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Aspects of BSM physics: from gravity to dark matter
to UV instantons

Aspekte der BSM Physik: von Gravitation iiber dunkle Materie zu UV
Instantonen

Maximilian Ruhdorfer

Abstract

In this thesis we study possible solutions to a wide range of theoretical and experimental short-
comings of the standard model (SM). The first two parts are devoted to properties and the
phenomenology of two well-motivated extensions of the SM: pNGB dark matter in Composite
Higgs models and the QCD axion. In the last part we investigate effective field theories (EFTs)
of the SM and gravity, construct a non-redundant basis for the most general EFT of the SM
coupled to general relativity to all orders and study its renormalization using modern amplitude
methods.

Zusammenfassung

In dieser Arbeit untersuchen wir mogliche Losungen fiir eine Reihe von Defiziten des Stan-
dardmodells (SM) der Teilchenphysik. Die ersten beiden Teile sind den Eigenschaften und der
Phanomenologie zweier gut begriindeter Erweiterungen des SM gewidmet: pNGB dunkle Ma-
terie in Composite Higgs Modellen und dem QCD Axion. Im letzten Teil untersuchen wir
effektive Feldtheorien (EFT) des SM und der Gravitation, konstruieren eine redundanzfreie Ba-
sis flir die allgemeinste EFT des SM gekoppelt an die allgemeine Relativitdtstheorie zu allen
Ordnungen und charakterisieren ihre Renormierung mittels moderner Amplitudenmethoden.
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Introduction

The discovery of a Higgs boson with mass of approximately 125 GeV in July 2012 by the
ATLAS and CMS collaborations [2,|3] constitutes a milestone in modern physics. It concludes
a half century long monumental effort both in the theoretical and experimental community to
make sense of the “particle zoo”, i.e. the overwhelming number and variety of particles that
was observed starting in the 1960s. The Higgs was merely the last missing keystone of the
Standard Model (SM) of particle physics, which provides an excellent description of all particles
and interactions, that we have observed so far. However, even after the completion of the SM
many longstanding theoretical questions remain unanswered. For instance the SM can neither
explain the lightness of the Higgs boson nor the absence of measurable CP violation in the strong
sector. Furthermore the lack of a candidate for particle dark matter (DM) is proof that there
has to exist some form of physics beyond the SM. These and other shortcomings suggest that
the SM should be interpreted as an effective field theory (EFT) with a limited range of validity.
The more fundamental theory, which supersedes the SM, is then expected to provide answers
to the above questions. Finding this extension of the SM is now the main challenge of particle
physics.

While we have few hints on the nature of the new physics (NP), our search is not random.
We follow well-motivated guiding principles, which have proven useful in the past. One of
the most important principles is the concept of naturalness of mass scales. Applied to the
electroweak scale, or respectively the Higgs boson mass, this is the well-known hierarchy problem
(see Section for a thorough discussion). A large hierarchy between the electroweak scale and
the scale at which effects of NP appear, which at the latest must occur at the Planck scale
where gravity becomes strongly coupled, is unnatural and fine-tuned. Past experience tells us
that nature tends to be natural and tuning often has a deeper reason, such as symmetries or
dynamic selection. Thus there is good reason to expect new physics not far above the TeV scale.

Nonetheless, despite considerable effort the search for beyond the Standard Model (BSM)
physics has so far been unsuccessful. There are no experimental hints of new degrees of freedom.
For this reason a careful re-evaluation of our theoretical assumptions and biases is required to
make sure that we do not miss NP simply because we are looking at the wrong place. We should
look for new physics as broadly as possible. This includes the search for new ways to test the
predictions of the SM, since any deviations might hint to BSM physics.

A global search for NP at several fronts is the main theme of this thesis. We approach this
goal from two orthogonal but not unrelated directions: gravity in an EFT framework and DM.
While the existence of gravity is a fact, we have collected ample evidence for DM during the past
100 years. However, all evidence so far originates exclusively from the gravitational interactions
of DM, thus motivating a study of both phenomena as an ideal starting point for the exploration
of BSM scenarios. In particular we investigate pseudo-Nambu Goldstone Boson (pNGB) DM
and the QCD axion, both well-motivated DM candidates. Additionally we study EFTs of the
SM and gravity and construct for the first time the EFT of all known low-energy degrees of
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freedom, i.e. the EFT of gravity coupled to SM matter, which we call GRSMEFT.

A particularly active frontier in the quest for new physics is the area of DM searches. Almost
100 years after the discovery of the first solid hints of DM in the velocity dispersion in the Coma
cluster in 1930 by Fritz Zwicky [4], its nature is still a mystery to us. During the past decades the
focus and experimental target of a majority of DM searches has been weakly interacting massive
particle (WIMP) DM. Its popularity originates from the fact that WIMPs generically arise in
well-motivated theories addressing the hierarchy problem, such as supersymmetry or Composite
Higgs (CH) models, and naturally achieve the observed relic abundance, a phenomenon which
is often referred to as the “WIMP miracle”. However, the null results in direct detection experi-
ments, such as XENONIT [5], in combination with the increasing sensitivity of indirect searches
for present-day annihilation products of DM, e.g. in the cosmic antiproton flux by AMS-02 [6]
or gamma rays by Fermi-Lat [7], already put considerable stress on the WIMP. This has sparked
a renewed interest in alternative DM scenarios (see Section for an overview). While it is
important to explore the landscape of DM models, one should not give up on the WIMP too
easily, as thermal freeze-out remains a robust and predictive mechanism to explain the “missing
mass” in the universe.

