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Zusammenfassung

Fine konsistente Vorschrift zum Ordnen der Operatorstrukturen in der Standard Model
Effective Field Theory (Standardmodell der Teilchenphysik als Effektive Feldtheorie) er-
fordert mehr als die kanonische Dimension der Operatoren, da diese keine Informationen
iiber die perturbative Expansion der zugrunde liegenden Quantenfeldtheorie bei hohen
Energien enthalten. Obwohl dies in der Literatur seit vielen Jahren bekannt ist, steht
hierzu ein konsistenter quantitativer Ansatz noch aus. In dieser Arbeit présentieren
wir eine Losung fiir Operatoren der kanonischen Dimension sechs, die auf dem Konzept
der chiralen Dimension basiert. Unsere Ergebnisse werden durch explizite analytische
Berechnungen fiir zwei wichtige Beispiele an Hadronenbeschleunigern veranschaulicht,
namlich die Fusion von zwei Gluonen, die mit der Produktion eines Top-Quark-Paares
einhergeht, und den Zerfall eines Higgs-Bosons in zwei Gluonen oder Photonen. Wir
préasentieren kurze numerische Studien fiir beide Prozesse, um hypothetische Abweichun-
gen vom Standardmodell abzuschétzen.






Abstract

A consistent power-counting prescription for the Standard Model Effective Field Theory
requires more than the canonical dimension of operators, as they contain no informa-
tion about the perturbative expansion of the underlying Quantum Field Theory at high
energies. Although this has been noted in the literature for many years, a consistent
quantitative approach remains to be completed. In this work, we present a solution
for operators of canonical dimension six based on the notion of chiral dimensions. Our
results are illustrated by explicit analytic calculations for two major examples at hadron
colliders. These are the fusion of two gluons associated with the production of a top-
quark pair, and the decay of a Higgs boson into two gluons or photons. We provide
numerical studies for both processes to estimate hypothetical deviations from the Stan-
dard Model.






1. Introduction

The combination of Special Relativity and Quantum Mechanics, the cornerstones of
modern physics, leads inevitably to the formalism of Quantum Field Theory (QFT),
which is until today the only physical framework that can unite concepts like causality
or the equivalence of mass and energy and the quantum world, i.e. wave-particle duality
or the uncertainty relations, in a superordinate theory [1-4]. It predicts the existence of
antimatter, particle creation and annihilation and explains mysteries like the connection
between spin and quantum statistics that remain unresolved otherwise [5-8].
According to QFT, matter represents itself as various fields, that is entities that depend
on the spacetime they ”live on”. Neighboring field points - so to speak - are held to-
gether like two point masses connected by a spring - only that they are actually infinitely
close together. Embedded into a fully-fledged quantum theory, the notion of elementary
particles arises when interpreted as the fundamental excitations of the corresponding
quantum oscillators. They propagate through space like waves within a chain of coupled
springs. Particle interactions are caused by deviations from the superposition principle
of the harmonic limit. The familiar forces (gravity, electromagnetism) are nothing else
than the long-range manifestations of some of these interactions. The Standard Model
(SM) ultimately unifies all known particles and interactions in the QFT framework.
It includes the quantum theories for electromagnetism known as Quantum Electrody-
namics (QED) [9-11], the strong interaction referred to as Quantum Chromodynamics
(QCD) [12-14], as well as the weak interaction [15-17] and even gravity to some extent
[18—-20].

The QFTs relevant to particle physics are usually defined in terms of a function, the La-
grange density or Lagrangian, which encodes all the information about the interactions
of the involved particles. Its often relatively simple form is dictated by the symmetries
of the physics under consideration. The Lagrangian is linked to the quantum mechani-
cal transition amplitudes for particular particle processes by virtue of the path integral.
Unfortunately, the path integral can only be solved directly in the rarest cases, so approx-
imation methods must be used to make the necessary predictions for experiments from
QFT. The most common method is perturbation theory. Here, the transition amplitudes
are expanded in terms of perturbative series around the aforementioned harmonic limit
of the oscillators. They are organized in such a way that only the first terms are relevant.
In practice, the perturbative series is a power series in a small parameter, such as the
electromagnetic fine structure constant o &~ 1/137 in QED, which indicates the strength
of the electromagnetic interaction. In this case, the individual terms of the perturbative
series can be represented graphically by Feynman diagrams. In QED, the terms with
the lowest power of a are denoted as tree diagrams and usually form the contributions of
classical physics within the formalism of QFT. They are generally easy to compute and
already provide accurate predictions for experimentally measurable quantities. From
a phenomenological, as well as theoretical point of view, the higher order terms in «
become particularly interesting. These are called loop diagrams and form the quantum
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corrections to the classical result of the tree diagrams'. Many of these diagrams are

not directly computable in the sense that the associated terms of the perturbative series
diverge - often in the form of complicated integrals leading to undefined masses, field
(wavefunction) normalizations, and other Lagrangian parameters. At first glance, this
means the demise of the perturbative series. It took decades for physicists to solve the
problem of divergent loop diagrams. The strategy commonly used today involves first
parameterizing the divergences, which is known as regularization. By introducing ap-
propriate counterterms in the Lagrangian, the divergences can be eliminated, which is
known as renormalization. As a positive side effect, this gives the actual definitions of
the parameters of the Lagrangian as experimentally measurable quantities. Theories in
which a finite number of counterterms is sufficient to handle the divergences of all loop
diagrams to all orders are called renormalizable. The most prominent example QFTs,
that is QED and QCD, are renormalizable. In fact, the entire SM (excluding gravity) is
renormalizable.

For a long time, it was believed that only such renormalizable theories could be consid-
ered for a general understanding of nature. This idea is certainly correct when it comes
to establishing a theory of everything that includes the SM as a certain limit. In practice,
however, questions often arise that are very difficult to answer within the framework of
a renormalizable theory, for instance when perturbation theory fails or in the context
of higher-spin particles like the graviton. A classic article by Steven Weinberg [23] in
1979 finally presented the proposal to give physical sense also to non-renormalizable
QFTs - under certain conditions. Here, a finite number of counterterms is not sufficient
to absorb all divergences of the loop diagrams. In such theories, therefore, an infinite
counterterm extension of the Lagrangian necessarily results, and hence also an infinite
tower of further interactions, which is why they do not seem very attractive at first sight.
Examples of non-renormalizable theories are the Fermi theory of the weak interaction
[24, 25], Chiral Perturbation Theory for the low-energy spectrum of the strong interac-
tion [26, 27], and also general relativity as a theory of gravity [28, 29]. Their respective
phenomenal success teaches us that even non-renormalizable theories must have their
right to exist.

The key to the success of a non-renormalizable theory lies in the organization of the de
facto infinite number of terms in the Lagrangian into relevant and less relevant terms
for the physical problem - the power counting. Non-renormalizable QFTs in which some
form of power-counting is applied are called Effective Field Theories (EFTs). Also the
SM is nowadays considered as an EFT, which can be extended by non-renormalizable
terms to include physics beyond the SM. It eventually has to be abandoned in favor of a
more complete theory for higher energies whose precise form is one of the main subjects
in current research.

From a physical point of view, an EFT is nothing else than a calculational framework
for which the correct degrees of freedom for the problems at hand have been chosen. In
particle physics, this mainly concerns the energy range at which experiments are done.
For instance, below the energy threshold for the production of a certain heavy particle,

!This is - strictly speaking - not true, see e.g. [21, 22].
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the latter is not part of the physical particle spectrum and does therefore not appear
as a propagating degree of freedom in a low-energy EFT. Were it not for the inherent
quantum nature of our universe, this could be trivial in the sense that low-energy physics
remains unaffected by the heavier states. In reality, however, quantum mechanical un-
certainty essentially allows the heavy particle to "smear” into the low-energy regime,
thus influencing physical predictions. For example, the (light) muon "knows” about the
existence of heavy quarks via their effects on its anomalous magnetic moment.

In the context of the SM at the electroweak scale, these potential heavy states are un-
known to date. Without an explicit model theory, the EFT has to be constructed from
first principles. Different scenarios are possible. For instance, assuming a mass gap
between the SM fields and weakly coupling new heavy states results in a framework
commonly referred to as Standard Model Effective Field Theory (SMEFT) [30-35]. As
another example, allowing arbitrary new-physics effects in the Higgs sector of the SM
leads to the formalism named Electroweak Chiral Lagrangian? (EWChL) [36-47]. Fur-
ther EFTs with different assumptions can be constructed. All theories have in common
the need for extraordinarily high precision in quantitative analyses, both theoretically
and experimentally. Indeed, the impact of new physics below its threshold decreases
dramatically for lower energies making deviations from the SM background hard to de-
tect.

In this work, we explore the role of power-counting for high-precision calculations in the
context of SMEFT. Based on simple examples and specific models, we derive a general
power-counting formula providing estimates for the Wilson coefficients of the SMEFT
operators depending on their particle content. Our results are underpinned by in-depth
calculations and phenomenological studies for two prominent particle reactions at the
Large Hadron Collider (LHC), namely the fusion of two gluons associated with the pro-
duction of a top-anti-top-quark pair (gg — tt), and the decay of a Higgs boson into two
gluons (h — gg).

The organization is as follows. Section 2 contains a brief heuristic as well as a quan-
titative summary of our general setup and the conventions we use by reviewing the
basic properties of the SM. The main conceptional results regarding the application of
chiral dimensions to SMEFT are presented in Section 3. Our major examples, that is
gg — tt at leading order (LO) in QCD and h — gg at next-to-leading order (NLO) in
QCD can be found in Section 4 and Section 5, respectively. We conclude in Section 6.
While lengthy calculational details are collected in small appendices that are integrated
within the main text, the major appendices starting from Appendix A feature additional
information such as input parameters and Feynman rules, but also further examples.

2This theory is sometimes also referred to as the Higgs Effective Field Theory (HEFT).
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2. The Standard Model of particle physics

This section serves as a summary of the basic concepts and the formalism behind the SM.
Physicists should skip the first subsection without further ado as it merely contains a
heuristic popular scientific review of the "periodic table” of elementary particles. Readers
who are already familiar with the SM on a quantitative level might also want to omit
the second subsection and turn to SMEFT right away in order to catch up with the
conventions used in this work. Finally, working particle physicists may immediately
jump to Section 3 concerning non-trivial loop counting and chiral dimensions in SMEFT.

2.1. Informal invitation

Particle physics is the science of the basic building blocks of matter and the fundamental
forces - or, in modern language, of particles and their interactions. Its central goal is to
explore and explain what elementary particles and interactions were present in the early
universe - or equivalently, are still present today at the smallest scales - and how they
connect to our measurements at the world’s largest machines, i.e. particle accelerators.
In doing so, we realize that on a microscopic scale, our world is mathematically much
simpler than superficial observations at larger scales - say the size of a human - would
suggest. In fact, the interactions of the elementary particles are, mathematically speak-
ing, dictated by some of the least complex symmetries of nature. In the following lines,
the basic ideas of the SM will be explained in an intuitive and qualitative way. Good
heuristic as well as quantitative reviews and introductory texts can be found in [48-51].
Let aside to precisely define the notion of a particle, we assume that, at first sight in a
model universe, there are four different species of particles, known as the fundamental
fermions. They are called up-quark (u), down-quark (d), electron (e) and neutrino ()
and we take them as massless and electrically neutral®. Furthermore, these particles
feature some kind of internal angular momentum, the spin, which selects one particular
direction in space for a given particle*. The same (massless) particle moves through
space in a certain direction (with the speed of light), which distinguishes a second direc-
tion. If one projects the spin axis onto the motion axis, two possibilities arise: The spin
can be oriented in the direction of motion or against the direction of motion. We speak
of right or left handedness or helicity of the particle and introduce subscripts, i.e. er, or
er, etc., to distinguish the respective cases®. So far, a left-handed electron will forever

3The attempt to consider mass and electrical charge from the beginning turns out to be problematic.
It is more clever to implement these concepts later by a suitable mechanism.

4As a first approximation, we can imagine the fundamental fermions as little spinning tops, all rotating
with the same speed, whose rotation axes point in different directions. However, this view is strictly
speaking wrong. Spin is a genuine quantum effect with no classical analog and requires the notion of
complex numbers for a consistent mathematical treatment [52].

SImportant here is the assumption of vanishing masses and hence light speed; otherwise a reference
frame could be chosen, in which the handedness would be reversed by boosting to a reference frame
with higher velocity than the particle (but still below the speed of light). Based on the transformation
properties of spinors under the Lorentz group, it is, however, possible to introduce the concept of
chirality that makes a frame independent distinction of er, and egr, etc. possible even for massive
particles.
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stay a left-handed electron, etc., and it seems reasonable, that none of the possibilities
(left- or right-handed) should be treated differently when we turn on interactions in this
model universe.

It is, however, more than astonishing that nature chooses to distinguish on a fundamen-
tal level between left- and right-handed particles. To be precise, a mechanism exists
that can convert a left-handed up-quark uy into a left-handed down-quark d; and an
electron ey, into a neutrino vy, (and vice versa). In contrast, all right-handed particles
are unaffected by this mechanism. So to speak, they remain unseen by it. It is called
the chiral interaction. For the sake of book-keeping, we collect the particles that can be
converted into each other in a lepton doublet I;, and a quark doublet qj, as

I = (Zi) and q;, = <Zz> (2.1)

A transformation of the particles inside a doublet into each other by the chiral inter-
action is now caused by a rotation in the internal space of the doublets whose precise
interpretation is dictated by the probabilistic laws of quantum mechanics. It is math-
ematically sufficient to describe the rotational behavior under very small, infinitesimal
rotations, which are completely characterized by three generators®. These correspond
to the massless gauge bosons W' , W? and W3. A left-handed electron, for example,
could thus turn into a left-handed neutrino by emitting or absorbing a certain combina-
tion of W-bosons. Right-handed particles, on the other hand, are introduced as chiral
singlets er , ur and dr which cannot rotate into each other and hence do not interact
with the W-bosons. The right-handed neutrino does not appear in the SM, because it is
an uncharged and color-neutral (see below) particle and cannot interact with the other
constituents of the SM by the other interactions. In the SM, there are three copies of
each of these chiral doublets and singlets, which are called the three particle generations.
Communication between the generations is possible by virtue of the Cabibbo-Kobayashi-
Maskawa matrix (CKM matrix) for quarks and the Pontecorvo-Maki-Nakagawa-Sakata
matrix (PMNS matrix) for leptons, which we neglect here for simplicity.

Besides the chiral interaction, nature knows the strong interaction for which, slightly
abusing our notation, we introduce the quark triplets

i d,
u=|ug | andd= |d, (2.2)
up dp

where the chirality indices L or R have been suppressed. In contrast to the chiral
interaction, the strong interaction does not distinguish between left- and right-handed
particles, but between leptons and quarks. Leptons do not feel the strong interaction, so
to speak. The individual components of the quark triplets differ in their color or color
charge. They are usually referred to as red, green, and blue (r, g and b). The strong
interaction now leads to transformations of the quarks within a triplet. As before, these

5The number three results from the fact that, mathematically, the Lie algebra of the doublet rotation
group SU(2) is three-dimensional.
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transformations are caused by the generators of the infinitesimal rotations in the internal
space of the triplets. In the case of the strong interaction, eight gauge bosons result’,
which are called gluons. For example, a red up quark can transform into a green one by
emitting a suitable gluon.

Let us turn back to the chiral interaction. Since we have neglected masses and charges so
far, there is no way to distinguish, within the chiral interaction, between a left-handed
neutrino and a left-handed electron. The world would be symmetric with respect to
the chiral interaction. In reality, the components of the chiral doublets as well as the
W-bosons have non-vanishing and - crucially - different masses and charges (with a
corresponding gauge boson, the photon), so that the chiral symmetry in the real world
must be broken - or rather hidden. On the other hand, it is clear that the chiral
symmetry must have been present in some form, otherwise the elementary particles
would not interact with the W-bosons of the real world in the observed way, which
resembles the chiral interaction in some sense®.

The SM solves the symmetry problem of the chiral interaction by linking the origins
of mass and electric charge to the properties of the physical vacuum. Electric charge
and the massless photon are replaced by the hypercharge and a gauge boson B. They
preserve the chiral symmetry like W' | W?2 and W3 and distinguish only between left-
and right-handed particles. In other words, the components of the chiral doublets are
each assigned the same hypercharge, whereas the corresponding chiral singlets pick up
different hypercharge values. Introduced in this way, the latter is now able to explain
both masses and the electric charge. This is done via a so-called electroweak symmetry
breaking mechanism, which states that the symmetries of the physical vacuum and the
symmetries of the fundamental interactions differ. It can be achieved by the presence
of a condensate’ with non-vanishing hypercharge. The most prominent example of a
realization of electroweak symmetry breaking is the Higgs mechanism. In this case, a
chiral doublet is introduced giving rise to a new particle - the Higgs particle - which
prefers a non-vanishing vacuum expectation value everywhere in space. It "breaks” the
chiral symmetry by interacting with the other elementary particles to generate their
distinct masses and charges. Hypercharge and chiral interaction are thereby converted
into electric charge and weak interaction as we know them today. Thereby, the gauge
bosons W, W2, W3 and B transform into the gauge bosons of the real world, namely
W, W, Z° and the photon 7. The masses of W+, W~ and Z° are generated in the
correct ratio, while v remains massless as it should.

Because of its enormous predictive power, which has withstood any experimental test
up to the present day, the SM belongs to the canon of ”confirmed” theories in physics.
Thus, every form of physics beyond the SM must be able to reproduce the SM as a limit.
Electroweak symmetry breaking, i.e. the transition of a physical vacuum which respects

" Again, the number eight relates to the fact that the Lie algebra of the triplet rotation group SU(3) is
eight-dimensional.

8This is the weak interaction. Such a dilemma, however, does not occur in the strong interaction,
because the masses and charges of the quarks are independent of their colour. The world is therefore
symmetric with respect to the strong interaction.

9This is in essence some background to which everything has to couple in one or the other way.
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the symmetries of the fundamental interactions, into another vacuum breaking these
symmetries by the Higgs condensate, should have taken place in the early universe when
the average available energy (i.e. temperature) was much larger than it is today. Particle
accelerators that mimic these extreme situations by high-energy particle collisions may
therefore be viewed as time machines enabling us to probe matter under the conditions
of the very early universe. The discovery of the Higgs particle in 2012 at the LHC at
CERN (Conseil Européen pour la Recherche Nucléaire) [53] is regarded as one of the
greatest moments in the history of particle physics and is the prime example of the
predictive power of theoretical physics, which had already postulated it in 1964 [54-59].
To this day, the Higgs particle and hence the nature of electroweak symmetry breaking
is at the center of research in particle physics.

2.2. Standard Model Lagrangian

The previous section comprises a heuristic summary of the renormalizable part of the
SM'. We can construct a Lagrangian for the SM by writing down all renormalizable
terms that respect the symmetries. These are Lorentz invariance on one hand, and the
internal gauge symmetries left-handed isospin SU(2)r, hypercharge U(1)y and colour
SU(3). on the other hand. The matter content consists of the quarks and leptons
(up-quark u, down quark d and neutrino v, electron e, respectively), all coming in
three copies, and a complex scalar field ¢, referred to as the Higgs field. Their SU(2)y,
representation as well as hypercharge assignments Y are given by

1
Left-handed lepton doublet I, = <:L> with ¥ = ) (2.3)
L
Right-handed lepton singlet eg with Y = —1 (2.4)
1
Left-handed quark doublet g, = <ZL> with ¥ = & (2.5)
L
2
Right-handed up-quark singlet up with ¥ = 3 (2.6)
1
Right-handed down-quark singlet dr with ¥ = —3 (2.7)
" 1
Higgs doublet ¢ = <¢0> with YV = 5 (2.8)

We have suppressed the fermion generation'!, as well as quark colour indices like in
(2.1). Note that a right-handed neutrino is absent. Furthermore, we work in the flavour

10We reserve the acronym SM exclusively for the renormalizable part - the non-renormalizable part will
be denoted by SMEFT, see below.
11 a suboptimal notation, these would be given by

v— (Ve,Vp,vr); e — (e,u,7); u— (u,c,t); d—(d,s,b) (2.9)

2

for all chiralities. Numbered indices like u!, u? or w® for u, ¢ and ¢, etc. are also common. It should

be clear from the context what is meant.
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basis rather than the mass basis. A conversion can be done by the CKM matrix for
the quarks (or PMNS matrix for the leptons if a right-handed neutrino is considered).
This is, however, unimportant for our purposes. The covariant derivative featuring the
SU(2)L, U(1)y and SU(3). gauge bosons W, B, and G’f} with couplings ¢, ¢’ and gs,
respectively, is defined by

Dy, = 0, +igWit® +ig'Y By, + ig, G, T (2.10)

depending on the field they act on, i.e. the SU(2)r-part is absent for right-handed
fields and the SU(3).-part concerns only quarks, irrespective of their handedness. To
avoid writing too many Kronecker deltas, fundamental indices are not displayed. Do
not confuse Lorentz indices with adjoint SU(2)r, indices as both are denoted by Greek
letters. The generators for the non-Abelian gauge groups are normalized as [Ta,Tﬁ] =
i€P77r7 and [T4,TB] = i fABCTC where € and f denote the Levi-Civita symbol and
the structure constants of SU(3), respectively'?. Note that only the gluon field Gﬁ is
physical - the isospin and hypercharge gauge bosons are mere linear combinations of
physical fields.

The most general Lagrangian should include kinetic terms for the fermions, the Higgs
field and the gauge bosons, as well as all allowed interaction terms, i.e. a @*-interaction
as well as Yukawa interactions. Mass terms for the gauge bosons as well as for the
fermions are forbidden by the underlying symmetries. However, a Higgs mass term ~ (2
is not excluded by the symmetries. Also, there is no mechanism to determine the sign of
this term. Compared to the canonical choice of sign for mass terms, that is £ ~ —m?2¢?,
the SM realizes such a term with a flipped sign, namely £ ~ +m?p?. It is this tiny
detail that is responsible for a broad variety of phenomenological observations, not least
for the fermion- and gauge-boson masses. The list of allowed terms is exhausted by the
SM Lagrangian'?

1 1 1
ESM = — ZBMVBMV — §<WHVWMV> — iTT (G#I/GIJJ/) +

+ il Py, + ieglPer + iqrPqr, + iurPur + idrPdp+

1
+ (D) Do+ mPplo — “A(plp)*+
— (ZLFEBRQO + qrladryp + qrlyurp + h.c.) (2.11)

where h.c. denotes the hermitian conjugate of the last line. Our conventions are as
follows. We constructed the field strength tensors from the gauge fields via B,,, = 8,8, —
Oy By, WS, = 9, W — 9,W¢ — gePWLW,) and G4, = 8,G2 — 0,G4 — g, fAPCGEGY
with Wy, = W5, and G, = GﬁVTA. The abbreviations (...) and T'r(...) denote
traces over fundamental isospin and colour indices, respectively. For later use, we define
the dual gauge boson tensors via BW = em,algBo"B /2, etc. with €23 = 1. The isospin

12We can thus write 7 = ¢®/2 and T4 = )\A/Z, where 0 and A* for a = 1,2,3 and A =1, ...,8 are
the Pauli- and Gell-Mann matrices, respectively.
13We neglect topological terms and related issues like the strong CP-problem.
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components of the dual Higgs field ¢ with Y = —1/2 are given by @; = €ijp; with €12 =1
and the star refers to complex conjugation. We have denoted the Yukawa couplings by
I'e, etc. They are matrices in generation space; as stated above, diagonalizing the fermion
mass terms after electroweak symmetry breaking changes their couplings to the gauge
fields. The resulting CKM matrix mainly affects the W-boson interactions and is, as
stated above, not taken into account here.

The Higgs potential V(ofp) = Mpfe)2/2 — m?ptp has a minimum for pfp = v?/2
where v = /2m?/X is the Higgs vacuum expectation value and the original SU(2)y,
symmetry is broken when expanding around this minimum. Fluctuations around the
vacuum expectation value are then interpreted as the physical fields. Without loss of
generality, we can choose the coordinate system in isospin space such that the vacuum
expectation value is entirely shifted to the lower component ¢°, i.e. we write

904*
v = (;5 (v+h+ m)) (2.12)

where 1/4/2 is just a normalization convention. The emergence of a dimensionful con-
stant v enables the generation of gauge boson masses via the Higgs kinetic term, as
well as fermion masses via the Yukawa interactions. The upper component o along
with the field n remain massless and can be interpreted as the Goldstone bosons for
the symmetry breaking-pattern at hand. In unitary gauge, they can be absorbed as the
respective third degrees of freedom for the now massive gauge bosons. The residual field
h is massive and comprises the only surviving physical object from the Higgs field ¢.
This is the Higgs boson. It couples to all massive particles in the SM.

The renormalizable part of the SM is hereby complete. To sum up, it consists of all
operators up to canonical dimension four that are allowed by symmetry. Interpreted
as an EFT, its only ordering mechanism in perturbation theory is the loop order of
Feynman diagrams. A given process usually has an infinite number of contributions as-
sociated with an ever increasing loop-order, each contributing a loop suppression factor
of 1/(1672) and additional powers of weak couplings, i.e. parameters < 47, assuring
the non-divergence'* of the series'®. Renormalizability keeps the number of input pa-
rameters constant to arbitrary precision, that is to all orders. Although the theoretical
validity of the SM may be extended to arbitrary high energies, it should be noted that
its particle content is restricted to masses < v, as they are all generated via the same
mechanism. A naive extrapolation into the deep UV in terms of the SM therefore
seems unnatural as there might indeed exist (much) heavier particles with no relation
to v. The precise dynamics of such particles might not be straightforwardly embeddable
into the SM framework.

1To be precise, the series expansion is in fact only asymptotic and hence eventually divergent. Such
issues, however, do not touch the low-loop considerations presented in this work.

151f additional loops are associated with two powers of weak couplings r, it is advantageous to work
with finestructure constants o, = k?/(4r), so that the expansion parameter is c /(47).

1611 particle physics, the abbreviation UV (ultraviolet) is taken over from the classification of the visible
light spectrum and generally refers to small scales (wavelengths) and hence high energies. The
opposite, IR (infrared), is associated with large scales or low energies.
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2.3. Standard Model Effective Field Theory

The more compelling part starts when we add higher dimensional operators, i.e. of
canonical dimension d, > 4, to the SM Lagrangian, resulting in SMEFT. To compensate
for the dimensional discrepancy in four-dimensional spacetime, such operators come
with an extra energy scale A that divides out the excess. The SM Lagrangian then gets
enlarged to

Ci Ci
Lsnprr = Lov + Y A s+ > 26t - (2.13)

with dimensionless Wilson coefficients C; and generic d.-dimensional operators Qg ;.
The index ¢ labels the operators with fixed d.. As this list with increasing d. would
continue until infinity, we need a power-counting assumption on the Lagrangian level to
guarantee the non-collapse of the theory. This can be achieved by choosing A to be large
compared to the SM energy scales!”. The resulting Lagrangian is then renormalizable
order-by-order in the following sense. Despite featuring an infinite number of parameters,
only a finite number is usually relevant for a given process with fixed precision. All
higher-order effects in A (an infinite number of effects) would then contribute below
this precision benchmark point and can therefore consistently be neglected. From a
phenomenological point of view, the higher dimensional local operators are in fact the
manifestation of heavy non-SM particles at the SM energy scales < v. Indeed, all theories
with weakly coupling heavy particles of mass M > v reduce to SMEFT with A =
M when the non-SM fields are integrated out. Obtaining non-vanishing experimental
constraints on the SMEFT Wilson coefficients'® would therefore be a good hint towards
physics beyond the SM, e.g. heavy SUSY particles or dark-matter candidates.

Let us now turn to the explicit construction of the higher-dimensional operators. In
order to obtain a complete and non-redundant set of operators for a given d., several
manipulations have to be made. This includes the application of Fierz identities, as well
as field redefinitions. The latter are equivalent to using the equations of motion on the
Lagrangian level [6]. There exists only a single dimension-five (lepton number violating)
operator [60]

Quv = (¢'1)TC(¢"1) (2.14)

where open generation indices have been suppressed on both sides of the equation and the
transposition refers to the spinor space. In constructing this operator, it is advantageous
to convert the right-handed fields into their left-handed charge conjugates by virtue of the
matrix C' = i72~%. Making isospin indices explicit, the hypercharge of two Higgs doublets
@jm is Y =1, so only two fermions lﬂCl Ln (this is Lorentz invariant) with combined
Y = —1 are possible for a combination. The isospin indices then have to be contracted

n addition, the Wilson-coefficients must not grow arbitrarily for higher canonical dimension. The
suppression mechanism is thus entirely accounted for by A.

8Note that it is actually only the ratio C’Z'/Adf4 that enters the experimental observables. It is
therefore common to actually identify A = M and absorb everything else, that is weak couplings
and dimensionless numerical numbers, into C;.
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with €;j€nm in order to achieve a non-vanishing result. After electroweak symmetry
breaking, this operator gives rise to (Majorana) neutrino masses. However, due to
astonishing experimental constraints [61-64], the Wilson coefficient of this operator has
to be quite small, so we can neglect this operator as a first approximation [65].

Next up are the dimension-six operators [30, 31, 66]. A full basis has first been written
down in its modern form in [31] and is commonly referred to as the Warsaw basis.
Imposing baryon number conservation, it consists of 59 independent operators for one
particle generation. Defining

<=
0" D o = o' Dup — (D) (2.15)
and
T D O‘tp goTTO‘D#go — (D#QO)TTQQO (2.16)

the full set of pure bosonic (left column) and mixed fermionic-bosonic (right column)
operators is given by the following list.

Q¢ = fAPCGr B G Qe = (01 0)(ILeRy) (2.17)
Qe = fAEOGIG G Qup = (#'0)(qLur®) (2.18)
Qw = W WAWIH Qap = (¢'0)(qLdry) (2.19)
Qypy = W W AW Qew = (ILower) W2, (2.20)
Qe = (¢Tp)? Qe = (IL0uwer) 9By (2.21)
Qo = (¢T)0(ply) Qua = (qLow T ur)$Gr, (2.22)
Qup = (¢! Do) (¢! Dyup) Quw = (@Louwur)T*GWE, (2.23)
Qpa = ¢l oG, G QuB = (qLOWwuR)PBuw (2.24)
Qo = @ W Quc = (qLow T dr)pGyl, (2.25)
Qo5 = ' 9B, B" Qaw = (qLouwdr)T oWy, (2.26)
Qews = @ T WS, B" QaB = (71w dR) P B (2.27)
Q¢ = ol QYY) = (i D ) r*1n) (2.28)
Qi = oW, Wer QY = (i D) (" °1r) (2.29)
Q5 = ¢ ¢BuB" Que = (¢ D o) (@rrer) (2.30)
Qi = Pl oW, BH QW) = (o' D o) (@r*ar) (2.31)

Q%) = (p'i D)@y %ar) (2.32)

Quu = (911D ) (" ur) (2.33)

Qi = (011D up)(dry"dp) (2:34)

Quud = (goTzﬁugo)(uRfy“dR) (2.35)
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It is sometimes convenient to eliminate (), p from this basis by writing

Qop =~ (Qn+ (¢ D)o B10)) (236)

which can be derived upon integration by parts. The baryon number conserving pure
fermionic operators are given by

Qu = (L") T vulr) Qe = (IL7"11) (ErVueR) (2.37)
QW = (aL"ar) (@ uar) Qu = (ILy"1L) (GryuuR) (2.38)
QLY = (q " %qr) (@ rumqr) Qua = (L") (dryudr) (2.39)
QW = (Ipv"10) (@) Qe = (@7"q1) (Er7uer) (2.40)
Q) = (" T ) (G ar) QW) = (ay"au) (tryuur) (2.41)
Qee = (erY"er)(ERVuER) Q) = (@y"Tqr) (iryu T ur) (2.42)
Quu = (" ur)(@rYuR) QY = (@) (drudn) (2.43)
= (dpy"dg)(dryudr) QW = (@' TAq)([dry, TAdR)  (2.44)
Qeu = (ery"er)(urYuuR) Qiedg = (lnier)dij(drqrj) (2.45)
Qea = (er7"er)(drVudR) Qéi)qd = (qriur)ei; (qL;idr) (2.46)
Q4 = (@py"ur)(drudr) Q) = (@uiT up)ey(qr; T dr)  (247)
Q% = (ary" T up)(dryuT4dr)  Qle), = (ILier)ei; (G ur) (2.48)
QY = (liower)ey (@o™ur)  (2.49)

Again, the fermion generation indices have been left open. As an example, they may be
restored like Q1231 = (ehy"e%)(uhyuuk) — (Erv"ur)(trRYuuR), etc. The Warsaw- basis
operators are sometimes collected into the self-explaining schematic classes X 31,, o5,
0%¢*, 3?2, Op*y?, 2X2V7 o? X, and Y* where X, @, ¥ and O are general abbre—
viations for SM field strength tensors, scalars, fermions and (covariant) derivatives.

It is conceptually self-explanatory, but cumbersome, to construct SMEFT bases for even
higher dimensions [67-73]. However, such higher-dimension operators are even more
suppressed with respect to the heavy new-physics scale A. Let aside the dimension-five
operator (2.14), the dimension-six operators (2.17)-(2.49) thus represent the leading and
therefore most promising new-physics effects. Having still to be discovered, it is these
leading-order effects that reasonable phenomenological studies should be primarily con-
centrated on.

Introduced in this way, it seems that the loop expansion inherited from the SM com-
pletely decouples from the 1/A-expansion in SMEFT. After all, when looking at the world
through "EFT glasses”, the latter is nothing more than an additional power-counting
scheme on top of the usual counting of loops. The operators are simply constructed
from the ground up without referring to potential new-physics models. At first glance,
being maximally agnostic towards high-energy theories, this seems to be the procedure
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of choice. This view, however, lacks a reference to what is really happening at high
energies, namely the generation of these operators from first principles in the realm of
the real-world new-physics scenario. It is therefore more advantageous to look through
"new-physics glasses” in the sense that one should ask the question of whether there are
certain hierarchies between Warsaw-basis operators over the course of their creation in
general. In the next section, we will argue that this is indeed the case.
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3. Loop counting in SMEFT

The phenomenology of the six-dimensional Warsaw-basis operators has been studied ex-
tensively in the literature. A naive application of (2.17)-(2.49), however, not only has
the major disadvantage of introducing a maximal set of new coefficients to be accounted
for, but is also inconsistent with a broad class of possible high-energy scenarios. In this
section, we advertise a consistent approach based on an additional power-counting pre-
scription for loops, the chiral dimension, that interferes with the 1/A-expansion handled
by canonical dimensions in a non-trivial manner. As a positive side effect, this may also
reduce the number of relevant parameters for a given process drastically. This section is
partly based on [74].

3.1. Toy model analysis

Before diving into SMEFT at canonical dimension six, let us consider a toy model,
namely QED - symbolically standing for the SM - with a light electron 1 of negligible
mass and a top-quark t of mass m, supplemented by a heavy scalar S of mass M,
representing the beyond-the-SM physics. A more realistic scenario with relevance for the
SM is given in Appendix G, where we consider the Two-Higgs-Doublet Model (2HDM).
The Lagrangian for the toy model is given by [74, 75]

L=— %FWFW + i P + (D — m)t+

+ %ausaﬂs — %M282 — 253 — 21454 — gitS (3.1)
where the covariant derivatives are defined as
Dy = 09 — ieA,) (3.2)
and
Dyt = Oyt +i% At (3.3)

and F),, = 0,A, — 0, A, is the photon field strength tensor. Taking the dimensionless
couplings g and A as O(1) numbers and the super-renormalizable coupling b ~ M to allow
the generation of an unsuppressed four-point interaction via connecting two three-point
vertices by a heavy propagator, this theory naturally possesses two scales, m and M. It
may serve as a prototype for a weakly coupled, fully renormalizable (in the traditional
sense) UV theory.

We are now interested in how the scalar S modifies the dynamics of the electron and the
top-quark at low energies for the case m <« M. As an example, we consider electron-
positron annihilation associated with top-anti-top pair production (ete~ — tt). The
incoming electron and positron momenta are denoted by k1 and k2 and the outgoing top

and anti-top momenta by p; and ps, respectively, with k? = k2 = 0 and p? = p3 = m?.
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Furthermore, we define ¢ = k1 4+ ko = p1 +p2. At LO in QED, there is only one diagram
with an amplitude of

2¢2

C3¢2 v(k2)yuu(kr) w(p1)y"v(p2) (3.4)

with a self-explaining notation for the spinors. As the heavy scalar S only couples to
the top-quark, we expect its effects to only modify the photon-top-anti-top vertex. At
NLO, we therefore replace

u(p1)yv(p2) — u(p1)T"v(p2) (3.5)

where I'* = v# + 6I'*. The correction 6I'* is then given by the triangle diagram

(3.6)
where
u(p1)éTHv(p2) =
—ig? 25/ d?k ﬁ(Pl)(%+17/1+m)’Y“(%—Bé+m) ( )
—H (2m)d (k2 — M? +in) ((k 4+ p1)? — m? +in) ((k — p2)? — m? + in)
(3.7)

in dimensional regularization with d = 4 — 2¢ and 0 < n < 1. In the appendix to this
section, we show three different ways how to calculate the loop integral to LO in 1/M?2.
Employing the OS (on-shell) renormalization scheme, the final result is given by

2
p__ 9 1 Inr 4 2,1
oTr 672 W2 3 + 9 + hi(2) ) ¢“yH+

4 <ln7’ + g 4 hg(z)> ia“"ql,m> 40 ( A;) (3.8)
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where the definitions

5 i . m2 q2
ot :§[7M>7]> 745727 25477)’1,2 (39)
and
! 11 1
hi(z) = / dr2x(1 —z) In(1 — 4z(1 — z)z — in) = <3 + 6> ha(z) + 9 (3.10)
0 z

1 1 1-141
M@)E/‘@ﬂﬂl—&dl—@z—M):\H—zln — -2 (3.11)
0 1-1-1

z

have been used.

The compact expression (3.8) contains the full information on the heavy scalar’s impact
on low energy scales, where terms of higher order in 1/M? can be neglected. At these
scales, however, the scalar is not part of the physical particle spectrum, so here the
dynamics is best described by an EFT with the scalar integrated out. The parameters
(Wilson coefficients) of the EFT are then completely determined by either matching the
EFT to the full theory (top-down approach) or by fixing their values via experimental
input (bottom-up approach). Let us focus on the top-down approach first before com-
menting on the bottom-up approach.

Because the LO vertex-correction given by (3.6) is a one-loop diagram, we have to go
at least to the one-loop order in the matching procedure to fully capture all effects. As
a first step, we integrate out S at tree-level, i.e. solve its classical equation of motion.
The latter is given by

b A _
0S + M?S + §S2+€S3+gttzo (3.12)
with the formal solution
1 - g - 1

S=- tt=——5tt+ 0 — 3.13
D+M2+gs+gsr" M? (M4> (3.13)

Reinserted into (3.1) yields

r 9 .. O

eff O 2M2tttt =2 o (3.14)

with C; = ¢?/2 and Q1 = tttt. For the one-loop operators, we have to refer to the local
operators generated in (3.8). These are given by

Cy Cs
Leps D ch + WQB» (3.15)
with
Qo = O F" ty,t (3.16)
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and
Q3 = mfauyt il (3.17)

Their coefficients Cy and Cs can be determined by carrying out the full one-loop match-
ing. Schematically, suppressing the prefactors present in (3.6), we have

/——< mat Chlng ‘d —< 3 1 8

(5F” + 51““ + 51““

with the full theory result on the left-hand side given by (3.8) and EFT vertices repre-
sented by black squares on the right-hand side. Here, the tree level local contributions
are given by!?

3C,
0Ty, = 5 qu ~# (3.21)
and
3Cs .
(SFMS = —mmlau qy (322)

whereas the non-local loop diagram reads

n
6FQ 1

:2C1 o d¥k a(p1)(k +m)y*(k — ¢ +m)v(pz)
/ : (3.23)

“azt 2m)d (k2 —m?) ((k — q)? — m?)

