becomes

p2= (") —mm=0. (A.35)

where (p(4))2 = p% —p?—p2— p% is the four-dimensional massive momentum associated
to pu. We found it more efficient for our calculation to describe these momenta as a
combination of two massless momenta, as in (A.15). This allows to decompose six-
dimensional helicity spinors in terms of four-dimensional spinors as

— e Aa B SR\
M = ( e ~d) D VP . I (A.36)
AT A “Aa poyha

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

indices:
A (Ua _[ae
O _<D‘j‘ , 04 = 0. ) (A.37)

This embedding is specific of a particular choice of gamma matrices: indeed, we can
choose them such that, for 4 = 0, ..., 3, they reduce to the familiar chiral representation
in four dimensions?.

pAP and pap are invariant under the little group SU(2) x SU(2) transformations

NE=U, Mo =Ua" 0 (Ua"Ua?) € SU@2) x SU(2) . (A.38)

The six-dimensional momentum in four-dimensional components reads:

pAB — _ —meagp )\a)‘ﬂ + P/Jaﬁﬂ (A39)
—A\*A\g — ppug mes ’
where p = #ﬁ;ﬂ In our choice of gamma matrices, the off-diagonal components

precisely coincide with the four-dimensional massive momentum:

Ped = Aada +ppafia ,  (pM)? = min . (A.40)

It is easy to see that the two copies of SU(2) of the little group act in an identical

way on p*) 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 . (A.41)

2For the explicit basis of gamma matrices see Appendix A of [30].
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The Lorentz invariant quantities (iqja|, (ajokela), [1ajjkel ;] 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 (A.37) and decomposing
€EABCD ~ Zeaﬂedg and 64 = diag(ég,ég).

A.3 Momentum Twistors and Rational Kinematics

Rational (or finite field) kinematics in four dimensions has been fundamental in various
steps of the computations presented in the bulk chapters:

1. Numerical checks on analytic expressions obtained throughout this work (for both
tree-level amplitudes and loop integrands) have been checked using rational kine-
matics.

2. To verify that the structures in our basis are kinematically independent and to
probe the independence of structures upon symmetrisation, we evaluate the poly-
nomial structures found using the algorithm presented in Section 2.1 and 2.2 over
rational kinematics.

3. The recursion algorithm for tree-level amplitude in generic EFTs presented in
Section 3.2 relies heavily on the fact that we can fix the coefficient of the ansatz
exactly, evaluating it over different factorisation channels using a on-shell kine-
matic finite over finite fields.

Indeed, the fundamental feature which make the kinematics over rational or finite field
extremely useful is that it allows for numerical evaluations of rational functions without
loss of precision, as discussed in detail in Section A.4.

It is widely known that it is possible to generate rational kinematics satisfying both
on-shell and momentum conservation conditions 239, 255|. Such generation can be
performed, for example, via the analytic continuation to (++ ——) signature and gener-
ating the kinematics in terms of the momentum twistors variables, introduced in [238|.
This construction was introduced for fully massless four-dimensional kinematics. The
generalisation to the massive case is presented below.

The spinor helicity formalism in split signature is formally different from the one
introduced in the previous section, but practically the same. The little group for mass-
less and massive particles are R and SL(2,R), respectively. Besides m; and m; are two
real numbers such that m;m; = M?. The condition (A.5) is lifted and the dotted and
undotted spinors are real and independent from each other.