In Part [I| of the thesis we systematically study composite pNGB DM [§], a non-standard
WIMP candidate, which can be naturally compatible with the null results in direct detection
experiments. pNGB DM naturally emerges e.g. in non-minimal CH models, which are a promi-
nent solution to the hierarchy problem (see Section . In such models both the Higgs and
the DM are composite pNGBs of a new strong sector with a global symmetry G, spontaneously
broken to a subgroup H C G at a scale f ~ TeV. Due to the pNGB nature of the DM its leading
coupling to the SM is via momentum dependent interactions with the Higgs. These are ex-
tremely suppressed at low momentum transfer and in particular in the elastic scattering of DM
on nuclei, making pNGB DM naturally compatible with the strong exclusion limits from direct
detection experiments. At the same time, they provide a large enough interaction strength in
DM annihilations to set the observed relic abundance via the freeze-out mechanism. In prac-
tice this simple picture can be significantly altered due to explicit symmetry breaking effects,
which are needed to give a mass to the DM and generically introduce momentum independent
interactions. Thus in order to maintain the “Goldstone limit”, which is characterized by the
dominance of the momentum dependent couplings, a controlled breaking of the Goldstone shift
symmetry of the DM is required.

We start the discussion with a short introduction and a presentation of the theoretical
background of DM and CH models in Chapters [1| and Subsequently we perform a model
independent study of the DM phenomenology of pNGB DM in Chapter Building on these
general results we explicitly construct a fully realistic CH model based on the symmetry breaking
structure SO(7)/SO(6) in Chapter |4l This symmetry breaking structure gives rise to the Higgs
doublet H and a complex DM candidate y, which is stabilized by an exact U(1)pmy C SO(6)
symmetry of the strong sector. We demonstrate that this model successfully implements elec-
troweak symmetry breaking (EWSB) and study its DM phenomenology, which crucially depends
on the source of the explicit breaking of the DM Goldstone symmetry. We identify three quali-
tatively different scenarios: breaking by the top quark couplings (Section , breaking by the
bottom quark couplings (Section [4.4)), breaking by gauging U(1)pwm (Section[4.5). These scenar-
ios implement the “Goldstone limit” to a varying degree, each of them leading to an interesting
and qualitatively different DM phenomenology.

After having established that Composite Higgs models can indeed feature pNGB DM which
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effectively realizes the “Goldstone limit”, an alternative direct probe is required, since direct
detection signals are structurally suppressed for this type of DM candidate. A promising avenue
are searches at particle colliders, which fully exploit the energy growth of the pNGB couplings.
In Chapter 5| we assess the potential of current and future particle colliders to detect pPNGB DM
in weak boson fusion processes.

The focus of Part [[I] is another well-motivated DM candidate, the QCD axion. The QCD
axion was originally introduced as a solution to the strong-CP problem [9H12]: the axion dynam-
ically relaxes the QCD theta angle, thereby explaining the absence of measurable CP violation
in the strong interactions. However, it is at the same time an appealing DM candidate [13-15],
whose relic abundance is set non-thermally through the misalignment mechanism or topological
defects. The non-observation of WIMP DM has significantly increased the popularity of axion
or axion-like particle (ALP) DM, with a large variety of ongoing and proposed experiments,
such as the helioscope CAST [16] or the haloscope ADMX [17], trying to detect the axion. The
interpretation of the search results in terms of the QCD axion crucially depends on its proper-
ties. In the standard approach the axion’s low-energy properties are surprisingly well predicted,
even though the origin of both the axion and the Peccei-Quinn symmetry breaking mechanism
is unknown. In particular its mass can be expressed in terms of measured quantities, such as
the pion mass m, and its decay constant f, and the Peccei-Quinn symmetry breaking scale f,,
i.e. mgfa ~ mgfr (see Section . This seems to be a robust prediction, independent of the
specific ultra-violet (UV) completion. However, recently it was demonstrated that a non-trivial
embedding of QCD in a product gauge group can lead to significant deviations from this ex-
pectation due to UV instantons |18]/19]. This is in contrast to the standard expectation that
infrared (IR) QCD instantons dominate the mass. Since the axion mass is an important input
in experimental efforts to detect the axion, it is essential to have a clear understanding of how
robust the above prediction actually is. The goal of Part |II| of this thesis is to identify the
underlying reason for the enhancement of UV instantons in non-trivial UV completions of QCD.