The factor 2 stems from two possible contractions of the four-top operator (3.14) and
the closed fermion loop induces an extra factor of (—1). This integral is calculated
using the strategy of regions for the full theory contribution in (3.99) in the appendix

9As the photon eventually contracts with the electron current, we can use the Dirac equation
0(k2)gu(k1) = 0 implicitly to drop terms ~ ¢*. As a consequence, the term ~ 9,A" in Q2 does
not contribute. Note that upon using the equation of motion for the photon field, i.e.

O F* = —epy"op + —t (3.19)
we can get rid of the second derivative obtaining the operator
/ TV T 26— vV,

Q2 = —ey Pty t + gt'y tty,t (3.20)

instead of Q2. The first term in (3.20) gives the same contribution to the process considered above
by virtue of a plain four-fermion vertex.
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to this section. When the MS (modified minimal subtraction) renormalization scheme?"

is employed, we are left with

Cl 1 m2 m2 . uv
0Ty, = ey ((3 In o + h1(2)> "+ <ln el + ha(z) | mict”q, (3.24)
Matching the EFT to the full theory then leads to
2 2
eg 1., u 4
Cy=— —In—+ = 3.25
2 247r2(3nM2+9> (8:25)
and
2 2
eg 1. u 7
= —In— +— 2
5= a2 <2 et 12) (3.26)

together with C; = g?/2 as stated above?!.

As we can clearly see, the Wilson coefficients C;/M? with i = 1,2,3 contain all the
information associated with the high energy scale M, whereas the low energy dynamics
solely results from the non-local loop contribution as given by logarithms and the loop
functions hq(z) and ha(z). It is not possible to capture the full theory result (3.8) with
local operators alone. At this point, this observation might seem rather trivial, as the
full theory is a genuine one-loop effect, so a tree-level EFT treatment should have been
doomed to fail from the beginning. Of course, it was easy in this case, since the UV
theory, the scalar S, is known to us. In the context of the SM, however, this is no
longer the case. "Knowing” only about the right-hand side of (3.18) makes it clear that
a proper loop-counting rule is unavoidable even for simple cases like this toy model®?.
In fact, an ordering prescription based on a topological counting of loops alone - that
is, considering only M"éQ and (5F’é3 as they are of tree-level topology - would lead to
wrong conclusions and predictions for experimental setups. One might argue that such
an order-by-order matching (of loops) between the full theory and the EFT would still
be enough to take these observations into account. After all, in this model, we are talk-
ing about a one-loop effect within the full theory, so we should trivially not expect to
capture it by the EFT when using tree-level topologies only. The latter may serve as a
leading order approximation only - though a quite inaccurate one due to the properties
of this specific model. When the UV theory is generally unknown, fixing the loop order
in EFT calculations would then ensure to never miss any UV effect up to this order (in
the full theory). This, of course, comes with the disadvantage of featuring a maximal

20The 1/e-poles in (3.99) have exactly the form of Q2 and Q3, which is why they serve as counterterms.
211t is now straight forward to compute the beta-functions 8; = 1672y dC;/du for i = 2,3. They are
given by

ﬁz = —%C1 and 53 = %Cl (3.27)

22The crucial criteria of this toy model are its renormalizability to all orders, and its weak couplings to
the low energy spectrum.

29



and potentially redundant number of Wilson coefficients to be fitted to the experimental
data.

To make this more clear, we now turn to the bottom-up approach for the toy model.
Pretending to not know about the heavy scalar S and its mass M, we are supposed to
work with the first line of (3.1) supplemented by all possible higher dimensional oper-
ators built from the electron, the top-quark and the photon. When CP conservation
is assumed to hold, there are 22 dimension-six operators in total, most of them four-
fermion ones. They are all suppressed by a factor of 1/M?, where M now denotes the
(unknown) scale of new physics (see also footnote 18). A complete (hermitian) basis is
given by the following table (we have introduced a small electron mass m, to catch up
with ordinary QED results at one-loop):

four-electron | four-top mixed electron-top | field strength
U tttt it micttE), <
st itttyst ipiptyst meot Y Fy,
PYsYYys tysttyst iWystt O FM ty,t

Py oy | byttt | Pystyst

Dby s | Eyuttytyst | Pruptytst
PyysPiatt
PV s iy st

Yo btaht

1o YsPtorvt

We have used Fierz identities and the equations of motion to eliminate redundant oper-
ators?3. The ones that are generated by the scalar S - i.e. Q1, Q2 and Q3 - are marked
with an arrow.
Let us now - once more - summarize the two possible procedures mentioned above to
parameterize the new-physics impact on ete™ — tt:

e If we rely on canonical dimensions only, there is no reason why we should not take

all Wilson coefficients as O(1)-numbers??. As a first approximation, we would

231t is common to remove second-derivative operators by virtue of their equations of motion. Therefore,
we could have replaced 9, F* #y,t in favour of ¢ry,ty"t (see also footnote 19 above). We chose not
to in order to keep the relation to the toy model more transparent

241f completely arbitrary values were allowed, the effects of even higher dimensional operators, e.g. of
canonical dimension eight, could outperform lower dimensional ones and the whole operator series
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therefore take all tree-level diagrams with single dimension-six insertions, as they
collectively scale as ~ 1/M? compared to the leading-order non-new-physics re-
sult given in (3.4). These include plain Yptt-vertices as well as photon exchange
diagrams with local operator insertions featuring the photon, i.e. field strength
tensors. Some of them read

X >M< (first approximation) (3.28)

It is only until the precision of the calculation needs to be improved, that one-
loop contributions are considered. Here, we have closed fermion bubble-like loops
attached to the virtual photon, but also triangle graphs with modified local vertices.
They all scale as ~ 1/(1672M?) compared to (3.4) and are hence loop-suppressed
with respect to the first-approximation graphs (3.28). Examples are given by

>\AAQ< % (subleading contributions)

(3.29)

Such a power-counting scheme will, however, never be able to capture the physics of
the toy model correctly. Indeed, the first-approximation graphs (3.28) fail to repro-
duce the non-local contributions given by hj(z) and hy(z), whereas the subleading
contributions given by (3.29) would introduce a much higher level of complexity
than needed. In fact, the photon-exchange triangle graph needs to be supplemented
by a two-loop diagram with a four-fermion insertion in order to be compatible with
the toy model and its renormalization group equations (3.27). This is clearly be-
yond the scope of this exercise. We can thus never end up with a consistent EFT
description when focusing on the canonical dimension of operators alone.

We can cure this improper power-counting setup by allowing for another ordering
parameter in addition to the canonical dimension, the implicit loop order. It can be
captured in a quantitative way by the notion of chiral dimensions (and we will do
so below), but for now, we simply state that all operators involving field strength
tensors are generated one loop order higher than others. In this case, our first
approximation (~ 1/M? with respect to (3.4)) would solely be the four-fermion-

would break down. Indeed, for the operator series not to break down as a whole, the suppression
mechanism of operators of canonical dimension d. with Wilson coefficient C; to scale like C; /M ~* ~
1/M%~* has to be functional in general, see also footnote 17.
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vertex diagram

(first approximation) (3.30)

For the toy model, it turns out that this equals zero, i.e. all mixed electron-top
Wilson coefficients vanish. Beyond a first approximation, we have the diagrams

(subleading contributions) (3.31)

scaling like ~ (1/1672M?), whereas the triangle graph in (3.29) appears to be even

more suppressed, namely ~ 1/ ((167r2)2M 2). This is exactly the right pattern for

the toy model.
Instead of arguing solely based on the explicit topological loop order of diagrams, we
emphasize the existence of an implicit loop order incorporated in the Wilson coefficients
C5 and (3, which needs to be equally accounted for. According to this view, there simply
s no tree-level result in the EFT, as all operators are genuine one-loop effects: 1 via
its one-loop topology, Q2 and Q3 via an implicit loop factor hidden in their Wilson
coefficients. In contrast to the order-by-order treatment mentioned above, this will not
only lead to the correct pattern of low-energy operators in the toy model, but also
reduce the number of parameters drastically for more general scenarios. In essence, if
the UV theory fulfills the aforementioned quite general properties, counting loop orders
already on the operator level is crucial for making sensible and experimentally accessible
predictions. Doing otherwise would then correspond to the opposite assumption, namely
that the UV theory does not possess these properties. Either case corresponds to further
assumptions about the UV sector besides its mass gap to the SM. An entirely model-
independent notion of the EFT is therefore not possible in general.
It is a matter of definition whether one should use the word ”inconsistent” for the pattern
highlighted in (3.28) and (3.29) as we have done before. In fact, there are actually no
mathematical inconsistencies associated with such an approach within the pure EFT as a
theory on its own. However, one should always keep in mind that without the possibility
of referring to a UV theory the EFT eventually matches to, such studies would remain
purely academic and doomed to irrelevance by construction. They are - in some sense -
inconsistent with reality.
Having explored the non-trivial matching properties of the fairly generic toy model
provides enough motivation to consider broader scenarios like SMEFT, where the only
sensible approaches close to reality are - if at all - bottom-up.
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3.2. Canonical and chiral dimensions

Any EFT, renormalizable or non-renormalizable, must be based on some power-counting
prescription which can provide a hierarchy pattern between the operators [76-78]. The
latter are built out of quantum fields representing the degrees of freedom of a given
theory and must respect its symmetries, which are usually postulated. For example, the
renormalizable part of the SM consists of all dimension-four operators built from SM
fields that are invariant under SU(3). X SU(2)r, X U(1)y and is expanded in terms of
loops. SMEFT is obtained when the restriction of renormalizability is abandoned. We
then gain a second possibility on top of the loop expansion, the expansion in terms of
canonical dimensions. The latter are a quantitative tool for counting the order at which
hypothetical beyond-the-SM effects enter on the level of the Lagrangian. Let us now see
how a similar tool emerges for keeping track of loop orders.

Generally speaking, the LO SM consists of a Higgs doublet ¢, fermions ¢ and (non-
Abelian) gauge fields X. Fermionic interactions are either gauge- or Yukawa-like and
are associated with one weak coupling . For consistency reasons, the quartic Higgs
self-interaction comes with two weak couplings, i.e. x? (imagine constructing it from
two triple-vertices, each proportional to ux, where p is an energy scale, connected by a
propagator coming with 1/u2, thus canceling the p-dependence), and the gauge bosons
are collectively described by the field strength, which we symbolically write as X, ~

0X + kX?2. Schematically, we have the following list of operator structures®:

quXuya R2¢47 J)lpwa KZTZH/MP (332)

All structures must scale homogeneously under some quantitative power-counting mea-
sure, otherwise they could barely be viewed as the LO content of an EFT. Let us there-
fore introduce a dimension d to count the building blocks of operators with varying
weights. A given operator with N, bosons (scalars or vectors), Ny, fermion bilinears,
Np derivatives and N, weak couplings is then associated with a dimension

d = WyNy + W5, Nyy, + WoNy + WN,, (3.33)

where W; are the respective weights of the building blocks. For the LO operators in
(3.32) to scale homogeneously (d = const for all operators), we find the following set of

equations
d=2W,+2Wy=3W,+ Wy + W, =4W, + 2W, =
=Wgy + Wo =Wy, + Wy + W, (3.34)
leading to
Wy =W, +W, (3.35)
g = Wi +2W, (3.36)

25The Higgs mass term will be discussed below.

33



Wy = W+ 3W, (3.37)

For this system of equations to be uniquely determined, we need to specify two weights,
e.g. W, and W,. The rows of the following table provide the independent resulting
patterns of weights for different choices:

We | W || Wo | Wy, | d

0 0 0 0 0

1 0 1 3 4| de

o | 1| 1] 1 |2]d

Choosing W, = W,; = 0 yields a trivial assignment to the other weights and is therefore
not relevant. The other independent cases are exhausted by allowing either W, or
W, to be non-zero. Interestingly, this leads unambiguously to the notion of canonical
dimensions d = d. = 4 for the case W, = 1 and W), = 0. However, setting W, = 0
together with W, = 1 leads to a second possibility, this time with d = 2. An assignment
based on W, = 0 is called chiral dimension (abbreviated as d,) and is as suited as the
canonical dimension as a power-counting tool for EFTs. It is associated with the loop
expansion as we will see below. Taking W, = 1 and W, = 1 at the same time corresponds
to a mere linear combination of d. and d, and contains no additional information.

The LO SM terms in (3.32) thus allow for two independent counting mechanisms?®, the
canonical dimension

de = Ny, + 3Ny, + No (3.40)
and the chiral dimension

The LO SM operators have d. = 4 and d, = 2, respectively. We will now explore
the roles of d. and d, in SMEFT. In particular, we will derive a general power-counting
formula estimating the natural values of the dimensionless Wilson coefficients for a given
operator structure.

26The choice of taking W, and W, as the parameters the other weights depend on is pragmatic and
arbitrary: ¢ and x are the only entities for which a classical non-relativistic limit exists. This does
not mean that non-trivial solutions with zero-weights other than W, and W, cannot be found. In
fact, they read

d=2, We=-1, Wy, =0, Ws=2, =3 (3.38)
and
d=2, We=1, Wy, =2, Ws=0, W,=-1 (3.39)

However, negative weights are not suited as a consistent power-counting prescription. Such solutions
are therefore not relevant.
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3.3. Power-counting formula for SMEFT

Let us consider a completely generic weakly coupling renormalizable (gauge) theory

featuring the following particle content:

heavy scalar S

heavy vector V

heavy fermion F

light scalar s

light vector v

light fermion f

We combine them into sets B = {S,V} and b = {s, v} collecting heavy and light bosons,
and § = {B,b} and ¥ = {F, f} denoting bosons and fermions, respectively. Our goal
is to find a general power-counting formula for the Wilson coefficients of operators built
from light fields when the heavy fields representing new physics are integrated out. For
this, we need to specify all interactions between the various interactions and count their
associated weak couplings x. Denoting the respective interaction classes by ¥’ 3, 38’5,
BB """ and 303", all allowed interaction vertices are schematically given by the fol-

lowing table:

vy'B | BE'8" | BB'B"B" | BB'OB"
ffo | by by b by ob’
ffB | bWB b'y'B bBOY
fFb | bBB' | bWBB bBOB'
fFB | BB'B" | bBB'B" BB'0B"
Ffb BB'B"B"
FfB
FFb
FFB

K nK K2 PR

The corresponding number of weak couplings is displayed at the bottom. As stated
above, quadruple-boson vertices possess two weak couplings. In addition, we have made

35



an energy scale associated with triple-boson vertices as well as the momentum from the
derivative interaction explicit. A term b'OB can be eliminated in favor of the ones
shown upon partial integration. Primes denote different members of the same set, but
the indistinguishability of particles has not been implemented. This is, however, enough
for our purpose.

Consider now a general Nz-loop diagram D with only light external legs. Denote by N;
the number of vertices of type 7 (this notation will be self-explaining), A; the number
of propagators of type i and N; exterior numbers of type i (such as external light fields,
number of loop-factors, etc.). Such a diagram would scale like

N, < J
D~ (1) ) Wiy 2
Here we have enforced Lorentz invariance by allowing fermion-bilinears only. Further-
more, the field strength tensor v, of the light vector v (in an abstract index notation)
ensures gauge invariance. Covariant derivatives are represented as momenta on the
amplitude level. The object ) Ngggr represents the total number of non-derivative
triple-boson vertices. Sums are generally taken over open index sets, that is 3, 5’ and
B” in this case, but overcounting should be avoided. We can relate N, and Np to the
vertices and propagators by counting their respective contributions displayed in the table
above. This leads to

Nﬂ = Z N,lzj,d)/ﬂ + Z Nﬁﬂ//g// + 2 Z NBBIBNBW + Z N,Bﬁfaﬁ// (3.43)

and
Ny =4Np — Ny + > Nagogr =2 Nz — > Ny (3.44)

For the latter (which can get negative), we have made use of the fact that every loop
introduces an integration over unconstrained momenta and that fermion and boson prop-
agators scale like 1/p and 1/p?, respectively. Since the (Abelian) field strength tensor
vy, contains a factor of momentum, we have to shift Np by —N, to account for the
right energy dimensions. We can obtain an expression for the total number of loops
N, by counting the numbers of propagators and vertices, as the former introduce un-
constrained momenta and hence an integration, whereas the latter enforce momentum
conservation and therefore reduce the number of unconstrained momenta. Keeping a

global Dirac-delta for momentum conservation of external particles in mind, we obtain
NL — 1 —|— Z_/\/b —|— ZNTP — ZNJ}w,B — ZNBB//BH — ZNIBBlﬁNIBW — ZNﬁ/B/a/BH
(3.45)

Let us now eliminate the number of propagators N; from our formulas. For this, we
write 4N, = 2N, + 2+ 2Ny — 2 in (3.44) and plug in (3.45) for one of the terms. We
then obtain

Np = QNL + 2 — Nv + Z./V;p — 2ZN1EW5 — 22]\755/5// — 22]\7@3/5//5”/ — ZNﬁﬁ/aﬁu
(3.46)
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The remaining fermionic propagator terms can be eliminated upon noting that every ex-
ternal fermion is connected to a vertex and that every propagator connects two vertices.
Having distinguished fermions and anti-fermions in our notation, this translates to

Ny +Np =3 Npys =D Nygg (3.47)
and, using that the number of external heavy fermion lines is zero
N =) Ny =D Nirg (3.48)

Combining both equations in (3.46) exactly cancels the fermionic vertex terms leading
to

NPIQNL—FQ—NU—NJC—NK—ZNgglgll (349)
We thus arrive at
1 N N ~ - - - R p *ZNB[;/[;//
e R R e &) (3.50)

As a special case, we switch off the super-renormalizable interaction by setting Ngg/gr =
0 for all combinations. The impact of heavy fields then manifests itself as higher dimen-
sional operators suppressed by the heavy scale. Denote it by A and consider operators of
canonical dimension d.. To compensate for a change of energy dimension of the object
D, the momentum has to be shifted, as it is the only liable source of new physics. In
other words, a suppression in terms of A has to emerge from heavy propagators (or loop
functions) being expanded in terms of the inverse heavy mass. We can therefore write

N ~
D~ 1 t (ff) Ny p Ny No RN“pJerC*‘l (3.51)
167‘1’2 Adcf4 22
where
d=2N;+2— N, — Ny — N, (3.52)

On one hand, for the corresponding local operator to be of canonical dimension d.., this
formula is subject to the constraint

de=3N;+ N, +2N, +d+d. — 4 (3.53)
On the other hand, the chiral dimension d,, is given by
dy=N;+N,+ N, +d+d.—4 (3.54)

Eliminating d yields an expression for the Ny, namely

dy — d.

(3.55)
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The power-counting formula for a Wilson coefficient C; of a generic SMEFT operator
therefore depends on an interplay between d. and d,. The former solely determines the
suppression with respect to the high energy scale A, whereas both are needed for the
power of the loop factor 1/(1672).

It is straightforward to generalize our formulas even if Ngggr # 0. One then has to
distinguish between two cases: The scale p might be light or heavy. In the former
case, according to the homogeneity in d, of the LO terms in perturbation theory, the
scale has to be counted as pu ~ k and our former analysis can be taken over without
modifications®”. For large scales 1 ~ A, however, there would be no additional weak
coupling. In addition to the heavy propagators, there is now another possible source for
producing the factor 1/A%~* in (3.51). For a fixed canonical dimension, the constrained
interplay between heavy propagators and large-scale super-renormalizable interactions
can be implemented by an auxiliary excess quantity §. It can be introduced by modifying
the p-dependence in (3.51) to

pd~+dcf4 N p&+dc—4+6—2 Nggigrr MZ Nﬁﬁlﬁ”_d (356)
We now split the sum of super-renormalizable terms into vertices associated with heavy
scales and light scales, denoted by N, gﬁl g and N é 3 respectively?®. We have to require
d=> N, gﬁ' g to ensure the correct power of A in the final expression. We then end up
with

~ A l l
pd+dc 4 ZNﬂﬂ’ﬂ’/MzNﬂﬁlﬁ” (357)

Counting p ~ & for light scales reveals that the number of light-scale super-renormalizable
interaction vertices drops out in (3.54), so (3.55) stays intact.
As a bookkeeping device, we introduce the quantity

A

T ar
which kind of determines a reasonable energy scale at which SMEFT is an appropriate
description of nature: For scales much smaller than f, effects of higher dimensional
operators are heavily suppressed; for scales much larger than f, the perturbative series
might get in trouble as an infinite tower of higher dimensional operators gets important.
However, in contrast to strongly coupled scenarios, such as Chiral Perturbation Theory,
being a mere definition, f has no dynamical interpretation.
The power-counting formula is then given by

(3.58)

(3.59)

2TThis is in fact generic: Small mass parameters have to be counted as weak couplings, so that no
peculiarities arise. In the SM, for instance, this is obvious because all SM masses are associated with
(weak) Yukawa couplings.

28Note that Ny is necessarily associated with a weak scale, otherwise it cannot be part of a LO
EFT Lagrangian since it would violate the scale separation assumption between the light and heavy
degrees of freedom. In contrast, the vertices with at least one (suppressed) heavy boson might be
linked to the large scale A.
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which estimates the expected size of a Wilson coefficient in terms of d. and d.. The object
L = (dy —2)/2 is often referred to as the "loop-order” - a relic from Chiral Perturbation
Theory. It puts the loop expansion on the same footing as the 1/A-expansion and should
not be confused with the "loop-factor” 1/(16m2), which is counted by Ny. For instance,
a ten-dimensional operator with two-loop suppression (d. = 10 and Ny = 2) would have
L =5, as it is suppressed with respect to the SM with 5 factors of 1/A% or 1/(1672).
For the d. = 6-operators of the toy model in Section 3.1, we find

dy (C107) =4, dy (C203) = 6, dy (C303) =6 (3.60)

indicating the relative suppression between the Wilson coefficients of O and Og 3. It is
compensated by the topological loop of O, which is, of course, not part of the power-
counting formula.

3.4. Weak-coupling assignments for the Warsaw basis

For the practical application, (3.59) has a big disadvantage: It needs the number of weak
couplings as an input parameter via d,. In reality, this can be achieved by explicitly
matching SMEFT to specific model scenarios. To avoid this, one can, however, give a
general estimate for a minimal number of associated weak couplings for a given operator
by counting the number of possible interactions of the external fields. This depends, of
course, on some minimal assumptions on the underlying dynamics and varies for different
values of d.. We will now explore the implications on Warsaw-basis operators when all
interactions are assumed to be weak and renormalizable. As the weak-coupling assign-
ment for a given operator is in fact the crucial point for its expected impact, we present
two contrasting approaches; the first one catches up with our topological considerations
of the last subsection, the second one makes use of the dimensional distinction between
masses and weak couplings.

Topological reasoning

In the case of the leading new-physics effects, we can use our topological formula (3.51)
with d. = 6. Furthermore, the equations of motion can be employed to eliminate re-
dundant operator structures to match with the Warsaw basis, which does not contain
second-derivative operators®®. We can therefore set

d+2<1 (3.61)
Focusing first on the case, d+2= 0, we obtain
dy = Ny + N, + N,, = 2N +4 (3.62)
and find the following cases for the numbers of external fields

N,=3=N;=0, N, =0, dy, =3+ N, (3.63)

2The Higgs operators with second derivatives do not matter here as we are primarily interested in
operators with field strength tensors. We comment on them below.
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Ny,=2=N;=0, N, =2, dy, =2+ N, (3.64)
Ny =1=N;=1, N, =1, d, =2+ N, (3.65)

Ny =0, Ny=4, dy =1+ N, (3.66)
N,=0=N;=2, N =0, d, =2+ N, (3.67)
Ny=1, Ny =3, dy =1+ N, (3.68)
Ny =0, N =6, dy = N, (3.69)

The minimal number of weak couplings can now be estimated by inspecting the allowed
interactions. For instance, we have to exclude vertices involving a light gauge boson
v and two different bosons/fermions, i.e. bBv or fFwv, etc. since the kinetic terms -
they involve the gauge boson v via the covariant derivative - of scalars and fermions
can always be chosen diagonal, independent of their mass terms. Furthermore, a plain
v?BB'-vertex has to be excluded by gauge invariance as we want to end up with an
external field strength v,,. This leads us to the observation that the N, = 3-case (3.63)
needs at least three weak couplings - one for each field strength separately, rendering
dy = 6 and thus Np = 1. Similarly, two external v-fields together with two light bosons
h in (3.64) require at least N, = 4, since we have excluded the plain vertex, and thus
dy = 6. Things get more interesting when we come to the case N, = 1. Lorentz-
invariance forces us to contract the (antisymmetric) field strength indices with ¢ in
the case of N ¢t = 1. However, fo f is a non-renormalizable interaction that has to
emerge from an off-shell particle exchange giving rise to at least two couplings. Together
with an extra coupling from each vy, and h, we again end up with dy, = 6. The case
N, = 1 with N, = 4 is forbidden by Lorentz-invariance. Finally, we have the operators
with N, = 0. The first class, the ones with N ¢ = 2, can be generated with a total of
two weak couplings - one for each fermion bilinear - leading to d, = 4, i.e. tree-level.
Likewise, the N r = 1 together with Nj, = 3-case requires one coupling for the fermion
bilinear and at least two couplings for the h3-part, either by combining all three bosons
in a quadruple-boson vertex counting as x? or by splitting them apart into two groups
with triple-boson vertices counting as one x each. The result is again d, = 4. Finally,
we have the hS-operator. Here, we need at least three couplings to attach the external
fields to the diagram, three pairs of two fields with one x each (triple-vertices) or two
pairs of three fields with 2 each (quadruple-vertices), but at least another coupling for
the diagram to be connected. Again, we end up with d, = 4, i.e. N, =0.
The second case, d+2 = 1, features only N, = O-operators due to the hidden derivative in
V- We would otherwise end up with higher-derivative operators that can be eliminated
by the equations of motion. We now have

dy =N;+ N, + N, +1=2Np +4 (3.70)
and find the following two cases

Ny=1, Ny =2, dy =2+ N, (3.71)

Ny =0, Ny=5, dy=1+N, (3.72)
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(3.73)

The first case (N ¢ = 1) is straightforward: We need two couplings, one for the fermion
bilinear and one for the two bosons. The result is d, = 4. The second case does not
exist due to Lorentz invariance.

The last class of operators contained in the Warsaw basis features four light bosons and
two derivatives. The bosons require two couplings and, together with the derivatives,
the chiral dimension is d, = 4.

This concludes the weak-coupling and hence the chiral-dimension assignments for all
Warsaw-basis operators. Our analysis was based on topological considerations only, i.e.
our line of reasoning was as general as possible. As a cross-check of our findings, we
consider another general setup based on differentiating between energy scales and inverse
length scales.

Dimensional reasoning

In this approach, we analyze the dimensional structure of a given operator to read off its
implicit number of weak couplings. Throughout our previous analysis, we have worked
in units where A = ¢ = 1. This implies the existence of only one dimensional scale, the
energy FE. Everything, i.e. masses, length scales, time, etc. can be expressed in terms
of energies. Let us now restore the dependence on h and check whether the minimal
number of weak couplings can also be derived on dimensional grounds [8, 21, 79] by
superficially counting loops with factors of A. This new system of units then includes
energy F, as well as length L. The old units can be restored upon noting that the di-
mension of & is given by [A] ~ EL (square brackets evaluate the dimensional units of the
objects inside). Employing the convention that the classical action be free of factors of
h, an n-loop diagram then scales like ~ A?~!. This can be derived from the path integral
representation of amplitudes. Indeed, the generating functional is given in terms of the
path integral, i.e.

. S[®]
Zw/D@éh (3.74)

where D® denotes the functional integral over the entire field content ® = {¢, 1} with
generic bosons ¢ and fermions 1 and S[®] = [ d*z L(®), written as a functional of the
fields, is the classical action. The generating functional is related to Feynman graphs
via expanding the exponential function and contracting the fields inside the various fac-
tors of L(®) appropriately (Wick’s theorem). As the vertices (propagators) of Feynman
diagrams are - loosely speaking - proportional (anti-proportional) to the corresponding
terms in £(®), the A-dependence of the exponent of the generating functional provides
an h-counting for the Feynman rules. Vertices and propagators then come with factors
of 1/h and h, respectively. Since the number of loops of a specific connected diagram is
given by N = 1— N+ N (see (3.45)), where N and N are the total numbers of vertices
and propagators, there is a one-to-one correspondence between the number of loops and
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a superficial®® power of A.

With i # 1, using [d*z] = L* and [9] = L~!, we find the following dimensional de-
pendencies for the action S, the Lagrangian £, masses m, weak couplings £ (excluding
super-renormalizable interactions), bosonic field ¢ (including gauge fields) and fermionic
fields

[S]=EL, [£]=EL™3, [m]=L"1,
k] = E2L"2, [¢p|=FE2L"2, [p|=FEsL"" (3.75)

We will turn to the field strength X, ~ 0¢ + k¢? below. These relations are solely
derived from kinetic terms 02¢2, 912, mass terms m2¢?, mi? and interaction terms
ko2, kKOG, k2¢*. Instead of energy E and length L, however, we can use a system of
units based on the independent entities mass m and weak coupling x. Consider now a
generic operator

Q = ¢ ONopNe e (3.76)

with a compensating factor ¢ accounting for dimensional commensurability with £. Its
dimension can be determined upon noting that

[0N6¢N¢¢N¢] — [No—3No—Ny g3 N _ ) No+Ny+3Ny . —N (3.77)

where N = N¢ + ]\~f¢ and we have eliminated L and E in favour of m and & in the second
step. Since [£] = k~2m?*, the dimension of c is given by

[c] = mA—degN—2 (3.78)

with d, = Ny + ]\7¢ + 3]%, /2 as usual. When recognizing m as the large mass scale A,
this formula provides the number of associated weak couplings for a given operator in
SMEFT for a minimum number of #- and hence loop-factors. This number can easily
be raised by multiplying with powers of h. However, as [h] = FL, every h comes with
compensating factors of k2.

Let us work out the relevant cases for the Warsaw basis (2.17)-(2.49) with d. = 6. We
first consider the classes without field strength tensors, i.e. ¢%, 92¢*, 39?2, dp?h? and
Y*, where ¢ is now the Higgs field. The coefficients are given by

W% — [ =m %k (3.79)
D*ot — [c] = m2K? (3.80)
O*P? — [] = m K3 (3.81)

0% — [c] = m™2K? (3.82)

Yt — [¢] = m kK2 (3.83)

39Cancellations of fi-factors after expanding or integrating the propagators due to the different units of
momentum and mass may appear. They ultimately spoil our classical/quantum - tree/loop classifi-
cation, but are in principle unrelated to the points we make [80, 81].
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which leads to the same weak-coupling prescription we obtained previously. Concerning
field-strength operators, note that both ¢ and k¢? scale homogeneously in E and L or
r and m leading to the scaling behaviour [X,,] = m?s~!. The resulting dimensional

pattern is equivalent to counting X, as a boson field in (3.78). We find

Xﬁy — [ =m%k (3.84)
<p2X3V — [c] = m™2K? (3.85)
CV? Xy — [ = m2K? (3.86)

By construction, the results in (3.84)-(3.86) are the weak-coupling assignments at tree-
level, i.e. there are no factors of & involved. Here, however, the displayed number of
weak couplings is unrealistic. For instance, without loss of generality, the purely non-
Abelian part of X 31, comes already with x3 - an additional factor of x? with respect to
the tree-level result (3.84). The only available object to compensate for this dimensional
excess is i which raises the loop order by one unit. Similarly, for the other cases, since
every X, adds a weak coupling ~ that is necessarily associated with the gauge field
alone, we need additional factors of x to separately couple the residual fields. This adds
at least another 2 or one loop order for both cases goQXEW and py?X -

We conclude that every Warsaw-basis operator that has at least one field strength tensor
comes with at least one loop factor, whereas all operators without the former can be
generated at tree level. This is a generic result that holds for a broad class of high-
energy scenarios [82-85]. As a last point, one might argue that field redefinitions or
the application of the equations of motion are always possible. These could transform
a tree-level generated non-field-strength operator into a field-strength operator without
loop suppression. However, the so-obtained operators are not part of the Warsaw basis
[86]. In fact, when restricted to the latter, our findings can be applied without further
limitations.

The phenomenological role of the power-counting formula (3.59) together with the weak-
coupling assignments highlighted in this subsection cannot be overestimated. In fact,
when confronted with the sheer number of Wilson coefficients suggested by the plain
Warsaw basis, every sensible evaluation of experimental data must at some point restrict
the parameter space to facilitate the eventual detection of any beyond-the-SM effects.
Our analysis shows that such a truncation is not arbitrary and can indeed be done
systematically. In the remaining sections, we demonstrate how this works in practice.
We do this by evaluating the leading new-physics effects for two specific processes at
the LHC, showing explicitly how a systematic reduction of the Warsaw-basis parameter
space leads to a manageable number of coefficients that represent the unknown physics.

Appendix: Three independent calculations of the triangle diagram to O(1/M?) and
OS counterterm

Perturbative calculations in QFT are often cumbersome and prone to errors. It is there-
fore advantageous to verify and confirm final results by alternative approaches when-
ever possible. In fact, every loop calculation in this thesis has been approved by at
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least two different methods. As an example, in this appendix, we list three different
ways to solve the loop integral (3.7) to O(1/M?), as well as the calculation of the
counterterm required to impose the OS renormalization scheme. Throughout this sec-
tion, we will make use of identities like p? = p3 = m? and p; - py = %q2 —m? or
the Dirac-equations u(p1)ph = mu(p1) and phv(p2) = —mu(p2) and the Gordon identity
a(p1) (@) —ph)v(p2) = 2ma(p1)y*v(p2) —a(p1)ic™ g v(p2) without further comments and
suppress the spinors. The in-prescription and hence the analytic structure of the loop
functions in the complex plane will be restored in the end upon sending m? — m? — in.
We will start with a straightforward evaluation of the complicated loop integral in terms
of Feynman parameters. In a second approach, we split the multi-scale integral into
different integration regions and sum up the respective contributions, which leads to
the calculation of two easier integrals. A third possibility highlights the reduction of the
tensor structure in the original expression to scalar functions by expanding the former in
terms of all possible Lorentz structures. As expected, although differing in methodology,
all three approaches yield the same final result, namely (3.8).

Brute force calculation
First, we perform the integral all at once in one shot. For this, we introduce Feynman
parameters via the formula

2z
da / (3.87)
ABC / (A+(B-Az+(C- B)xy)
and find
1 1 ddk ﬂ(pl)N‘uU(pg)
a(p1)olHu(pe) = ng/ da:/ dy ,qu/ 3.88
(1) 0 0 2md (k2 - A)? (3.88)
with the abbreviations
2 m? 2 q2
NH 5255(29“0‘75 —g° 'y Mkokg + 2x(4 — $2)m2’y“ — Q:C?’y(y - 1)q2’y“+
—dma®(x — 2)(y — 1)pt — dma?(x — 2)yph (3.90)

Note that the denominator is symmetric with respect to the exchange y +» (1 —y). We
can therefore write

N =21(29"7" — g*Py")kokg + 22(4 — 4o + 2% ymPy1+
+ 223y(1 — y)*y* — 2ma’(xz — 2)ic*q, (3.91)

Performing the momentum integral in dimensional regularization using the expressions
given in Appendix D results in

2 2 2
. g . 9 9 1 4dr W 1\ M=~yH
M=~ fgmar W(hmwwqy — Lg*y" — Ism*yF — ( thh—+hrmts)—
(3.92)
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The form factors are given by

v (y — 2) 7 m? 1
I = /dy/ dx =—+4+In—+ho(z)+ 0| —
1_y+y2m —yw(l—l’)&i 6 M? () M?
! ! Sz(1 — 11 1 2 h 1
12:/ dy/ dw ymf( z) _ :_7_7111—]\”22— 1(Z)+O(M2>
0 0 1-y+y*ip —v?2(l —z){m 36 6 2

44
Ig/ dy/ dx( y y+y’) —+
1—y+ 27 — y22(l —a)ds

M 2 q2 3M2
m2y1n<1—y+y y2x(1—x)>— =

M2 M? 4m?

5 ¢? 1 ¢? m? q* 1
S . In—— — ——h .
6m2  6mZ M 22O\ e (3.95)

In evaluating the integrals, it turns out to be advantageous to view (m2 —z(1 —x)qg) /M?
as a single object of small numerical absolute value and perform the y-integration at first.
The so obtained expressions can be Taylor-expanded before the z-integration is tackled,
which can be written in terms of hi(z) and ha(z) (see (3.10) and (3.11)). However,
the complicated expressions I7, Is and I3 require disproportionately high calculational
power for the problem at hand. The next technique tries to avoid this by splitting our
multi-scale problem into several single-scale ones.

Strategy of regions

This method is based on dividing the original integral into several integration regions
that are determined by the relevant scales of the problem at hand. The integrand is then
expanded around the respective region which reduces the complexity of the integration
by a fair amount. Adding up all contributions from all regions yields the original integral
[65, 87, 88]. For our case, there are two regions of the loop momentum k to consider,
namely

I: map17p27k<<M
Il : mvpl)p2<<kaM
Let us first evaluate region I. Expanding the integrand in the relevant limit, i.e. the
propagator of the heavy particle, and introducing Feynman parameters, we find
a(p1)oTHv(py) = 9 u2€/ dlh_a(p)(k + )y (k — ¢ +m)v(ps) —
I ~ _M?2 (27r)d (/€2 _ m2) ((k _ q)2 _ m2)

d’k u(p1)N"v(pa)
= / dz / B () (3.96)

;2
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where

A=m?—z(1 - ac)q2 (3.97)
Nt = (2g"48 — g*PyMVkokg + mPA* 4+ mioh g, + (1 — x)g*y* (3.98)

and terms of O(1/M*) or higher are consistently neglected. The momentum integral
yields (see Appendix D for the necessary formulas)

2 1 Amr 2 ZyH
wo_ g H qay "
51—‘11 = 167‘(‘2]\42<<6+1n6’7+1n7’n2> ( 3 +'I7’LZ0'M ql,>—|—

— (M) + hz(z)mia“”q,,)> (3.99)

with the form factors hy(z) and hg(z) given by (3.10) and (3.11).
Moving on to region Il, we first rewrite the integrand according to
dk_a(py) (Fy"k + 4mk* + 4m>y*)o(ps)
()t (k2 — M2)R4 (1 + 20) (1 - 232)

a(p1)oT v (pe) —ig2,u2€/ (3.100)

The corresponding expression @(p1)dI'v(p2) is obtained by expanding the nominator
and denominator in the relevant limit and keeping only even powers of k (the integration
is symmetric with respect to k <+ —k). Dropping terms of O(1/k?) and higher, we obtain
FyP R+ Amk* + Am2A# N
2k- 2k-
(221 - 2
8mktk - (p1 — p2) N Ay k(K- p1)? + (k- p2)? — (k- p1)(k - p2))

YR 4 dmPyt —

k2 Kkt
(3.101)
Within the integral, due to symmetry, this expression is equal to
2 2¢°y*  A(d? — 5d + 4)m>*y*  8(d — 1)mioh”
d+2 d(d+2) d(d+ 2)
After performing the integral, we obtain
2 2 1 MQ’)/“ 1 MQ 4 qQ,YM
ore =9 In— +1In £ In — +1In 4
I 167r2M2<( * + " T3) T P + "z 3) 3t
1 AN
( +In=" +1n % + 6) mioH q, + m27”> (3.103)
Adding both regions yields
2 2
ST b g m 7 C
61_‘# _5F]I + 5FH = —W <<1 M2 + = 6 + h2( )) mZO’M qy+
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1. m?> 4 1 47 u? M>2~H
~In h 2okt — 2k — In— +In-—
+(3 R 1()>qu m?y <+n + m+) 5
(3.104)

Of course, this matches the expression above (see (3.92)).

The strategy of regions has the particular advantage of being conceptually related to the
philosophy of the EFT approach to physics. Indeed, for our problem, the two regions
are nothing else than the domains of validity of the respective theory. Region I, the soft
region, is equivalent to the low-energy EFT and hence the bubble-diagram contribution
(3.24) featuring the non-local structure functions hi(z) and ha(z), whereas region II,
the hard region, gives rise to local operators and Wilson coefficients that are determined
by the matching procedure of the EFT to the full theory. The renormalization scale p
separates the domains and is canceled when both contributions are finally combined.