Introducing spinor helicity variables automatically makes the momenta satisfy on-
shell conditions, but the momentum conservation identity is a quadratic constraint on
our kinematic variables. To make sure that the kinematic stays in the field of rational
numbers, we need to rewrite this constrain in terms of linear equations. This is possible
in four dimensions expressing the kinematic in terms of momentum twistor variables.
Momenta can be rewritten in terms of dual momentum variables x;:

Pi = Ti — Tit1, (A.42)
which make momentum conservation between n particles trivial:

Tp4+1 = 21 (A.43)
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Then, each massless momentum is associated with two null-separated points and mo-
mentum conservation tells us that the set of dual variables forms a polygon. The on-shell
condition defines a new variable [u;|, through the incidence relation

[kl = (i 25 = (ilzita - (A.44)

Given a (randomly generated) set of pair of spinors Z* = (A$, p; 4), named momentum
twistor variables, such that Z,,1 = Z1, and using the incidence relation, we can define
the spinors )\?‘ through the dual twistor

— ~a.  €aBcpZP ZPZE,
id = (i, AS) = — p—— ) A4
Wia = (o X9 = 705006 + 1) (4.45)

Planar Mandelstam invariants can be written in terms of twistor variables:

A B D

(@ =1){(G = 1))

Sivit1,jo1 = (7 —x;)* = (A.46)

This procedure was introduced to generate a fully massless kinematics over rational
or finite fields. However, it can be generalised to the massive case once we decompose
massive momenta into a couple of massless ones:

Pioe = MoXia1 + A2 Nia2 = King + Giod » (A.47)

where k# and g" are two massless momenta such that g; o4 k:f‘a = Mf. Then if we are
considering a scattering amplitude for n massless and m massive states, we need to
randomly generate n + 2m twistor variables

{z]", z]"} (A.48)

t=1,...m,5=m+1,...n+m and I = 1,2. By doing so, the masses are randomly
generated as well

2 eapcpZ2AZIP 72071 (A.49)
i (D EBID I |

where Z24 = 774, and Z} D = ZP . However, we might be interested in cases where
some states have the same mass, like the examples considered in Section 2.3.3 and 2.3.4.
For example, we can consider [ particles with the same mass. In such case, we can
generate a bi-twistor associated with one of these particles fully randomly, while for the
others we can leave, for example, the component M?g undetermined. These are fully
fixed by [ — 1 linear equations requiring that the masses obtained from equation (A.49)

must be equal to the one we generated randomly.

A.4 Finite Field Arithmetic

In this section we briefly describe the main features of finite field kinematics and the
application to the recursive algorithm presented in Section 3.2. Our goal is to give just
a taste of the method, motivating its usefulness in our particular context, highlighting
at the same time the caveats which come along the benefits. For a more in depth
mathematical primer we refer to [387] and references therein, whereas for a discussion
of applications to modern theoretical physics problems to [237, 388].
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Consider the integer numbers Z endowed with the standard addition and multipli-
cation and choose a natural number p € N. We define a set of p equivalence classes
through the modulo operation mod: we say that a is equivalent to b or a equals b
modulo p if

a=bmod p <= dIne€eZ st. a—b=n-p. (A.50)

The set of natural numbers
Z,={0,1,...,p—1} (A.51)

can be chosen as the most intuitive representatives of these equivalence classes, and it is
easy to see that this set endowed with the standard addition (mod p) is a representation
of the cyclic group of order p, hence the use of the symbol Z,. It can be shown that if p
is a prime number then Z, endowed also with the usual multiplication (mod p) is a field,
which is finite by construction and we thus call it finite field. The modulo operation
provides clearly a simple map from Z to Z,, what is less obvious, but still holds true
as long as p is a prime, is that under some restriction there is also a unique and well
defined map from the rationals Q to Z,. This map is based on the possibility of defining
a multiplicative inverse a~! for every a € Z,, such that aa !'=a"ta = 1modp.

Now that we have given an operative definition of finite fields we can focus on why
and how we use them. Performing some sort of analytic computation on a computer
(especially on a laptop) can often prove challenging, in that the computational time
required 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 (1.23) analytically to building numeric
systems to be solved as in Section 3.2.1. The advantage of numerics is that in principle it
is clearly 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, the use of numeric expressions requires carefully keeping track of
possible precision loss and makes arbitrary precision arithmetic at times more appealing,
which is however slower. 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,. This is extremely fast because we
can choose p to be a machine-size prime and the whole computation will only involve
machine-size natural numbers. The obvious issue is that, once the problem at hand has
been solved on Zj,, we need to map the solution back to Q, through a map which cannot
by any means be a bijection.