Passarino-Veltman reduction

Finally, we provide an in-depth study of the tensor structure of our integral in terms
of scalar functions [89-91]. Although this method is usually accompanied by lengthy
calculations and a confusing number of equations to keep track of, it is actually quite
reliable when it comes to complicated applications. For instance, there could be cases
where the evaluation of tensor integrals as in (3.87)-(3.95) is simply not possible in a
straightforward manner. Especially when making use of computer algebra systems such
as FEYNCALC, FORMCALC or PACKAGE-X [92-94], the integral reduction method turns
out to be quite fruitful, but should only be employed if unavoidable.

We rewrite the integral in terms of basic triangle integrals3!

i o [ A% u(pr) (F + 2m)y* (K + 2m)v(p2) _
—gﬁu(p1)5F“U(P2) =u” / @m)e (k2 — M2) ((k + p1)? — m2) ((k — po)2 — m2)
=0(p1) (Y9 yP Cop 4 4mCH + 4m>y*C)v(p2) (3.105)

where
dk 1
C = 2e v -
H / (27T)d D1D2D3
Yy

i /1 1
= dy/ dz =
W6m2M2 Jo " Jo 1~y g2 (1—:6(1—35)%)7"—2

M2
1 m? Tm? q? 3m? q? m?
= (141 1 1 In 7
167r2M2< Ty th) o ( 6m2> HYE ( 6m2> RSVERS
3m? 3q> m? q> 7 37 m?
a2 -G+ aE (1 R 30m4) ( g +10In M2> *

m4 m2 q2

iha(2) = 10" Ry (2) + 10 T (s )) L0 <J\;8) (3.106)

+ 10

31Do not confuse these expressions (and subsequent ones) with the abbreviations introduced in Appendix
E.
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O — 26 / Ak K"
=t (27T)d D1D2D3

ke kok
— 2 ahp
Cap = / (27)4 Dy D D5

with the abbreviations
Dy =k?> - M? = k* =D, + M?

Dy =k? +2k-py =k -p1 = =(Dy — Dy — M?)

1

2
1

D3Ek2—2k-p2:>k-p2:§(D1—D3+M2)

The one parameter integral in the scalar triangle C could be done using

In(—2A++v/1-4A+1)—In(2A
In(A) + ( \/1_414) 24)

1
[t
o l1—y+y?A 24
In addition to hj(z) and h2(z) in (3.10) and (3.11), we defined

1
hs(z) = /0 dr 2*(1 —2)*In(1 — 4z(1 — x)2) =

L B U Y )+ L1
pr— — —_— —_— Z PR
30 ' 60z ' 8022) ' 120z ' 900

It is also useful to define®?

dik 1
-\ 2
dik 1
N 2€

with

i (1 47 ! 2
B(1,2) = B(1,3) T <€+ln€7+/0 dxlnmeQ—i—(l—x)MQ)

1 1 a7 ! 2
B(2,3)=—=|—-+In— dx1
(2:3) 1672 <e+n67+/0 xan:L“(lx)q2>

1 1 47 u?
A1) = M*(Z4+In—+4+In— +1
(1) =162 <e+n67+nM2+>

_ i 5 (1 4 u?

(3.107)

(3.108)

(3.109)
(3.110)

(3.111)

(3.112)

(3.113)

(3.114)

(3.115)

(3.116)
(3.117)
(3.118)

(3.119)

32We generally refer to the A, B and C-functions as tadpoles, bubbles and triangles, irrespective of their
indices. For later use, diagrams with four propagators are denoted by D and referred to as bozes.
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and
B (i,j) = 26/ dk _K* (3.120)
=R | enyd DD, '

For every combination of i and j in B*(i,7), we have to identify the available Lorentz
vectors and expand the vector integral accordingly. This suggests us to write

B*(1,2)
B"(1,3)

o (3.121)

b (3.122)
i K —pf

B“(Q, 3) = MQe/ (27T)d (k;2 _ m2) ((k flq)z _ m2)

= Sq" — pi'B(2,3) (3.123)

where we have shifted k¥ — k — p; in the last formula. We now have to determine the
unknown coefficients @), R and S. Contracting the above equations with p; and po,
respectively, yields

A% k-
p1, B (1,2) :;PE/ (%)dﬁ = %(A(l) — A(2) - M?B(1,2)) = Qm?>  (3.124)
Ak k-
pouB*(1,3) =p* / ngz = %(A(?») — A(1) + M*B(1,3)) = Rm*  (3.125)
o [ dk k-q 1, B
quB"(2,3) =p / 2m) (12— ) (b —a —m?) 247 B(2,3) =
:%q23(2, 3) — %qu(Z 3)=0=5¢ - %qQB(Z 3) (3.126)

where we have expanded k-q in terms of the denominator structure in the last expression
and shifted the loop momentum for the resulting tadpole functions to cancel each other.
We then obtain

Q=—-R= 27;2(,4(1) — A(2) — M*B(1,2)) (3.127)

1
S :53(2, 3) (3.128)
Next, for the same reasons as before, we write
CH = Apl + Bph (3.129)

with unknown A and B (not to be confused with the tadpole and bubble functions
above). The relevant contractions read

dk k-p 1
no_, 2€ ——
pl,uc a /(27T)d D1D2D3 2

(B(1,3) — B(2,3) — M?C) = Am* + B(p: - p2)
(3.130)
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dk k- 1
e :Mze/ b 5 (B(2,3) = B(1,2) + M?C) = A(p - p2) + Bm?

(27T)d D1D2D3
(3.131)
From this, we obtain
m’ < p1-p2
A=-B=— (1+ )32,3 + M2C)+
2(m* — (p1 - p2)?) m? (52,3 )
p1 D2 B 1 2
— B(1,3) — 2 B(1,2)> T (B(2,3) — B(1,2) + M*C)
(3.132)
where the left-hand side of (3.116) has been used. Similarly, we have
Coc,B = Xgaﬁ + Yplaplﬁ + Zp2ap2ﬁ + W(plap2,8 + p2ap1,8) (3133)

with the four coefficients X, Y, Z and W. The contractions are given by (d is the
spacetime dimension)

kK
9% Cop = / @A DiDaDs = B(2,3) + M*C = Xd+ Ym? + Zm? + 2W (p1 - p2)

(3.134)

piplc =u2€/ d'k (k- p1)* :Mze/ d'k 3(D2 — D1 — M?)(k - p1)
1£1%~af (27)4 Dy Dy D5 (2m)d D1D3D;

1
=5 (D1 B"(1,3) = 1, B"(2,3) = M°py,,C*) =

=Xm? +Ym? + Z(p1 - p2)? + 2Wm>(py - po) (3.135)
9o =1 | d'k (k-p2)? _ [ dlk §(D1 — Dy + M?)(k - po)
PaPatas =H (27T)d D1D2D3 —H (27T)d D1D2D3 a

1
=5 (P2uB"(2,3) = p2uB"(1,2) + M?p,, C*) =

=Xm? + Y (p1-p2)? + Zm* + 2Wm?(p; - p2) (3.136)
e :M%/ d'k (k- p1)(k-p2) _ 26/ d'k 3(Da — Dy — M?)(k -p2) _
HHatad (2m)4 D1D2Dj (2m)d D1DyD3

1
=5 (P2uB"(1,3) = pou B"(2,3) = M?p, C*) =
=X (p1 - p2) + Ym2(p1 - p2) + Zm2(p1 - pa) + W (m* + (p1 - p2)?) (3.137)

Let us write

J1 =B(2,3) + M?C (3.138)
1

Ty =5 (p1,B"(1,3) — p1,B"(2,3) — M?p;,C*) (3.139)
1

s =3 (p2uB*(2,3) — p2, B*(1,2) + M?ps, C*) (3.140)
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1
Ju =5 (p2uB*(1,3) — po, B"(2,3) — M?ps, C*) (3.141)

Note that only Jj is written in a manifestly reduced form. The others are only implicitly
reduced. The coefficients are then given by

1
(d—2)¢?(q% — 4m?)
1
v Am2a2(a? — dm? 16(d — 1A
A=t = (@ A 16— s
+ (16(d — 1)m* — 16(d — 2)m?¢? + 4(d — 2)¢*) Js+
+16(d — )ym2(2m? — qz)J4> (3.143)
1
7 Am2a2(a? — dm2
(d—2)q*(¢? —4m2)2( LG )
+ (16(d — 1)m* — 16(d — 2)m>¢® + 4(d — 2)¢*) Jo+
+16(d — 1)ym*Js +16(d — 1)ym2(2m? — q2)J4) (3.144)
1
_ 1 4 2 12 2 4 2 6
W == G g — e (10m" = 12m" 4 20t
—8(d — 1)m2(2m? — ¢¥)Jo — 8(d — 1)m2(2m? — ¢?) J5+

— (32(d — 1)m* — 16dm>q? + 4dq4)J4> (3.145)

(q2(q2 —4m?)Jy + 4m> Ty 4+ 4m? J3 + (8m? — 4q2)J4) (3.142)

Inserting the explicit expressions for the integrals (i.e. (3.116) and (3.117) into (3.129)
with (3.132)), we find

B ph j ! 22+ (1— )My
ol it X 12/d:z:ln U=z ) |y =
q* —4m? \ 167° Jo 1—2(1—-2)L;
_ W -1h
T2 — 4m?

(F + M>C) (3.146)

2 2

q“ —2m q—2m

pQ#B'u(l,Z) = _pluBM(lﬂg) = 4m2 (A(l) - A( ) ( ) )) = -

2 2 2 1 m2
g —2m* i M
=== ( <1+/0 dxln(l—x—i—w m )

(1 +In 4—+1n— +1)> (3.147)

4m2 2
PouB"(2:8) = = p1,B"(2,3) = = 1 B(2,3) =
am2 — ¢ i (1 47 1 ©?
Sl S dzr 3.148
4 1672 <e+n67+/0 xan—x(l—x)cﬂ) ( )
1 2
PuB"(1,2) = = p2, B"(1,3) = Z(A(1) - A@2) - M*B(1,2)) = %G (3.149)
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where we have defined F' and G on the go. Reinserted into (3.139)-(3.141) gives

2

2_2 2 4 2 2 M
AL qB(2,3)+T(F+M20) (3.150)

8 8

q2
J2:J3:—J4—§G:—

It is useful to separate the finite from the infinite parts by defining

B(2,3) =I + B(2,3) (3.151)
=—I1+4+G (3.152)
where
9 1 4 u?
~ i 1 ¢
~ i M2 M2 1 ) m2
i M?> M?
= 602 <m2 - 1> e (3:155)
with
i 1 ,m?
H= 162 /0 dzIn (1 —r+zx W) (3.156)

Also, we have

~ 1 m? ? ! o m?

- ; 2 2 2 N . 2
= B(2,3) + — (m lnm—1>+G:B(2,3)—H—l

(L ™31
1672 \ M2 M2 672 M B157)

where we have used (3.155) in the last step. Eliminating J3 and Js via (3.150) in
(3.142)-(3.145) leads to

_ (g% — 4m?)Jy + 4> Jy — (8m? — 4q2)%G

X = _
(d—2)g*(¢* — 4m?)
1 1=~ M? M4 M?
Rt Ca e ) e L
v _ AP (@ — 4m?) I+ (16mg% + 4(d — 2)q*) o — 16(d — 1)(2m* m2¢?) LG _

(d —2)q*(q* — 4m?)?
(d — 4)m? @ —2m? - @ —-2m? -
S TR - ) @) DY) T s — dm)
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F 1
+ 2(q% — 4m?)2 ¢+ 2(q% — 4m?2)? (3.159)
Z=Y (3.160)
B (16m*q? — 12m2q* + 2¢%)J; — (16m2¢® — 4dq*)Jo
(d —2)g*(q* — 4m?)?
- (32(d— )m* — 16dm?¢* + 4dg )5 G
(d —2)q*(q* — 4m?)?
(d —4)(¢* — 2m?) m? ~ m? ~
- B2,3)+
2(d—2)¢*(¢* —4m?)"  ¢*(¢* — 4m?) ®3) + 7*(¢* — 477%2)GJr
B M2(8m4 _ 2m2(M2 4 3q2) 4 2M2q2 + q4) o 2M2(q2 _ m2)F (3 161)
2(q% — 4m?2)? (g% — 4m?2)2 :

where Ji, Jp and G (or rather G) were eliminated via (3.138), (3.150) and (3.155),
respectively. The function H can be decomposed into F and B(2,3) and vice versa
upon using (3.157). Note that Y, Z and W are finite, since d — 4 ~ € cancels the
1/e-dependence in I. Catching up with (3.105), after using the Dirac equation and the
Gordon identity, we arrive at

8m?
q% — 4m?2

4
T (F+ M2C)io"q,

(3.162)
VP Cop =(2mA(Y = W) — ¢*W — (d — 2)X)¥" + 2m(W — Y)ic"q, (3.163)
where (3.146) and (3.133) have been used. We also have

4mC*H 4 4m*4*C = ( (F + M*C) + 4m2C> -

q2 _ 4m2

d—4 1 - 1 ~
Ly B2,3)+
W sd—2) =) T @ PPt s s Ot
M2 M2 —4 2 M2 2
_ 3 po MIAmT 4 3ME 4 ) (3.164)
(¢% — 4m?2)? (g% — 4m?)2

Where F and G can be eliminated in favor of H by virtue of (3.157) and (3.155) as
before. For very large M?, the parameter integral (3.156) is given by

2 2
gm_ 4 /1-4m2
135 - (28 - 1) m () - /1- 48 In (— e )

M2

i

H: g
1671'2 2]\77}722
7 1 m? m? 1 m? m?2 mb
= 1+-——= (21 1 - In| —
(35 (o (i) =) 35 (0 (5) +9) ) - (5)

(3.165)
When the dust settles, keeping only O(1/M?)-effects, we end up with

4m o
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{ 7 m? - w

and
8m? 2 2 2 2 m
- 2 2 2 42 2 1 1 4 1 2 1
€

e\ e Toar e R RS VR
(3.167)

Reinserted into (3.105), this is the desired result and matches (3.92) and (3.104).

Counterterms
In this appendix, we have so far calculated the unrenormalized divergent amplitude. In
addition to being finite, the renormalized amplitude should also fulfill the OS condition

or* =0 for ¢=0 (3.168)

This guarantees a proper interpretation of e as the electric elementary charge in Coulomb’s
law for large distances, i.e. for ¢ = 0.

To fix the counterterms on a quantitative level, we need to evaluate the following self-
energy diagram

k—p

J/ S ddk
/ ket m (3.169)

oy TESO | GG (P =)

Introducing Feynman parameters and performing the momentum integration as usual,
we find

1 d +
> 292/ dx /L26/ d kd Tyt m 5 =
0 (2m) (k2 —zM? — (1 — 2)m? + z(1 — x)p?)

. 92 1 2
ig 1 47 K
d ] In 3.170

1672 /0 v (= m) (6 ev eM? + (1 —z)m? — z(1 x)p2> ( :

We can choose the OS renormalization scheme for the top-quark’s mass by imposing>?

d
Jo—1=0g=—X% 3.171
2 2 ap (}ﬁ)}p:m ( )
where Z5 is the wavefunction renormalization of the top-quark. We find
d ig> 1 1 47 @2
—(p) = — d —+Iln—+1
dpp ) 16772/0 T\ e+ne‘7+an2+(1—:L‘)m2—x(1—x)p2 +

333ee for example equation (18.43) in [8].
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2px(1 — x)(xp +m
xM? +p(1 —)m? f (1 )_ x)p2> (3.172)

which gives

;2 2 1 2

1g 1/1 47 I / 9 M

—_J (Z(= = Al I 1— )2
92 162<2<6+ln67+ln 5 dexln r+(1—z)— |+

m? /1 2(1—x)(1+x)>
L A (3.173)
2 (1=2)2 m?
R
In the limit m? < M?, this evaluates to
;9 2 2
g 1 47 ,u 1\ M 9
bgo=—————||-4+In—+In-—+-) — 3.174
2 16W2M2<<6+n67+nM2+2> y T (3:.174)

dropping higher-order terms. The Ward identity implies Z; = Z3, where Z; renormalizes
the top-quark-photon interaction and is hence associated with v, so using (3.92) and
(3.104), the renormalized final result is given by

2 2 2
g m 7 v 1. m 4 9
oTH = ~ 16202 ( (ln wte T h2(2)> mio*q, + <3 In —5 + gt h1(2)> a7

(3.175)

which matches (3.8) from the main text and fulfills (3.168). Here, we have not introduced
extra indices to distinguish between renormalized and unrenormalized amplitudes, as this
should be clear from the context.
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4. Gluon fusion top-pair production gg — ¢t in SMEFT

As a first example, we look at the leading SMEFT corrections for the partonic scattering
process gg — tt at LO in QCD. The gluon-fusion channel is dominant for top-pair
production at hadron colliders where the competing quark-anti-quark fusion channel
q@ — tt becomes less and less important for increasing center-of-mass energies®*. Our
primary focus lies on the chromomagnetic operator (), which induces a new magnetic-
moment type interaction between a quark line and a gluon. Recent calculations can
be found in [97, 98]. The power-counting rules argued for in this work suggest its
accompaniment by four-fermion operators entering at a higher-order loop topology. This
section is based on [99].

4.1. Setup and SM result

We consider the process of gluon fusion gg — tt, where two initial gluons with momenta
k1 and ko and colours B and C merge together to yield a top-anti-top pair with momenta
p1 and po and colours ¢ and cg, respectively:

(4.1)

The differential cross-section for this process within the SM can be calculated by eval-
uating only three Feynman diagrams. In this case, the relevant parameters are the
strong coupling constant gs and the mass of the top-quark m;. In SMEFT, the situation
becomes more cumbersome. The first non-vanishing contributions appear at operator
dimension six and the relevant parameters now also include the Wilson coefficients C}
of the new operators QQg; as well as the Higgs mass my, its vacuum expectation value
v, and the other quark masses my, m., etc., and the CKM matrix entries. However, we
restrict ourselves to the third generation only and neglect the CKM matrix.

The total amplitude is given by a sum of the SM result and the leading order SMEFT
correction

. . 1.
M =iMgy + PZMSMEFTv (4.2)

34This does not only apply to proton-proton colliders like the LHC, but also to proton-anti-proton
colliders (e.g. Tevatron) due to the overwhelming dominance of the gluon PDF (parton distribution
function) over its quark or anti-quark counterparts [95, 96].

o7



where A denotes the (potentially very high) scale of new physics as usual. The cross-
section depends on |M|? which to order 1/A? takes the form

2
IMJ? = [Msu|* + 5 Re {MEp Msyprr} (4.3)

Before we come to dimension-six operators, let us first review the LO cross-section for
gg — tt within the SM [100]. Applying the usual notation for spinors @(p;) = @ and
v(p2) = v, polarization vectors €,(k1) = €, and €,(k2) = €, (which we assume to be
transversal, i.e. k’fﬁu = k¥e, = 0), and the Gell-Mann matrices M = 274 the three
diagrams and their respective contributions are given by

M]</2—172+mt y

= zj\/lg?v[ = —igg(TBTC)ClcQQ(fy ey infy )ve“el, (4.4)

S =Kty

= z,/\/lfg%\)é/ = —igg(TCTB)CICga(y N mv )veue,j (4.5)

= iMGyy = —ig2if YOI, (<207 + ¢ (ki — k)" + 29"7kS)-

1
. mu'ygve#ey (4.6)

The Ward identity can be checked straightforwardly by sending €, to ky,, etc.
In the center-of-mass frame, the differential cross-section is given by

do _ IMP |1
dQ ~ 64n2s [k

(4.7)

where |M|? is initial (final) spin and colour summed (averaged) amplitude squared and
the Mandelstam variables read

s=q>=FE% = (k1 +k)? = (p1+p2)> =2k - ko =2py - po+2m? =
=2mi —t—u (4.8)
= (kl —p1)2 = (k2—p2)2 = —2ky 'p1+m,52 = —2k2'p2+mf =
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S

[\)

4 2
:m?—8<1— - 0089) (4.9)

u = (k1 —P2)2 = (kQ—p1)2 = —2k 'p2+mt2 = —2k2~p1+mf =

4m?2
:m?—;<1—|—\/1—z%0089) (4.10)

where we have parameterized the four vectors according to

Ecm Ecm _ Ecm
kl - < 2 70707 2 ) ) P11 = < 9 7p1> (411)
Ecm Ecm EC?’TL
_ _Eem _ (Zem 412
k2 < 9 7O> 07 9 > y P2 ( 2 ) pl) ( )

with k2 = k2 = 0, p? = p3 = m? and E.,, the center-of-mass energy. The angle @ is
the scattering angle, i.e. the angle between the incoming gluon with four-momentum
k1 and the final-state top-quark. The spatial momenta of the quarks read p; = —p2 =
|p1|(sin®, 0, cos ). We have

Eem \” E Am?
il = (52 ) =t = By - 2 (4.13)

— Ecm

k1] 9

(4.14)

which can be inserted in (4.7). The full amplitude is given by the sum of the three
diagrams

iMsar = iMS), +iME, +im, (4.15)

Summing and averaging over final and initial spins and colours results in

_— 11
IMsum|? = 292 Z Mg |? (4.16)
Using s = g2 /47 and employing the usual relations for traces and hermitian conjugates
of gamma matrices as well as the Dirac equation, we eventually find the result (see also
[101] or the latest version [61])

do o [T (6mE o (mE —w) s —dmd)
Q) ¢y 32s s 52 3(m2 — t)(m? — u)

s(mf —t)(m} —u) — §mi(mi +1) N g(mf —t)(mf —u) — §mi(mf + u)
(mf —1)? (m? — u)?

B 3(m? —t)(m? — u) + 3m?(u — t) B 3(mi —t)(mi —u) +3mi(t —u)\

s(m? —t) s(m? — u) B
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a2 4m?2 N
=_—S4/1—-—L[ - 4.17
32s s ( 3s2(m? —t)2(m? — u)2> (4.17)

with
N E(?mil — TmE(t +u) + 4% — tu + 4u2)-
: (6m§ — m(3t2 + 14tu + 3u?) + m2(t + ) (t* + 6tu + u?) — tu(t® + u2)) (4.18)

We now move to the SMEFT computation for this process.

4.2. SMEFT corrections

As stated above, the leading new-physics contributions to gg — tt appear at operator
dimension six. At tree-level, these include only operators featuring field strength tensors.
We have shown in Section 3 that these operators are generally associated with inher-
ent loop factors by virtue of their Wilson coefficients. Consistent power-counting rules
therefore require the inclusion of topological one-loop diagrams, even for a lowest-order
treatment. We can write

(t ¢
iMspprr = iMTes)  ipmlors) (4.19)
Let us first evaluate the tree diagrams.

Trees

The tree contributions are straightforward to write down [66, 102, 103] and are given by
the following list (insertions of dimension-six operators are indicated by black squares):

(trees,1 'L\[Ugs ABC ; 1
}< Mo, <29 pABCTA G (Ciio Py + Cugio Pr) veye,

(4.20)

GiguaklaPL‘i‘

zfv _ N
;;/?is}g)T N (TBTC)6162“((Cu
Ko—po+my

Cugio"ki1o P
+Cugro lo R) —ps - k2+”]

)veuel, (4.21)
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_ (trees,3) Z\[Ugs CrmB ( 9/1 ]?/2 + my «
=M T < Ho
SMEFT = ( Jerea U —opr kst in (Cugio" k1o Pr+

+Cugia“ak1aPR))veue,, (4.22)

1 (trees,d z\fv A — K1 +m v
= ZMA(S’]T\/C}%SF% - gs (TBTC)C1C2 (7 H/—-t(CuGla koo P+

K —2p1 - k1 +in
—i—C’ugiakaQPR))veuey (4.23)
. trees,b Z\[Ugs _ % - _va
}< iMool = (TOTP) e, ((cqu koo PL+
, K —pp +my
+Cuatioc?’*koq PR) ——F—— “) v .
10" koo Pr) oy m’y VEyE (4.24)
. trees,6 'L\[Ugs opY v o vo
}}umw< My = if PO, (2971 kY + g (ky — k)7 + 297 kL)
1 /.. o ) a
T Z'T]7VL<C’qumq Pr + Cyugiosaq PR)veNey
(4.25)
_ . trees,7 Z‘GCGQS v v
M = iMooy = A2 if APOTL L, (KY RS — (ky - ko)g™)-
q + in ('l?/l ]?/2)1}6“61/ (4.26)
_ .y 4(trees,8 i4Cya m v AV
--- = ZMSMEF’} —T¢5BC5C1c227t2(k1 ky — (k1 - ka)g" )uve#e,,
my —q
(4.27)
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where Pr/p = (IF v5)/2 are the left- and right-handed projectors in spinor space. The
total tree level amplitude is then given by

(trees) (trees,k)
Msmprr = Z MSMEFT (4.28)

Note that we have explicitly written down the crossed versions of diagrams. For instance,
the four diagrams zMgﬁ%sﬁ)T to zMgﬁ?;)T should not be viewed as independent con-
tributions as they can be converted into each other by reversing the fermion flow and/or
repositioning the dimension-six insertion. In this section, however, making every cross-
ing explicit helps with keeping track of the Ward identity when it gets less transparent
(see below). For zMgﬁeg}T, the Ward identity is fulfilled, as can easily be checked.

As mentioned before, this is not the final result for the complete SMEFT amplitude
at LO. For instance, being a genuine one-loop operator, the Wilson coefficient of the
chromomagnetic Operator Q,c depends on some renormalization scale p (we will not
distinguish the renormalization scale from the one introduced upon dimensional regu-
larization) via its renormalization group equation [104-107]. This dependence has to
be canceled by the corresponding loop amplitudes. In fact, the operator Q,g provides
the necessary counterterms for the divergent four-fermion loop amplitudes. Crucially, a
non-trivial cancellation of infinities depends on the bottom mass m;. We will therefore
include the full bottom-mass effects to our analysis.

Loops

The loop structure for this process is quite complicated because of bubble diagrams as
well as triangle diagrams featuring the Dirac matrix =5 in d # 4 dimensions [108]. The
explicit calculations are cumbersome and lengthy; we show them in the appendix to this
section together with the notational abbreviations. The result is given by

l l k
M = Z iMETE) (4.30)

35Gimilar to Section 5, the diagram (4.27) is actually accompanied with the one-loop contribution

and its fermion-flow reversed version. These should be taken into account for fully consistent phe-
nomenological studies. However, here we are mainly interested in the chromomagnetic operator
Quc and its accompanying four-fermion operators, so we ignore the diagram (4.29) for the sake of
simplicity.
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The list of amplitude structures is long. It reads

| ig? |
ZMgX%SFI:)r :165281\2 Tr(TPT)6e, eyt (lﬁykg — (k1 - kz)gw)lﬁ + 1€V ko kop Yo+

((k1 . kg)iw\e)‘a“”(k:g —k1)a — (iw\e}‘aﬁukf — i’yAe)‘aﬁ”kg)klakgg)Y;g) VELEL

(4.31)
with

_ 488 [ A1) (8) 488 [ () (8) 45§ )
Y :mib <Cquqd+ 120quqd Pr + my C(quqd—'— 126quqd Pr — —Cy,

4314 1) (8) 4514 (1)* (8)* 45{4 (8) 5
Y, = me (Cquqd ECquqd Pr— me Couga + 1QCquqd Wthu v
1
Ys = (8:;” (2(1() 208V + ¢} - 6C;§)>+
b
851 1 s
+m—127 (—2(152) 208D + oY) — 605u>>>PL+
t
8577 ( A1) ® _ ), L) 85{7 (1) (8)
= 2C0 — c® )P
+<mb (C’ud GCud O+ GO ) + g (2w - G +6 ) ) Pr
(4.32)
.+ (loops,IT) Zgg
iMgrErT =

167T2A2{ B7 TC}6102E<<ka5 — (k1 - kQ)ng>y;1 + ieaﬁuyklakzﬁy5+
((k:l . kg)i’y,\e/\o‘“”(kg —k1)a — (i'y,\e/\o‘ﬁ“k:f — iwemﬁyké‘)kmkw)%) VELEL

(4.33)
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qugd " g qugd
_514 1) 5 (8) 514 (1)* (8)x
Y5 me (Cquq 6Cquqd PR Hb C C PL‘I—

qugd 6 quqd
450 (p) _La®)) .5
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25{)7 (8) (8) 85{7 25{7 (8).5
+< m% (Cud - C’qu ) + mitzcuu PR - migcqu Y (4.34)

- 2
. loops,I11 tgs — v v
/I/MgM%FT ) = 167T2A2 fABC ClCQ <(H1 HZ) (kl kjg - (kl : k?)g# )Y7+

+ (10" kiaky — 10" koo + i0* kiakapg"” + (k1 - ka)io) Ya+

+ (ia”akgakg - ia“aklaklf)Yg> VELEL (4.35)
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+ (Tn% (Cud + Cqu ) + migcuu Pr + mifcq“
(e o, St 1 (®) (1) (8)+
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2 hl
+k1‘k2 ( Cou SCq“
_ 1 8
Yy = o0 _ Z(®) N
STkl ko < Cau 3Cqu (4.36)
)
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+ 1672 A2 (TCTB)szu(mtw' k2aY10 m )Ueuey (4.37)
with
1
Yio = <2q§}) - SC§§)> (4.38)
. 9
A lloops V) _ 195 o o Ko —pp+mi
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;2
L9 W —=H+me
Tigmepz (LT Jeres (Wmmbw ak?zaYn)Ue#elnL
)
g _ . k/l - + my
+ 1671_28A2 (TCTB)clcQU (meo-Vakga}/ll_Qf)}lz‘lﬁ’)/“) ’UEMGV—F
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‘9 ABCp mp " y
R T=Te D (“’ “daky — 10" gkt +
+i0 ﬂklakQﬁgM + (kl . k‘Q)’L'O'“V) Y111)€#€u (439)
with
Y= (L am?™ 4 i o 1@ P+ (V" 1 ®) 44
11 = E+ nei’}’_'— nm—g quqd_i qugd + quqd_i qugd L (O)

The loop functions S are defined in the appendix to this section. Note that 1M SZZ/O[%S FVT)

is the only divergent expression. This issue can be resolved by going back to the tree
amplitudes, in particular to the chromomagnetic operator @, and its hermitian conju-
gate. Remarkably, this effect only comes into play when the bottom mass is non-zero.
The relevant part of the renormalization group equation for the chromomagnetic oper-
ator is given by [104, 106]

dCuG . gsmyp (1) (8)
dlnp? 167220 <Cquqd GCquqd (4.41)

Not counting hermitian conjugates, out of the eleven four-fermion operators, only the
two operators appearing in Y7; are divergent and hence responsible for the cancellation
of the renormalization scale dependence between the different loop orders. We introduce
counterterms zMgﬁgt;;) of the form of the chromomagnetic operator @), and choose
the MS scheme to cancel the divergent entity 1/e + In(47/e?).

Adding all these contributions yields

loops V) (trees,k) (counter)
Meyvprr+ Z MSMEFT +iMgyprr =

] ]?/2 +mt
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ig il
+167T2SA2 (TCTB),, o~ gl—Zpl /~c2 auaklaYm)veuey—{—
+ ’ng TBTC’ — ,ug/l vap Y. +
167‘1’2/\2 clc u\y _2p1 ZO' 200112 V€L EY
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195 (OB Be +my
+ 1671'2/\2 Jeres ( 0" kaa Y12 W’Y“) Vet

)
1g 1
1677251\2 ifABCT é?ch, " <w Yqokly — it g kY +
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+ idaﬁklakgﬁguy + (k‘l . kQ)iO'MV) YmUEuEV (4.42)

with
Voo <m 2% (- Lo, + “gf“cm) P
(min 25 (et - hetin) + P e
We have
ddl?; =0 (4.44)

as it should. The gauge invariance of the full amplitude (4.30) can be checked straight-
forwardly.

The final results for the SMEFT corrections to the differential cross-section are obtained
by squaring the amplitudes and using (4.7). The list is given by

m2
<dJ> — CG az/th 1 - 4Tt 9(t - u)2 (4 45)
@) g, A2 64V2Zs (mf—t)(mf —u) '
(da) o @M/ 1= 2@-#) 52 (4.46)
Qe A2 64 (m? —t)(m? — u)(m? — s) '
<dg> _ Re{Cua(p)} o Pomy /1 - 4mt Tmi — Tm2(t + u) + 4% — tu + du?
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where

1 1-z 1
) = d dy—— L
S1(as) Re{/o Z/ L dyza; —in}

:Re{Lb( V) (ﬁﬁ)}
4da;

:_m?( a;) _41n(2ai)ln( ) + 7 Lol (4.59)
= (@)
2(a) Re{/ dz/ 1—4yza,—l }
:Re{ai_\/ﬁtan 1 Vi—a; }
2a?

in the relevant energy regime and a; = s/ 4m? fori =t,b.

4.3. Numerical results

So far, we have evaluated the analytic differential cross-section formulas for the parton-
level particle reaction gg — tt at LO QCD. However, we expect NLO QCD corrections
for processes with external gluon states to enhance the numerical values of our results by
a significant amount [109, 110], see also Section 5. A cautious numerical evaluation of our
formulas must therefore always be taken with a grain of salt. But since QCD corrections
affect both the SM result and the SMEFT corrections on an equal footing, our formulas
can still be viewed as a first approximation for the size of the expected phenomenological
new-physics impact on SM observables based on this parton-level process. Absolute val-
ues should then be multiplied by the relevant K-factors for this process, which is about
1.5 [97]. Of course, such an artificial adjustment can ultimately not replace a full QCD
study at NLO, see [111, 112] for different examples. We will therefore not consider any
sort of extrapolation towards higher order QCD effects®® and keep in mind that our
values only represent the qualitative behavior and might quantitatively be far off from
reality.

The input parameters for our formulas are shown in Appendix A. We use the MS bottom

36This includes the running of the strong coupling constant as well as the quark masses.
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Figure 1: Numerical plots for the SM result (first row), Qg (second row), Qg (third

row), Qu¢ (fourth row) and Q((Ii)qd (last row). The left and right columns show
the differential (for /s = 1 TeV) and total cross-sections in pb, respectively.
The middle column represents the ratio between the differential corrections

and the SM result.
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Figure 2: Numerical plots for Q((Ii)q o (first row), Q((IZ) (second row), QSJ) (third row), QC(IZ)

(fourth row) and QSZ) (last row). See Figure 1 for further details.
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Figure 3: Numerical plots for Qu,, (first row), é;) (second row), ng) (third row), ((It)
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mass at u = myp. The cutoff scale is set to A = 1 TeV and we fix the renormalization
scale to . = my. The Wilson coefficients with field strength tensors, i.e. Cg, Cp and
Cuc are nominally set to 1/(1672), all others are assumed to be 1. Since it is only
the ratio between the Wilson-coefficients and the cutoff scale that enters the analytic
formulas, we can safely extend the latter beyond 1 TeV without spoiling the SMEFT
expansion by implicitly adjusting the parameters. We plot the absolute values of the
differential cross-section corrections for /s = 1 TeV together with their ratios to the
SM result, as well as the corrections to the total cross-section by integrating over the
remaining angle as a function of the center-of-mass energy /s in Figures 1-3. Due to the
cylindrical symmetry, the angular dependence of our cross-section formulas (4.45)-(4.58)
can be reduced to only one angle via df) = 2wdf. The relative corrections to the SM
never exceed the per-mille range, which is far beyond the current experimental reacha-
bility. We can nevertheless make some qualitative observations. First, on one hand, for
the operators Qg, Q((It)q g and Q,(Jt), the relative correction of the differential cross-section
to the SM reaches is maximum for the forward-backward scattering case, which would
make their detection even harder due to beamline constraints. All other operators, on
the other hand, reach their maximal relative impact for high scattering angles. Second,
the relative total cross-section (not plotted) for the fastest growing operator leu) hits the
percent level at around /s ~ 3.5 TeV. Possible resonances above 1 TeV could, however,
spoil the applicability of SMEFT already before this benchmark. Last and most inter-
estingly, we observe a change of sign of the correction to the total cross-section shortly
after the top-pair production threshold /s = 2m; for the operators Q((;L)q g Quus Q,(I}I),

é?(}), Qg}) and Q(gi). After subtracting the SM background from experimental data, such

a signature could prove to be valuable for the hypothetical extraction of non-vanishing
values for their Wilson coefficients.

Of course, other processes for which the impact of the operators under consideration is
enhanced compared to our case are possible. For instance, four-top production channels
at particle colliders feature the plain four-top operator already at tree-level [113]. This,
however, comes with the cost of having to produce four on-shell top-quarks in the first
place. Concerning the operator Q),,, the combined upper limit from the ATLAS exper-
iment for four-top production implies |Cy,| < 1.9 for A =1 TeV [114].

Apart from the top sector, the occurrence of hypothetical strong couplings in the context
of new physics seems plausible in the Higgs sector for this process, where an enhance-
ment of certain Wilson coefficients involving the Higgs field could be possible. Scenarios
with strong dynamics of electroweak symmetry breaking can be described in very general
terms by the EWChL, see also the next section. In such cases, the operator QQ,g can in
principle be generated without the extra loop factor 1/(1672), since the Higgs fields are
no longer associated with weak couplings, which essentially reduces the chiral dimension.
On one hand, depending on the scenario, this would also enhance the one-loop contri-
bution (4.29) such that their respective hierarchy is restored [74]. For instance, albeit
the chiral dimension of @, would be reduced to d, = 4 (there are always weak gauge
couplings associated with field strength tensors), we would simultaneously also reduce
the chiral dimensions of Qy rin and Cj, (see Table 1 in Section 5) to dy, = 2. The oper-

72



ator Q,q, on the other hand, is always loop-suppressed with respect to the four-fermion
ones, even for strong-coupling scenarios in the Higgs sector, see also Chapter 2.1 in [115].
The EWChL framework has such subtleties automatically incorporated.

The EWCHL coefficient gy, is related to the SMEFT coefficient Cq via

Ao
C@G = W’U;ngh ~ 0.08 ngh (461)
Its experimental value is approximately given by cgqp, = —0.01£0.08 [116]. The remain-

ing tree-level operators are at best constrained by |Cyg| < 0.78 and |Cg| < 0.037 for
A =1 TeV [103, 117-121]. The uncertainties of the coefficients are in fact quite large.
Given the current data, it is therefore not possible to postulate significant deviations
from their natural values of 1/(1672) =~ 0.0063.

We have compared our analytic results to the numerical Monte Carlo implementation
SMEFTQNLO [122] for MADGRAPH5_AMC@NLO [123, 124] for selected center-of-
mass energies and scattering angles with my = 0 (this is required by SMEFT@NLO?7)
and fixed ag. For the tree-level-topology operators, as well as the bottom-quark loops,
we find sufficient agreement with our formulas. In contrast, our top-quark-loop results
differ from the SMEFT@NLO output by a few percent®®.

Appendix: Explicit calculations of the loop diagrams

For the process in mind, there are two new vertices that play a role at the one-loop
level. With open colour indices ¢; and spinor indices s; and taking only the third quark
generation into account, these vertices are of the four-fermion type and are given by

b7 C4, 54 taclasl

=y =y + 02

C1C2C3C451528354 8182838460304 50102 515825384 50302 50401 =

B, c3, 83 t,ca, S2
= i56364501(32 ((’YQPL)S:S&M (fyaPL)SISQ <2Ct§;) - 2Cég)> +
o 1
(9 PR)sass (1" Pr)ssss <O§12 - 66*5?) +

o 1
+(’704PL)5384 ('7 PR)81S2 (Céi) - 6%?) +

37Providing the full my-dependence (including the renormalization group equation (4.41) for the chro-
momagnetic operator!), our analytic formulas therefore complement the numerical discussion.

38This might partly be due to ambiguous contractions for the four-top vertex together with large nu-
merical cancellations when the full m.-dependence is taken into account. In fact, we were able to
achieve adequate accordance when manipulating the counterterms within the program.
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and

t,cq, 84

t,C37S3

N 1
+(’YaPR)83S4('Y Pp)sss (C(g;) 6 Cfl ) +
+

D« 1
+(PL)3354 (PL)S1S2 <C¢§u)qd B écéuzzd

8
+(Pr)sass (PR)ssss ( ord 6C§Jqd)

8)x*
+(PL)s3s2(PL)s1s4 §C(§u2]d

+i6(:302504c1 ((’YQPL)S&SQ (’YQPL)8184(_4)0152)+

1 8
+('YaPR)53S4 (Y*PR)s1 55 gcqu)+

1
+('YaPL)8384 (’YO{PR)Swz §C§§)+

1
+(’VaPR)83S4 (’VQPL)81S2 50(8)+
1)
+(PL>8382 (PL)8154 <Cc§u21d - 6Cz§u)qd>
+(Pr)sasa(PR)ssss (%Jqd - Gcéild)

8)x*
+(PL)3354 (PL)8152 2C(u11d +

t, C1, 81

= vt

818283845330460162

=v®

€1€2C3C4 51525354

t,CQ,SQ

= i(sc;;a;éqcz ((’YoePL)S3S4 (’YQPL)Slsz (20q(;) + 20(5?) +

+('704PR)5334 (’VQPR)Slsz 2Ouu+
1
0Py (0" P (CF) = 5012 ) +
1
+('YaPR)5384 ('YaPL)swz (Céi) - 6C§i)> +
1
+(’YO<PL)5382 (fyaPR)SISAL <_2> Cfgi)+

74

1

1

+vEd

51528354

8
+ (PR)sys2 (PR)s1s4 2@5@) +

(PR)8354 (PR)5132 QC;i)qd> (462)

503 co 60401 =



1
+('7aPR)S3S2 (’YQPL)8154 <_2> Cq(i)) +

+10ce00c4¢1 ((’YaPL)5382 (Y*PL)s1s4 (_20%) - 2052)) +

+(7aPR)8382 (VQPR)8184 (_Q)CUU+

1
+('YaPL)8382 ('YQPR)Slsz; <_C(§’lll,) + 6Céﬁ)> +

1
+(’YaPR)8382 (’YQPL)8184 <_ng%¢) -+ 601518)> +

1
+(7aPL)8384 ('VQPR)Slsz 50152)—’_

o 1
+('704PR)5384 (’Y PL)slsg 20518)> (463)

Where we have suppressed the 1/A? factors. The particle-anti-particle assignments are,
of course, arbitrary and the Feynman rules were chosen such that we need to include
an extra minus sign for each fermion loop irrespective of its index structure (trace or
non-trace), see also [125].

The most obvious thing to do is to close the loop on one side resulting in a modified
quark propagator

» (4.64)

p

It could replace the internal propagator of the t- and u-channel diagrams in the SM.
However, since the loop does not depend on the external momentum p, the OS condition
Y(p) + 6 = 0 leads to an exact cancellation by the counterterm §, so these tadpole
diagrams can be annihilated by their respective counterterms [8].

The next possibility is the attachment of one or two gluons to the closed loop resulting in
modified three- and four-point functions. Adding one gluon gives the following modified
quark-quark-gluon vertex (the incoming gluon g has colour A and the loop momenta are
denoted by k and p; of course, the latter are not independent of each other but rather
depend on only one unconstrained loop momentum k)

tu C1, 51

N

= —3 TA / &k V9(1b52)8384((% ™ mb)'y”(ﬁ + mb))54s3
e\ Ot @ i@ -+

t, Co, S92
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/ A Viliks ((F+m)y (B +ma)
2m)t (k2 — m2 + in)(p2 — m2 + in)
(4.65)

We will, as usual, drop the in-terms from now on. The so-obtained modified quark-
quark-gluon vertex thus does not depend on V®/t:1)

Adding a second gluon yields two diagrams depending on the direction of the loop
momentum (clockwise or anti-clockwise). The result is a modified quark-quark-gluon-
gluon vertex which now depends on both V (/61 and V(#/%2) For the sake of notation, we
focus on one of the two four-fermion vertices and drop the index b or t. We also suppress
the Wilson coefficients as well as spinor indices and introduce I'y and I's denoting a
certain combination of left- and right-handed projectors appearing in the four-fermion
vertices (e.g. I'y = 74 PR, etc.). The expression I';(...)I'y is therefore a short notation for
(Fl(...)Fg)sls2 or Tr(T(...)) (T'2)s, 5, depending on the context. Let us also introduce the

notation I' denoting the parts of the four-fermion vertex appearing in V51 whereas
I refers to V/2) All in all, we find the following loop contributions

k

k— k1
EZMESIX/OI%S}«}])“ = 952, (TBTC)C162'
- / d'k Ti(k+mn (k= M+ m)To ko — gt )\
@0t (K —m?)((k—k)2—m?) —2py-ky | )
(4.66)

k

k— ki

- (loops,2
ElMg;%ESFI)“ = gg (TCTB)Clcz‘

u( Vm—wmt/ d'k rl<k+m>w<k—%+m>r2>ve ‘
T o ke ) @m)E (R —m2)((k— k)2 —m?) )
(4.67)
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 (loops,3
EZMSG?\?IIEF% = gg (TBTC)cwz'

NG by BSOS ST
( o

ol

>
|
< > -
|
3

k+ k1

—2p1 - Ky 2m)4 (k2 — m2)((k — ko)2 — m?2)

. (loops,4
EZM%‘?\?I}}D;FI)“ = 9? (TCTB)ClcQ'

(4.68)

wknw+mww—%+mm%—m+mtgme
nev

' “(/ @)t (B2 —m2)((k— k)2 —m2)  —2py 1 |

cic2 2
q

(4.69)

1

a(/ (d4k Li(k+m)ys ;é—g+m)1“2>v6“€y

(
2m)* (k2 —m?)((k — q)* —m?)

—iM (loops,6)

k MM EFT =

k — ko

creU

—2(TBTC),,0, </ d*k T1(F+ M +m)y" (F +m)y” (k — Ko +m)Ty

+g*Tr(TPT¢ )601021‘0( /

(2m)* (k2 —m2)((k + Kk

)
d*k Ty(k + By +m)y*(F +m)y” (k — o +m)Dy

2—nw«k—bv—m%>“

(2m)t (k2 —m?)((k + k1)? — m?)((k — k2)? —m?)
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k— k1
_ . loops,7)
k = ZME@M%FT =
k+ ko

_2(TCTBY. & d*k T1(k + Ko +m)y” (K + m)y*(k — ¥y +m)Ts e e
=0s (T ey </ @) (R — m2)((k + ka)® — m2)((k — k)2 —m2>> et

B _ d'k Ty(k + Ko +m)y (F +m)y"(k — #i +m)Ty
+¢2Tr(TPT )5c1c2u</ ) (2 — m2)((h + k) — D) ((k — k)2 m2)>ve,zey |
4.72

Before we go on with the explicit calculation of the loop functions, in order to be sure
not to miss any contributions, we should superficially check the gauge invariance of the
sum of these amplitudes, i.e. the Ward identity. This can be done by letting €, — k1,
(the analysis for €, — kg, works analogously). We find

loops,1 _ d4k 1—‘1(}é - k/l + m)FQ
iMSh e 93T BTC)W“(( / o) (k= k)2 —m?)

Dy(f+m)To\ He —po +mu
~ > Cy— ol )vey (4.73)

,/g/l ]7/2+mt </ d4k3 Fl(}é—l</1+m)F2+
(

. l 2
ZM%?\?%SFZ)“ —Js (TCTB)CIC2 (

2k \J 0T (k= k2 =)

- W))vey (4.74)
iIMGae = = g2(T" Tc)mu< / (;l:; F(Z(ijng))v(:ék__kfi”;j%)vey (4.75)
IME g2 (TOTP) ey ( / (;1;1;4 22(2%j$))?:;k__k5)22t”2§)2 > vey (4.76)
(] N

: ~ d*k T1(F—¢+m)ls T m)T
_ZgEfABCTé?w“(/ (2m)" &;i_q’fz_nizf - ngmgf)“” (7

oops, _ d4k‘ m)yY — m
MgMEIEI)“ -9 (TBTC)c1c2U</ (2" F(lk(zkj—mz))v((;ik_ kz}/)z2+— n35)2>v6u+ (4.79)

d*k T m)y’ (k — m)I’
Tt [ Gy s m e R ) e (450

dk T m)yY (k — m)T
+9.Tr(TTe )5“</ 20 (iz%j m2)>7<<1§:k_ zf)zzt 7732)2>U€V+ (451)
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_ d*k Ty(F+ M+ m)y’ (F — Ko + m)Ty
ggTT(TBTC)‘Sm“(/ @) ((k + k1)2 — m2)((k — ka)? m>)
(4.82)

. oops, _ d4kf r m)vyY — m)I’
ZMgMEFZ)“ %gg(TCTB)Clczu(/ (27T)4 ((Ik(;j_—;.j;éz —i__ m)Q;I(((Zf_ ]Zl);_ T)n;))UGV‘F (4'83)
’(

d'k T m m)T
—QE(TCTB)Cl(;ga( / @) (l(gjk]f);_ ﬂ);) (f;r_ n22)2)vey+ (4.84)

Ak f m)~YY (k — m f
—|—g§TT(TBTC)50102a</ @) ((Z(ﬁ—]:ji t m);)y(((]ié_ Zl);__ 7,)n22)>'l)61/+

(4.85)

dk T m)yY m)T
_ngT(TBTC)(SCICQa (/ (2m)* (1(§Ck++k];}/2)2+_ ﬂg) ((;f;; 732)2 > Veéy (4.86)

The cancellation pattern then works as follows:

(4.73), (4.74), (4.78
475
4.76
477
4.81
4.82

0
(4.79)
(4.84)
(4.80), (4.83)
(4.86)
(4.85)

(
(
(
(
(
( 4.85

)
)
)
)
)
)

—
—
—
—
—
—

The Ward identity therefore seems to be fulfilled, at least at first sight. In order to per-
form these various cancellations, however, it is necessary to shift loop momenta. This
is actually not a valid manipulation as the four-fermion vertex structure denoted by I'y,
etc. contains v° forcing us to work strictly in four dimensions where bubble- and triangu-
lar diagrams are quadratically and linearly divergent, respectively. Shifting integration
variables could therefore introduce non-vanishing boundary terms. We will nonetheless
apply dimensional regularization with a naive prescription for 4°, i.e. with anti com-
muting 7° [126]. In particular, the formula Tr(y#y"y%yB4°) = —4ie"**# continues to
hold in d # 4 dimensions®’. In Appendix F, we show an explicit example calculation of
how this affects the triangle diagrams. Further comments can be found in [127-134].

As usual, we define d = 4 —2¢ and let [ (gi])l — p* [ (gil)“d, where p is the usual renor-
malization (more precise: regularization) scale. The final result should unambiguously
be defined by being finite, renormalization scale independent and gauge invariant, i.e.
obeying the Ward identity. We will actually leave I'y, etc. open and adjust them to the
respective cases afterwards. As shown above, this guarantees the Ward identity to be

fulfilled at every intermediate step of the calculation.

39This is the same convention used in FEYNCALC [92].
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The straightforward computation of the respective diagrams leads to
j 2
.1 ((loops,1) 2/ BmC 7 1 47 i
iMsrprr =95(T7T Jeres 1672 <€ + ln -t In — )

We—mptme,

_ F - ,Uzak ar ) , 4.87
u( 1mio""kial'e S, O I )

) 2
A q(loops2) _ 2nCrB v 1 Am o
ZMSEIEFT =Js (T T )0102@ <€ +In - +In ) .

a(v”m%tﬂmio“akmm) veuE, (4.88)

.\ (loops,3 { 1 4 u?
ZMES‘?\?[%SF% :gg(TBTo)qcz @ < +1In -~ +1n m— .

—f1+m
: _(’Y“]Mtflmia”o‘kgafg>veuey (4.89)

1 4(loops,4 i 1 4 2
ZM%X;%SFI)“ :gg(TCTB)chW <6 + In - + In oo .

—pot+tm
U(FlmiUVakgargle“)Uﬁuéy (4.90)
—2py - k1
loops,5 i 1 - "
lM(SX%ESF% =g2if4PCT, é?cz 1672 7( kg7 + g (ky — ka)7 — 2k} g7H)-

1 u? 1
ul’y ( < + ln 677 +1In m> <3q27¢7 + miaaaqa> + X1q270 + X2mi0'aaqa) FQUE,UGZ/

(4.91)

. 1 4
ZM%X%;S}?% —g2(TPT) 1oy — o 2uP1 ((6 +In - 1 In ::12) (mw“’/ (/9/2 — H)g"

3
+ S19"" Kh + Sng]i/Q + Sk y* + S7kbyY+

2
+g (k" - ké‘v”)) + Simict” + SainP e kig + S3in e kot

+ Sgmg" + ngkl K+ S—s k:”k:“lg/l +Su—; k”k% + 512—20 M kY +
+ Slgéiaa”kmk’; + SM%M“%QQ% + 515%iaa”k1ak§+

+ Sl6ii’y5’7,\6>‘aﬁ“k1ak2ﬁki’ + 517%7375’Y>\6)‘a5’jk1ak25k§+

+ Slg—za Bklak‘ggg + 519 # 27560‘5“”1431 kog+

o

+ 520 51 PP keyakag + So1 mi’y5ea5“”k1ak25> Iove e+
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+2Tr(TPTC)6,, 16Z 2uF1 (same expressmn) Fove,e, (4.92)

.+ (loops,7 1 a7 u?
ZMES‘?\/O[ISF% :gg(TCTB>Clc2 167 2“F1 ((6 +In 677 +1n W mioc”t + — (I?/I I?/2)9MV

2
+ §(kg e )> + S1mic"* + Sai® e koq + S3iv ANV Ko+
+ S4g" Ko + S5g“Vk/1 + 5676’{71' + S7kiy

+ Ssmg‘“’ + Sg*k“ky -+ 510 k)ukl ]?/2 + 511 kukl ]ﬁ + SlngO'aykgaku-i-
1 1 1
+ Sl3fida“k'1akf + 51471'0041/;61&]{72# + Sl5fi0a“k2akf+
m m m
1 , 1 ,
+ Swfw‘r’wﬁ’\aﬁ kook1gkh + 517—21757,\@0‘/3“/-@2&/@15/@14—

+S18*ZU Flkaakisg™” +519 o W PP kg0 ki g+

+ 805 il Sy e P ko ky g + S21fw 6“5”’%%%15) Tyve,e,+

+9; T?“(TBT )deyco 1GZ 2uF1 (same expressmn) Ioveye, (4.93)

The short notations for non-trivial Feynman parameter integrals (X are the bubbles, S
the triangles) are defined by

! ki-k
X1 :—/ dz 22(1 — z)In (1—293(1—33) ! 22) (4.94)
0 m
! ki - ko
Xo=— / dxIn (1 —2z(1 —z) 3 > (4.95)
1—z k‘ k?
Sl———2/ dz/ dyln(l—Zyz )
1—2 2 -1 ki-ko
/ dz / Byz — 1) (4.96)
—2yzTst

1 1 1—z
So =3+/ dz/ dy(1 — 3y) In (1—2yzk1 2]@> +
0 0

N e Vs y(y —1)(22 - )"z
—i—/o dz/o dy (4.97)

2yz ki-ky k2

1 1 1-z ki -k
ng——/ dz/ dy(1 —32)In 1— 2y 22 ) +
3 0 0 m2
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1 =z (- 1) + yz(22 — 1)Kk
—/dz/ dy e
0 0 zyzl 2
1—=z k -k
S4:+/ dz/ y(l—vy ln<1—2yz 2)
=2 (y—1) +2yz(y — 1)
/ / 1—23/2’“1]“2
11—z
ki-k
55———/ dz/ 1—zln<1—2 L 2>+
== (2 -1) +222—1k1k2
e et
0 0 2y21 2
2 1 1—=z k k
SGE——/ dz/ d(1+y)ln(1—2y L 2)+
3 0 0
1—2z y_|_1 _|_2y2 kflkZ
/ / yz—k;nl?
9 1 11—z k k
S7=3+/ dz/ dy(1+z)ln<1—2yz122>+
0 0

1—z + 2y22 k1-ko kQ
/ / 2yz Eiks kQ

1 1 1=z l—i—(2yz—1]’“k2 — dyz —1
2 Jo 0 1—2yz=32 — 2y2kik
g = ! 1== 2yz(1 —2y) 2yz (1- 2z)
0= [ dz 1 gyn bk 1 — oy hike
0 0 2yz 2yz
1 1—=z
S = — / dz/ , / /
2 0 0 1 — 2yz 1— 2yzkks k2 1 — 2yz 1— 2yzkks k2
1 1— z
S = /0 dz/o 2yz 1 2yzkik k2 515 = / / 2yz 1— 2yzkike k2
1 1—2z
_ y +2z—-1)
816 = /(; dZ/O /fl k:g y / / kl k2
1 1—=z )
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Note that these expressions can always be modified using the identities

k1 kg
m2

(4.98)

(4.99)

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

/dz/lzdyfy, /dz/lzdyfzy /dw/lxdyfy,l—x—):
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1 1 1 1
:/0 dw/o d¢ wf(w—wf,wf):/o dw/o dé wf(l —w,wt) (4.110)

It is obvious that our presentation contains a horrendous amount of redundancy. Indeed,

numerically evaluating the integrals as functions of £ k2 leads to the following relat10ns40
k1 - k‘g
S1a = =515 = S18 = S21 = S9 — 4517, Sa=-5=-X1 — 510, (4.111)
S¢ = —S7 =2X1, Si0=-511, Si2=-513, (4.112)
1
Si7=—52 = —3 (S16 + S19) , (4.113)
ki-k ki-k ky-k
Sy = L 23167 S3 = L 2517, Sg = — 259, (4.114)
ki -k k k:
ST — L 2514 = 2512 = X5 (4.115)

With a mlnlmal set of structure functions (we choose Xy, Xs, Sy, S1p and Si7; let us also
keep S14 for notational clarity, remembering that it actually equals Sg —4S717) and using
OB eAP = ganehrAp _ gav furp 4 godeBuvp _ gapeBuvAthe sum of the triangle diagrams
is given by

.+ ¢(loops,6) .1 ((loops,7)
iMgyprr T iMgyprr =

A A 1 1 4 ,LL2
_gslf Ber, 016216 UF1<(€+1ne,Y+ln7n2 :
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+ X3 (2%7“ — 2k5Y + g" (e — %)>+

+ Xy (01 - ka)io™ + i0® ko — i0 ™ hnaky ) +

k:1 k?g
+ St (b — I) (KRS — (b - kg™ )+

+ S14* ((kl . kz)io“uy + i(Ta‘ukgaklu - Z'O'auklakg + Z'O'a'Bklakggg“W))FQUEuﬁy-i-
m
T 1 1.
+g§{TB7 Tc}cwz 1672 ul’y (ng (klllkg - (kl : kz)g’“’) + 514EZ’Y56aﬂﬂyk1ak25+
1 . v . 124
+ 2517 ((k1 )i S YA (kg — k1) o — i AP 1o haphl +
- m%&aﬁ%lakzﬁkg)) Tove e+

1 1
—l—gSTT(TBTC)(SClcQ 161 2uF1 (259m (kfkg — (kl . kg)g‘“’) + 2514Ei’y56aﬂuyk1ak25+

0 Analytically, this can be justified upon integration by parts, see [135].
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1 . .
+ 4517W ((k:l ko )iy ya €N (kg — k1) — zry5fy)\e)‘o‘5“k1akggklf+
+ i’y5’y)\e>‘aﬁyklak25k5>>f2v6#6’/ (4.116)

From the vertex factor written above, we can now read off the respective contributions
of every four-fermion operator. Symbolically, the final result is then given by

(loops (loops,k)
SMI;E'FT - Z MSMI;E’FT
keQ
_ 1) (1) 8)x (1) ~(8)
Q={Q" Q" Q% Q% Q) Q%) Q%Y. Q%) Qu.. QY. 0, 0N, Q%)
(4.117)

However, it is easier to organize the terms according to their colour- and Dirac structures.
Let us therefore write

14
.1 4(loops) (loops,k)
iMgyprT = Z MSMEFT
k=I

which closes the gap to (4.30). The masses appearing in the structure functions will
be distinguished by superscripts b or t. As a crosscheck, we have also derived these
expressions using tensor integral reduction methods.
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5. The decay process h — gg with anomalous Higgs couplings
at NLO in QCD

Our second example concerns the decay of a Higgs boson associated with the production
of two gluons at NLO in QCD. Based on the power-counting arguments discussed in
Section 3, we assume the existence of anomalous couplings in the Higgs sector resulting
from the dynamics of potential heavy particle states beyond the SM. Similar setups
and processes in the context of the pure SM have intensively been investigated in the
literature [136-149]. Our analysis is based on [150].

5.1. Introduction and motivation

When generalizing the notion of anomalous Higgs couplings for a broader class of sce-
narios, one inevitably arrives at the formalism of the EWChL [36, 46, 151-160]. We
use this opportunity to introduce the basics of the EWChL as well as its connection to
SMEFT for the process under consideration.

In broad terms, solely based on the loop expansion and featuring the Higgs boson as a
singlet rather than a doublet, the EWChL is an EFT that most effectively reconciles the
nature of perturbative QFT along with the real physical states. Its basic idea relies on a
more general interpretation of the electroweak Goldstone bosons in terms of an a priori
unknown symmetry-breaking pattern. A similar situation applies to low-energy QCD
when the theory becomes non-perturbative. Chiral symmetry breaking is the transition
from the high-energy states (quarks, gluons) to the low-energy regime where the degrees
of freedom are given by pions, kaons, eta-particle, etc. The latter can be reinterpreted as
the (pseudo-)Goldstone bosons from an (approximate) flavour-symmetry-breaking pat-
tern SU(3)r, X SU(3)r — SU(3)y. The most general Lagrangian collects the Goldstone
fields in their exponential representation [26, 161]. The spectrum can straightforwardly
be enlarged by singlets like the fp(500)-resonance in terms of scalar functions [162-167].
In the case of the electroweak sector of the SM, the role of SU(3)1, X SU(3)r is played by
custodial symmetry SU(2)r, X SU(2)r and the pions together with the fy(500)-resonance
are replaced by the electroweak Goldstone bosons ¢’ and the Higgs boson h realized as a
singlet. The Lagrangian is constructed in terms of the chiral dimensions given in (3.41).
Since bosons do not increase the chiral dimension, its LO form already features an in-
finite tower of Higgs boson interactions. Although this looks unwieldy at first glance,
it offers the advantage over SMEFT in that every term can be associated with a fized
number of Higgs bosons. This makes the EWChL the EFT of choice for fixed-number
Higgs processes.

The LO Lagrangian (d, = 2) is the same as (2.11) with the last two lines replaced by

2 02 _
(DLUTDMU) F () + - 0,m0"n =V (n) = bm(n, U) (5.1)

v
4
where n = h/v and U = exp{2ip®7®/v}. The covariant derivative is given by

DU =0,U —ig B,UT® +igW,U (5.2)
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and the mass matrix reads
m(n,U) = UM(n)Pr + M (n)U" P, (5.3)

with ¢ = (u,d,v,e)’ and M(n) = diag(/\/lu(n),/\/ld(n),./\/l,,(n),Me(n)). As usual, gen-
eration indices are suppressed. Without loss of generality, we expand the scalar functions
around their minimum according to

F) =143 Fu®, Vi) =o' S Ve, My =S Mpar®  (54)
n=1 n=2 n=0

for f = {u,d,v,e} and identify the fermion masses as my = M. Constructed in this
way, the EWChL at LO contains the SM as a limit when renormalizability is required
and the doublet structure of the Higgs field is restored. It is more general in the sense
that it allows for arbitrary coefficients in the Higgs sector deviating from the SM. For
instance, single Higgs couplings between fermions and the W-boson can now be param-
eterized by arbitrary numbers multiplying the SM Feynman rules. These anomalous
couplings are denoted by cy = My 1/my and ey = F1/2, respectively [168]. The SM
requires M1 = my and F7 = 2 and thus ¢y = ¢y = 1.

The construction of the EWChL at NLO (d, = 4 or one-loop order) works analogously
[46, 169, 170]. Interestingly, this introduces local interactions between the Higgs boson
and the massless gauge bosons, i.e. the photon and the gluon, which can be parame-
terized by anomalous couplings ¢4 and cggy. In the pure SM, there exists no contact
interaction between the neutral and colourless Higgs boson and the massless photons
or gluons*'. However, a Higgs decay to two gluons or photons can still be realized
by virtue of closed fermion loops (coloured fermions, i.e. quarks, for the gluon case).
Similar setups might be realized in the context of new heavy particles beyond the SM
which generate non-vanishing values for ¢, and cgg,. Although being implemented by
local operators within the framework of the EWChL, these hypothetical effects are by
construction loop suppressed.

The relevant part of the EWChL for the decay of a Higgs boson to two gluons can then
be written down as*?

h - ! h h _ a h
Leps=— me(:f;ff + ﬁcgghEGﬁyGA“” + QCWm%VEWJW . 8—7TcwhEFWFW
!

(5.5)

where we have made the loop factors as well as the necessary weak couplings (the strong
coupling constant gs = 2,/ma; and the elementary charge e = 2v/ra = gg'/\/ g% + g'?)

“IThe heavy-top limit (see below) is sometimes said to introduce a contact interaction in the pure SM.
As such a language can, however, lead to confusing communication, we will not adopt this jargon.
In this work, unless otherwise explicitly specified, the SM has all particles, including the top-quark,
fully resolved, i.e. we fix cggn = cyyn = 0 for the SM.

“20ur main focus lies on the gluon decay channel for which only the first two terms in (5.5) are relevant.
We will eventually turn to the photon case and hence the remaining terms of (5.5) at the end of this
section.

86



explicit. The thus-obtained anomalous coefficients cy, cw, c4gn and cy,; can then be
taken as O(1)-numbers.

So far, our discussion seems to be restricted to the framework of the EWChL which
may differ from the same setup in SMEFT. This is, however, not the case. Consider, for
example, the diagrams

o m oo - <[::j: and (}i (5.6)

where as before black squares represent new-physics insertions parameterized by c; and
Cggh Or Warsaw-basis Wilson coefficients®®. The loop diagram also appears in the pure
SM, which is why we refer to it as SM-like, whereas the local Higgs gluon interaction is
non-SM-like. We will turn to their calculation in the next subsections. These diagrams
are not only the unique LO diagrams for h — gg within the EWChL, but also in
SMEFT*. In particular, the SMEFT diagrams

(5.7)

are all of the same subleading order, namely d, = 6, and can consistently be neglected.
It is therefore possible to take over (5.5) to the SMEFT framework. The respective
translation between the various SMEFT and EWChL coefficients is given in Table 1.

“3We will also apply the convention to use black dots (or squares) for EWChL insertions of d, = 2 (or
dy = 4) below.

“There seems to be quite some confusion in the community about the terms "LO” and "NLO?” in
the context of new physics concerning the comparison between SMEFT and the EWChL. Strictly
speaking, it is advantageous to refer to the SM as the LO SMEFT Lagrangian. We have explicitly
not done so in this work to catch up with the conventions used in the literture. In this language
(neglecting the Weinberg operator) the Warsaw basis then builds up SMEFT at NLO - all effects are
suppressed with respect to the LO terms by one suppression component, namely 1/AZ. For instance,
the coeflicient cggn, in SMEFT is an NLO effect - exactly as in the EWChL. In fact, it is even less: For
weakly coupled scenarios - and SMEFT is explicitly constructed for such scenarios - it comes with an
extra loop suppression 1/(167?), formally pushing it to the NNLO. This apparent discrepancy can
be understood when referring back to the purpose of the EWChL as the more general EFT for new
physics in the Higgs sector. Indeed, strong coupling scenarios are explicitly allowed, which would
render cggn a genuine NLO effect with only one suppression factor. This comes with the cost of
enhancing anomalous non-field-strength Higgs-operators of arbitrary canonical dimension to the LO,
i.e. they are completely unsuppressed and potentially of the same order as the SM. According to this
view, the diagrams (5.6) are the LO contributions to h — gg in the EWChL, but the NLO ones in
SMEFT.
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Anomalous EWChL coupling SMEFT coefficient
cr 1+ %5Cin — 7525Ce
my
Cw 1+ %Cgo,kin
Cggh 3§§ 12\752 oG
Cyvh 32221)2 (ngw + C;’sz - %)

Table 1: Relation between the anomalous couplings in (5.5) interpreted as the funda-
mental parameters of the EWChL and the SMEFT Wilson coefficients given in
(2.17)-(2.49). For notational simplicity, we have defined Cy rin = Cpoo—Cyp /4.
See also [150, 171-173].

It is now a mere philosophical question of whether one thinks in terms of the EWChL or
SMEFT when it comes to Higgs processes. The former, however, has several advantages
in this regard. As stated above, having the actual physical object, the Higgs boson h,
implemented on a fundamental level, the Higgs interaction vertex structure is more clear
in the framework of the EWChL. For instance, for the single Higgs anomalous coupling
to two gluons, it is possible to sum up the contributions from all chiral dimensions in a
single object ¢4y, Which is already present at the d, = 4-Lagrangian®®. In fact, due to
their vanishing contribution to the chiral dimension, this observation can be generalized
to an arbitrary number of Higgs bosons. Note that this is not the case in SMEFT, which
features the unphysical Higgs doublet as a building block. Here, a generic (2n + 4)-
dimensional operator Qi%‘% = (cpTgo)”GﬁyGA“” has an impact on processes with up to
2n Higgs bosons. Extending the idea of resumming the infinite tower of Higgs singlets
interactions to the doublet case results in the recently developed framework of geometric
SMEFT (abbreviated geoSMEFT) [174-177], to which we turn back at the end of this
section.

Let us now perform the explicit calculation of the diagrams (5.6). These are LO QCD
contributions, i.e. their amplitudes scale as ~ g2 and the decay rate is proportional to
g} ~ a2. However, it is a well-known fact for the case at hand that NLO QCD effects
scaling like ~ g% on the decay-rate level are essential for reasonable phenomenological
analyses. We therefore extend our treatment to include NLO QCD corrections. This
is a cumbersome exercise that includes the calculation of virtual diagrams scaling like
~ g% on the amplitude level, as well as real radiation contributions ~ g2 with soft or
collinear coloured final states. The former interfere with the LO diagrams, the latter
with themselves. In order to not lose the overview of the various contributions, we split
the calculation apart into smaller subsections starting with a detailed calculation of the
LO diagrams.

45Tt is common practice to absorb higher-chiral-dimension contributions into Cggh since their correspond-
ing operators can always be brought to the form hGﬁVGA‘“’ by the common methods (equations of
motion, integrating by parts, etc.). See also [150].
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5.2. Detailed calculation at LO in QCD
SM-like contribution

We first turn to the SM-like contribution to h — gg featuring a modified hf f-coupling.
As this calculation also features the building blocks for subsequent chapters, we show
most of the mathematical details within the main text. The total amplitude z/\/lgj\oj in
the SM at LO in QCD for this process consists of two contributions z/\/lfg a and z./\/lég M
that are related by reverting the fermion flow. They are given by (see Appendix C for
our conventions)

k1

A
q 2
—_—> . gSC y * * 1
SRR k = iM{Gy = —%TATBTA)e#(kl)eV(kQ)IﬁQ
B
Tk
(5.8)
k
' .4
q 2
— . gsc Yy * * v,
SRR k = iM%y = —%MTATB)@(@@<k:2>12ff
B
ko
(5.9)

where the two outgoing on-shell gluon momenta are given by ki and ko with k? = k2 = 0,
respectively, and the incoming Higgs momentum is given by q = ki + ko with ¢% = m%
The momentum integral in dimensional regularization with d = 4 — 2¢ is given by

trgm g [ AT )
121 ] @m)d (k= ka)? — m2 4 in) (k2 — m2 + i) ((k + k1)? — m2 + in)

(5.10)

with I, related by interchanging ki <> kg and <> v. We will apply similar notational
conventions throughout this entire section. Note that we have left the gluon colour
indices A and B open, which will simplify the notation. Due to the cyclicity of the trace,
the LO colour structure is particularly simple. It is also useful to distinguish between
the fermion mass my participating in the loop and the Yukawa coupling y; = V2m £/,

89



Note that for h — gg, the loop fermions are mandatorily quarks, so f = {¢,b,¢, s, u, d}
(see (5.258) for an explicit distinction between quarks and leptons in the context of
h — ~7). The total LO amplitude for a single fermion is given by the sum of the two
contributions (5.8) and (5.9)

2
. . . 9sCry * *
iMES = iMEQy, +iMES), = —%TT(TATB)EN(M)GV(@)(I{fg + 134 (5.11)
We now have to evaluate the loop integral (5.10). Since there exists no Higgs-gluon-gluon
vertex in the SM to absorb an eventual divergence coming from the momentum integra-
tion, we expect the final result to be finite despite the integral itself being superficially
divergent. The numerator is given by

Tr((k — Ko +mp)y" (K +mp)y"(k+ ko +my)) =
=dmy((49"*g"" — g" g°?)kaks+
+ (297K} — 20"°KY)ka + (mF — ky - ko)g"” + KYRY — K'RY)  (5.12)
Crucially, the vanishing of an odd number of Dirac matrices causes the O(k?)-term to
disappear. Due to the transversality of the gluon polarization vectors, i.e. k' e;(kzl) =0
and k¥e’(kz) = 0, we can drop the O(k!)-contribution as a whole and the last term

of the O(k?)-contribution. Furthermore, we observe that I}y = I;j. Employing the
notation of Appendix E, we end up with

11 = amy (49" 9”7 — " 9°%)Cap + (M — k1 - k)g"’ C + ki K C) (5.13)

Reducing the tensor integral C,s to scalar integrals and defining 74 = kq - ka/ (2m?c)
results in

o dm
12 )

(kykYy — k1 - kag"”)J (1f) (5.14)

with J(r¢) = iJ(17)/(167%) = B — Qm?c(Tf — 1)C to leading order in €, which is finite
as expected. The loop function J (7f) is evaluated in Appendix E and given by

1+ (1 — %) arcsin? | /Tf for 0 <77 <1

J T — _ [H_1 2 515

(f) 1—}1(1—%)<ln<1+\/17?)+i7r> for 1 < 7p < o0 ( )
Tf

We will give a more general expression for higher € orders below. For notational simplic-

ity, the dependence on 7y of the scalar integrals B and C has been suppressed. Using

Tr(TATP) = TpéAB with Tr = 1/2 and ky - kg = ¢?/2 = m? /2, the total amplitude is

given by

iMEG, = DAL (k) (k) (K — ko) () (5.16)
h
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The amplitude /\/lg]% has an imaginary part in the kinematic regime 2mjy < my, which
- in accordance with the optical theorem - is to be expected, as the loop-fermions can
go on-shell.

For a 1 — 2 decay, it is straightforward to compute the total decay rate I' once the
squared amplitude |M? is known. The differential decay rate in the Higgs boson’s rest
frame is given by [61]

|Fe1 |

dl' =
32m2m

T [M]2d2; (5.17)

where the overline in [M]2 denotes a sum over final spins and colours as before and df23
is the differential solid angle that can trivially be integrated to 4w, because there is no
angular dependence. This yields the total decay rate I'. The absolute value of the spatial
momentum of either outgoing gluon is |k1| = mp/2. Finally, (5.17) has to be corrected
by a symmetry factor of 1/2 due to the two final state gluons being indistinguishable.
Actually, introducing the symmetry factor on the level of the differential decay rate is
not strictly correct. Instead, it appears when the phase space integral is carried out
and accounts for an overcounting of distinguishable final states. We will nevertheless
introduce these factors already at the differential level. Note that (5.17) is not restricted
to LO calculations, hence the suppression of further labels.

Returning to our case, squaring ZMéAO/[ and performing the spin and colour sums is
straightforward. For the colour sum, we use 648654 = N2 — 1, where N, is the number
of quark colours, i.e. N. = 3 for QCD. The spin sum?®® is equivalent to adding up the
individual helicity amplitudes. Employing the notation of Appendix B, we have

HY, = —(12)?, HY = -[12]>, HY =0, HY =0 (5.19)
with*?
Hg Ay — QEH)\l (kl, k‘g)ei)@(kz, kl)(k‘Tkg — kl . kQQMV) (5.20)

Using (12)* = [21] and (12)[21] = m2, the polarization sums evaluate to

S HE P = HEL P + | HY P+ [H P B = 2m(5.21)
Al,2=%

We finally arrive at
[JMES, 2 = 128¢2cy3m3 | J (rp) 2 (5.22)

46In contrast to QED, the spin sum for non-Abelian gauge bosons should take ghost contributions into
account and is given by the formula [135]

. kang + kgna  n2kak
S calk)ep(k) = —gas + ‘;'n‘* - (k.n)i (5.18)

polarizations, n

holding for arbitrary linearly independent four-momenta k and n. It is convenient to choose the
reference momentum n = k2 for the spin sum related to £ = k1 and vice versa in order to drop the
last term in (5.18). This is also done in (5.20).

4"We have so far suppressed the gluon helicity indices A1 and As.
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and thus - with an obvious notational convention - a total decay rate of

4622 y2m2
LOXLO __ “Is fI9f""f 2
LiH0 = =L ) (5.23)
where
1 1 2
56T <1 + (1 - ﬁ) arcsin? \/7'7) for 0 <7 <1
[ T(p)* = 2 (5.24)

1

W fOI“lSTf<OO

2
11—, /1-L
VT
Before moving on, we should get an overview of the numerical impact for different quarks

running through the loop. The SM result for one quark (cy =1 for only one f) can be
obtained by plugging in the parameters (without errors) from Appendix A. We find

[LOXLO _ 2.15117542 - 10! MeV  for the top-quark with OS mass as input
SM 1.60163440 - 1072 MeV  for the bottom-quark with MS mass as input
(5.25)

In the light of these numbers, one could conclude that the effects of lighter quarks can
be neglected and only the top-quark has a significant impact on the total decay rate.
However, the previous discussion misses interference effects between the various quark
channels. To take them into account, we add up the individual amplitudes (5.16) for a
single fermion f (or better quark) and obtain®®

. 89? * * 124 %
> iMES = S5 S4B e (kr)el (ko) (UKL — by - kag™) S cpypmyd(77)  (5.26)
f h f

Repeating the same steps as before for the top- and bottom-quark results in

4g% .

DY = (Guimi T () + yimi T (m) P + 2eciypmmy RefJ (m)" T (n)}) =
=(2.15117542 - 10~ '¢? + 1.60163440 - 10™3¢ — 2.24018695 - 10~ 2cycp) MeV

(5.27)

which gives a total decay rate of FéAO/IXLO = 1.94317307 - 10! MeV for the top- and
bottom-quark at LO for the pure SM. This demonstrates the importance for including
lighter quarks in a proper numerical analysis. We will do so in Subsection 5.8.