Despite the fact that the map Q — Z, is not injective, it is possible under certain
circumstances to “invert it”, or rather to make an educated guess of which element % € Q
corresponds to a given b € Z,. In particular it can be shown (see for example [389])
that given b there is only one pair of n and d such that n?, d? < L. In other words, if
the correct values of n and d which we are looking for are small enough compared to the
prime p which we chose as the order of the field Z,, then we can uniquely obtain their
value from b € Z,. The size of p however has an upper bound being the machine-size
primes, since the whole point of using finite fields is to deal with machine-size integers.
Consequently, one cannot simply choose an arbitrarily large prime so to be confident
that the inverted map yields the correct result. Instead, one uses the so called Chinese
remainder theorem?, which allows to combine the outcome X of the same calculation

3See for example [237].
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on multiple fields Zy,,,...,Z,, to obtain the value of X mod P where P = [[,p;. In
other words, the Chinese remainder theorem defines a ring isomorphism*

Lipy X -+ X L, — ZLp

(X modpy,...,Xmodp,) +— XmodP

(A.52)

which allows us to access the value X mod P on Zp where P is large, through compu-
tations on fields with small values of p;. Applying then the “inverse” mapping to the
value found on Zp will very likely return the correct result. This procedure is iterated

adding more fields Z,, ., until the inverse of b € Zp converges to a definite 7 € Q.

In our specific case it is usually enough to perform the calculation on a single field
Zy: since we are using finite fields to do numeric evaluations aimed at solving the
system (3.34), once a solution has been found we can simply test it through a single
evaluation of (3.32) on Q. As a final remark, we discuss one caveat of the method.
Since everything relies on the possibility of mapping Q to Z,, one can only apply
the so far presented techniques in the case the problem at hand is entirely described
by rational functions. This is indeed the scenario we are interested in: indeed, the
tree-level scattering amplitudes present an entirely rational dependence on the spinor
invariants and thus on the spinor components. Furthermore, one has to take special care
of elements appearing in the calculations which do belong to more extended number
fields than @Q, in particular for us this means square roots and imaginary units. How
these are dealt with is often a matter of the specific problem, where our choices have
been described in Section 3.2.1.

4Since P is not a prime Z, is not a field but a ring.
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Appendix B

SMEFT Conventions and Notations

B.1 The Standard Model gauge group

In Table B.1 we write explicitly the representations under which each particle in the
infrared spectrum of the Standard Model transforms, for the gauge group U (1) x SU (2) x
SU(3).

Ul) | SU©2) | SU(3)
B+ | 0 1 1
Wi 0 3 1
G4+ 0 1 8
Q| -1 2 3
u | +% 1 3
d | —3 1 3
L | +3 2 1
e | -1 1 1
Q | +3 2 3
U —% 1 3
d | +3 1 3
L | —3 2 1
e +1 1 1
H | —3 2 1
H | +3 2 1

Table B.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(IN) and SU(2) groups respectively:

1 i 1
Aa _Be _ 6AB 5a Y pABC _Ca 7dABC Ca B.1
where f4BC are the structure constants and d*5¢ is the traceless completely symmetry
d-tensor, and
_ 1 g _
Ii Jk __ 1J i IJK _Ki
oo j_Z(S (5j+§€ ot (B.2)
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For the SU(2) group we also need to specify how indices in the fundamental are raised
and lowered by the e-tensor:

T = € o — €ij RLE (B.3)

B.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, 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.