48From now on, the sum over loop fermions f is always implicitly understood.
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Non-SM-like contribution

As discussed above, the EWChL allows for scenarios with arbitrary cggp, (in combination
with non-vanishing cy, also for the top-quark). These non-SM-like contributions are
given by the single diagram

_— . ? SC * * v v
S = iMK2y = %51“3 e (ky) e (o) (BVRE — by - kag™)  (5.28)

In terms of the helicity amplitudes (5.20), we have

MO, 195Coh 5AB prog 5.29
NSM 67T2U Al AQ ( * )

Combining the amplitudes (5.26) and (5.29) finally yields

_ yrey J(T
iMPO = i MEQy + IMES, = w‘saABHQQ 99" (5.30)
M M A1 A2 mef Tf
and thus
——  o?m} Cggh yrey J(T
MLop — %" N2—1 Cggh fef 531
MEOP = 20k (v mew (531)
The total LO decay rate is then given by
2m3 c2 ¢ ¢; Re{J(rs)}
[LOXLO _ @My o o ( agh | oCooh ™ _YsCs 2
25673 \ 2 Z Vamy Ty
c J T
‘Z fnf;f Tff ‘ ) (5.32)

Heavy-top limit
It is also worth considering the limit m; — oo in (5.16), subsequently denoted as the

heavy-top limit. With arcsin(z) = = + 23/6 + 32°/40 + O(2"), we obtain

J (1) i TiTy iT? 1313
— + t t
T 2472 720m2 25272 630072

+0 () (5.33)

93



and therefore (setting y;/m; = v/2/v and ¢; = 1)

1
Jim iME; = 5 2952 5B (k) el () (WK — ke - kag™) (5.34)

for the top-quark contribution. The heavy-top limit corresponds to an EFT in which
a heavy quark (e.g. the top) is integrated out and its loop contribution to h — gg is
replaced by a local interaction giving rise to the amplitude (5.34). Upon ”zooming out”,
the complicated loop function collapses to a pure number and the fermion does not act
as a separate degree of freedom any more. It can therefore be viewed as taking ¢; — 0
in the EFT and introducing a new direct coupling between the Higgs boson and two
gluons of the form (5.28) with

2, 7 4, 5
=5 T Tt tO ) (535)

for ¢ = 1 and y; = V2omy /v in the full theory, that is the SM. The so-obtained Cggh
should be distinguished from the corresponding EWChL parameter. It solely depends
on the "high energy” parameters ct, y: and my (namely cggn = 2c1y:v/(3v/2my) at lowest
order). In reality, 7 ~ 0.13 and J(7)/7 =~ i/(23.2572), so the lowest order term in the
heavy-top limit is already quite accurate. There will be corrections of higher order in
gs, which we will come to later (see (5.308)).

Appendix: Higher orders in ¢

For later use, we will now expand the amplitude to O(¢?). In fact, carefully keeping
track of higher order terms in € in (5.13) with (E.21), we actually find

7 _ dmy

= (MK ks kag™)((e+ €+ €) B+

—om3(ry —1— e — 62)0) +O(d) (5.36)

which reduces to the previous result (5.14) when € is sent to 0. Note that B actually
starts with 1/e. The tricky part is to expand B and C to higher orders in e. Using
(D.13), we get

~ o [ d% 1 -
B [ G ) (R
i [ 4rp2\ 1 1
~ 1672 ( m3 ) F(E)/O WA a1 = o)rp) (5:37)

g [ d% 1 _
C=n / (2m)? (k2 — m?)((k +k1)? — m%) ((k— ko)? — m?c) B

€
i 47T/J/2 /1 /l—z 1
= — (1 d dy———— 5.38
16772m?c ( m? ) (1+¢) 0 ? 0 y(l — dyzTyp)lte (5:38)
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for arbitrary e = (4—d)/2. Again, these expressions reduce to the ones listed in Appendix
E for ¢ — 0. For (5.36) to be accurate, we need B to O(e) and C to O(e?), which is
achieved by expanding the integrands keeping in mind that T'(€) = e~ 7¢(1/e + 72¢/12) +
O(e?) and T'(1 + €) = e (1 + 7262 /12) + O(e3). This yields [141]

B =16i7r2 <4:;§2> F(11+:) <B€1 + By + §16> + O(e?) (5.39)
op—— (47”;2) PUE 9 (o 4 Cre + Coe?) + O(eH) (5.40)
167 mé ms 1—c¢
with
B, =1 (5.41)
Bo = 1_19]6(—9f (0, + DH{0}:0) +1) (5.42)
B = 1_1910 <é(12 —120; — 7% — 7%0;)+
0+ DE0)05) — 2H(-1.0107) + H({0.0:09) ) (549
0rH({0,0};6
Co = —}W (5.44)
Cy = gf(”QH({o}-a )+ 2H ({0, —1,0};0,)+
L g g RO 20 0050y
+ H({0,0}:6;) — H({0,0,0};67) +3<(3)) (5.45)
7T2 7T4
Co = o4 (=T 0. ~10:05) = (7 = 12003 H({0}:67) = 30(3) + T+

+2H({0,0,-1,0};6;) — 2H ({0, —1,0}; ;) +
+ ﬂ;H({O, 0}; 9]@) - 4H({0, —1, —1, 0}; Qf)'i‘
+2H({0,-1,0,0};6;) + H({0,0,0};8;) — H({0,0,0,0}; ef)> (5.46)

where 0 is defined via

(5.47)

Note that upon sending 7; — 77 + i1, one also has 6y — 0y + in, which is important
for obtaining the correct analytic continuations. The functions H({...};0¢) denote the
harmonic polylogarithms (HPL functions, see [178] for an implementation) normalized
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such that H({0};0¢) = Inf; and ((3) ~ 1.202 is Apéry’s constant defined via the
Riemann zeta function ((s) = 72, k~°. The generalization of (5.15) then reads

J(1p€) = (e + € + B — 2m?(7'f —1—e—C+0() (5.48)

with B and C given by (5.39) and (5.40). For later purposes, we introduce

%F({{ (6) = 2‘](:;‘6) (5.49)
with J(7f,€) = J(7s,€)/(1672) as before. Explicitly, we then find
w2 ~
Fl(e) = _i247f ((6 +e+ B~ Qm?(v'f —1—e— 62)0) (5.50)

Dropping terms of O(e?). We remark that when working with € # 0, not only the ampli-
tude, but also the phase space gets e-corrections. Indeed, the strictly four-dimensional
formula (5.17) should be viewed as the special case of the more general expression [61]

dar = L APae (5.51)

- th S " '

which is valid for arbitrary space time dimensions d = 4 — 2¢ and n final state particles
(here we have n = 2). Again, the symmetry factor S is equal to the number of indis-
tinguishable permutations of the final state particles (so S = 2 for our case) and the
two-body phase space integration measure is given by [179]

2¢—3 1
dQ3_9c —
32 3272

2
ddy = (27)%2
(m})°

with dQ)x being the N-dimensional solid angle such that

Qs (5.52)

M‘Z

2w

N
r'(3)
is the volume of the N-dimensional hypersphere. The total phase space volume can be
obtained immediately as

226737.‘.671 F(l _ 6) 0
(I)Q = /d@z = —
(m2)e T(2 — 2e)

Oy = / 0y = (5.53)

1
S 5.54
. (5.54)
5.3. Virtual QCD corrections

Non-SM-like contribution

We now turn to the virtual O(g?)-corrections to the amplitude (5.30). In contrast to
the LO calculation, we consider the local Higgs-gluon-gluon interaction first and turn to
the SM-like contributions later.
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The QCD corrections to the diagram (5.28) are given by one-loop diagrams featuring
gluons. From (5.5), we see that the Feynman rules for local Higgs-triple gluon or Higgs-
quadruple gluon vertices are simply given by —g?cggh /(872v) times the corresponding
three- or four-gluon Feynman rule displayed in Appendix C. We only consider diagrams
with at most one effective vertex. These are given by*

(5.55)
and
(5.56)
The total virtual amplitude iMX]SM = iMY,NSM + iMZNSM is given by
1% o ZgﬁNccggh (o *(J AB /_L247I' ‘ 7T2 2 L9 S kuk#
iMysy = We"“( 1)€, (k2)d T}%cﬁ 1- EG (9" k1 - k2 — kiky) + O(e)
(5.57)

or, in its full glory

-4
MY _1gsNeCggn
WYINSM =g ray,

1+1
e €

where we have defined®®

4

2
=In H 3
—m2

L

1. o4nm
<lnw+L> —i—iln

e (k1)es (k)0 (9" Ky - ko — KYKL) -

4 1,

7.(.2
12) +0(>e) (5.58)

2
:ln'u—z—i—iﬂ

(5.59)
my,

The calculational details are left for the appendix to this chapter. Featuring UV, as well
as IR poles, this amplitude requires renormalization, which we turn to now.

49Generally, we label the virtual corrections with V and the real radiation contributions with R (see

below).

50We have to choose the +im-convention due to the in-prescription.

97



Renormalization

We will now renormalize the amplitude (5.57) by absorbing the UV divergencies into a
counterterm of the form (5.28). With g2 = 47as, the combined amplitudes (5.28) and
(5.57) are given by

; 2 € 2
. LO+V _ZQSngh AB g9 O[S /,L 47T 1 T
MM =y O (1 TR (w ERT

—mh €
_ Qs (0) as\?2 ., (1)
with HYY, defined in (5.20) and
iMQL = Ligh AP HY, (5.61)
MY = o s () (Lo (5.62)
WViNsy = —2WMINgpiVere _m% 2 192 :

where we have introduced Se = (47 /e?)¢. This factor is common to all loop computations
that are carried out in dimensional regularization. Let us now, for the sake of generality
in the following derivations, drop all the labels and consider the amplitude
2
iM=22imO 4 (a—> iM® (5.63)
47 47

We now redefine the parameters of the theory by introducing counterterms Z, and Zg
for the coupling constant as and the external gluon wavefunctions €, (k;) (the labels p;
and k; stand for generic Lorentz indices and four-momenta), respectively®!. The explicit
formulas are given by [138, 143]

2\ € 2\ €
Qs Qs [ UR _ Qs [ URp -1 Qg 3
— — — =] Zy=— | = 1+ —=67, .64
4 4 (/ﬂ) 4W<u2> S ( +47r )+O(a5) (5:64)
* * _ g * 2
Gui(ki) — ZGeM(k:i) =4/1+ E5ZG€M(7%‘) + O(a3) (5.65)
2 2 _ 2 Osc 9 2

where pg is the renormalization scale, which essentially trades against the artificial
regularization scale p. For an amplitude with ng external gluons (we have ny = 2), the
shift (5.65) just means that an overall factor of ZZ;"/2 =1+ ngas6Z¢/(87) + O(a?) has
to be introduced. The right-hand sides of (5.64)-(5.66) feature the renormalized coupling
constant after the shift (5.64), so no additional adjustment of a is required in the latter
two equations, i.e. (5.64) is only applied to the as-factors displayed on the right-hand

"1 As we want to apply the same formulas for the two-loop amplitudes featuring fermion loops (see
below), we pretend that there is also a dependence on the fermion mass and renormalize the latter
as well via Zm§~
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side of (5.63). The mass renormalization (5.66) is the only manipulation that does not
affect overall factors only. An amplitude exposed to (5.66) then changes according to

82 iM+ 0O(a?) (5.67)

(87
M = i Ssm2—_

It is important to carefully keep track of the order in a; one is working at. Applying the
combined shifts to (5.63) eventually results in a renormalized amplitude iM, given by

2\ €
. ng/2 [ Qs (1 . Qs 0 .
ZMr :ZGq <47T <,LLI2{> Za (’LM(O) + Mam?cam?’LM(O)> +

0452,&%3 * 24 4(1) 3\ _
+(E> (M) 7MW | + 0(ad) =

2 € 2 2e
s (HRY 10 4 (22 (HR) g2 (a1 _ @ ,
in (/ﬂ) SiM +(47T) (u ) S: (z/\/l iM )+(’)(as) (5.68)

iM© iM®

where

iME — _ 1 _65 " § 7t 670+ sm2-2— ) im© (5.69)
112 <\ 2°7¢ o f@m% '

summarizes the counterterms. Their explicit forms to O(a!) in the OS scheme (we will
also use other schemes, see below) are given by [143]

2\ €
KR 2
0Zg=—(E2) = 5.70
o= (52) 5 (570)
1
§Zo = —=Py — 62 (5.71)
€
2\’ 14
om2 = — (”g) 6m3Cr < + 3) +0(e) (5.72)
mf €

where fy = 11C4/3 — 2Ny /3 is the LO term in the QCD beta-function with Ny = 5
light, i.e. massless quark flavours contributing to the gluon self energy®? and the Casimir
operators are given by C4 = N, and Cr = (N2 —1)/(2N,) and reduce to 3 and 4/3 for
N, = 3, respectively. In (5.70) and (5.71), the fermion mass has to be the top mass my,
as all other masses are approximated as massless and their effects are included in fy.
For ny = 2, however, §Z, cancels anyways in (5.69). The mass renormalization (5.72),
on the other hand, applies to all possible masses appearing in the loops. In practice, this
means that while all quark masses are considered as massive when going through the
loop, when appearing as external real radiation states to cancel the virtual IR infinities,

2This always includes the bottom-quark, irrespective its non-vanishing mass as a loop participant.
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all quarks but the top can be treated as massless.
With ngy = 2, we are finally left with

1 4 2
iM® =S (ﬂo—l—ﬂolnﬂ +6meF< + - +1In :@J%) iMO L0 (5.73)
!

i 3 om;
At NLO, UV divergencies of a given virtual amplitude iM®) manifest themselves as
single poles in 1/e. They are canceled by the 1/e-term in (5.73).
For our case (5.60), remembering that (5.61) is actually independent of my, we obtain

. Qg . 0 o 2 . 1
IMEREN = ﬁle«,z)\/SM + <E) iM 8 su (5.74)
with
2
. 0 1% _ ic h
M Rsar = (/ﬁ) st s4PHY, (5.75)
2N\ ,_jic
M s = (Zé‘) S RGP HYY, NI (6) + O(e) (5.76)
where we defined
2 1 ﬁo = =9 7T2
Ie)=—5—=|=+2L |- L+ — 5.77
(€) 2 <Nc + ) + 5 (5.77)
with
2 2
L=l =I5 4 im (5.78)
—m m
h h

Note that the renormalized coupling constant «s implicitly depends on the renormaliza-
tion scale upr and has to be adjusted accordingly. The final result (5.74) is now free from
UV divergencies, but still contains IR poles. These need to be canceled by real radiation
contributions. Before turning to them, let us first move to the virtual SM-like diagrams.

SM-like contribution

We now consider the two-loop diagrams featuring the SM-like coupling cy, see Figures
4 and 5. Their direct computation reveals UV as well as IR divergencies that need
renormalization as in the non-SM-like case. However, the explicit expressions are now
far more involved [137, 140-142]. Note that only [141] includes the full unrenormalized
and IR divergent bare amplitudes. The unrenormalized LO quark-loop amplitude (see
Section 5.2) plus its divergent two-loop correction is given by

_ i e 2JT,) «
Mgy = s S (e Sa) o)
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Figure 4: Two-loop diagrams (the layout was generated with [180]) representing the
Abelian (proportional to C'r) corrections of O(a?) to the amplitude for h — gg.

where J(7f,¢€) is defined in (5.48). The first term is just the cp-part of (5.30), that
now has to be evaluated up to O(e?), whereas Ay, denotes its unrenormalized QCD
correction, i.e. a quite complicated object. Upon renormalization (see (5.64)-(5.66)), we
effectively replace

2J 2\ ¢ 2.J 2\ €
() ) e (1 (M2 e (0 o, )

™ Tf 1 Ty p
(5.80)
where the counterterm (5.69) reads
1%\ ¢ 1 o\ 2J(ry,€)
© _ _t(FrR) o _12 Sm2 Ik 5.81
Ay 4 (/ﬂ ) ‘ ( eﬁo + mf@m?) Ty (5:81)

The explicit form of the counterterm up to O(e) depends on the scheme and is given by
(see (5.72))

2
R e I % (0S)
2 -
smj = —6m3Cpq ¢ +1n ’:7’5 (MS) (5.82)

f

L4, Hp (scheme in [137, 140])
€ 3 ,u,? ’
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Figure 5: Non-Abelian (proportional to C'4) two-loop diagrams featuring three- and four-
gluon vertices, which supplement the ones in Figure 4.

where jiy is the scale at which the fermion mass is renormalized. We now employ the
notation of [140] by writing (see also (5.49))

4 g ~
5 = 2J(Tf)7’f (583)
where J(7;) is given by (5.15). Furthermore, we write the e-dependence in Fy’(¢) only
when higher order e-terms are actually needed. This is the case for the LO term, as it
eventually interferes with the NLO result which contains IR poles of O(e~?2), as well as
for the term in (5.81) which gets multiplied by Sy/€e (and of course anything contained
in Agyg). We finally end up with®3

as (4 Qg Qs N2 ‘ 1[4
2 (3RO + 2 ) — 2 (4 s: 1(3FJ’ O+

™ 2
53 Using
1o} Tr O
- _J Z .84
am? m? oty (5.84)
and
04 g 2 , 2 HoH
Sy 2 1 =__°“F :
ey 350 = (Tt + @) iy = 0 ) = 5 R (5.55)
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2\ ¢ 2\ ¢ dm?
Qs [ UR -1 KR 1 f mH~H 1 H
+— (qu) S: ((ﬁﬁ) Se <6 = Fy Oy — §50F0 (€)> +Agg>> (5.87)

The two-loop amplitude is now given by

2 —€ 2 € 2
_(Hr 2 R 1 H
= (1) s (3 (Z) (55 o

1 4 2
+ CFFJICf ( + 3 +In N};) + .Afm> + O(e) (5.88)
€ mf

Note that we have replaced the dependence on p (which comes into play via dimensional
regularization of the divergent two-loop diagrams) by the renormalization scale ug to
O(e) by pulling out the factor (u%/u?)~¢. The finite terms read [140]

2
Apin = CpFICH + 5Ca (R Bff —2FfCf) (5.89)

where®*
07(1+05+67+63)
(1—-0y)°
— 64Li3(—07)In 0y + 14Li2(0) In 65 + 8Lig(—0) In* 0+
200 n
(1—06)

(—32Lis(—0y) + 16Lia(—0y) In 6 — 4¢(2) In65)+

FHCH = — (108Lis(6) + 144Lis(—0) — 64Li3(07) In 6+

+ % In* 0 +4¢(2) In® 07 + 16¢(3) In Oy + 18¢(4)) —
9f(1 + 9f)2
(1—65)"

40,(7T— 205 + 7930)Li 0)) + 867(3 — 205 +36%)
(1—0p)* i (1—6p)*

LiQ(@f) In 9f+

where a prime denotes derivation with respect to 7y and

\/171 1 arcsin® , /77 for0<7r <1
1 T
f(ry) = _ZIHQ () = ) (1 (1 1L

~1

2

1— L 41 L i for 1 <75 <0 (5.86)
/1 — <

! Lk 1=

54The HPL functions were already introduced in the appendix to Section 5.2 and the polylogarithms
and zeta-functions are defined via

o a2 [T Lina(t) L
Li,(z) = ; = = /0 —dt, ((n) = Lin(1) (5.90)
with the special cases
2 4
Lio(w) = 7=—, Lit(@) = ~In(1—2), ¢(2)= "7, <) =g5 (5.91)
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2 2 3
20,(5 — 60 + 56%) In(l — 8,) 1526, + 07(3 + 250 — 703 + 30%)

In® 0+

(1—0;)4 3(1—0p)°
49;(1 — 1465 + 67) 1267 1204(1 + 0;)
- C3)+ —2—1n?0; — —L1— g 5.92)
(1—0y)* ) (L= T = (
and
0r(1+ 05)*
FHBHE = m (72H({1, 0,—1,0};05) +61In(1 — 6;)In® 0 — 36¢(2)Liz(0f)+
— U

—36¢(2) In(1 — 6;)In0; — 108¢(3) In(1 — 6f) — 64Lis(—0;)
+32Lia(~07) In 07 — 8((2) In 0y )+
3607 (5 + 505 + 1167 +116%) —8)) 3607 (5 + 505 + 707 + 76%)

(1 —0f)5 ig —9f — (1 _ef)5 Ll4(9f)+
49f(1 +9f)(23+4lt9j2c) ) ]
=R (Lis(0y) + Lis(~67) ) In 0+
1607 (14 05 + 67 + 63) 0p(1+0F — 1767 — 1763)
- Lis(—6;)In20 / Ze2)m2 0
(1—0y)° ta(~6y) "0 + (L—0y)° ¢(2) "6yt
07(5+50F — 1307 — 136%) 207 (5 + 50 + 2307 + 236%) )
24(1_0f)5 n- oy — (1_9f)5 LlQ(@f)ln 9f+
20£(11 + 1105 — 4362 — 4362 360¢(1+60; — 302 — 363
£ f 1 f)<3 g, + s(1+0; — 307 —307) @+
(1—0y)° (1—0p)°
20(55 + 820 + 550%) 205(51 + T460; + 516%)
— (1_9f)4 ng(@f)-F (1—0f)4 LlQ(@f) 1n9f+
07 (47 + 6607 + 4767) 07(6 4 5965 + 5807 + 3367%)
+ (l—ﬁf)‘l n( Qf) n 9f+ 3(1—(9f)5 n 9f+
20 (31 + 340+ + 3162 30+(3 + 220, + 362
£( i %) N £ f %) 26+
(1—0p)1 2(1—0y)*
249f(1 +9f) 949f
St Sl Ay N Ot - .
a6 "0 62 (5.98)

with 0 defined in (5.47).
Finally, we can write down a compact form of the renormalized SM-like NLO amplitude,
namely

A 4LO+V Qs o0 AR —1 yrer
iM S ~ir HY'\,0 <> ZQ\fmf <3 o (e)+

N,

+ % (Afm + ?CI(E)FOH(E) + CFF(FCng(u;))) (5.94)
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where

0 (0S)
v
X (u2) = 3 —|—2ln mff; (MS) (5.95)
In % (scheme in [137, 140])
!

Combined together with (5.74), we obtain the fully-fledged NLO QCD amplitude

2\ €
AgLO+V _ 10 g9 AB [ MR —1[ Cggh Qs
iM! THY <H2> S: (U <1+ENCI(6)>+

+ z Ny ( ORI (Afm + IR () + CrRflCl X @))))
(5.96)

resulting in

3,,3 2\ 2€ 4
JqrLoxv _ My, N2 1 <HR> S—2Re 099h+ yrer N | x
Tz -n(5E) s > 5 umy 3 )

C C Nc
AN I()+ ) o <Afm + S OF () + CrFg & Xm?c)) }d%

(5.97)

This expression is, however, not finite upon sending ¢ — 0. It contains the object I(e)
which collects the IR behavior of the virtual amplitudes. According to the Kinoshita-
Lee-Nauenberg (KLN) theorem [181, 182], the IR singularities of the LO x V' decay rate
- it is of O(a?) - have to be canceled against phase space singularities of the R x R decay
rate which is also of O(a2). The latter consists of the real radiation corrections - with
amplitudes of O(g?) - which we will turn to in the next two subsections.

Appendix: Explicit calculation of the one-loop integrals

This appendix highlights the calculational details for the virtual one-loop diagrams (5.55)
and (5.56). The first contribution is given by (see Appendix C for the conventions and
abbreviations)

4
- gsc h * * 14
MY vsar = =55 en (ke (o) 42 (5.98)

with

d 2 o o o
A _WABCC o B 26/(d k(K24 q-k)g"” — Kk — 'k (5.99)

9971 | (2nyd K20k + q)2
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An extra symmetry factor of 1/2 had to be introduced in (5.98) as the gluon is its own
anti-particle. The in-prescription has been suppressed. It can be restored upon noting
that ¢ = m}% should be replaced by m% + in in the denominator, so —mz — m,%e*“r
inside logarithms.

Introducing the Feynman parameter  and shifting k — k — zq, we arrive at

1 d o
d®k N7
[ABIY gy ABCC gy 5 / di 2 / : ~ (5.100)
0 (2m)% (k2 + z(1 — z)q2)

where the numerator is given by
N7 = ("9 = ¢"7g" kskr — x(1 = 2)(9"" — q"4") (5.101)
Employing (D.17) and (D.18) and carefully taking care of all O(e)-terms, we end up with

igic 13 4 2 44
ZMlNSM gs gghe*(kl) ( )fACDfBC’D( <6 1 £+lni+zﬁ+ >q29m/+

2564y 6 39
1/1 4 2
3 ( +n 7T+1n“ +im+ 3) k:lkz“) +O(e) =
:ig;lcggh e (kl)e*(kQ)fACDfBCD H 47T X
12874y # v —m}%e’y
13 22 1
. i R nz V.
<<6€+ g)g Bk (6 18)k K ) +0(0
(5.102)

where we have used ln(—q2) =In (q2) —4m. Note that the final result is IR finite. This
could have been anticipated since the Higgs-gluon-gluon vertex in fact vanishes when one
of the gluon propagators gets on-shell, so the IR-divergent region does not contribute.
The second diagram reads

sC * * T v
iMY N = 98 gz}h e, (k1)e;, (ko) TABH (5.103)
(5.104)
where
JABuv EMQG/ dek NABupv (5.105)
(2m)d k2(k + k1)2(k — k2)?
with

NABw =((k+ k1) - (k —k2)g7" — (k+ k1) (k — k2)7)-
VAP (ke + ky, k1, k) g g0 g*PVRDC (kKo k — ko) (5.106)

OTx
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Unfortunately, apart from the colour part (which is simply —fA¢P fBPC) the expanded

expression for the numerator is quite lengthy. Ultimately, we have to calculate the

integral
25/ A%k Aaﬁwauukakﬁkﬁ/kg 4 Aa’YUNVkakﬁ/k;g + AVU“”kvk‘g + A'”wk»y + ARV (5 107)
(2r)d 120k + )2 (k — Fop)? '
with
Aaﬁ'ycr;w = gaﬂg’}’aguu + (4d _ 5)gaﬁg%ugm’ (5108)
AT = (4d — 6)g" g (K — k) + 3770 (K — KS) — "7 g kY + 770"
(5.109)

AT = 44 = d)g"g" k- by + 29" (RTR] + kS k) + 9977 (kT Ry — ki - kagH)+

— 69" kb k] — 69"k k) — 29" kb kY — 29" kY k] (5.110)
A = 6(K] — k) (KV kY — " ky - ko) (5.111)
AW = 4k - ko (g" k- ko — KTEY) (5.112)

Introducing Feynman parameters y and z and shifting k — k — yk; 4+ zk2, we obtain

B _ 2fACDfBDC /1 o /1—z dy'u%/ Ak flaﬁ'y”“”kakgkykg + AW“”kwkg + Amv
0 0 (27T)d (k2 + 2yzk‘1 . ]{}2)3
(5.113)
where
Actomw = gaB vo guv 4 (44 — 5)g@8 g gV (5.114)

AV = g (4y* — 6y + 2)K] kS + (42% — 62 + 2)ky kg +
+ (6y — 8yz + 62)k] kS — (dyz — 3y — 32+ 9)g" k1 - ko) +
+2g"7 kY ((4dy® — 5y* — 2dy + 4y — 1)k] — (4dyz — 2dy — 5yz + 3y + 2 + 3)k3 )+
+ 29”0]{:5((4(122 —52% —2dz + 4z — 1)k] — (4dyz — 2dz — byz + 32 +y + 3)ki)+
+ 29" g ky - ko(—4dyz + 2dy + 2dz — 2d + byz — 3y — 32+ 8)+
— gk kY (4dyz — byz +y + 2 —9) (5.115)
AR = 2gM (ky - ko)?(2y%2% — 322 + 9% — 3y2® + 9yz — 3y + 2% — 32+ 2)+
+ 2K Kb Ky - ko(4dy?2? — 5y%2% — 2dy 2+
+4y?z — y? — 2dy2® + dy2® + 2dyz — 11lyz 4+ 3y — 22 + 32 — 2) (5.116)

Using (D.13), (D.14) and (D.15), we eventually find

S Ak Ak kgko ki,
2/dz/ dy,uze/ y 673:
0 0 (277) (k)2 + 2yzk1 . kQ)

. 2 €
1 wedm w 15 65 9
= T 11

1672 <—m%e7> 9" k1 - ko <8€ 16 +0(e”)  (5.117)
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1 1—2 dok AWUW/k ko
2/ dz/ dy/fe/ y 7 3 =
0 0 (277) (k2 + 2yzk:1 . kQ)

24 € 127 1723 20 871
‘%W>(—< + )W%y@+<+>%%)+mo

24e ' 144 6e = T2

1 1—2 ddk‘ AMV
2/ dz/ dy,uze/ y 3 =
0 0 (277) (k2 + 2yzk:1 - ko

. 2 € 2
1 wam 2 5 163 7 L
= L2 ki -k
MwQ(—n%@> (<@%e+ 12 6 )9 et
5
€

(5.118)

When the dust settles, we arrive at
MY _igécggh = (ke )e (ko) Aco ppep (14T ‘ 1T 2).
¢ 27NSM _1287{_41}6“( 1 6I/( 2 f f _ - 126

2 13 22 V 2 1 5 V
- <( oY (5 ) kk) +0(0) (5.120)

6e 18

The O(1/€?)-term indicates an IR pole. This had to be expected as one of the loop gluons
might get on-shell resulting in a diverging propagator. The IR poles will drop out in the
full decay rate by virtue of phase space integration associated with soft real radiation
diagrams. The final combined result (5.57) is obtained upon using fA¢P fBCP = N 45,
It is worth noting that all O(1/e)-terms cancel in an almost magical way in (5.102) and
(5.120) leaving only the explicit IR pole 1/€? behind.

One might think that the following three contributions should also be taken into account
(symmetry factors have been dropped):

gfslcggh * * ABpv
= I o (g (k) T (5.121)
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IS99 e* (ky )€l (ko) JABH (5.122)

where we have defined

JABWENQG/ Ak VEEP (k — ko, k1, k) g7 g g°7 gPAVIEDC (k, ko, b — ko) (5.123)
12 (2m)1 K2(k — ko)
and
dk 1
ABuv ABCC  pa vB Ao, 2e
JOH :Wa,ﬁ/\a' gM g /Bg w /(27‘()””{:2 (5.124)

The amplitude i/\/lX N is related to z/\/l;/ ~Nsa Dy interchanging the external gluons,
which leads to the replacement of Jf f . Jf 1’4 “I'. Thee loop integrals Jf QB " and
JABI vanish due to being scaleless (see Appendix D), so the amplitudes z/\/li‘,)/’ NSM?

iMXNSM and ng’NSM are in fact zero.

5.4. Real QCD corrections (h — gGq)
Non-SM-like contribution

Real radiation contributions are associated with soft and collinear emission channels
which can not be distinguished from a gluon. In the case of one gluon and two massless
quarks in the final state, there is one diagram with effective Higgs-gluon-gluon-vertex to
consider, namely

(5.125)

for which we define si; = (k1 + k)%, s1g = (k1 + kg)? and s,q = (kg + kg)? with
m? = s14 + S13 + 847 and find

-3
. (R,9q L9sCggh & —
ML = S ()T 0 (0 — sig)” — 2+ K)ok (5.126)
qq
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This expression can easily be converted into the spinor-helicity formalism using the
relations

_ (1g)?
(@) "t led” YT (q@)

H{%, =0, HY"_=0, H{"_=0, H% =0,
2 2
I{JgrqiiJr _ (1g) 99— [1q] F99d

where

. 1
H{ = Voo ehn, (K1, kg 4 kg, (kq) ((m, — sqg)v" — 2K1(KE + kL)), (kg)

(5.128)

for the gluon, quark and anti- quark helicities A1, A; and Ag, yielding the compact form

. 3
ngcgghﬂ A 17997

MN»g;J\}: o7y Lo T, (5.129)

SM-like contribution

We now have the contribution

= iM{ 4 (5.130)

and its fermion flow reversed relative i/\/lg’s‘?g/}] Explicit calculations can be found in the

appendix to this subsection. The final result z./\/leqq M?ﬁgg +iMy 5 o949 i given by

P03
, 195
ZMS gqq 1671-23 _ CI?CQ u(kl) (kQ)’YV'U(kQ)

y v n F(ry,65)
Z YIS 2k (K 4 K — (m %—sqq)g“)ﬁ (5.131)

where the loop-function F(7f,xy) is defined below (see (5.146) and (5.148)). Using
(5.128), this can be cast in the form

R.gdqq _ ng\[ TA  [99d yrey Flry,ky)
MS - 1672 c1cz Al)\qz\qz\[mf f_Tf) (5.132)
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The final result for the real radiation quark channel thus reads

IMIB9T8 = MBI i M =

_ig3V2 A ppea ngh yrer F(ry ky)
H § : 5.133
1672 TereaNinng V2my (kp —7p)? ( )

To check the consistency of our results, let us now consider the heavy-top limit for
this amplitude (see also (5.34)). Writing x; = r7; with 7 = sg,/m3, there is only one
parameter entering the limit. We find

Flrprg) (207 04 5 52 5 (1L 82 5 4 4)
—_——— == Ti — —T —T
(hp—77)2 3 45" 630 " 1575t " \a5' ' T 315t T 75
M, 116 4 148 5 4 y
134
+(315 i T 1575 )T T O (5:.134)

The O(r?)-terms can be matched to (5.35) for ¢; = 1 and Yukawa-like Higgs-top coupling
and are thus associated with a diagram of the form (5.125) in the heavy-top limit. The
remaining O(r¥)-terms with k > 1 correspond to a local interaction

o (5.135)

where the encircled square symbolizes a local interaction with d,, > 6. For instance, for
k =1, the local operator

3
IsCoaih gy nTA G, 0" h 5.136
16W%m%qv qG (5.136)
with
118 1 5
Coaah = g0 +— 5 T + %rt + 0 (77) (5.137)

for ¢; = 1 and Yukawa-like Higgs-top coupling has chiral dimension d, = 6 and scales
like ~ 1/(167%>m?). For higher k, derivatives on the quark current are needed. These
come with extra suppression of the heavy mass m; via the increasing power of 7. In any
case, EWChL contributions like (5.135)-(5.136) with m; replaced by some heavy mass
scale are beyond the scope of this work.

Appendix: Calculational details for the SM-like contribution

The quantitative expressions for the two contributions are given by

3

-1 (R.gdq 9sYrCs B BrA _ v

iM = —==4 - T2 Tr(T°T k1) u(ky)v,v(kg) I 5.138
1,SM \/i(kq_’_k )2 c1c2 ( ) ( 1) ( q)’Y ( q) ( )
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and

_ Surc
MY = T T TG Gk e ) (5199)
with
v _ 2 d’k TT((%_yq_ké—f_mf V(k+mf)ryu(k+l¢l+mf))
= / G ((kt kn)? —m2) (2 —m2)((h— kg — kp? —m2) M)
wo _ oc [ A% TT((k = Wi+ mp)y" (4 mp)y” (k+ by + kg +my))
= o )0 ey ) O

The Dirac equation implies u(kq) (K, + kf)v(kg) = 0, so we can take over the results
from the LO SM calculation in Subsection 5.2, where the same role is played by the
transversality condition kYej(k2) = 0. Defining kyg = k; + kg and dropping terms

proportion to k}' and kgg, we find the numerator of I*” to be given by

Tr((k = kjgt mp)y” (F+mp)y"(k +k +my)) =
= dmy ((4g"°g"" — " 9°PVkaks + (M3 — k1 - kgg)g"” + Y kly) (5.142)

Using the same arguments as in Subsection 5.2, we find I*” = J*” and thus z./\/leqq =
Mf‘gqq + z./\/l?g]‘f} = 22’/\4?%} The situation is, however, a bit more involved, since

ki = 0, but k2, = sqg # 0. Shifting the loop momentum k — k — yk; + zkyq and
introducing Feynman parameters, we arrive at

1—z ddk N
/ dz/ dyu* / i 5 5 5 (5.143)
2m)¢ (k2 — m +yz(mj, — sqq) + 2(1 — 2)s4q)

where

N =4my((8g"*g"? — 2g" ¢°P)kokg+
+2migh — 22%5030" — (1 — 2y2)(mi — sqz)g™ + (2 — Syz)kYkhy)  (5.144)

Performing the momentum integral and defining 7y = m%/élmfc as before and Ky =
Sqq/ 4m? results in the gauge invariant expression

m
JTHY :7877-5 (gl“’+

ka

kY kP
1 12 g™ —2(1 = 2y2)(1y — ky)g" — 422k g + (1 — dyz) 41
—2/ dz/ :
1 —dyzry —4(2(1 — 2) — y2) Ky

_unys i Qqq —2(1y — Kf)g"” Lﬂfl (5.145)
ms (kf —75)
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with
N 1 1
F(rf,kf) =k5 T—f—larctan 171 — /1 — Kky/Kyarctan 171 + Ky —Tp+
T Ko
2 2
——— | + L [ ——— | +
1+,/1f7f 1*“1*77

2 2
—Lip | ——— | —Liy [ ———— ]+

1 1
1+, /1-L - J1-2&
1 1 1
+rpy /1= T—Artanh | - Vkf — 1/kyArtanh ——
f J1 == 1—- =

kp—Tr+1

5 Lia

Tf Kf
(5.146)
When working with FEYNCALC [92] using MATHEMATICA [183], it is important to write
/K — 1,/ky instead of , //s;?c — Ky, etc.; otherwise the wrong analytic continuation will
be implemented. Note that

(14 — 1)Liy (1+ 211> + (14 — 1)Lig (1 211> + 274
lim F(7p,kf) =— ! ! =

/{f—>0 2
=i16m27sJ (1) (5.147)

with J(7¢) from (5.15). One can rewrite the dilogarithms in terms of ordinary logarithms
squared (see Appendix E). The correct analytic continuation is achieved by sending
m?c — mff —4n and therefore 7; — 77 +in and Ky — Ky + ).

It is worth noting that F'(7f, ) can be related to As(7y¢, ~¢) defined via equation (A.14)
in [184] and A from equation (A.19) in [136] by

1
F(ry,kp) = 1y(wy = 70)As(7p,5p) = o g (ky —77)A (5.148)
f
where
As(rgang) = (At L (W) (s4q) — Wi (m})) +
1
with

1
Wl(a):2+/ dz In 1—33(1—3:)%—1’6 =
0 my
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\/ — 1 arcsin [ for0<a< 4mfc

_ (5.150)
\/1— ==L (2arccos /W im) for 4mfc <a< o
d
Wa(a) 52/ Py (1—1’(1—33)&2—2'6) =
—4 arcsin® 4;? for 0 <a < 4m?c
_ (5.151)

2
<2 arccos /4% — i7r> for 4m§ <a< oo
my

5.5. Real QCD corrections (h — ggg)
Non-SM-like contribution

In addition to the gluon-light-quarks radiation channels, amplitudes with three final-state
gluons have to be dealt with. The non-SM-like diagrams involve effective Higgs-multiple-
gluon vertices. We have

— aqR999
O ------- = iMi Nsm =

195001 ot ) (k) (ks )R (i R )

87T2 /
(5.152)
. 3
— aqRg99 t9sCqggh B (ko) M
- ,LMQ,NSM 87 U<k2+k3>2 N( 1) ( 2) ( 3)

(K - (ko + k3) g™ — K (KY + K5))VARC (ko + ks, ko, ks)
(5.153)

and tM3 ’]%%QM and iMiﬁ%’M, which are related to Z'Mg’]%%gM by permuting {k1, u, A} +—
ko, v, B} < {ks,\,C}. The triple-gluon vertex VABC (ki ko, k3) is explicitly writ-
2N
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ten out in Appendix C. It is worth defining s;; = (k; + k;)? for i,j = 1,2,3 with
m}% = S19+ 813+ S23. A lengthy, but straightforward computation shows that iMﬁ’SgﬁZ =
Zi:l iMﬁ}{%’M is indeed gauge invariant as it should, i.e. sending €*(k;) — k; yields

zero. The final result reads

3
. SC * * * V.
IMRE :f’Sngf e (k1)€) (k) e} (ks) f4PC FHA (5.154)

where

FHA =g (k) — k) + g" MY — KY) + g (K — k) +
(s12 1 513) (k39" — k"™ + 2(k5 + k) (kDk§ — (kD) + 9" (K512 — K5s13)

+ +
$23
(523 + s13) (K5 9™ — KV g"Y) + 2(k3 + k) (RERY — K5EY) + g7 (k' s23 — ks13) n
512
(512 4 523) (kg™ — Kbg™Y) + 2(kY + k%) (kakh — kYRY) + g (Kys12 — kY 523)
S13
(5.155)

We can rewrite this expression in terms of helicity amplitudes as shown in Appendix B.
The actual conversion is tedious, but again straightforward. We finally arrive at

4 4 23]3 <23>3
999 — __ " 999 — my 999 — _ [ 999 —
T+ [12][23][31]" "~~~ (12)(23)(31)" "t~ [21][13]" 7T (21)(13)
13)3 [13]3 (12)3 [12]3
H999 — _ ( H999 — H999 — H999 — _
Tt (12)(23)" 7 [12][23]” T (13)(32)" T F [13][32]
(5.156)
where®®
H{% = V26 (ki ko), (b, ks)ehy, (s, kn) FHA (5.157)
and thus
3
. Rggg _ Y9sCggh  rABC 17999
lMNSM —mf H)\1)\2>\3 (5158)

SM-like contribution

The real radiation amplitudes for h — ggg for the SM-like contributions consist of

six genuine triangle amplitudes i./\/lﬁgjgv? to i/\/lgﬁf and six box diagrams i./\/lﬁ’gjg\f to

ngggﬂ. Within each group, the diagrams are related to each other by permuting the
final state gluons (three possibilities for a given fermion flow direction) and reverting

®*Note that A is a Lorentz index, whereas \; with i = 1,2, 3 are the helicity indices for the three gluons.
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the fermion flow (two possibilities for each final state permutation). Let us start with
the first triangle diagram

= iM{ g (5.159)

Defining kfi; = si;/ 4m?c, the final expression reads
iMPgs 193 V C g, ko, k3)€® (k)€ (k)€™ (s
LSM 352 Veva (W23, M2, R3 )€, (R 2 3

c F(1¢, K
Z yies (21@%53 — (m} = s23)9"°) Fly, vop2s) (5.160)
(Kp23 —7f)

where the complex function F' was already defined in (5.146). The amplitude i./\/l?g]g\j

can be obtained from i./\/l?’g]g\f by reverting the fermion flow, resulting in the same

expression®®. The remaining amplitudes i/\/l?’gjg\/? and iM gﬁ;}] and their reversed fermion

flow analogues iM, " ’ggg and i./\/lé%gg/‘} are related to zM?ﬁf{f} and iM?’gﬁf by exchanging
the external partlcles For instance, with a self-explaining notation, we have

IMIE3 (ke ko, ks A, B, C) = iMEE3 (ko k1, ksy B, A, C) = iME 83 (ks ka, k13 C, B, A)

(5.161)
All in all, defining V&%C(lez,pzs) = fABY, 5, (p1, 2, p3), we get
0 igs  yser
999 — : FAPCen (k1)es (ka)ex (ks)-
kZ 167 /2m; g
_ F(Tf,K¢23)
N Vsr(kas, ko, K (214%“ —(m?—s “5) B,
(5,\( 23, k2, k3) ( 27 kg3 — (mj, — s23)g 523kt 25 — 77)2
F(rs, k513)

S N (21&” —(m?—s ”5)
sux(kz, ki, k) ( 2kokYs — (mj, — s13)9 513013 — 14)°

- F(rs, K
— Vs (K2, b, k1) (2k§k1\2 — (m} — 512)g>‘6) (77, if.12) 2) (5.162)

s12(kf12 — Tf)

56In the notation of the appendix to this subsection, reverting the fermion flow implies the exchange of
u with § and k1 with kog in Iff;s: which does not change anything.
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where we have lowered all polarization indices u, v and A for the sake of notation.
The second class of diagrams starts with the box

k1

q k
_t, B P
O mm - = iM; 3] (5.163)
- > ’
ko
C
—_—
k3
As before, reverting the fermion flow generates the next amplitude i/\/l?:gﬁf . This implies
exchanging A, u, k1 <— C, A, k3. The remaining ones i./\/lg’g]g\f to Z'Mﬁ’gsgﬂ can be

obtained from all other permutations. Using Tr(TATPTY) — Tr(TATCTB) = L fABC,
the final result for the box amplitudes is then given by

12

- 3
.4 (R, 1gsyrc * * * A A A
E :ZMk,g% =- E %JCABC%(M)EV(/@)E,\(’%)(Jg,léﬁ + 54+ J15h)  (5.164)
pr 7

where Ji' ;’\3 is calculated explicitly in the appendix to this subsection and defined in
(5.196).

The full expression obtained by combining (5.162) and (5.164) is quite complicated and
unhandy. However, it can be numerically matched to the formulas given in [184] and
[137]. These are given by

12 3 4
. . sy Yfce *
MG = D IMEER] = = D e g e ke (k) (k) 1 A (1, 2,3)
— 7 1672V 2my
(5.165)
where
.A,WA(l, 2, 3) EAMVA(I, 2, 3) — A,,W\(Q, 1, 3) — A)\VM(3, 2, 1)—1—
fA,MV(l, 3, 2) + AV)\M(Q, 3, 1) + A)\,uu(?’, 1, 2) (5.166)
with
Skirk1,k 4k
An(1,2,3) = ( 1/; W MgW) As(s12, 513, 523)
512513 512513
2k1, ks k 4k
+ < L8 + 1)\9;”/) A3(812,313,823) (5.167)
3512513523 512513
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and (in the notation of [184])
Aa(s12, 513, 523) =ba(s12, 513, 523) + b2(512, 523, 513) (5.168)
A3(s12, 513, 523) E% <x42(8127 513, 823) + Aa(s23, 512, 513) + A2(s13, 823, 512)+
—b4(s12, 513, S23) — ba(s23, 512, 513) — ba(s13, 523, S12)> (5.169)

The functions be and by are defined via (always remember m?c — mff — i€)

m3 alc—a c(c a
ba(0,b,0) Eg( ) B W) - W) +

mp

+ (mi - 9) (;Wg(a) + %Wg(m%) — Wa(b) + Ws(a, b, c, mz)) +

4

> (2 ! Wa(B) — Wa(m2)) + 25 (Wa(m2) — 2Wa(b
+a (a—i—c)2_2(a—|—c) ( 2()_ Q(mh))_’_%( Q(mh)_ 2( ))+
+ é <a —12m} — 4;”) Ws(b, a, c, m2)> (5.170)

and
m2 9 m2 1
bs(a,b,c) E—g (—3 + (g - 4> (Wa(a) — Wa(mj) + Ws(a, b, c, mi))) (5.171)
mp, mp,

where, in addition to W1 and W2 defined in (5.150) and (5.151),
Ws(a, b, c,d) =I3(a, b, c,d) — Is(a, b, c,a) — Is(a, b, c, c) (5.172)

The integral I3 is given in [137] and reads

! d d
Ig(a,b,c,d)z/ —xbmgln l—z(l-2)— | =
0 z(1—xz)+ L my

B 2 . B—(a,b,c)
_B+(aa bv C) - ,87(0/, bv C) <L ? </8(avb’ C) - a(d)> -

v (5o ) ~ i (et ) +

(e ) ) o

1 4m%b
Brlabc)=5 | 1£4/1+ (5.174)

with
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1 ;
ay(d) = 3 (1 +14/1— d) (5.175)

Defining
4m?c
ad) =\| —L -1 (5.176)
~2
9 _ a*(d) +1
b,c,d) = 5.177
D) = ) T @B e 17 o470
— r(a, b7 ¢, d) (&2(60 B 2ﬁ+(a’ ba C) — 1)
cos(0(a,b,c,d)) = 1+ 32(d) (5.178)
(b, e, d)(@(d) + 284 (a,b,0) — 1)
cos(¢(a,b,c,d)) = 1+ 32(d) (5.179)
(5.180)
with 0 and ¢ between 0 and 7, the two relevant special cases are
IS(a,b,e,d) for 0 < d < 4m>
Is(a,b,c,d) = 3>(“’ ¢ d) - for SesAmy (5.181)
I3 (a,b,c,d) for dmy < d < oo
where
2
< R R P
I3 (a,b,c,d) =25 (ab o1 (2L12 (r(a, b,c,d),0(a,b,c, d))—|—
— 2Ly (r(a, b,c,d), d(a,b,c, d))+
+ (¢(a,b, ¢, d) — 0(a, b, ¢, ) (6(a, b, ¢, d) + 0(a, b, ¢, d) — 7r)) (5.182)
and
2 ) at(d)
I (ab,c,d) =——————| —L +
slabed =y b —1 ( B <a+<d> + B (abc) - 1) i

s (d) — 1 >+

)
N
: a(d) L ay(d) —1
i <a+<d> ~ By (ah, c>> b <a+<d> ~ By (@b, c>> "
o (d) a(d) + Bi(a,b,c) — 1
“( (d) 1“( B (a,b,¢) — s (d) )*

—irin (@@ + Bi(a,b ) — 1
: < ﬁ+(a,b,c)—a+(d) >> (5.183)
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The dilogarithm with two arguments®’ is defined via

d 1 A A
Lis(z,y) = —2/0 ;ln(l —2zcosy +2%) = 3 (Lig(ze’) — Lig(ze™")) (5.185)

The special cases (5.182) and (5.183) can straightforwardly be obtained from the general
form (5.173) using
. 1 5 .
Lio(1—z) = g™ Lisg(z) —In(1 —x)Inz (5.186)

Again, we rewrite the amplitude in terms of helicity amplitudes in the notation of Ap-
pendix B. As the amplitudes themselves now depend on the helicity configuration - MHV
(maximally helicity violating) vs. NMHV (next-to maximally helicity violating), this is
an involved task. To shorten the notation, we introduce the abbreviation

mi ARA(1,2, 3)

Prirors = €, (b1, k2)eyy, (K2, ks)exy, (ks, k1) 7 (5.187)
yielding
iMib99g — _ g IsYrer FABCD, (5.188)
SM 1672 my A1A2A3

Writing A4(s12, 513, 523) = ba(s12, 513, 523) + ba(s23, 512, 513) + ba(s13, 523, 512) as in [184]
and applying the notation (5.157), we find

4
o my

23]

2
2][23][31] 3 <3A2(812’ 523, 513) + 3A2(513, 512, 523) + 3A2(523, 513, 512)+
+ As(s12, 513, 523) — 3A3(s12, 523, 513) — 3A3(813, 512, 523) + As(513, 523, 512)+

Pyt = i

+ A3(s23, 512, 513) — 3A3(s23, 513, 812)) = 2A4(s12, 513, S23) HY |

[23]2 2m}

Pio == 157 13132 (3142(8237813,812) + As(s12, 813, 23) + Az(s13, 523, 512)+
[21][13] 3535
2mj, 999
+ A3z(s23, 512, 513) — 3A3(523, 513, 512) | = 7A2(823,812,813)H+__
523
999 2mj, 999
P =2A4(s12,513,503)H |, P, = ?A2(823, s12,513)HY |
23
2m 2m?
Pit =5 Ag(s13, 523, 512) HIY |, Py = =L Ao(s13, s23, s12) HIY_
513 513
*"For one argument, see 5.90. It is given by
x _ 1—x
Liz(z) z—/ Wdz:/ %dg (5.184)
0 1
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Qm 2m
73++_ :?A2(812, 513, 823)Hi‘1 s P__+ = 7142(812, 513, 823>Hggg (5.189)
12 512

It seems reasonable to pull out the polarization factor H /{’f% s by introducing

Pairors = HI%\ Of 1o, (512, 513, 523) (5.190)

where we have reintroduced the label f to denote the dependence on the fermion mass
my, which we have suppressed so far for notational simplicity. The explicit expressions

for Qf\cl)\z)\g(slg, S13, S23) can be read off from (5.189).
Combining both amplitudes (5.158) and (5.188) yields

iMHE999 =iMn ,ggg 9% 4 MS7ggg —
a3/2 Cggh nyf
S
:7fABCH§f§2>\3 —99% E QA1A2A3(5127813’823) (5.191)

Ver

Note that in contrast to all other amplitudes, there is no overall polarization factor.
Instead, the functional form of the amplitude depends on the latter in a non-trivial way.

Appendix: Calculational details for the SM-like contributions

For the triangle graphs, we find

iM{ = ggé LTr(TATPYVEEC (kag, ko, ks )€l (ki)™ (ka)e™ (ka) )9, (5.192)
23

where we defined k;; = k; + k; and

26/ Ak Tr((F — ks + mp)r (k + mp)y (k + W +my))
@2m)® ((k +k1)? —m3) (k% —m3) ((k — kas)? — m3)

. =

123 = (5.193)

Fortunately, we have k23%€fc(lﬂ23, ko, k3) = 0 (see Appendix C for the notation), so we

can use the results of Subsection 5.4.
Turning to the box graphs, we have

3
iMEgge — IS (OTBTAYEr (ky)e™ (Ra)e™ (ks) Ty (5.194)

V2
with
A _ 25/ d'k Tr((F — kps +mp)y (k= Bo + mp)y” (F +mp)y" (K + K +my))
123 = @2m)® ((k +k1)% —m7) (k2 —m3)((k — k2)? —m3) ((k — k23)? —m7)
(5.195)

Proceeding the usual way - that is, introducing Feynman parameters and so on - will lead
to expressions that cannot be integrated analytically by the standard methods®®. Instead

%®We have numerically checked the equality of the so-obtained Feynman-parameter integrals with
(5.196). The explicit expressions are, however, too lengthy for the limited space in this work.
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of doing so, we evaluate the integral in terms of scalar Passarino-Veltman amplitudes
as in Appendix E, although with slightly different normalizations. We denote the box,
triangle and bubble contributions by D, C' (or C) and B (or B), respectively. The full
expression (5.195) is then expanded according to (remember s;; = 2k; - k;)

where

W’\(/ﬁ, ko, ks) =

FEA (1 ko, k) = —

TSy = (b, k) + A7 (R, Ky, Ks)+
A Ry ke, k) — iy (K, o, e )+
B (R Ko, k) — A (K, e, e )+
+FE oy, b, Kg) — f2 (ks g, ) = (5.196)
im*mDg(0,0,0,m3, 512, 323,m3¢,m§, m?,m%)
(2m)4s19535593
.(43%3523 (s12 — 4m3) (s23kb kY kY — s1akb kY kD) +
+ 4512513523 (313(513 — 4m?c) — 2312323) (k’;k:g’ki\ — k:gkfk%‘)—i—
+ 4s12573(s23 — Am7) (s13kb Kk — s1okf k5 ky) +
+ 4512523 (s13(s13 — 12m?c) — 4512593) (323k§k1”k{‘ - slgkg‘kgk{‘)—i—

+ 2512513523 (s13(512 + 513 — 8mM7F) — 2812823) 9" (s13k — s23k7)+

+ 4512513523 (4513m7 + 512823) g (s23kY — s12K%)+

+ 2512513523 (s13(513 + 523 — 8m?) - 2512823)9”\(8127@/5 — 5131455))
(5.197)

8im?m s Bo(m3, m?g, m?)

(27T)d(d - 2)3125%3523(7”% - 323)2(771}% — 512)2 ‘

. (—2813823(813 + 823)2 ((d — 4)312m% + (d — 2)813823) k'g/{?lfki\-f—

— 2(d 2 812313(mh

— mj (dsaz + 2513) —

+2(d 2)8%3823(mh — s23)(s13 + 823) k'uk'ykg-i-
( 2)812813823(mh + 813)(mh — 823)(813 + Sgg)kﬂk:;k‘
)

s23)%(s13 + s93)kh k3 k2 +

— 2812823(513 + 523) (dmhsgg + (d — 4)m%5%3+

(d — 2)s%3503) K kY K+

— 2(d - 2)812813823(771,2Z + 813)(m% - 823)(813 + Sgg)kgklyk%-i-
— 2s12593(mj; — s3) (d(mps12 — mj (19 + s13) + s12873)+
+ 2813(771% + 2m,21513 — 812813))kg]€§ki\+

+ 2812813(mi — 823)2((d — 2)512813 + (d — 4)823’/71%)]{55]{5]{5%4-
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gy)\(klv k?) k3) = -

f/“/)\(klv k27 k3) -

+ s12513523(mj — S23) (513 + 523) 9" (M, ((d — 4)s13 — 2503)+
— (d — 2)s13523)k7 + (d — 2)s13(m} — s23)k3) +

— 2mj s12513503(mj, — $23) (513 + 523)9" (513 + 23)kY — (M} — 523)K%) +
— s12513823(m} — 523) (513 + 523)9"> ((d — 2)s13(s13 + S23) Kb+

— ((d = 2)s12513 — M2 ((d — 4)s15 — 2812))kg)) (5.198)

8i7r2meo(523,m},m?p)
(2m)d(d — 2)8125%3523(171% — S93)2
'(28135%3((6[ — 4)s12 + (d — 2)s13) kb kY kp+
+2(d — 2)s13523(m} — s93)(s12kb kY ks — s19kb ki k} — s13kb kY ko) +
— 2512855 (2s13 + d(mj, — 523))k§kﬂ:i\+
+ 2312323(m% — S93)(ds12 + 2513)k§k§k1\+
—2(d— 4)512513(7”}21 — 523)2k§k§k§‘—|—

+ 2512513553(7 — 523)g" k-

+ 2512813503 (M7, — 523) 9" (s23kY — (M} — s23)k} )+
+ s12513523 (M} — s23)g" ((d — 2)s13kh + ((d — 4)s13 — 2512)k§)>
(5.199)

inme'o(O, 812, m%, m?, m?, m?)

(2m)s3ys33533(s13 + 523)

.(45%3823(513 + 823)2(512 — 4m?c)(523kgk:fki‘ — 513]65]{1?]{5%)4-

+ 8525513535 (513 + 523)2 (ki kY by — kYK k) +

— 4519555(513 + 523)% (523 — 4m?«)k‘§‘k§k‘§\+

+ 4s12835(s13 + 523)° (s13(513 — 4m3f) — 4512323)k§kfkf+

+ 2575523 (2(513 + S23) (4512513523 + 4512553 + S5 — S13523)+

— 8813m§(s%3 — 2513893 — 833))k§k‘§kf‘+

— dsTysT3 (4m7F (sT3 + 2513503 — s53) — S1gs03 + shg) Kk kg +

+ 2512513523(513 + 523)° (s12(813 — 2523) — 4s13m7F) g™ (s13k5 — sask?) +
— 2512513523(513 + 523)9"* (s23(513 + 523) (513(513 — 4m%) — 2s12503) K +
+ 812((513 + 523) (2512823 + S13) — 4813mf 513 — 823 )k‘3)+

+ 2s12513523(513 + 523)9" (s13(513 + 523) (523(2512 + 513) — 4s13mF) kb +
+ 812(4813mf(813 — 593) — 523(2512 — s13)(S13 + 523)) K )) (5.200)
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) 2,2 2
1m“m¢Cy(0,0, s12, m%, m%, m
fg”’\(khkg,k?,) = 7G0! i3 ]; ! )
(2m)%s12873553
. (—43%3823(312 — 4m?c)(323k2“kfkf‘ + Slgkgkyké\)—i-
+ 8525513555 (kb kS kY — KA RV ED)+

+ 48128%3(823 — 4m%)(312k5k§k§‘ — 513k§k§k§)+

+ 4812823 (813(813 — 4m?c) — 4812823) (Slgk‘gk’gki‘ — Sggkgkfki\)-f—

+ 25125135239"" (s23(s13(s12 — 4mF) — 2519503) k7 +

+ s13(s13(s12 — 4m?) + 2812823)/‘35)‘1‘

+ 25125135239" (s13(s13 — 4m7F) — 2512523) (s23kY — s12k%)+

— 2812813823(813(823 — 4m?c) — 2812823)9’/)‘(812]{75 — 813]?5)) (5.201)

With ¢ = ki1 + ko + ks and K¢, = 545/ 4m?c as before, the Passarino-Veltman amplitudes

are given by

2

s d%k 1
Bo(s‘-,mQ,m2)E,u2€/ =
(2m)d O RS (2m)? (k2 — m3) ((k — kij)? — m?)

] 1 47 w2
=——|-4+h—+In—5+2
167r2<6+ne7+nm}++
1 1
+ 1-— In 1_2Hf,ij 1-— 1-—
Kfig Kfij
im? dk 1

e Pk ) = | -

j 1 4 2 1
= mZamE 2 1o —m1-2r 1
1672 \ € e m; Tf

s
WC’O(O,sM,m%,m?,m%,m%) =
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ki kj#k 26/ dk 1
(2m)? (k2 — m?c)((k: — k)2 — m?) ((k—q)? - m%)

1 1
= (Wm?(1-2rf[1— /1 - =
327T2(m%—82'j)<n < Tf( Tf>>+
2 ].
—1In 1-— Qﬂf,ij 1-— 1-— (5205)
Kfij

2
DO(O, 07 07 m%ﬂ $12, 523, m?v m?‘a m%? m?‘) =

(2m)?

dk 1
2¢
=y /
(2m)e (k2 = m3) ((k = k1)* = m}) ((k = k12)? = m}) ((k = q)* — m})
1 1
= 1672 519503 Wi(s12, 513, 523, m},) (5.206)

A compact expression for W is defined above (see (5.172)) and s13 = m3 — s12 — Sa3
[136].

5.6. Antenna subtraction

h — ggg-channel

In the case of a 1 — 3 decay, the relation between the spin- and colour-summed amplitude
squared and the differential decay rate of the Higgs boson is given by (see (5.51))

1 1——
dl' = [M]|2d® 5.207
5o g MPd® (5.207)

For h — gqgq, we have S = 1, because all particles in the final state are distinguishable.
Using Tr(TAT4) = (N2 —1)/2 and (see (5.128))
_ 1 32 + 32,
2 1q 1q
> L= (5.208)
>\1,q,§::|: qq
it is given by

Slq + Slq

ngh Z yreg Flry,rp) |

3
T . 2D =10 O[
MR9da2 = S (N2 _ 1
| | 27T( ¢ ) \[mf Iif—Tf)

(5.209)

Sqq

where (5.133) has been used. Upon applying the renormalization prescriptions (5.64)-
(5.66), we simply pick up an overall factor of (u%/u?)3¢S73 in (5.209), as all other effects
are of higher order in as. We finally obtain the real radiation decay rate

2 \ 3¢ 3
dPR:gqq — <’u12%> S;?) (N2 )g
7 47Tmh Sqq

d®s

ngh Z yres Fryp,rp) 2
\[mf ’ff—Tf)

(5.210)
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The difficult part is the phase space integration over d®s. All real radiation amplitudes
are in fact finite, so the three-body phase space integration must contain divergencies in
order to cancel the explicit IR divergencies associated with e-poles (i.e. the object I(¢))
in the NLO virtual h — gg decay rate (5.97). Working with dimensional regularization
in the virtual case, one is therefore motivated to perform the phase space integration in
d = 4 — 2e dimensions, too. Equation (A4) in [179] gives the relevant expression as

2 2e—3 2\e—1 d d
47(2?) (7;%) dsyadsi, > dsgg 3Slq
21721 (2 - 2e) (slqsqt?(mh — S1g — Sqé)) 1287 mh

where s15 has been eliminated by a delta distribution enforcing s14+ 515+ 545 = m% (one
does a similar thing when dealing with Feynman parameters for triangle diagrams). Due
to the Higgs boson being a scalar, there is no need for a non-trivial angular integration.
Performing the integrals over sy from 0 to m% — 514 and s14 from 0 to mi yields the
total phase space volume

246—7 2e— 3( )1 26F(1 _ 6) =0 m2
Py = [ dP =k 5.212
s / 87 T(3—3¢)0(2 — 2¢) 25673 (5:212)

d®s =

(5.211)

As mentioned before, the divergent phase space integral combines with the explicit IR
poles in terms of € of the virtual amplitudes yielding a finite result. Rather than having
a highly unstable numerical cancellation between the phase space integral and the poles,
it would be convenient to have an analytic cancellation by coming across the relevant
expressions featuring e within the phase space integral itself. We do this by employing
the antenna subtraction scheme [185-188].

Symbolically, we can write

rft4rv = /dFR - /dFs /dFS /dFV (5.213)
3 3

J3dTE=S (drV—drT) = [,drv-T

where the integral subindices denote whether the two- or three-body phase space inte-
gration has to be performed (i.e. integration over d®y or d®s, etc.). The renormalized
real radiation differential decay rate and its virtual counterpart are denoted by dI'? (see
5.210 or a similar expression for h — ggg) and dI'V (see (5.97)), respectively, and the
subtraction term dI'¥ is chosen such that f3 dI'=5 is finite and can be integrated nu-
merically without any peculiarities. It is possible to set ¢ — 0 here®”. Correspondingly,
the combination f3 drs + f2 dI'V should be finite as well. However, as the last term
contains poles in €, one has to keep € arbitrary here. In fact, it is possible to choose dI'®
such that the three-body phase space d®3 integral factorizes into the two-body phase
space d®s and the so-called unresolved antenna phase space d®x yielding [189]

/dFS // drs = — /dPT (5.214)

9The combination dl'®~% actually vanishes for the non-SM-like case, as the explicit form of the antenna
function (5.218) is chosen such that it exactly cancels the cggn-part of the physical amplitude squared
n (5.209).
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where the integration [y can be done analytically.
For the case at hand, the explicit form of the subtraction term is given by [187]

1 3 _—
dTS99 = thjﬂ (’; §> S1GH M 2dy (5.215)
where (see (5.30), (5.75) and (5.94))
2 €
(0) g9 sAB [ MR —1[ Cggh yrer % H
iMY =il 0 <M2> Se (v + Ef 72\/§mf 3F0 (€) (5.216)

and thus
2

c cr 4
ggh +Z yrer FH()

. R (5.217)

2e
MO —om 4<N21>< ) 52
2

This corresponds to (5.2) with € # 0. The object

(B2) (5 (8] o

is the adequate gluon-quark-antiquark antenna function. Note that the symbols s14, 514
and sqg in (5.218) are in fact different from the Mandelstam variables defined for the
physical process h — gqq. Indeed, they refer to the momenta of the three partons that
are involved in the IR singularity giving rise to a separate phase space ®x that should
not be confused with the physical one defined in (5.211); see [190, 191] and [187] for
the technical details concerning the dipole or antenna interpretation of ®x, respectively.
Using d®x = d®3/®, for this additional phase space (which follows from the integral
over d®y being constant, see [179, 187, 192]), where @4 for arbitrary € is given in (5.54),
the integrated form of the antenna function reads

2\ 1 7 1
QS’ = 87r2SE_1 /d‘ﬁxG?’ = <,u2> <— - =+ — (77T2 - 135) e+
m

2

™

=

5»» ‘

Gj

2 3¢ 6 36
25((3) 93 497\ , 3
+ < gt >e +O(e%) (5.219)

For our purpose, we only need the O(¢!) and O(e) terms. The final result is then
given by

i B 1 043 /’1‘2
T, . S, . 3 S R ]-
arton = [ avsom = —( [ dwvet) o2 (£F) s aRan -
17\ 1 (pg\" o o,
(L 0 Lt (Fr S_IMY2d®y + O 5.220
(3€+6) o <mi> MO Rdn, +0(0 (5.220)

with |/\/l \2 defined in (5.217). This expression has to be multiplied by the number Ny
of light quarks in the final state, which - as stated before - equals 5 in our case (all final
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state quarks but the top are considered as massless).
The combination dI'i=9):99% gives a non-zero contribution only in the SM-like case,
namely (we are allowed to set € — 0 here)

ngh Z yrey Flry,mp) [°
Vemy (kp —77)?

2 2
dF(R—S),g(jq O[3 N (N2 ) Slq + Slq
dmy, Sqq

| Cggh yfcf 4

)dq)g (5.221)

which is independent of cg gh- Remember that xy depends on s;3. The phase space
integral over d®3 in (5.221) has to be done numerically.
h — ggg-channel

We now apply (5.207) with S = 6 for three indistinguishable final gluon states and
(5.211) with s14, s14 and s4q replaced by s12, s13 and sa3, respectively. The renormalized
amplitude squared is given by (see (5.191))

3e
MIb999)2 '“R 5—30‘721\7 N2 _1).
| r | - M € ot C( c )

999
Z ‘ H/\l A2A3

A1,2,3=%

2
Cggh C
292 Z yres Q,\1A2A3(812,813,823) (5.222)

with the helicities defined in (5.157). Their squares read

| Fr999 ‘2 = | F999 2 _ |Hggg = | F999 ‘2 _ 533
A - 812813823 A T 512513
|Hggg ‘ }Hggg 2 _ 513 ‘Hggg ‘ ’Hggg _ 5T (5.223)
o osiasp3’ T  s13523 '

and the relevant sum evaluates to

2 2 8m?
Z ‘Hﬁ‘g\?)\g ’Q§1A2A3<812,813,823)‘ = Z |7D)\1)\2,\3|2 = mA6(312>313>323)
)\1,2,3:i )\1’2’3:i
(5.224)
where
2 2
Ag(s12, 513, 523) =|As(s12, 513, 523)|” + | A2(s12, 513, 523) |+
2 2
+|Az(s13, 523, 512)|” + |A2(s23, 512, 513) | (5.225)

We can take over (5.215) for dI**:999 with G} replaced by

Fg

2 m4s mis mis
_u( 12 MpS1 My s

mj \ S13523  S12823  S12513
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3 4

S$128 S138 8198 € 11le

| 512513 813523 | 512523 +4m%> <1 e +(’)(e5)> (5.226)
$923 S12 513 3 9

and an extra factor of N./3 in order to adjust the colour- and symmetry factors for three
gluons (1/6 for the final state permutations and an extra factor of 2 due to the overall
relative normalization between the ggg and gqq channels which can ultimately be traced
back to a reflection symmetry in the former). We obtain

N 3 2
dr5999 — ﬁ f;; </Z§> 1F3|/\/l |2dCI) (5.227)

with |M |2 again given by (5.217). The integrated form of F is given by

2\ € 2
= dbxF3= () (2= -2 12
Fo =8m“S, / X1 <mi> <52 to, -7 T2t

N <451 _ 25¢(3) - 777r2) L (2729 275((3)  5llx® 71w4> 62) L O

8 24 16 6 48 480
(5.228)

The subtraction term for the virtual amplitude is reads

3 11 7?13\ N. [(pE\° & —on
arfess — — (24 = 0 4 10 e (FR) s 0249 22
<e2 T T T 4> 2m, <m§> g6 M [Fd®2 +0(e) - (5.229)

where the definition (5.220) was used.
Applying m2 = s12 + s13 + s23 yields

8, A4 oA 4
myp, + S1p + S13 + Sa3

LFS 999
my Ly = +0(e )H ¢ 5.230
o 512513523 (e) /\123 N A1A2A3 O(e) ( )
and thus (we set € = 0)
%
AP (B=S)999 —_Zs N (N2 —1).
247rmh
2
Cggh Yre
' Z ‘Hgf/g\z)\;g ( 4 Z f ! Q)\1A2A3(31275137523) +
A1,2,3=%
Cggh yrcr 4
-, T do 5.231
v zf: 2v2m s 3 ) 3 ( )

Again, setting ¢y = 0 yields a vanishing contribution.

Let us now combine the virtual decay rate (5.97) with its subtraction terms (5.220) and
(5.229). Indeed, rewriting the expressions using (5.217) and neglecting terms of O(e)
gives

N, I(e)
LOXV c (0)2
dr’ —2mh32w3| | Re { 5 }d(I) +
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3,3
Qs Ar2 Cggh Z yrer 4 oy
N—1)R 27 —(F;
+167r3(c )e{ v+f2\/§mf3(0) s
Yyrer A H ~H 2
E in + CrEy C3' X dd 5.232
- 2\6mf( fin Fto Lo (Mf)) } 2 ( )

and
dr'T =dr1eda 4 qr1e99 —

N, o8 — o=/ u2\/ N TN 1 11 72 73
_ Ve ’M$0)|2 HRr AT A m + — ) d®,
2my, 32m3 m

h
(5.233)
For C'4 = N,, we find
BR\( Ny TNy L1 Tn 73N
m2) \3Ne.e 6N, € 6e 12 12)
rh
() PolnlE 7N, 73
_ _ / _ B 234
e{ 2 } N, ten, 12 tOW (5:234)

This confirms the cancellation of the IR divergencies contained in the object I(€). Note
that the non-trivial explicit e-dependence of the object F(€) (see (5.50)) has actually
never been used as it is canceled in the final expression.

We are now ready to write down the full virtual decay rate together with its subtraction
terms. It is given by

3,3 4
FV*T :/ dFLOXV o dFT — QsMy N2 — 1R Cggh yrer - FH *
( ) = ospi(Ne = DReq | = +zf:2\/§mf3( ")

Yyrer A H~H 2
g in+ CrEy"C5" X (1 +
7 2\/§mf ( f 0" Oy X( f)) }

2

2
pp TNy T3N,
In22 220
<Bonm% 3 * 6

(5.235)

3,,3
agmy

2
5124 (Ne=1)

2\@771]0 370

Cggh yrer 4 g
-goh °F,

where (5.54) has been used. The beta-function can be found below (5.72) and F{T, Ag;,,
CH and X(,ufc) are given by (5.83), (5.89), (5.85) and (5.95), respectively.

The list of required expressions for a numerical analysis h — gg at NLO QCD based on
actual numbers is hereby complete. Before doing so, we briefly turn to a related process,
namely h — 7, which we have almost already completed en passant.
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5.7. h — vy at NLO in QCD
LO conributions

Having exploited the non-Abelian case, i.e. h — gg, it should be straightforward to
obtain results for h — ~v by taking the Abelian limit of our formulas. In addition,
however, we need to take into account the coupling between the photon and the massive
gauge bosons. This will introduce interesting new insights that are absent in the gluon
case, as we will discuss in this subsection [193-204].

Using the results of Subsection 5.2, one can immediately write down the SM-like ampli-
tude for h — v induced by fermion loops. In contrast to h — gg, these could now also
be leptons. The diagrams are given by

kq
4>q - 477, LO quf i) e 12
O k =M gy = — NG p(k)es (k) Iy (5.236)
ko

and its fermion flow reversed version z/\/l;7 LO Gith 1 f o replaced by .72 1, Where gy = Qye
denotes the charge of the fermion going through the loop (Qf = 0 and Qf = —1 for
neutrinos and charged leptons and Qf = 2/3 and Qy = —1/3 for up- and down-type
quarks, respectively) and I ﬁ 5 given in (5.10) as before. We end up with

Qtyr J(ry)
1,SM 2,SM )\1)\2 Z fmf Tf
1+<1—§>arcsin\/7'7 for 0 <7p <1

J(rp) = - ficT 2 (5.237)
1—1(1—é)<ln<1+\/1;{>+m> for 1 < 75 < o0
Tf

where
H, =263, (k1) ed,, (k) (KYRY — Ky - kagh”) (5.238)

as in (5.20). Compared to (5.16), there is an extra factor of 2 resulting from the nor-
malization of the SU(3) generators, i.e. Tr(TATH) = §48/2. If the loop-fermions are
quarks, there is an extra factor of d.,.,, = N, resulting from the implicit colour-index
contraction across the loop-propagators.
As mentioned before, there are additional contributions arising from W-boson loops. In
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unitary gauge, the first one is given by

E o
1 / oy LO

N =iM3 5 (5.239)

P

2

and the second and third ones by

k1
o i = iM s (5.240)
ko

and its gauge boson flow reverted relative zj\/lg”gifo The explicit calculations are carried

out in the appendix to this subsection. The final result is given by

;22
ige UCVH,W F ()

AAYVLLO | a v, LO o p vy, LO
iMg gy My gap +iMg gy = 6Ar2m2. A
W

2+i+3(l—%)arcsin2 W for0 <y <1

F(TW): 1—,/1— - ?
24— (- ) (“«ﬁ o) dor s <o
T -
W

(5.241)

where Ty = m2 /4m?, ~ 0.60706.
In addition to the SM-like couplings ¢y and cyy, we have the direct coupling between the
Higgs boson and two photons in the context of an EFT. Following (5.5), we have

2

e
‘Cint D mCV'ythNVFMV (5242)

where F),, is the Abelian field strength tensor for photons. The relevant contribution is
given by

2
—_— — S AVLO Y Cyvh
N = iMYh] = T H, (5.243)
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and the full LO result is then given by adding up (5.237), (5.241) and (5.243).

The role of the Goldstone bosons

There have recently been suggestions that (5.241) or (5.293) might in fact be wrong [205,
206]. Instead, the expression

1
3 372 1\, (Vi w1
L S Ll B (5.244)

V141
™

is envoked, i.e. the first term in (5.241) is missing. However, the argumentation is based
on a blank-faced non-necessity of regularization for divergent momentum integrals when
the final result turns out to be finite, which is the case for h — v in the SM. While
this argument is not only false [207], expression (5.244) has the wrong behavior when
the particle in the loop becomes massless [208, 209].

Naively taking the coupling between the Higgs and the loop particle to be proportional
to the mass of the latter (ys ~ my or g ~ m%,v), we expect no coupling at all and hence
no Higgs decay into photons when m ¢, my — 0. For the fermion loop, we find

lim J(Tf)

Tf—00 Tf

=0 (5.245)

confirming our guess, but for the W-boson loop we have

lim F(rw) =2 (5.246)
TW —0OQ

while (5.244) would yield 0. We now show that the (correct) non-decoupling between the
Higgs and the W-bosons shown by (5.246) has its origin in the pure Higgs-sector, namely
the Goldstone bosons of electroweak symmetry breaking - that is the longitudinal modes
of the W-bosons.
To be more specific, imagine a world without W-bosons. We are interested in calculating
the amplitude for h — ~~+ within the pure Higgs sector. Setting ¢ = 0 in the SM
Lagrangian while keeping e finite does not work because of the interplay between g and
g’. Somehow identifying the latter with e assigns a charge to all components of the
complex scalar doublet . We therefore have to consider the Lagrangian

A
£ = (D) DMp + mPelp — 2 (o1p) (5.247)

with DHp = OHp + iQA p, see (2.11). We identify A* with the electromagnetic field
and @ as the charge operator

Q=e (5.248)
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As in the SM, the scalar field develops a vacuum expectation value given by v = /2m?/\
and we can introduce the real scalar fields g, @1, 2 and h and write

o= P+ (5.249)

%(v + h +ipo)

where o1 = (1 & ip2)/v/2 with a slightly different notation compared to (2.12). The
scalars w1 and g are the massless Goldstone bosons, while the massive field h can be
identified with the SM Higgs boson. When the W- and Z-bosons are reintroduced, the
Goldstones become the longitudinal modes of the former. However, without massive
vector bosons, the Goldstones remain in the physical particle spectrum - as is the case
for non-unitary gauges in the full SM with massive vector bosons.

We now evaluate the couplings between the photon A*, the Higgs h and the charged
Goldstones 1. Expanding the kinetic term of the scalar doublet yields

1 1
(Dup) ' D'p =00 001 50u0"h + 5 0yp00" o+
+ieA (01 0up- — o Oupy) + A A 0 oy (5.250)

The relevant Feynman rules are given by

<
i MAMA,\A\/ = —ie(p) — ph) (5.251)
N\ P2
"\
. [
‘\
s = = 2jeg" (5.252)
/,/
2 v
The Higgs potential contains the terms
2t Al b2 Ly oo
mop'p — 5((,0 v)°D —5)\2; h* — Xvp_@ih (5.253)
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giving rise to the Feynman rules

,,,,,,,, - =—i\v

,,,,, Eo =2 (5.254)

and the masses m? = \v? and my,, = my, = 0 as expected.
Next, we evaluate the loop diagrams generating h — ~v. They are given by

« TN kl/y

\ = — 2 welg" e (k1) (ko) e / Ak ! =
S (2m)¢ k2(k — q)?

i 1 4 2
= —ﬁ)\veZgWGZ(kl)ez(kz) (e +1In e—j +In _qu + 2) (5.255)

1 Ak (2K + K (2K — k)
! — 2 % * 2¢ 1 2/ _
O e e (\ Yk =)\ve Gﬂ(kl)fu(kQ)/j’ / (27r)d k2(k+ kl)z(k — k2)2

¢ * 1 47 Iu,Q
= 162 )\UeQQﬂVe;(kl)éy(kz) (e + In = + In TqQ + 3) +
b
8q2m2

Mve? kY By e, (k1) e (k2) (5.256)

The second diagram has a fermion-flow reversed version yielding the same analytical

expression. Combining all three results using ¢> = Av? = m% leads to

ie?
4m2y

which is precisely the first term of (5.293) in (5.290).

This calculation demonstrates a non-decoupling behavior of the Higgs boson from pho-

tons, even if massive fermions or vector bosons are absent. This is in strong contrast to

(ky - kag™ — KV EYer (k)€ (o) (5.257)
o
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Figure 6: All two-loop diagrams that represent the corrections of O(as) to the quark
loop amplitude for h — 77, see also Figure 4. The lepton- and W-boson loops
don’t get QCD corrections since there is no coupling between leptons or W-
bosons and gluons.

gluons, which would indeed decouple from the Higgs particle in this limit - a relic from
QCD being unaffected by electroweak symmetry breaking.