AW W WEY = gy LK (12)° AWL W WEY = _gy K [23]°
ot (23)(31) ’ U [12]31] ’
A B Cy __ ABC <12>3 A B Cy _ ABC [23]3
A(G—7G—7G+) - 93 f <23><31> Y A(G—’ G+7G+) - .93 f [12] [31] )
_ : 12)? _ , 13)?
.A(B,,em,en) =101 5nm <<23>> s A(BJraeWuen) =14g1 6nm [[23]] s
o g a2 Y R
B_, L, L)) =—i— mn ! ) B 7L17L] = —t 75 Omn e )
A( s Hm n) ? 2 4 62 <23> A( + ) ? 2 4 51 [23]
—a ,by _ _ . 2q1 a<12>2 ~a ,by _ _ 201 a[13]2
A(B_,u} ,u,) = —1i 3 Onm Of 237 A(By,uy,u,) = i3~ Snm O 23]
- , 12)? — g1 [13]?
B_.d% by _ @ - a< B a gby _ ,J1 o a
A(B_,dy,,d,) =1 3 Onm Oy, 23y A(By,dy,,d,) =1 3 Onm Oy, 23]
o -, (12)2 ~ai by s 1 b [13)°
B_ a,i by — gil 5mn 5] 5b< B a,i b,Jy — 6mn 5] 51)
A( ) van) Z6 1 a<23> ’ 'A( +> m?Qn) Z6 7 a[23]
o (126 g 2B
A(B_,H' H?) =1 5 o; o3y A(B4,H', H?) 05 J; 3]
.A(WI Li Lj) =1g90 ol (12)2 .A(WI Li Lj) =190 oli [13°
sy Lmy L 2 Omn i <23> P +5my 2 Omn i [23] )
2 2
I Aai by — Ij p (12) I Aai obdy — Ij p [13]
A(W—7 m 7Qn ) 1392 (5an Zéa <23> ) A(W+7 m JQn ) 192 5mn0' Z(Sa [23] )
oo 1 (12)(31) Iy o 1 [12][31]
A(W—vH 7H) 1920 7, <23> ) A(W—HH 7H ) 1920 7, [23] )
AGA, 08, ub) = —i g3 Opm 74 (12)° AGH, a8, ul) = —i g3 Opm 74 —[13]2
—y hypy, Up 3 Unm b <23> ) +5 Ums Un 3 Unm b [23] )
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A Jo by _ Aa (12)° A Ja by _ j_aq [13)°
AGE,dL,d)) = =193 0nm T % 23) A(GE, dy,, d)) = =i g3 0pm 0] 779 23]
2 2
A A[ai by _ s Ab 55 {12) A A[ai Abgy _ i _ap [13]
A(G—7 m?Qn ) 193 5mnT a57, (23> 9 A(G+7 m’Qn ) 'ng 6mn 62 T a [23] 9
AQY ab, A7) =i Y ¢, .50 (12) | AQY ub, HI) = —i YD) ¢iga12] |
m n mn “1J%a m n nm b
AQu b HY) =i Y2 6t o012, AQY, Y, HY) =i V2 6] 6b (12)
A(LE e, H) =i YB) §i112] , A(LE &, H) =i YB) 67 (12) .
m nm “j m mn g
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Appendix C

Tree-level Amplitudes in 6D

C.1 Six-Dimensional Scattering Amplitudes

Six-dimensional tree-level amplitudes are the basic ingredients of our unitarity-based
recipe. In this section we give the analytic expressions needed for our calculations and
comment on how to recover four-dimensional expressions in a specific limit.

As we already mentioned, in six dimensions the notion of four-dimensional helicity
is encoded in a tensorial structure, which must be reflected by the amplitudes. The
advantage of this tensorial nature of six-dimensional helicity is that a single 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.

Moreover, taking four-dimensional limit also represents a good consistency check
for six-dimensional results. Indeed, 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, i) and (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, the
additional (1,2) and (2,1) components coincide with two 4D scalars.