NLO conributions

There is no coupling between photons and gluons in the SM, so all QCD corrections to
h — ~7 are of genuine two-loop topology (in contrast to Subsection 5.3). The relevant
diagrams are displayed in Figure 6.

Only the quark loops obtain QCD corrections. With a = €2/(47) and Q; = —1, the
fermion loops (5.237) - LO plus QCD corrections - are given by

M’Y%LO-i-V o X g Z J( Z Cngq Zj(Tq) + Y2
Tom Mk \fmz gl p “ 2V2my \ 7 w7
(5.258)

where the subindices [ and ¢ refer to leptons and quarks, respectively. Details can be
found in [137, 140, 142, 210, 211]. We have suppressed the terms associated with ¢y,
and cy. The expression A, refers to the unrenormalized QCD correction and thus
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contains divergencies in the first place. Luckily, in contrast to Subsection 5.3, there are
no IR poles, as there cannot be a cancellation mechanism to account for them. Indeed,
the corresponding real radiation amplitude h — vvg does not exist due to gluon colour
conservation. However, A,, still contains UV poles. These need to be canceled by
appropriate counterterms in the form of the LO amplitude. In fact, the first term in

2J(1) | A, (5.259)

Tq

changes according to (5.64)-(5.66). As there are no gluons in the final state and the LO
amplitude is O(a?), only the mass renormalization comes into play. We have (in the
notation of [140], see also (5.83))

—pH _ R —Som?———F 5.260
30 T3t T Mg a3t (5.260)
and
« ,u2 ¢ «Q
s —1 Ys
?A'Y'Y — <M§> SE ?A,Y,Y (5261)

yielding (see also Subsection 5.3)

%FH+%A —>%FH+ ﬁ ES—I% é _EglegFHCH+A,Y (5.262)
310 el 370 112 e 112 €6m302 v '

The explicit form of the mass counterterm is again given by (5.82). The unrenormalized
amplitude A, is proportional to Cr = (N2 —1)/(2N.) and can be written as

2 —€ 1 4 2
A, = (‘:;) S, <CFFJIC§ (6 +5+n 7‘;@) + CFF({ICF> L O%)  (5.263)
q

where FHLCH and F/CH were defined in (5.92) and (5.85), respectively, with 6 replaced
by 8,. The renormalized final result of (5.258) is then given by

L0V y J(m)
Mysn = %H’\lh <Z<Cl V2m; T *
l

Nc 2yq 4 «
+Y ¢ 2 _FH 4 Z2cp (FPCH + FECE X (12 )
zq:qQ\@mq<30 . F(o 1 0 L2 (Mf))

(5.264)

where X(u?) was defined in (5.95). The final expressions (5.264), (5.241) and (5.243)
provide the basic ingredients for a numerical study of h — v at NLO QCD, to which
we turn to in the last subsection.
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Appendix: Calculation of the W-boson loops

Evaluating the W-boson loops requires a lot of calculational endurance and patience.
The first question one is confronted with addresses the choice of the gauge. For example,
we could work in Feynman gauge, resulting in a particularly easy-to-handle form of
the W-propagator. This, however, comes with the disadvantage of explicitly having to
include the electroweak Goldstone bosons separately in the analysis, resulting in more
than ten diagrams! Although each diagram might ultimately turn out to be simple, their
sheer number makes the bookkeeping rather uncomfortable and prone to error. We will
therefore work in unitary gauge, where the effects of the Goldstones are processed by
the W-propagators. We only have to evaluate two diagrams in this case - though two
quite spicy ones. They are given by (5.239) and (5.240).

In formulas, we have

) 2e2uey .
ZM’?ZZ?’%/[O = 9274‘/6“(1431)6”(1{?2)[“” (5.265)
myy,
with
v :/1426/ Ak (guaguﬂ + guﬁgua _ 2gur/ga6) (m%,vgw _ kvkg)ggg (mlz/vgm _ pypa)
el (52— k) (0= i)
(5.266)

with p = k 4+ ¢. The coupling constant g plays the same role as the Yukawa coupling
and may be eliminated using g = 2myy /v. Employing the usual tricks yields

1 ddk NHV
I = / dx % / y 5 (5.267)
0 (2m) (k2 —m2, + 2(1 — 2)¢?)

with
NM =(2977g" 9" — 29" g% g7 kakighy kot
+ (4(miy + (1 — 2)¢*)g" g™ — 2(1 — 22)%g" ¢* "+
—2(2miy + 2(1 - 2)¢*)g"*¢"" — 22(1 — 2)g"¢" 9"+
+ (1= 22)%¢*(g"%q" + 9" ¢") ) kakip+
+ (2miyd*(1 — 22 + 22%) — 22 (1 — 2)%¢* + 2(1 — d)miy ) g™+
+ (22%(1 — 2)%¢* — 2miy (1 — 22 + 22°)) ¢"'q” (5.268)

Using (D.13)-(D.15) and splitting I# into three parts I}y, I\ and I} corresponding
to the number of loop momenta in the numerator of (5.268), we obtain the expressions

j 9  3¢? 3¢* 1 A7 w2 9  3¢2
T S — “4ln— 4 ) -S4
B 1em2? MWA\ T2 T o, Tood )\ e T e T ) T Ty,

3¢ 9 ! 2\? 2
S B / dx <1 — (1l - :c)qz> In <1 —a(1— x)q2> (5.269)
40my, 2 Jo miy myy
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. 2 4 2 2 4
Y i q q 1 4m % q q
" = 6 — - thZam P ) 1o -
K2 167r2g (( 6m2, 5m§v> (e T >+ 2 i
+

mi
W mi, 6my,  1dmy,
2
< — (52? — 5z 4 1) q2
My
¢ ¢
+2(1 —2)(112% — 112 + 1)4) In (1 —z(1 - m)2> +
My My
: 2 2 2
L gV m 1 q 1 1 il In* 4
e T\ T3 10wz, )\ e T e T ) T30, T
1 72 72
—/ dr (82° =8z +1) (1 —z(l—2)—5 | In (1—1‘(1—3?)2 (5.270)
0 mW mW

] 4q> ¢ 1 4 u?
1 =—"_gvmd, | (-6 — St tm ) 44
TR ez, T J\e T e T ) TR
2

1
—/dx <—6—|—2(1—2a:—|—2x) +
0

mW

q* ¢’
—22%(1 — 2)? >ln (1—9[;(1—95)2) +
miy
i 4 q2 Iu2
B a¥ m?2 = In— +1n ——
+16ﬂ2qqmw<< 3+15m%/v>< + —I—n +

mW

_|_/Oldx (2(1—2:c+2x2)—2w2(1 ) . )m <1_x(1_x)q2>>

2
mW My

(5.271)
Adding up all three contributions yields

j 9mz, 8 5¢° 1 Amr 2
T — uv 2 _ w c - In — In =—
16 294 << 22 3 12m%v> <e+n67+ nm§v>+

15m%,[, 7 17¢?
42 12 120m3,

1 2
9
+/ da:<;ngv+10x2—10x—l+
0 q

- %;;;(1 — x)(352% — 35z + 2)732) In <1 —z(1 - :c)n;]z)>+

w w

] 5 ¢ 1 47 ;LQ ¢
N ey
gt m << 3+6mgv> <e+n67+nm%‘, T 30mz, "
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1 2
+/ dx <1 —4$2+4$+(—10m4+20x3— 11x2—|—x)q2> .
0 mW

.In <1 —z(1— x)nz;)) (5.272)

The remaining contributions come from the triangle graphs

2.2
iMiar = 55 eu(k)e (k) J1z (5.273)
w
; ’Y’YaLO 926200‘/ * * v
Mg = 755 cnlk)e, (k2) o (5.274)
w
where
dk nHv
Iy =u* / 5.275
Y L e (R Y (e B
with

" = VRO (—ky, —k — k1, )V (—ka, —k, k — k2)gs-
(M grs — kykis) (miyg® — (k + k1) (k + k1)) (m3y goa — (k — k2)o (k — @)(a) |
5.276

The object V#A(py, pa, p3) was defined above (5.162). Employing Feynman parameters
and shifting k — k — yki + zke, we get

1 1—=z d v
d%k NH
Jw =921 d d 26/ 5.277
12 /0 Z/o VI @nd (2 —m, + yz¢?)? (5.277)
where
N = N + Njg' + NiY + N5 + N (5.278)

The individual contributions are given by

NM =0 (5.279)

NI =my (9" g% g7 g™ — g"g"P 470 gV kakghykskako (5.280)

1
NEY =m3y, (29%951/ (975 (6miy + ¢*(dyz —y —z + 1))+

— 4y (2y — DETK] — 42(22 — 1)kJkS + 4(4yz — y — z)k}k§)+
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1 « v 14
— 597797 (9 (6miy + *(6yz —y — 2+ 1)) — 2yzhi kY )+
+ gaﬁ (49‘“'( (3y — 1)k7k1 +2(3z — 1)1{:;1{:‘2S — (byz —y — z)k¥k§)+

+ gRE (2(1 — 42)kS — 2(1 — dy)k) +

+ g"EY (y(1 — dy)k] — y(1 — 4z)kg))> kakgk ks (5.281)

N:;’ =m3y (;go‘ﬁ <2g“” (2m§1,v +m®(byz —y — 2z — 1)+ ¢*yz(Byz —y — 2 + 1))+
+ kY Ky (Pyz(y +2 — 1 — dyz) — 2miy (Byz + y + 2 — 4))>+
+ %g“o‘g”ﬂ (4(2(1 —3miy +my B+ y+2—6y2) Fqlyzly+z—1— 2yz))+
29“”<(m (6y — 2) +q2y2(6yz—y—3z+1))/~c‘f‘kf+
+ (mj sz—2)—|—qz(6yz—3y—z+1))k§‘k§+

—2(m

(
2 (6yz —y — 2+ 1) + Pyz(6yz — 2y — 22 + 1))13‘1)%5)4-
+ 2k”k“( 2z(2y — DESEY + 92222 — DESES + yz(y + 2 — 4yz)kf‘k¢§)+

o ((miyy(6y + 1) + ¢*y*(dyz —y — 22 + 1)) ki +

+ (mW(y —2z—4—6yz) + qzyz(2y —dyz +z — 1))k2ﬁ>+

+ kb g™ ((m%,vz(Gz + 1)+ ¢?22(dyz — 2y — 2 + 1))k§+

+ (miy (2 — 2y — 4 — 6y2) + ¢*y2(2z — dyz +y — 1))k} )) kaks (5.282)

m2
Ve =T kb (2m‘¢v((6 —dd)yz +y+2+4)+

+miyPyz(byz +y+ 2 —3) + ¢ 2 Quz —y — 2 + 1))+

g“”tf( wdyz —y — 2 +5) + 2miyyz(3yz —y — 2)+
+ ¢4 222 2yz —y — 2 + 1))) (5.283)

It can be viewed as a lucky coincidence that the O(k®)-term vanishes. Otherwise, the
complexity it would have induced to the lower order terms would have made the whole
calculation hardly tackleable by hand. It also has to vanish for consistency reasons,
as it scales like d*k k®/kS ~ dk kP, but the highest order term in iMs scales like
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d*k k*/k* ~ dk k3, so there would be nothing for the resulting divergencies to cancel
against.

As before, we split J1"; apart according to the number of loop momenta in the numerator.
We obtain 7

Iy ps =0 (5.284)

1 9 3¢° q* 1 4 2 9 3¢°
T =g m | = - = 41 S
1248 =127 mw<<2 T 2omt J\e T e T ) TR T T,

¢t 1 1-2 > 2 e
+ = 9/ dz/ dy (1 — yz) In (1 —Yzr— ) 5.285
somb,  Jo  Jo m2 mZ, (5.285)

j 27 11¢? 151¢% 1 2
J = 0 = - 17 In -
o =16,29" W(( 1 ®mg, Tt )\ T e T ) T
2 4

I S

12m%,V 120m%v

1 1 1-z ~
+ 3 / dz/ dy (108 + (256yz — 40y — 40z + 18) > .
0 0

1 24> 1 2 1 2
lek'u (—q2> ( ln—ﬂ——i—ln /’1/2 >— q +
16 6 45mW € e miy 24 90mW

1 1—2 . 72
- 2/ dz/ dy (10yz —y — z) <1 — y22> In (1 - y22> (5.286)
0 0 miy, mi,

j 9 1742 77t 1 u?

T 2 =g my (— + ~thn —+ln— +
L2k 162 2 48mi,  1440mj, m,
7q2 ¢
—3+ - +
12m,  40mj,

1 1 1—-2 q2
—/ dz/ dy | 36 + (66yz — 11y — 11z — 1)——+
4 0 0 m2

w

q* g’
+ yz(46yz — 15y — 152 + 11)— ) In <1 - y22> +
miy My

2 7q° 1 4 12 37 114>
— K kEm o2 ) (Z4m—+Inr
16 2™ W<(3 180m%[,> (e e e ) T oy, T
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1—z
—/ dz/ dy( (24yz + by + 5z — 8)+

2 2
— dyz(10yz — 3y — 32 + 2)—— > In (1 - yzqz>> (5.287)
myy My
5 1-2 1 q2
J{‘MO: 2g Ym$, / dz/ 7 <(4yz—y—z—|—5)2—|—
" 1 — Yz ) myy
¢
+ yz(6yz — 2y — 22) + 9222 (2yz — y z+1)6) +
miy My
i 1 1—z 1
———kYkbmyy, / dz/ dy ————— [ —20yz 4+ 2y + 22 + 8+
1672 0 0 9 (1 _ i)
Yz =
q* q*
+yz(6yz+y+z—3)—5 + 32222z —y— 2+ 1)4> (5.288)
My My
Adding up all contributions, we find
' 9m 4 5¢ 1 4 2
wo ¢ pv 2.4 W q 4 ln—4+1 K
gE 16727 1MW <<42 3+24m12/v> <e+ne"/+nm%[, +
15m‘2/v 23 ¢ +
q 48 240mi,
1 1-z 2
Im 9y 9z 5
d dy [ ——=Y ——= =
—I-/O Z/o y< 22 Yz 1 4+2+
105y%22  35y%z  35yz?\ ¢ 2
+ | —dSyz — VE DU SR q2 In 1—yz—q2 +
2 4 4 miy miy
1
—|—<4yz— —z+5+
2 (1 — Yz >
W

7 4
+yz(6yz—2y—2z) -~ + 9222 (2yz — y—z—i—l)q4) +
My My

. 2 2
i 7 19 q
kb "y ) -
Tem ™ 2mW<( 12mw>< Hln ) 12" 240m2,

myy
1 1—z
+/ dz/ dy <4+9y+98 z+
0 0

g’ ¢
=+ (30y2z2 5 5yz + 2yz) 3 > In <1 — y22> +
My myy

Ay (—QOyz + 2y 4+ 2z + 8+
2 (1 — yz—)
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2 4
+yz(6yz+y+z—3)q2+y2z2(2yz—y—z+1)q4)> (5.289)
myy My
This result is symmetric under the exchange p <+ v and k1 < kg, so J{f 5 = J;’f
The divergent pieces cancel the ones from (5.272). The final result for the W-loop
contribution to h — ~~ is therefore given by

<A 477, LO - vy, LO - vy, LO 92€2UCV * * uv 2‘]{“5
iMg gyp T iMy gy +HiMg gy = " e (k)e, (k) [ 1M+ —5= | =

2 W mi,
ig2@2v6v * " y .
=357 (ke (k2) (F (Tw) k1 - k2g"” + G (w) kY k:2) (5.290)
My
where
37 6
F(tw) = 55wt
! 9
+/ dx <+20x2—20x—2+
0 ATy

—4x(1 — 2)(352% — 352 + 2)7W> In (1 —4z(1 — z)mw) +

1 1—=z 9
—/dz/ dy (—80yz+9y+9z—10+
0 0 21w

+ 20yz <4 +42yz — Ty — 7z> Tw> In (1 —4dyzrw) +

2
+ 7 <4yz —y—2+54+8yz(3yz —y — 2)rw + 169223 (2yz —y — 2 + 1)7’%;)
1-— yZW
(5.291)
and
T 19
Glw) ="~ 5+

1
+ / dr (1 —42® + 4o — 42(102° — 202% + 112 — D)7y ) In (1 — da(1 — z)7w) +
0

1 1—z
—/ dz/ dy (8 —9y — 9z + 16yz — 8yz (30yz — 5y — 52 + 2) 7w ) In (1 — dyz7w) +
0 0

2
4 (10yz —y — 2 — 4 —2y2(6yz +y + 2z — 3)rw — 8y°22(2yz —y — 2z + 1)1}/
1 —4yzmy
(5.292)

Evaluating the parameter integrals yields after some algebra

F(tw)=-G(tw)=2+ s 3 (2 - 12) In® @ (5.293)

1
R
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where

m2 (v )= A (5.294)
/1_$+1 In Py +am for 1 <y < o0
W

5.8. Phenomenological results

1 1 —4 arcsin® /Ty for0 <y <1

We now turn to a numerical analysis of our decay-rate formulas. This subsection is
based on the numbers presented in [150]. The input parameters are defined in Appendix
A. We use the OS quark masses as input parameters and convert them into running
masses via the scheme in [137, 140]. This corresponds to the last possibility in (5.95).
To the relevant order in «y, the corresponding formula that converts an OS mass my to
its running version m (,u?) reads®?

Qs 2 2
my(p}) = my (1 - Eff) In ;?;) + 0(a?) (5.295)
!

Solving the one-loop renormalization group equation das/d In ,u?c = —afo/(4m)+0(a?),
this formula is equivalent to [137]

as(p2) \ 7o
my () = my (%(ﬁ%) (1+0(a?)) (5.296)

which is the expression we employ for our analysis. For numerical implementations,
the package CRunDec [212-214] can be employed for the conversion between the mass
schemes and the running strong coupling with Ny = 5 light flavours at the two-loop level.
This introduces an artificial renormalization scale dependence for our results, both at
LO and at NLO in QCD - in addition to the NLO function X (u?) and the logarithmic
dependence on pugr. The degree of dependence on these scales can be illustrated by fixing
them to selected values and varying between half and double these values. It is common
to choose py = my and ur = my. The parametric uncertainties are obtained upon
varying one input parameter at a time and adding up the respective contributions in
quadrature. This, of course, assumes the independency of our input parameter uncer-
tainties.

Featuring easily tackleable analytic expressions without phase space singularities, we
begin with the process h — v+ and consider h — gg afterwards.

50This formula can be derived by formally equating the bare masses squared in terms of the different
renormalization schemes in (5.82) and taking the square root.
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Numerics for h — v~

The QCD corrections to h — < do not change the final results significantly. Indeed,
employing a self-explaining notation, the central values for the SM result are given by

(5.297)

 [9.41keV  (LO QCD)
"7 7 ) 9.54keV (NLO QCD)

The scale dependence from varying the quark-mass renormalization scales i, between
half and double their values are negligible in both cases (going from LO to NLO reduces
them by another order of magnitude).

Thow ot
o54keV ¢

Choyy
954 keV 2

t
4
L
¥

Figure 7: Contour plots for h — 7~ generated by varying two parameters at a time
showing the steeper gradient away from the SM result in the cp-direction. We
have set ¢, = ¢. = ¢, = 1 in all plots. The SM central value of 9.54keV is
marked with a black line and the SM configuration ¢; = ¢y = 1 together with
cyyn = 0 is given by a red dot in the center of the respective plot.

Allowing arbitrary anomalous couplings and dropping contributions below one per mille,
we arrive at [150]

Thosy = (15.098¢f, — 6.451ciew — 3.624cypew + 0.774cy e + 0.689¢7+
+O.217c,2wh + 0.097cpew + 0.085¢-cw + 0.079¢.cry — 0.021¢cpe+
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—0.018¢icr — 0.017cecy — 0.012¢hc4p — 0.010¢yypcr — O.OOQCCCWh) keV
(5.298)

at NLO QCD, where we have ordered the terms by phenomenological impact. Fixing
all anomalous couplings but two to their SM values enables us to plot the new-physics
deviations of the decay rate. In Figure 7, we have concentrated ourselves on the most
promising anomalous couplings, i.e. ¢y, ¢; and c¢y,5. The rate of change away from the
SM central value of 9.54 keV is significantly larger for varying cy than in the other di-
rections, hinting towards the high sensitivity of the decay h — 7 to the W-boson loops,
as is also indicated by the numbers in (5.298). In this context, speculative new-physics
models influencing the Higgs-W-boson coupling should therefore be easier accessible
than other scenarios.

Numerics for h — gg

The numerical results for h — gg as given in (5.235) are based on a C++ program for
which the Monte Carlo algorithm SUAVE implemented in the CUBA library [215] is
used for the real radiation phase space integration after the antenna subtraction has
been performed. In the vicinity of cyqn &~ —2¢;/3, however, one inevitably encounters
a negative total decay rate. This can be understood upon noting that there are indeed
parameter space regions where the LO QCD amplitude vanishes identically, effectively
pushing its (negative) interference term with the virtual amplitude to the LO. The only
term that could fix this unphysical behavior is the virtual amplitude squared, which we
have neglected in our as-expansion®’. A rigorous expansion in o, on the rate level is
never a perfect square, so parameter space regions where the total decay rate becomes
negative are unavoidable. We will now try to understand this on a quantitative level
and argue for an ad hoc fix to cure the decay rate near its singular regions.

The decay rates (5.32) and (5.235) serve as our starting points. We now perform the
heavy-top limit with y, = v2my /v and N, = 3 to reduce the complexity of our expres-
sions®2. For m; — oo, we have

FHE (5.299)
11
Afin — 3 (5.300)
Ficll — 0 (5.302)
11
FABl — ) (5.303)
resulting in
2
PLOXLO __, pLOXLO — azmj, cor 4 20 (5.304)
o T gopsy2 \T9eh T 3 '

51 A thorough treatment would require double-real-radiation contributions, etc. and is beyond the scope
of this work
52The phase space integrations (5.221) and (5.231) vanish identically in the heavy-top limit.
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[LOXLO 4 p(V=T) __, pNLO — pLOXLO (1 | %5 [ | E% +0(a)
s 3 Cggh + 3Ct

(5.305)

The first factor is simply T*O*£0 from (5.32) in the heavy-top limit (5.35) and

1 /73 TNy 3B u%;)
R:<—+log (5.306)
2\ 2 3 3 m?

is the real-radiation contribution, which is always positive for realistic values of Ny. The
O(af) correction explicitly indicated refers to the aforementioned NNLO corrections.
While the result vanishes for cggn = —2¢;/3, it can become negative for cgqn ~ —2¢;/3.
This is an artifact of the truncation in the as-expansion that can be fixed by “completing
the square”.

The heavy-top-limit result can be mapped to a tree-level calculation of the effective

Lagrangian

Leyy = ChGy, G (5.307)
with
c=2 42 (1 + 11“5) (5.308)
= — C —C. —_— .
8rv \ 99h T 3™ a7
which results in a decay rate of
Qm% 2 LOXLO llas Ct 121@3 C%
Lepp=—C =Tg 1+ — + s e (5.309)
™ 3T cggn + 5¢¢ 367 (ngh + gct)

with TE2O9%LO given above. For the effective Lagrangian, this result is exact to O(a?)
and differs from (5.305) at this order. In contrast to the latter, however, (5.309) is a

perfect square. In addition, setting cgqn = —2¢¢/3, we obtain the (positive) result
121atms c?
Dofp — ———2ht 5.310
eIf 11527502 (5:310)

This term might now serve as a regulator for (5.305) near the singular configuration
cggh = —2c¢¢/3. We therefore define our parameter-space regularized to include the fix
(5.310). The result is given by

@ 11 c 121a2ms3 ¢2
e (1 (et ) ) AR ot - o

2
11o s
:PgoOXLO 14+ @ Ct 5 + &R + O(a;l) (5312)
61 ngh + gCt
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LO NLO

At 0.56937 +1.5% 2% | 088041 +1.8% Tl

Agy 0.41360 +1.5% 2% | 059755 +1.7% 908

A 0.19595 +1.5% 2% | 032200 +1.8% L%
Ay + fix (5.310) 0.32468 ~ +1.8% 3%
Abg —0.03442  £2.0% 2% | _0.04837 +2.2% 5%

Ay ~0.02360 +2.0% 2% | —0.03569 +2.2% +1%

Agp 0.00218  £4.0% 2% 0.00328  £4.0% 1t

Table 2: LO and NLO values for the coefficients in (5.314). The first uncertainty refers
to the parametric uncertainty, the second one is related to the renormalization
scale variation. For the former, we have to take their respective correlations
into account when calculating the error of the LO and NLO decay rates, see
also [150].

It turns out that the same fix (5.310) provides the necessary regulatory properties for
the full decay rate when the top-mass dependence is restored®. This is, of course, not
a rigorous procedure and should be taken with caution. The phenomenological impact
of the fix away from the singular regions, however, is almost negligible. In the following
analysis, we will always include the fix.

Including parametric, as well as scale uncertainties resulting from varying the renormal-
ization scale ur between half and double the Higgs mass my, and employing the same
self-explaining notation as in the h — 7y~ case, the SM results are given by

0.1744 + 1.5%(parametric)f?§;i(Scale) MeV (LO QCD) (5.313)

Ty =
e 0.2923 + 1.8%(parametric)fg;‘;(scale) MeV (NLO QCD)

With arbitrary anomalous couplings, we obtain
Thogg = (Atgcgghct + Aggcggh + Attc? + ApgCognch + Apccicy + Abbcg) MeV  (5.314)

where the coefficients can be read off from Table 2. Referring to the anomalous couplings
Cgghs Ct, etc. as the fundamental parameters of the EWChL [216] and including only

53In fact, this is not strictly true when lower-mass quarks, such as the bottom- or charm-quark are
included. However, the problematic regions are far off from phenomenologically reasonable regions,
so we don’t worry about them here.
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top-quark contributions, we arrive at the following NLO QCD formula

EWChL
If;% =142 8, + 2.7116 cgqp, + 02 + 1.8404 2, + 2.7116 Oeycgqn,  (5.315)
h—gg
with the definition d;, = ¢; — 1, which can be matched to the corresponding expression
in SMEFT using the relations of Table 1. Employing the definition C; = C;v%/A2%, one

then obtains

%MEFT 1
M . . . .
I‘S% =1+2 <C¢D - 4C¢D> —2.0164 Cyy, +578.04 Cyq
h—gg
- 1 - 2 N 1 - -
+ CQOD - ZCQDD - 20164 C@D - ZC('OD th
+1.0164 C7, +8.3632 - 10" C2,

- 1 - - -
+ 578.04 (Cm - 4C¢D> Coi — 582.77 CroCoocr (5.316)

However, in contrast to the former expression, the last one is far from being systemat-
ically consistent. On one hand, it lacks the implicit loop factors of field-strength oper-
ators. Including them would, as an example, lower the coefficient associated with C~’¢G
from 578.04 to 3.6605. In fact, all coefficients would then be given by O(1)-numbers.
On the other hand, it contains dimension-six squared contributions (~ 1/A* on the
decay-rate level), but neglects genuine dimension-eight operators. This can be fixed by
enlarging Table 1 to include dimension-eight effects (see [175, 176, 217] for the phe-
nomenological implications, where it has been argued that including QCD corrections
to the dimension-six terms ~ C’gG spoils the degeneracy of c4q, within SMEFT®). For
instance, kinematic differences between the related processes h — gg and gg — h intro-
duce a mismatch between the ratio of CgG and its eight-dimensional relative CEG inside
Cggh- Within ordinary SMEFT, this arises naturally when the perturbative expansion
is truncated systematically. It is, however, an artifact of not treating CgG and C’f;G on
equal footing when it comes to QCD corrections. In fact, the main advantage of working
with only one object c4q, is the possibility to calculate radiative corrections once and for
all as there is no reason to distinguish the EFT-dependent ingredients that eventually
sum up to cggp. Viewing cygn as a single object with respect to QCD corrections also
makes their common origin in geoSMEFT more manifest. Processes involving more than
two external Higgs states then require additional coefficients, e.g. cygnn, accounting for
a parameter degeneracy in the EWChL [171, 216, 218-224]. In SMEFT at canonical
dimension eight, both cyg5, and cggnp are represented by (different) linear combinations
of CSG and Cgc. To be more specific, enlarging the Lagrangian (5.5) by a term%?

Qs

A ~Auv
chghthGWG g (5.317)

54Here, we employ the notation CS,G =Cya.
5Note that our conventions differ slightly to the ones used in [216].
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leads to

3212 (v? vt g
ngh = 792 <1\2ch + MC¢G> (5318)
s
3272 (02 o 3t g
Cgghh :792 (MCWG + MCCPG) (5319)
s

Let us turn back to our phenomenological analysis. We provide contour plots for various
combinations of anomalous couplings in Figure 8. The global minima of the decay rates
as functions of the anomalous couplings lie far off from their SM central value hinting
towards the potential sensitivity of the SM decay rate to small deviations and hence new
physics. Note that we have to be cautious close to the parametric-suppression region
Cggh = —2¢¢/3, since here the artificial fix (5.310) is essentially our LO and only physical
result and we do not know the exact behavior at higher orders. The overall qualitative
picture of the contour plots does not change when going from LO to NLO.

It is therefore easier to study the behavior of the decay rate when only one parameter
is changed from its SM value. This is done in Figure 9, where we considered a rescaled
result (by ¢; %) and plotted its dependence on the ratio Cggh/Ct With ¢, = ¢;. The non-
overlap of the scale error bands for LO and NLO hint towards the potential necessity
of even higher-order QCD calculations for this process®. Near the minimum, again,
we can not really trust our numbers due to the fix. Chosen QCD K-factors, i.e. ratios
between the NLO and LO decay rates, are finally shown in Figure 10. Of course, the
"LO K-factors” are centered at a value of 1. While we do not observe any obscurities
for cygn set to its SM value 0, we observe a highly non-trivial behaviour for negative
values. As before, however, this can be traced back to the parameter space singularity
and should not be overinterpreted. The bending of the NLO K-factor for fixed cyq, and
¢p for very small ¢; can be traced back to the destructively interfering bottom loop that
gets relatively enhanced. See also [150] for a similar plot concerning varying ¢, which
shows a nearly constant NLO enhancement of about 70%.

Our results may contribute to a possible extension of existing LO QCD global data
fits [116, 227] into the full NLO QCD regime. So far, the available LHC data suggests
deviations of the SM couplings of at most 10%. This includes the anomalous Higgs-
gluon-gluon coupling, which is constrained by cg4g, = —0.01 £ 0.08. In the light of these
numbers, the necessity to push the theoretic, as well as experimental accuracy by at least
an order of magnitude in future works and colliders seems unavoidable for an eventual
detection of potential signals from highly hypothetical physics beyond the SM.

56 Although the error bands become smaller when transiting to higher orders in QCD, we eventually
expect them to overlap for a sufficiently converging perturbative series, since the hypothetical all-
order result is scale independent by construction [225, 226].
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IO [MeV] (cp=1) L MeV] (o =1)

h—gg

L0 MeV] (o =1)

(]
Cggh

0 [MCV] (cgen=0) F;,Vizg [MCV] (cggn=0)

Figure 8: LO and NLO contour plots for the h — gg decay rates with varying effective
couplings. A black cross indicates the SM configuration. The global minimum
is highlighted with a red cross or line, see also [150].
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Figure 9:

LO’:I LO ==
NLO == NLO =3

N

-1 -09 -08 -0.7

Cggh
Cr

Rescaled LO (blue) and NLO (red) decay rate depending on the ratio cggp/cy.
The right plot is a zoomed-in version of the left one showing the well-behavior
of the NLO decay rate by virtue of the fix (5.310) - without it, the NLO rate
would ”dip” below 0 by a small amount, which would be even worse than the
fix. The error bands refer to scale variation (m;/2 < ur < 2my) and the
dashed line indicates the SM result.
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Figure 10: QCD K-factors, i.e. the ratio between the running LO or NLO decay rate to

the LO result fixed at ug = my. The colour code is the same as in Figure
9. Without the fix (5.310), the NLO K-factor of the left curve would be

"stretched” yielding a true divergence around cgg, &~ —2/3, again worse than
the fix.
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6. Conclusions and outlook

In this work, we have demonstrated how a power-counting scheme for SMEFT relying
solely on canonical dimensions can result in inconsistencies within the perturbative ex-
pansion of the underlying QFT at high energies. To be more precise, without further
assumptions about the UV sector, the relevant power-counting information is incomplete
and therefore not suited as a consistent realistic EFT for the SM degrees of freedom.
One possible minimal assumption about the full theory is that it can be defined as a
renormalizable perturbative QF T with weak couplings. In fact, if this were not the case,
other EFT frameworks such as the EWChL might prove to be better suited as a starting
point for low-energy studies than SMEFT.

Based on specific examples and general setups, we have developed a systematic treatment
for operators of canonical dimension six by introducing the notion of chiral dimensions to
SMEFT. The latter act as a book-keeping device for counting loop orders equally to the
expansion in the high energy scale. Our results confirm the observation that operators
involving field strength tensors come with extra suppression factors on a quantitative
level.

While variations of the power-counting scheme we propose and hence the hierarchy be-
tween operators are, of course, always possible, the approximations, assumptions and
power-counting rules for the EFT should always be explicitly specified.

Our analysis concerns mainly operators of canonical dimension six. An extrapolation
to higher dimensions is not straightforward, as field redefinitions and the application of
the field equations of motion may spoil the classification of operators into field-strength
operators and non-field-strength operators in a non-trivial way. Despite being of sub-
leading phenomenological importance, it seems, however, plausible that a conceptually
related analysis can also be performed for these higher-order effects in future works.

A first example for the importance of our power-counting rules for the LHC was given
by our computation of the leading new-physics corrections (assumed to be in the third
particle generation only) to the differential cross section for top-quark pair production
via gluon fusion in SMEFT at LO QCD. A superficial numerical discussion serves as
an illustration of how the overall SMEFT impact is relatively minor, as all effects are
actually loop-suppressed within our power-counting framework. Given the expected sig-
nificance of NLO QCD corrections for the process under study, a more comprehensive
analysis should incorporate them as well, as there could indeed be enhancements of the
impact of certain operators. We defer a general phenomenological study for hadron col-
liders including the initial-quark-anti-quark channel, PDFs and a more thorough analysis
of the Warsaw-basis coefficients’ parameter space to future works.

As a second example, we have conducted a comprehensive investigation of the Higgs-
boson decay rates of h — gg and h — vy at NLO QCD, taking into account possible
anomalous Higgs couplings arising from new-physics effects. In this case, there is no dis-
tinction between the predictions of SMEFT and the EWChL. The EFT follows a power
counting in loop orders, which can be systematically integrated within QCD perturba-
tion theory. Indeed, the extension of the QCD calculation from LO to NLO does not
generate any further EFT parameters.
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While having lesser importance for A — 77, the phenomenological impact of QCD on
the h — gg rate is substantial. It gives rise to a K-factor of about 1.7 and halves the
scale uncertainty.

Our results may provide the basic ingredients for a global fit analysis of the SMEFT
or EWChL parameters including NLO QCD effects. However, as even higher-order ef-
fects in QCD will eventually turn out to be significant, such an NLO QCD treatment of
the anomalous couplings for h — gg will have to be extended to higher loop orders for
more sensible predictions and hence potential constraints on new-physics signatures in
experimental data in future works.
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A. Input parameters

Throughout this work, we use the following numerical values as SM input parameters

[61]:
my, 125.25 £ 0.17 GeV
my (OS) 172.69 + 0.30 GeV

my, (MS at i, = myp)

4.187005 GeV

4.78 £ 0.6 GeV

me (MS at pe = m)

1.27 £0.02 GeV

m. (OS) 1.67 £ 0.07 GeV

m, (OS) 1.77686 4 0.00012 GeV

myz (OS) 91.1876 + 0.0021 GeV

my (O8S) 80.377 & 0.012 GeV

as(myz) 0.1179 4 0.0009

Gr 1.1663788 - 107° £ 6 - 10712 GeV 2
a(0) (7.2973525693 + 1.1 -1079) - 1073

With g5 = 2\/mag, v=1/V/ V2Gr and e = 2\/7a, we can alternatively use

gs(mz) 1.217 £ 0.005
v 246.21964 4+ 6 - 107> GeV
e(0) 0.302822120872 4+ 2.3 - 10~
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B. Spinor helicity formalism

When working with polarization vectors, we have often suppressed the actual polariza-
tion, which can take one of two values (£). One can deal with polarizations after squaring
the amplitude in terms of a polarization sum, e.g. (5.18). It is, however, advantageous
to consider fixed polarization amplitudes from the start. The spinor helicity formalism
then provides a useful tool helping to avoid lengthy expressions involving polarization
vectors. This section contains a summary of how the different notation schemes are
related to each other.

In the following, all external particles are assumed to be massless. In general, we apply
the conventions of [228] and the corresponding textbook (the metric tensor, however, is
chosen to be mostly minus; this causes actually some trouble and needs extra adjust-
ments, see also [8]). Good reviews with an emphasis on the cases we are interested in
can be found in [229-236]. The following table features the relevant physical quantities
within the respective notation schemes:

Vector notation Spinor helicity formalism
g (ki) = - (ki) i
(k) = s (ki) (il
vy (ki) = u_(ki) /1]
o (k) = s (ki) i)
e (ki) = €7 (k) 1 [ily*|n)
+ 1\ -\ V2 (ni)
B = (e _ 1 (iv*|n]
e (ki) = €y (ki) V2 [ni)

As dealing with explicit polarizations using the spinor helicity formalism bypasses com-
plicated spin sums, when avoiding the latter, the dependence on the reference momentum
n # i (or k, # k;) for gauge bosons has to enter directly as indicated. In fact, a lot
of simplification usually happens already on the amplitude level upon choosing smart
combinations for the reference momenta, see for example (B.15) below.

Working with bra-kets is only powerful in combination with a bunch of identities. Some
of them are given here (kg, kp, ki, k; are assumed to be massless four-vectors):

Wi = i) [a] + 1] il (B.1)
(ij] = [ij) =0 (B.2)
(i) = —(ji) (B.3)
[2j] = —[ji] (B.4)
()" = [ji] (B.5)
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2k; - kj = (ij)[41]
[v14) = [iv"[5] =0
[ilv*15) = (1"
[i[v*]7)" = [j]7*]8)
| =
]
[ )

BTEE
© 00 N O

()
NN N s N N S N

(i

(ilhhls] = (ih)[hj]

(il 1517 = 2019 5] + 151G
i) = 20741 + [l
g R (ilvuls] = 2(gi)[jh] (Fierz identity)

ij)(gh) + (ig){hj) + (ih){(jg) = 0 (Schouten identity)

—_

TEETE W
[SV)

VT Y Gy 'y
[\

e

{
(i

-~ e N e e N

Let us carry out two examples. First, consider the polarization structure found in (5.16).