The four-gluon amplitude, computed in [30], is

Laa 2bi>

)
Ag(Laas 255 3eer 444) = @ =— (1a 24 3c 4a)[Las 2, 3¢, 44] -

512523
4dd 3cc'
(C.1)
According to our embedding, we expect Ag(lgg, 299,311,411) to reproduce the MHV
amplitude A(17,27,3%,4™) in the limit m;,7; — 0 for i = 1,...,4, which is indeed
the case:

(19
A ) ’ ) =t '
o(loz, 22231 4n)| =1 ovay vy
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While Ay (112,221,311, 422) reproduces the four-point amplitude with two scalars and
two opposite-helicity gluons A(14,25,3%,47):

o (14)2(24)?
Ag(112,221, 311, 422) =i (12) (23) (30 (A1)

Another amplitude of which we make frequent use is the six-dimensional four-point
amplitude with two gluons and two scalars [254]

(C.3)

1aa

As (L4, 2,5, 3,4) = /\ :_4312523<1 25 3¢ 3% (14, 2; 4d 4;]. (C.4)

The massless scalars in six dimensions behave as massive scalars when reduced to four
dimensions. Taking the limits m1, mo, M1, M2 — 0 and choosing the helicity components
we found the four-point amplitudes for gluons and massive scalars in four dimensions:

1piY)2
As(122,211,3,4) = < ’lﬁ 2 ;
4D 512523 (05)
o [12]7
AS(1115211a354) =,
4D 512823

where p? coincides in this case with the mass of the scalar squared.

Finally, the last amplitude one needs for our unitarity computations is the five-point
tree-level amplitude. The amplitude with five-gluons has first been computed in [30]. In
[60, 295] this result has been extended to the five-point superamplitude in the N = (1, 1)
theory. This superamplitude 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

i
Ag(laaa 2[)[',’ 3ce, 4dd’ 56é) =

(M iceddes T Pacbiccddee) (C.6)
5$19893534545851 aabbccddeé aabbeéddeé

with
Madbbcc’ddeé = <1a!]?2}7f3;}254p5!1a]<2b 3c 44 5€>[25 3¢ 4d 5é] + cyclic, (07)
and
2D abecddec = (Lo 9326 3¢ 4a 5e) [La Be 44 5e] + (3¢ £44)(La 26 4a 5e)[La 2; 32 5e
+ (44 56](1 25 3¢ 5¢)[1a 24 3¢ 4] — (3¢ Y s5el{1a 2644 5¢)[1a 2j 3c 4]
o Dol 8e 501233 4g5] — 32 Daa) {12 350123 4,5
— [4355e)(1a 25 3c 4a)[1a 2 3¢ 5e] + [3e Xse) (1a 2 3c 4a)[1a 24, 5¢]
(C.8)
The amplitude with two scalars and three gluons is
/I; S S
Ag<1¢>7 2(;37 3cé 4dd7 5€é) - - (Mcédcleé + Dcéddeé) ) (Cg>

512523534545551



C.1. SIX-DIMENSIONAL SCATTERING AMPLITUDES 167

ia[z
lad : iad
! 9 .
q 25 = 4 o4 g
24
3ce e

@

Figure C.1: BCFW construction of the tree-level non-minimal Tr F? form factor in six
dimensions.

with

Miéddeé = <3C‘¢1‘4d>[3‘3‘p2’4d] (5e’,¢14¢2¢3?4’5é} + <4d‘4¢1‘5€>[4d’p2’5é] <30|¢4p53¢1?2|3‘3]
+ (Belp,15e) [Belpy 5el (4alpop Popsl4a] + 3 (3e4aBe 19)[3: 4,56 2;](1a 53]

(C.10)
and
De, o= —(alp,[5e) Belp,I5e] (e Tygl + (4alp,[5e) Belp, 4] (3 el
—(3elp, [5e) [Belpy |44 (40 Zse] + (Belp, |5e) (441, 15¢] [Be Zaa) (C.11)
—(3clp,14a) [44lp,15¢][3¢ Tse) + (3clp, [4a) [Belp,[5e][44 Zse) -
The ¥ and X that appear in the previous formulae are defined as
‘ij> - <¢i¢i+1¢i+2¢i+3 _pipi+3pi+2pi+l> [ia) (C.12)