Choosing both helicities explicitly, we find

epy (R1)epy (ko) (k1KY — k1 - kog") = ey (k1)en— (ko) (kT Ky — k1 - kag"”) =
= kb o)
(B.6) 1 1
= STl (<1Wzln1<2|%|m} - 2<12>[211<1|fw|n1<2mrm1) -
(B.10),(B.13) 1
B 2[n1][m2]
n=2,m=1 1

27 s 0~ (1212002012) = _%<12>2 (B.15)

((12)[2n](21)[1m] — (12)[21](12)[mn]) =

Second, for one specific case of the polarization structure found in (5.126), we obtain

€5 (k1) (k) ((m — sgg)™ — 2K (K + k) ) v (kg) =
= eu_(k:l)ﬂ_(k:q)((m,QZ — Sqgg) V" — 2/9/1(k7f; + kg))v+(kq) =
{1y}

= = g (G = saa) " = 240K+ ) ) =

ﬁ}m] ((mj, = sqq)(1y*|In){alv*1a] — 2(1 (K, + k) Inl{alkla]) =

(B.10),(B.13) 1

= sqg){1a)]an] — 2((1g)lgn] + (1g)[an])(q1)[1q]) =

noaga ‘[quﬁi[qu((“” lq1] + (13)[q1])(1q) [gq] — ((19)[qq] + (12)[ga))(g1)[1q]) =
(B.6)  V2s45(1g)*
= o) (B.16)

The following table summarizes some relevant equations (we include the respective ref-
erence vector as a second argument of the polarization vectors):
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Vector notation Spinor helicity formalism

€ (kis k) - € (hy o) i

& (ki kn) - € (K, i) e

(ki k) - € (hy o) B

(ki k) - by -9

e (i k) - Ky Nt

R o L R e

o (ks el (kK (K — - ) | 22 2

65t (1, ) ) (RS — oy - g | 220002021 n2)

sz(kh kn)€;+(k}2, km)(klfl{?g _ kl . k2guy) [n2](21)[21](1m) —[12](21) [n2](m1)

2[n1]{m2)
€5y (K1, kn)a—(kq) (], —sqq) " — 2k (ki + —%((m% — sq7)(1g)lan] — ((1g)[gn] +
k) v+ (kq) (19)[qn]){(q1)[1q])
€y (K1, kn) g (kq) (mj, —sqq) " — 2K (ki + —%((mi — sq¢)(19)[gn] — ((1g)[qn] +
kg))v-(kq) (19)[gn])(q1)[1q])
e (k1, k)t (kq) (M3 —sqq) 7" —2k1 (ki + (,%((m% — sgq)[1q(qn) — ([1gl{qn) +
k) v (kg) [1¢)(qn))[q1](1q))
e (k1 k)t (kq) (M3 —sqq) 7" — 2k (ki + (,%((mi — sgg)[lgl(qn) — ([1ql{gn) +
kg))v—(kq) [1g]{qn))[q1)(1q))
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C. Feynman rules for the SM

A generic SM amplitude iM can be obtained by applying the set of Feynman rules we
list in this appendix [66, 237]. Only the Feynman rules that are explicitly used within
this work are shown. Our conventions are as follows. We denote external field points by
empty dots and interactions by black dots. Higgs, photon, gluon, fermion and W-boson
lines are symbolized by dashed lines, curvy lines, spring-like lines, straight lines with
arrows and edgy curvy lines with arrows, respectively. The usual spacetime indices read
W, v, etc. and €, u (or v) denote the polarization vectors and particle (or anti-particle)
spinors. Fundamental and adjoint colours are given by ¢; and A, etc., and flavours by
fi- The rest of our notational conventions should be self-explaining.

_ —i(m%VgW — kuky)

_ _iglw

¢/ (p)  for incoming

e*A(p) for outgoing

€,(p) for outgoing

u(p) for incoming

u(p) for outgoing

v(p) for incoming

{GM (p) for incoming

v(p) for outgoing

5AB

12 (Feynman gauge)

(unitary gauge)

m%,[,(k2 — m%v)
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fi,er ko f2,c2
4>—
fi,c

A,M4MV<

f2,c2

fi,c

fa,¢2

flacl

f2702

F+m

Cc1C2 ]{72

=iy £,0. 2

_ . A
=- Z985f1f2T01027H

== Zéc?fl/z(sflfz501627“

Yr,
\/1; 5f1f25€162

=_i
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(C.10)

(C.11)

(C.12)

(C.13)



k3/

A, p ooy oy =- Z'gsvﬁf\gc(kl, ko, k3) = —gs f P (g (k1 + ka)a+
ey \
B,v
— gua(k1 + k3)u + gur(ks — k2),)
(C.14)
A
k3
m . =ie(gu (k1 + k2)x — gun(k1 + k3)u + gur(ks — k2),)
ey N\
1%
(C.15)

= _ ig?WABCD _ 2 (fABEfCDE(

pvie T —igs Jur9vo — guaguA)+

+ fACE FBDE (g 0o — GuoGua)+

+ fAPE BOE (g 030 — Gurduo))

(C.16)
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= =ie*(g""g" + g7 g™ — 297 g") (C.17)

closed

1l
|
—

(C.18)
loop
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D. Momentum integrals

Evaluating loop integrals requires a good deal of calculational machinery. This ap-
pendix highlights some equations related to integration techniques that we apply quite
frequently in this work.

One of the most relevant formulas for practical calculations in QFT is the d-dimensional
momentum integral

[ A% R ) T T @ DT =)
e e e e T

which can be found in any QFT book [5-8]. The Gamma function fulfills the properties

[7]

I'(n) = (n—1)I(n—1) (D.2)

L(n+1) =n! (D.3)

r (n ; ;) _ Vi) (D.4)

[(—n+x) = (_:')n (i — v+ }{) + O(x) (D.5)
’ k=1

where the Euler-Mascheroni constant is defined via
n
. 1 " dk

Special cases of (D.5) are given by

(=1 + ) :—%+'y—1+(’)(x) (D.7)
I(z) = % 1 O) (D.8)
I(1+z)=1-—ay+O0(z?) (D.9)

It is also worth noting that one can always replace the loop-momenta in the numerator
of (D.1) by the corresponding tensor structures via [5]

2
KRR s %gw (D.10)
]C4
KR ROE < (9" g7 + g"*g"" + g0 g D.11
<—>d(d+2)(99 + 9" + 9" g"") (D.11)
k‘6
k,,u,k,l/k,ak,,ﬁ’k"/k,(s (g;wgaﬁgvd _'_guaguﬁgws + guﬁgua976+

d(d+2)(d+4)
+ g5ugaﬁgw + géaglfﬂgw + g5ﬁgvagw_|_
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+ gwgaﬂgw + guag5ﬁg'vv + guﬁg5a9w+
+ guvg5ﬂ g+ gué gl/ﬂ 9+ guﬁ gv5 g+
+9"g% 9" + g"g" 9" + g7 g"")  (D.12)

For a =0,1,2 in (D.1), we find

d 2\2-% _d
u4d/ k1 gy () - (b= %) \brs (D.13)
(2r) (2 — A)? (4mi T
_4d
4_d/ A KR R) gt T (1) ey (D.14)
(2m)d (k% — A)b 4ms 2 T '
_d
4_d/ dh kPR RRS i1y (u2)*72 g ged 4 guogrP 4 gnBgraT (b—2 — &) A2-b+
) i Ay (4 4 T(0)

(D.15)

An expansion around d = 4 is now straightforward. The following list of integrals is
valid for A # 0 with d = 4 — 2¢ up to O(e°):

Ak 1 i 1 47 w2
2e = Al=4In—+In—+1 D.1
a /(QW)de—A 1672 <€+n67—|—nA—|— (D-16)
dk 1 i (1 47 ©?
2e = “4+ln—+In— D.17
g /(27r>d (A7 167 (e e A (D17
Ak kokP i Ag*P (1 47 u?
2e = “4+ln—+In—+1 D.18
a /(2ﬂ)d(k2_A)2 1672 2 <e+ P TR (D-18)
d’k 1 i1
2e [ _ D.19
: / @r)d (2 — AP 1672 2A (D-19)
ik kOkP i g* 1 Am 2
2e = I (Z4In—+In" D.20
: /(27r)d(k2—A)3 1672 4 (e+nev+nA (D-20)
d’k 1 i1
2e = D.21
: / @0 (k2 —A)T 1672 6A? (b-21)
d alpB ; af
MZG/dkd k%K - 129 (D.22)
(2m)4 (k2 — A) 1672 12A

When dealing with infrared divergences, the finite expressions (D.19), (D.21) and (D.22)
will lead to divergent Feynman parameter integrals. It is therefore better to work with
general d # 4, i.e. (D.13)-(D.15) in these cases.

The class of momentum integrals with A = 0 can be written as

d%k 1
4—d
: / (2m)d k% (D-23)
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for fixed ¢ = b — a (in the notation of (D.1)) and is referred to as scaleless [238]. Substi-
tuting k = Ak’ (which corresponds to a simple momentum rescaling by ) yields

dik’ 1
4—dyd—2c

The two expressions (D.23) and (D.24) hold for arbitrary choices of d and A and can
therefore only be equal if they are set to zero in dimensional regularization.
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E. Tensor integral reduction for triangle graphs with two
external gluons

As stated in the main text, tensor integral reduction methods are among the most com-
mon tools for computing loop corrections in a systematic manner [89-91]. For simple
cases like fermion triangle graphs with massless external gluons, it can be done by hand.
We have made use of the results presented in this appendix on several occasions in this
work.

In the following discussion, we consider a process with two external gluons associated
with a fermion triangle loop and evaluate the relevant one-loop tensor integrals by re-
ducing them to an appropriate basis of scalar integrals.

Throughout this section, we set the gluon momenta on-shell by imposing &k = k3 = 0
and define the incoming Higgs-momentum by ¢ = ki + ko with ¢*> = m}%. The mass
of the loop particle is denoted by m and, for the sake of notation, we drop the —in
parts associated with propagators. As usual, sending m? to m? — in in the end restores
the correct prescription, which becomes important for figuring out the correct analytic
behavior of the explicit loop functions in the complex plane.

For simplicity, we focus on the diagram

k+ kq

k — ko

where features other than the triangle loop were left implicit. Applying dimensional
regularization with d = 4 — 2e and dropping terms of O(¢) or higher, the relevant basic
scalar integrals are given by

A:%/ dk 1 B 26/ dk 1 _
et —m T ) e (k)2 —m2)
dk 1 i 1 47 2
— 2 — 2z In— +1In— 1 E.2
a / (2m)e ((k — k2)? — m?) 1672 (e i eY i m? + (E2)

o [ d%k 1 B
B =p” / (2m)? (k2 — m2)((k: + k)2 — m2) N

o [ d% 1 _
=u’ / (2m)? (k2 — m2)((/<: — ko)? — m2) N
2

(E.3)
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o [ d% 1 B
B:Mu/@ﬂd%z—m%«k+®2—m%__

o [ dk 1 B
=u’ / 2m) ((k + k1)% — m?) ((k — k2)? — m?) N

i 1 q2
=B — 162 /0 dxIn (1 —z(l— x)mz) (E.4)

9 [ A% 1 B
= / (27 d(k2 )((k:—i—lq) 2) ((k—k2)2 —m2) B
1-z

= d
167r i

(E.5)

- yzq

Feynman parameters have been introduced for C and the combination B — B which can be
recognized as being finite. Evaluating the parameter integrals and defining 7 = ¢?/4m?

yields
~ i 1 1
B_B:W (2\/7—1arctan< 1_1>—2) (E.6)

: 2 2
C=- s Lo | —— | +Lis | ——| | =
167m=mj, 144/1-1 1—,/1-1

: 1
= 1-2r (112 (E.7)
32m2mg T

where Lis(1 — ) + Lio(1 — 1/2) = —1 In® 2 has been used.

We now have to distinguish between the cases 0 < 7 < 1and 1 <7 < oco. It is now time
to reinsert the in-terms as they provide clear prescriptions concerning the branch cuts
of the logarithms and square roots.

For 0 < 7 < 1, we find

B — :167'(' ( \/ 1arctan< il 1) —2) (E.8)
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=y 0 (V7 VI 7)) = e (17 + VI 7) =

32m2m;, 8m2m;
i 1., 2 i 9

whereas for 1 < 7 < 0o, we get

1 .
~ i M1 = =141
B-B=—|—iy/=—1m | Y — ] 2| =
1672 T 1_1_;
4 I _1—in+i
S (Y Y LIS P
1672 W7 i T i -

- in—i
1
. 1 /1_1_
:722 1= -In|X——t+in| -2 =
167 T 1_%_’_1
i 1 R AN
= e (VU r ) ) (E.10)
14,/1-1
14 /11 1—/1-1
32m2my, 1— 1_% 327 m, 1+ 1—%
2
i, 1-yi-+ i L—y/1-1
= In“ | —————=+in | = In| ——F—| +im
32m2m? 14 1_% 32m2m? 14 1_%
(E.11)

where we have employed the relations arcsin(z) = —iln (zm +V1-— 932) and arctan(z) =

(=i/2)In((1 4 iz) / (1 — iz)). The scalar integrals A, B, B and C are the building blocks
for the more elaborate tensor integrals. Their reduction to scalar integrals neglecting
terms of O(e) and higher is a straightforward computation that consists of expanding
the tensor integral in terms of all allowed Lorentz structures with unknown coefficients
and projecting out one coefficient at a time. This leads to a set of algebraic equations
for the unknown coefficients in terms of tensor integrals of lower rank, which can be
inverted by hand. The following list provides the final results.

) [ dik o o
B(QU‘#2/k%ﬁﬂw-qﬁ)ﬂk+mf—nﬂ>__2WB (12
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BH(1,2)

B*(0,1)

B(0,2)

B*(0,3)

B*”(1,2)

— 2 dk kM B 1 p
- / (27r)d (kQ _ m2) ((k) o k2)2 . m2> - 2k2B (E13)

[ ddk ot 1 _
=y / oLl . — 5 G+ k) B (E.14)
@ (k2 = m2) ((k + 0) = m?)
_ 26/ dik k- 1 BB (E.15)
CoO (4 k)2 = m2) (k= ko) —m2) 270 7
:Iu26/ dk kHEY _
G (k2 —m2) ((k + k1) = m?)
U (a1 1
=319 m B+§A "‘glﬁle (E.16)
:HQE/ d’k kHEY _
(27T)d (k2 _ mQ) ((k _ k2)2 _ m2>
1 HY 2 1 1 v
:ﬁg m*B + §A + §k2 k2 (E17)
:MZE/ dk kHEY _
B (k2 = m2) ((k + ) = m?)

1 ~
= M (2k; - ko(2m? — ky - ko) B + 2k - ko A
4(d—1)(k1-k2)<g (k1 - ka(2m® — k1 - ko) B + 2ky - ko A) +

+ (BEEY + KCRY + KRR + KERS) (—2m + dky - ko) B + (d — 2)A)) (E.18)

_HQE/ dk kHEY B
G (e k0)? = m2) (k= ko)? = m2)
1 ~
= 1224 . 2 . )
+ (KR + K5 RS) ((—2m® + dha - ko) B+ (d — 2) A)+

+ (KRS + KERY) (—2m2 = (d — 2)ky - ko) B + (d — 2)A)) (E.19)
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0 2 dek Lt B
o= / (2m)? (k2 —m?)((k + k1)2 = m?) ((k — k2)? —m?)

1 Nl
i ) oor E.2
o, R (B-B) -
O =% / d’k %
) @) e = m2) ((k + k)2 — m2) ((k— ka)2 —m2)
KkY + kSKY) (B — B) +
16 g, M 5) ( )
1 d m2
KNS + KYEY)
hh kz( ot (4(d 2C)+
1
B 2 E.21
OHMA = 25/ d’k EREY )
o 2m) (k2 —m?)((k + k1) — m?) ((k — k2)? = m?)
7; H.v A - IR )\ _
_24(]{1.]{72)2 ((lﬁklkl k2k2k2)< Aky - ko B+

3 o 3(d—2)
b S
24m?
+ (k:’fk:ik:% + RV KSR + RYRVRY — KRS kg — RERERY — KGRV KD ) (%B *

12m?
n (g’“’ki\ + gVEL g — g Ry — VR — ¢S ) (— p = g1 kBt

6 ~ 6
T 1(27”2 — ki - ka)ks - e )) (E.22)

The last expression C*** differs from the actual result for arbitrary d = 4 — 2¢ by terms
of O(€?). All other formulas are exact.
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F. Example calculation with v5 in d # 4 dimensions

In Section 4, we encounter left- and right-handed projectors inside divergent loop in-
tegrals. As the former feature the strictly four-dimensional object 75, we have to be
careful when applying dimensional regularization. For such calculations, gauge invari-
ance plays a crucial role for obtaining physically meaningful results. In this appendix,
we show a sample calculation which demonstrates how imposing the Ward identity leads
to unambiguous final results. For this, consider the integral

_ [ d'% Tr((F+ B+ m)y -+ m)y (= B+ m)v™yP)
I=h+h= / @2m)t (k2 —m?)((k + k1)?2 — m?) ((k — k2)? — m?) *
+ (,u vk & k‘Q) (Fl)

where I; and I refer to the two distinct loop momentum directions within a triangle
diagram like in (E.1) involving two vector currents associated with the incoming mo-
menta k; and ko and one axial-vector current associated with the outgoing momentum
q = k1 + ko, respectively. The incoming external legs are considered as massless and
transversal, so k’% = k:% = 0 and ¢? = 2k; - k» and terms proportional to ki and k% are ne-
glected. We also apply the formula ¢ etv@7 = gorevar _ govepdao 4 goacduve _ o0 Auva
to eliminate terms proportional to k{ or k3 during the calculation. Symmetry arguments
reveal that Iy = Is. We now evaluate the diagram using two different methods, namely
a direct computation using Feynman parameters, as well as employing tensor integral
reduction methods.

Feynman parameters
Introducing Feynman parameters gives

1 1—z d4l€ N
L=2] d d F.2
1 /0 2/0 y/ 2m) (k2 — m2 + yzq?)3 (F-2)

where the numerator is given by

N =Tr((k+ (1 —y)k + ko +m)y" (F — yhh + 2k +m)-
A=y — (1= 2)k + m)y™y) =
— — dikak 26V koo g — 26Ny 6"

+ M7 gOP (1 — y)kiy — (1 — 2)k2o) + QGA“VQ(Z]CQ - yklﬁ)>+

— 44 (6/\’“"7((3; — Dkio — (2 — l)k,‘gg)(m2 + y2¢°?) + Zyz(e’\””‘skg — e’\“("skf)klgk%)
(F.3)

where we dropped terms proportional to O(k%) and O(k'). We now continue to d = 4—2¢
dimensions and use the formulas (D.19) and (D.20) with A = m? — yzq?. This gives

1 1 1—z
Il :42/ dz/ dy 6)\“”0 ((y - 1)kfilcr - (Z - 1)k20+
™ Jo 0
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- ((1 - 3y)k10 - (1 - 32)1{:20) In (1 — yzg;>>+

1—=z
Z,gyzq +m
* 12 dz/ e L ((y = Do — (2 = Do)+

y A,ucr&ku_ )\Vmsku ki k F.4
+m2_yzq2( )10 20 ( )

where the first integral came from the O(k?)-term and the second one from the O(k°)-
term. All but the last line are nothing else than the boundary terms of I as can be seen
by direct computation: We define

Tr((K + Ky + m)y* (k +m)y” (k= Ko +m)y™y°)
~ Tr(fy iy By°) = —ig* PN Tkakghy, = f1 (k) (F.5)

where we have extracted the O(k®)-term. Shifting the loop momentum by a four-
momentum ¢ results in

4 4 4
/(;l ];4f““(k+ a) = /(;l ];41"“”( )+“6/(d ?Migfw( ) (F6)

where the boundary term is given by

d'k k% kpsdQ)
a’ / O p (k) =ia® 1 [ PRV g

21 )4 Okd T kp—oo 24
(2m)
o Tim dy 4g*P M kR kpskpakpskey _
/\,Lwcra
— i F.7

The boundary term can be adjusted such that the final result obeys the Ward identity.
Here, this is, however, not the case (see below). Numerically evaluating the parameter
integrals of the boundary terms suggests that

/dz/l zdy<y—1) (1—3y)ln(1—yz >+Zm(y—1)>:
/dz/lzdy<z—1 (1—3z)ln<1—yz )+%( _1)>:
/dz/l Z m? —yzq? (F-8)

Finally, we arrive at

1 1 1—z
I=20 = 5 (P (k1p — kag) + 2N 7Ry — Ok ko / dz / dy—5"—;
7 0 0 m
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Multiplying with ki, or kg, yields 0 as it should, i.e. no boundary-term adjustment is
in fact needed. The Ward identity is thus fulfilled.
Let us now examine the anomaly. For m? = 0, contracting (F.9) with gy, we obtain

1
ﬁe)‘oﬂl’kl)\km’_ (F].O)

hinting towards the non-conservation of the axial current as expected.

Integral reduction
We write the integral as

. [ d% N
= / @) (K2 — m2) ((k + k)2 — m2) ((k — ka)? — m?) (F-11)

where

N =Tr((F+ K +m)y" (F +m)y” (k — Ko +m)y*y°) =
- 4iga6€)\#y7kakﬂk7 + 41 (29V56>\ua0k10 + QQ'U‘BEAVO‘J]’QU - gaﬂﬁkuya(kla - k?ZU))kakﬁ+
+ i (gl\yeuwékwk% — MOk ko + gM N Ky skog — KX M ko0t

+ kf‘e)‘“””kgg + kg‘e)‘”wklg + (m? —ky - k:g)e)‘“”a) ko + 4@'77226)"“"7(k1(7 — ko)

(F.12)
Applying the d-dimensional reduction formulas from Appendix E yields
44 ~ 2
I =— %&W(km — ko) <m2(B - B) - (123> +
q
d—3~ d—4

— 44 Apvo J— B 2

1€ (k’l k2)<d—2 —|—d_2m0>—|—

4i Ao 1.v Avao d—4~ 4 2
—|—q—2(e HOTLY — ek k1o koo <d—2B_ d_2m C) +

m2 A ~

+ 41?6 MV&(k’la - kga)(B - B)+
+ 4im2M (k1 — ko )C (F.13)

where the first line comes from the O(k?)-term, the second and third line from the
O(k?)-term, the fourth line from the O(k!)-term and the last line to from O(k%)-term.
When the dust settles, we arrive at

4i 4 d—4

I — 2~/\uuaka_ko _ T (Hnao gy /\Vozo'kukaka 20 _ E
1 (ZE (1o = kao) = 5 (kT = €k Jhighaa | | G—om™C = 55
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Note that

4 5 d—4= 1=z
———m“C — ——B= d F.15
d—2m d—2 87T2/ z/ —yzq ( )

This is the same result we obtained before, i.e. (F.9), hinting towards the consistency
of our approach.

We remark that it is also possible to not touch the divergent structure of the loop in-
tegral - and hence the subtile part - at all [6]. For instance, one can expand I in terms
of unknown structure functions using Lorentz invariance and identify the superficially
divergent ones (the first terms in (F.9)) by counting the power of external contracted
momenta. Their explicit form is then unambiguously dictated by the convergent struc-
ture functions (the second terms in (F.9)) upon imposing the Ward identity and Bose
statistics. This approach is, of course, related to a manual adjustment of the boundary
term ~ eM¥?q, by enforcing the Ward identity by hand. Strictly speaking, this is the
procedure of choice. In fact, all but the last line in (F.4) is initially - at best - question-
able and should hence be left open until the Ward identity fixes the final values. Here,
however, it turns out that these suspicious terms are already the correct ones.
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G. "Real-world” example: 2HDM and SMEFT

The QED toy model highlighted in Section 3.1 can easily be generalized to a more
"realistic” situation in the context of the full SM. To be more specific, in this appendix,
we consider the 2HDM in the decoupling limit and integrate out all non-SM fields for
the process ut — tt.

From the SM, the 2HDM differs by an extra SU(2) doublet adding four degrees of
freedom to the SM Higgs particle sector. However, it is advantageous to first consider
two independent doublets ¢ and ¢o and identify the SM doublet on the go. Allowing
both doublets to develop a vacuum expectation value, we can write them as

oF

o = ,where a = 1,2 (G.1)
5 (Va + pa + ina)

and define the vacuum expectation value as

0
(¢a) = (G.2)
%
A Lagrangian for the two doublets is then given by [239-243]
Lonpyr = Lsyr iy + (Duda) D éa =V (b1, 62) + Ly (G-3)

where Lg)s gy is the SM Lagrangian (2.11) without the Higgs and Yukawa sectors. We
will deal with the latter - denoted by Ly - below and focus on the Higgs sector first.
The potential reads

Vg1, d2) = — pu3di o1 — pudohos — m2(¢lda + dhdn) + M(dld1)? + Aa(@hdo) >+
— X (611 (Bhd2) — M(Bld2)(dh01) — As((d1¢2)? + (B561)?) (G4

where we have imposed CP-invariance and dropped uneven terms like gzﬁigblqﬁ];(bg, etc.
for simplicity. The covariant derivative reads

Dy¢q = (@L +igWi T + 2g'Bu) Pa (G.5)

The electroweak symmetry-breaking sector works as in the SM. Indeed, from the kinetic
terms of the Higgs doublets, we find

Tm fl a_a 1' wud - J llu 07
(Dul6a))'D"(00) =5 (0 va) (gWir™+ 39'By ) (qW"r/ + 29BM | | =

Vq
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1 v,v,

(P(WH2 + (W22 + (¢ By — gW3)?) =

2 4
_ 1 wav, 202 WV H— 2 27 g G
9 4 (gWuW +(g +g)u ) ( 6)

with W = (WL FiW?2)/v2 and Z, = (W2 — ¢'B,)/\/g*> + g The gauge boson
masses are therefore given by my = guave/2 and myz = /g% + ¢’*v4v4./2. They are
thus generated by an interplay between the vacuum expectation values of both doublets
making it impossible to identify one of them with the SM Higgs doublet. Instead, we
have to identify the propagating degrees of freedom first.

The vacuum expectation values v and vy are, of course, linked to the Lagrangian pa-
rameters. The explicit relation is given by

1 1

P =viN] — 33 — —vsAg — VIN5 — %2 m2 (G.7)
2 2 (%
1 1

pa =v3g — —vikz — —vi\g — vIN5 — U2 (G.8)
2 2 V2

and can be found by setting the linear terms in p; and ps to zero in the vicinity of the
minimum of the potential®”. The mass terms are obtained by keeping only the quadratic
terms. We find

el | 1 m| 1 m
Limass = —<<P1 ©q )Ml -z (Pl P2)M2 - (771 7]2)M3
Py P2 2
where
U%)\l — %’U%/\g — ,u% — (m2 + %’Ulvg/\4 + 1)11)2)\5)
M, =
— (m2 + %U1U2A4 + 1)11)2)\5) 'U%/\Q — %'U%)\g — ,u%
321%)\1 — %U%)\g — %U%M - ’U%)\g, — ,u% — (m2 + v1v2 A3 + V1V A4 + 2111112)\5)
My =

— (m2 + v1U9A3 + V1V A4 + 21}11)2)\5) 3’1)%)\2 — %U%)\g — %U%)\z; — U%)\g) — ,u%

57The linear terms are given by
Pld1 D vipr, Ghda D wvapz, Pl +dipr D vipa +vapr, (¢1h1)7 D vipn,

1 1
(¢hd2)> D vipa, (H]¢1)(Phep=) D vagm + 51}?”2/}2,

1 1
(¢1¢2)(php1) D 5v1v§p1 + 50%2/)2, (P1h2) + (d31)* D vivip1 + vivaps (G.9)
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o v%)\l — %’U%)\g — %U%M + ’U%)\g, — u% — (m2 + 27}11}2)\5)
3 =

- (m2 + 21/11)2)\5) v%)\g - %U%)\g — %U%)@ + ’U%)\g, - ,u%
(G.10)

Eliminating p1 and pe with (G.7) and (G.8), these matrices can be cast in the form

V2
1 -1
Ml = <m2 + *1}1112>\4 + 7)11)2)\5) ot

2
—1 U1
v2
2ULN\ + I - (UT; +)\3+/\4+2)\5)
Mg =UV1V2 1
- (v’;f? +A3+A4+2A5) 28Ny + Ty
() _1
Ms =(m? + 2v1v905) | (G.11)
1 wu

Upon defining v? = v? 4+ v3 and A = A3 + A\q + 2)5, we can find compact expressions for
the rotated fields and their corresponding masses. The results are then given by

5 B M:2t1 0 951— 1/. N M31 0 p1
Emass <901 2 > - 5 (Pl P2> +

0 Mz,) \@3 0 M5/ \po

1/. N M,?l 0 m

) (771 772) (G.12)
0 MgQ 72
where

&1 cosf sinf o7
@; —sinf3 cos 3 gogr
P1 cosa  sina 01
02 —sina  cosa P2
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i cosB sinB | [m

i) \=sinB cosp) \m
with
2
sin’ 8 = 7%
v
2
cos’ B = 1%
v
Sin2 o= 2]\4 2'02 2Mp1U1 + 2A1M 2@1’02 2)\2M 1'[)1'1}2
vlvg(M M4 1)
m2 m2
M2 0?2 M2 02 4+ 220 M2 0103 — 20 M2 v3vy
COSQOé— p271 pl72 p2__ 2 P (G.13)
’U1U2(Mp2 Mpl)
The masses are given by%
2 2 v? 2, 1 2 §
Mi, =0, Mi, = (m* 4+ Zv1vaAg + vV1v2A5) = MWQ + — (A —2X5)
V1V 2 2
2 v? 2
A4h1 =0, A4h2—— Ule(Tﬂ ‘+'201U2A5)
9 m%l 4 m2ve + 2)\11)% + 2)\2v1v§
pL2 ™ 201v9 2v1

\/(m2(v% + v3) + 2u1v2(Avd + )\211%))2 — 8m2 ()\121?112 — o3 + Agvlvg) 4+
+

2111 V9

(G.15)

where ¢ = 4vfv] (A% — 4\ A2). The link to the SM Higgs doublet can be established by

rotating

H, cosf sinpf D1
_ (G.16)
H, —sinf8 cosf 02
58For m? = 0, these formulas reduce to the particularly simple form
1
M2, =0, M2, = 5qﬂ(,\4 +2X5),
M} =0, My =2v°)s,
M31,2 =0?A +vida + \/(v —v2A2)? + viv3A2 (G.14)
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Note that this will change the potential in a non-trivial way. The new doublets are given
by

P
H, = (G.17)
5 (Vi + Wl + i)
with
hf cosB  sinf | [ p cos(a — ) —sin(a—28) | [ p1
_ _ (G.18)
hf —sinfB cosfB /] \ po sin(a — ) cos(a — ) P2

and Vi = v and V5 = 0. All effects related to electroweak symmetry breaking are
therefore incorporated in H;. We can go to unitary gauge by imposing

0 @3
H, = ., Hy= (G.19)
(Vi +hY) VAR

It is now possible to interpret H; as the SM Higgs doublet, which is, inconveniently, not a
physical object (h{ is not a propagating degree of freedom). In the limit sin(a — 8) — —1
and cos(a — ) — 0, however, this situation changes as h] — po and hy — p1. The
heavier scalar p; then decouples from the electroweak gauge bosons and we expect the
possibility of choosing the Lagrangian parameters such that

mj, = M2 < M3y, M2y, M, = m? (G.20)
where we assumed no hierarchy pattern between the heavy states by formally introduc-
ing the mass scale mg.
Before integrating out the heavy states, we have to specify the Yukawa couplings. As-
suming only the top-quark to be massive, out of many possibilities to combine the quarks
and the doublets, let us choose

Ly = *}/t,(quggtR + h.c. (G.21)

for our analysis (qz, and tg are the third generation left-handed quark doublet and right-
handed top-quark, respectively). The SM Yukawa coupling y; = v/2my/v is related to
Y/ via y; = Y/ cos 3, since ¢y = Hy cos f+... . As usual, we have employed the notation
q~$2 = 10205 to project out the top-quark component of gy, in a symmetry-preserving way.
Collecting all non-Yukawa scalar interactions in an object L in¢, the full Lagrangian is
then given by

Lowpm = Lsy + LHint — HgDHg — mgH;[Hg — 94 cot Bq‘LHQtR + h.c. (G.22)
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Let us first integrate out the heavy fields at tree level. The equations of motion are given
by

(O + m2)H] = —y; cot BqLeVtp (G.23)
O+ mg)H;” = y; cot Btrel’ql (G.24)
Reinserting these expressions into the Lagrangian and using e¥/e/* = —§% we arrive at
the effective Lagrangian
2 2 2 2
cot“ 5 . m; cot 1__ 1. N
Eeff7t7~e€ = ut}%qi(j}/t}% = t2725 <tttt + *tl"}/g,ttl’)/g)t =+ 2tPLbbPRt> (G25)
m3 VM3 2 2

where the SU(2) indices have been made explicit in the first step. Tree-level matching
thus generates four-fermion operators only.

Our next task is the full one-loop computation for uui — tt. We first massage the
Lagrangian in a suitable form. Writing out all relevant kinetic and interaction terms,
we find

1. B 1 B 1. . B 1 B B . o
Lre = 5%0@%1 - 577150% + 58;”728“172 - §m§n§ + Oupy 03y —mip3 ¢y + (G.26)

_ _ 2 _ 2 -
% ot Bttpr + T ot Btiystie + £m,g cot BEPLbPS + £mt cot fbPrtp,  (G.27)
v v v v

The computation of the vertex correction is lengthy but in principle only marginally
different from the one highlighted in the appendix to Section 3. To O(1/m?), employing
the usual notation, it is given by%?

4 m?cot? B

= —ig,TAoT" = —ig,T 5 (mtio‘“’q,ﬂr

: @;t?ﬁ%ﬁl = 167r2v2m8

2
my

2 /1 q2 . 2 1 4 2

where hi(z) was defined in (3.10) with z = ¢?/m? and the imaginary part arises due to
the vanishing bottom mass. Being a gauge relict, the term ~ ¢* may be dropped, as
it is annihilated when contracted with the up-quark current on the left (not displayed).
The corresponding loop-level Lagrangian reads

gsm% cot? 2

Leffoop = = 16720v2m?2 3
S

2 4 _ -
(m % + 3) (DG TRT A tg + DFGAITA5"t) +

S

59We have evaluated this diagram both by direct computation and by applying the strategy of regions.
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gsmf cot? 61 A

2, GA T At
167202m2 2 ot o

17

(G.29)

Using (G.25) and (G.29) for loop- and tree-topology-diagrams, respectively, yields

= % 5 (k) T k)
—ZqQU 2 'y#u 1

2 2 2 9
_ amigcot® B (2 (5 q ' ) 92 m? )
. U(pl)T m (3 § —In E +m | q ’y'U’PR - g In ? + 3h1 (Z) q f}/“ U(pg)

(G.30)

and
2 2 y2 1

2 42 2
_ A gsmy cot” 3 2 I 4 9 9 .
~u(py)T T6r202m? (—3 In— + 3 (" Pr + ¢°*) + myic™q, |v(p2) (G.31)

Combining (G.31) and (G.30) restores the full result (G.28). When comparing to the
Warsaw basis, as we will do next, we have to reinterpret terms ~ ¢2>y* in favor of
four-fermion operators. Instead of (G.31), we should therefore use

.Js Sm2 cot?
— zZQz)(kQ)T%u(kl)u(pl)TAM

myiot q v
167T2’l}2m3 t ql/ (pQ)

(G.32)
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and

2,2 2
- " - A 95m; cot” 3
= —in(ke) T (k) a(p) T4 S 5

2 (0 ) (Pt o) (G33)
c=|In— + = v .

3 mg 3 Y LR T D2
This can be justified by converting the corresponding field strength operators into four-
fermion ones via the equation of motion for the gluon field

D”G;j‘u = g5(qr 1T a1 + Gr3vu T ar 3 + arv T up+

+ R TR + dry T4 dg + by, T 0R)
(G.34)

where we have introduced generation indices on the left-handed quark fields (we neglect
the second particle generation here); the rest of the notation should be self-explaining. In
addition, one can use Fierz identities™ and related tricks to match the operator structure
we found to the Warsaw basis. Without showing the calculational details, we arrive at

o 1

traidhtn = - (Qg??’?’?’?’ + 6@5123333) (G-36)
1 1 1

D,uGA tRTA VtR = g, (Q((]i)1133 + Z 1157’:31 4+ = 1 3113 Q1133 12 iﬁill) (G37)

1 1
D#GA TA N (Q(s 3311+Qqu1133+ Q1331+ Q3113 5 11LL33—E i:iu+

1

+%Q§?1S31+é@§?3“3+§Q§?13“+§Q§§)3“3 Q(1)1133 Q((J??’SH) (G.38)

\/imt
v

12
thﬁVfTAUWt = ( 5+ Q*33) (G.39)

We have only included four-fermion operators that contribute to the process at hand
and symmetrized the generation index as far as possible. These formulas provide the

"For example, in colour space we have
a Sy 1,8 1,746 a S 1, 338 1 3331
575 1hay 4t = 6 P8y 0 Bt = — O — O (G.35)

where the SU(3) relation 2747475 = §2957% _ §28§7° /3 has been used.
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building blocks for a proper matching to SMEFT. The Wilson coefficients are then given
by

2m? cot?
8)3333 1)3333 t
Céu) — Gc(gu) =-—" (G.40)
1
1331 3113 _ 1133 _ 3311 8)3311 _ 8)1133
20" =200, = =60, = —6C3! = CR¥! = SC)
— 80[5(1)1331 — 80(53)3113 120( )1133 120( )3311 __ _ Sc(1)1331 8Céé)3113
2,02 ant2 2
__gsmjcot®f (2. put 8
B 167202 <31 m2 * 9) (G.41)
<33 _ 9T feot? f 1
= =2 1t - 7 - 42

If we had instead proceeded in a bottom-up approach using the Warsaw basis, we would
have again included the diagrams (G.30), (G.32) and (G.33) - denote their contributions
by 6T, 6T and 0T'%, respectively, this time with unknown coefficients and cut-off scale
A, and would have found™

5 1. ¢ .«
2o (2 o Zn i 2 ).
(” ((9 3 ”u2“3>

. ((053)3333 +Céﬁ)3333> P+ (053)3333 +80§2)3333) PL)+

oTH = ———
1 1672A2

_ (:1)) I ;. Ly (s >> <Céﬁ)3333 +4(Cq(é)3333 +Cq(2)3333)PL +403233PR)

4 »
-3 ((055)3333 + 3033 py 4 03233131%)) + 2myiotq, <C§i)3333 60‘52)333?))]
(G43)

for the closed fermion loop,

V2v

A2

oTh = — ioh q, (Cif P + Cat.PR) (G.44)

s

for the chromomagnetic tree-level contribution, and finally the plain four-fermion vertex
ig20 (ko) T yuu(ky)u(py) T T v(ps) =

_ 1 1)1133 3
A2 (2 (Ctgq) + C(Sq)
2 (cgqﬂ&”’l + CEY) (k) Pro(pa)i(pr )7 Pru(kn)+

+20 M35 (ky) v, Pru(ley ) a(pr )y Pro(p2) +

1133) ’l_)(kg)’)/“PLu(kl)ﬂ(pl)’YﬂPL'U(p2)+
) (

"'For simplicity, we assume the new physics to couple only to the third particle generation. This,
however, does not affect 6T'%.
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—2C5) 3310 (ka) v, Pro(p2)u(py )v" Pru(ky )+
—|—C( )11335 0(k2)yuPru(ky)u(pr)y" Pro(p2)+

o(
+CLP D (ko )y Pru(kr )u(p1 )y Pro(ps)+
—CS 335 (k). Prv(p2) (1 )y Pru(ks )+
—CS3M35 (kg )y, Pro(p2) i(p1 )y Pru(ks )+
+CEM33 (ko) T4, Pru(ka ) u(p1 ) T4 4" Pro(pa)+
+C 3 0 (ko) T4, Pru(kn )u(p1 ) T4 Pro(ps)+
C33Y 5 (ky) T4, Pro(pe)i(p )T " Pru(k) +

_052)3113 (k2)TA’YuPRU(p2) (pl)TA’y“PLu(kl)> (G.45)

For a proper comparison, the last expression has to be converted to the form of (G.33)
using Fierz identities™. Comparing to (G.40)-(G.42) with the identification A <> my
reveals that most of the four-fermion operators in 6T} are in fact not generated in this
model. The loop contribution is, however, important in order to fulfill the SMEFT
renormalization group equations [104-107] for 6T%.

Our analysis in this appendix demonstrates how the basic ideas of the toy model from
Section 3 can be taken over to the full SM. While the 2HDM is, at the end of the
day, an arbitrary choice of UV physics, its implications for the hierarchy of operator
structures in SMEFT are actually quite universal. Indeed, there exists no mechanism
that could enhance the expected numerical values for the Wilson coefficients of field-
strength operators, as long as the (renormalizable) UV theory is considered weakly
coupled, which is in fact the basic assumption SMEFT relies on.

"In particular, we use T(k2)7, Prv(p2)d(p1)y" Pru(k1) together with the appropriate manipulations in
colour space.
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