Xia] = (pipi+1pi+2pi+3 - pipi+3pi+2pi+1) [ia]

where we define pG = pr

C.1.1 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 F? in the non-minimal configuration. 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 g, g, W, and W, following the conventions of [30]. These objects are not Lorentz
invariants in six dimensions and thus are not allowed to appear 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(ladv 21,{,7 3cc') = Z.Fmbc(la 27 3) deé(L 2; 3) ) (013)

'For a more detailed account of six-dimensional BCFW see [30].
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with
Cape(1,2,3) = w1 qu2pW3 ¢ + U1 qW2pU3 ¢ + W1 qUpU3

Lie(1,2,3) = U1 4Ty ;W3 e + U1 40y Uz e + W1ty jUse -

(C.14)

Consider now applying six-dimensional BCFW as in Figure C.1. The hatted mo-
menta are shifted by a quantity proportional to the complex parameter z as

A aa .
P1=p1+2X%¢C144, (C15>

P3=p3 —2X%€1q4,

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 13%2 = 0 implies det X = 0, which allows to express X as

X0t = gagd (C.16)
Furthermore we can define the quantities
P =53 19 7, g =103t (C.17)

which allow us to rewrite the momentum shift C.15 in terms of the spinor shifts

30y = [3%) + zyPa, 17 ,
) = ) + 21/ 1) s
19) = 1] — 2 2% 3"],
37 = 13" — 2 "7 [17]
Considering now for example term A in Figure C.1 one has
(A) = X%A3(104, 2, k) — F((g(;)(—kdd7 3c¢14)
i - (C.19)
=X« Capa(1,2, k) Ty54(1,2, k) (k9 3:](3c k7] .
12

Before substituting the definitions (C.18) in (C.19), we make use of the properties
of u,u, w,w to simplify this expression. The most useful identities are

UiqWib — UibWia = €ab s  UiaW;j — U; jWia = €4
wi i) = |u; -4y, |di-d=la;-j] Vi, j=1,2k,
i - 1) = |u; - j) | - 1] = |a; - j] J (C.20)
jwy - 1) + wg - 2) + |wy - k) =0,
Wy - 1] + | - 2] + [wg - k] =0,
where we used the shorthand notation w;,|i%) = |u; - 1) and @;4]i%] = |i; - i]. These
identities allow us to rewrite
Fabd(iazak) <I%d| = <ia|UQb+<2b|Uia, (C 21)
Copa(1,2,k) [k = [1a] @y + |25) @44
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which in turn leads to

La) uspiiyg; + (10 36)(3c 23] uopii 4 (C.22)
(

c
; gc id] uq aazl} + <2b 30] 30 21)] uq aai a ) :

To further simplify the result, and to eliminate the residual SU(2) spinors, we make
the following observations:

e pairs of u;, 4; with ¢ # j can be immediately rewritten in terms of six-dimensional
invariants as

1l = (1a2;], uzpling = —(2p 1a], (C.23)
ugplipe = (2p kel ,  Upcliyj, = —(ke2j] -
e pairs of u;, @; with i = j can be rewritten using the identity [295]
RO G VP
UjaUiq = " <Za|ij|Za] > (0'24)
7

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,7). Also P is any given
arbitrary momentum.

Repeating a similar reasoning on term (B) one gets

) . A A A ~ A . ~
(B) = QXLW <1a 3&] <3c 1@] U2 pUsqy j, + <1a 3é]<2b 1(1] U3 Uy, (C 25)
+ (10 23] (3c 1a] uaniig, + (10 2;)(25 1a] ug 5. ) -

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

Z2p=——24. (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 (4.40).

The analytic expression of the six-dimensional form factor F((gi)(laa, 2,;, 3ce; q) could
also be computed using Feynman diagrams, see for example [254]. 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.

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 (4.41) and (4.42). 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) = iwaling - (C.27)
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%

q ﬁ; 2 = q
Bee 3
Figure C.2: BCFW construction of the tree-level non-minimal Tr 2 form factor with
two scalars.

cé

Figure C.3: BCFW construction of the tree-level non-minimal D¢? form factor.



Appendix D

Feynman Integrals

The integrals needed in Chapter 4 and Section 3.3 (the latter are named I, Is and Iy)
are:

— X " = Io(s )_/ a2 1 e (—s12)°€
. 2(812) = (2m)4=2¢ 12 (14 py +p2)?2  (4m)2<¢(l — 2¢) ’

P1
= I3(s )=/ o . ___ter (=s12) 717
3\°12 2m) 2 2(1+ p2)2 (L + p1 + p2)? (4m)2—< 2
P2
P
e 1 (=) = (=P
(4m)2< 2 & — p? ,
q
(D.1)
and
q D1
_/ d4—26l 1
(2m)472¢ 12 (14 p1)? (1 4 p1 + p2)? (I + p1 + p2 + p3)?
D3 P2
iCr 1 2 e e e
~Am)E< 519593 [62 ((=s12) " 4 (—s23) " — (—¢*) ™) +
2
. 512 . 593 o (12 T
—2Lis (1 — q2) — 2Li, (1 — q2> — log (323> — 3] + O (e ,
(D.2)
where
1 'l — ¢]?
or = [1+ €¢Il —¢ (D.3)

I'[1 — 2¢]
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The result with ¢# = p/ (¢?> = 0), needed in Section 3.3, is

I ( ) B / d4—26l ]_
4(s12,514) = (2m)4=2¢ 12(1 — p3)2 (1 — p3 — pa)2(l + p2)?
iCI‘ 1 2 —€ —€ 512
T (4m)2 € s19514 [62 ((=812) 7 + (=514) ™) — log” <—314> - WQ} o)

(D.4)

These 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 re-
placing € to the appropriate value, for instance e — ¢ — 1 and e — € — 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 (4.5), can always
be expressed as integrals in higher dimensions [55]. Indeed consider the general integral
function

d4—2¢] d4l(4) d_ZE,u
1 = [ Gemm et oD = [ Gor [ Gl o) . ()
and the pu-measure can be rewritten as

—2¢ 1 oo —1—e€
/d % (PP = 2/d912e/0 dp? (p?)=t-ctp

(D.6)
_ fQ—l—Qe /d2p—26M )
fdQZp—l—ZE
Then (D.5) can be written as
27)2P [dQ_q_o 4+2p—2e
riper] = O e e ()
fdQQp—l—Ze (271') +2p—2e (D7)
=—e(l=¢)(2=€)---(p—1—)Um)PLI 1],
where in
27 2
dQ, = . D.8
4% = 57 (D)
Then to compute this integrals becomes just simple algebra:
n —i  $12
— 22240 q p1
@<m ez 6 09
I =0(e) ,
p1
1 1 b3 p2
— 240
;@i (4m)* 2 +0l) q P
p2 )
4 _ —1 -
p1 ' K = (47T)2 6 + 0(6) s
? 512
4 T (@dm? 24 +0(9), p3 p2

b2
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Finally, we give the explicit expression for the integral functions appearing in Chap-
ter 6. These expressions are expanded in € up to the relevant orders, and only terms
with an s-channel discontinuity are kept.

Ir(s) ~ 161‘7r2 E — log(—s)} , (D.9)
I5(s) ~ 16;25 E? - logi_s> + %logQ(—s)] , (D.10)
Iy(sm) = _3% [m 1—3 loggr_;rgrﬂ)] ’ (D-11)
Iy(s,t;m) + Iy(s,u;m) ~ —%%ﬁ(—s)d%
(D.12)
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