After a short introduction to the topic in Chapter [] we present the theoretical background
of the strong-CP problem and the axion as its solution in Chapter [/l Subsequently we establish
the basics of instantons and the instanton calculus in spontaneously broken gauge theories in
Chapter [§l With these ingredients in hand, we investigate in Chapter [J] the contribution to the
axion mass from small instantons in partially broken UV completions of QCD.

In Part [[TT] we leave the area of DM physics. A particularly convenient and model independent
way to parameterize general effects of heavy new physics is the EFT framework, where deviations
from the leading theory are encoded in coefficients of higher dimensional operators. There is
already a vast literature on the EFT for the SM, or SMEFT. In order to identify the most
promising search channels, it is again important to follow some guiding principles in the form of
UV complete theories, which can be matched onto the SMEFT. By integrating out the heavy
degrees of freedom one gains insight about which effective operators are generated at which loop
order. This knowledge will also be crucial for identifying the nature of the NP once we observe
deviations from the SM. In this part of the thesis we perform the full one-loop matching of
a simple but important benchmark scenario, the SM extended by a heavy singlet scalar, onto
the dimension six SMEFT Lagrangian and identify contributions which have been missed in
previous computations [20,21].

While the SMEFT provides an excellent description of all directly observed low-energy de-
grees of freedom, it does not include gravity. The low-energy description of gravity, Einstein’s
theory of general relativity (GR), is manifestly non-renormalizable and therefore intrinsically an
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EFT. Quantum corrections generate higher-dimensional operators, which have to be included in
a consistent formulation. This implies that for a unified low-energy description of the SM cou-
pled to gravity an EFT interpretation is unavoidable. A tower of higher dimensional operators
parameterizes deviations from the SM minimally coupled to GR due to heavy physics. In this
part of the thesis we want to find the maximal number of independent low-energy departures
from GR, what corresponds to a full and non-redundant operator basis in the EFT language.
Finding a non-redundant operator basis is a non-trivial task, which has recently been solved
within the context of the SMEFT using Hilbert series methods [22}23]. We generalize these
methods to EFTs with gravity and construct an EFT of the SM coupled to gravity, which we
call GRSMEFT. The GRSMEEFT is the true low-energy description of all fundamental interac-
tions, which have been observed so far. As a next step we study the underlying structure of
the GRSMEFT, which might help us to gain a better understanding of gravity. At the quan-
tum level it appears that there are some operators which do not get renormalized at one loop.
This is a well-known phenomenon in the SMEFT, where many non-trivial zeroes appear in the
dimension six anomalous dimension matrix [24-26]. These can be understood with the help of
helicity selection rules [27]. Our goal is to generalize these selection rules to the GRSMEFT in
order to gain a better understanding of the one-loop structure of gravity.

The discussion starts with an introduction in Chapter|10|and a review of the EFT framework
and Hilbert series methods in Chapter [11] In Chapter [12] we perform the one-loop matching of
the SM extended by a scalar singlet onto the SMEFT. Chapters|13|and [14]focus on gravitational
EFTs, where we first construct the GRSMEFT in Chapter [13| and subsequently derive helicity
selection rules for one-loop renormalization in Chapter [14] and compute a selection of anomalous
dimensions in a toy SM coupled to gravity.

We finally conclude in Part [[V] and summarize our main results. Additionally we give an
outlook on still ongoing work and possible future directions.

The thesis is largely based on the following publications:
[28] R. Balkin, M. Ruhdorfer, E. Salvioni and A. Weiler, Charged Composite Scalar Dark
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detection, JCAP 1811, no. 11, 050 (2018), [arXiv:1809.09106|.

[30] M. Ruhdorfer, J. Serra and A. Weiler, Effective Field Theory of Gravity to All Orders,
JHEP 05, 083 (2020), |[arXiv:1908.08050].
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SciPost Phys. 8, 027 (2020), [arXiv:1910.04170].
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Chapter 1

Motivation and introduction

The Composite Higgs framework, i.e. the idea that the Higgs arises as a composite pNGB
of a new strong sector, is one of the simplest and best-motivated solutions to the hierarchy
problem [35]. While the minimal realistic model based on the symmetry breaking structure
SO(5)/S0(4) [36] incorporates only the Higgs-doublet as pNGBs, non-minimal realizations con-
tain additional particles which can also provide a solution to the DM puzzle [§]. If besides the
Higgs the enlarged symmetry breaking structure G/H gives rise to an additional pNGB y which
is a singlet under the SM gauge groups and stable, it constitutes a compelling WIMP DM
candidate.

Such a scenario was first explored in the SO(6)/SO(5) model [37], which contains the Higgs-
doublet H and a real scalar n as Goldstone bosons (GBs). The possibility that the real scalar
n can play the role of DM was extensively explored in [8,38]. In this setup the DM is stabilized
by an exact Zs symmetry P, : 7 — —n. Even though this is preserved by the two-derivative
Lagrangian it is not part of the symmetry of the strong sector, i.e. P, ¢ SO(6). This means
that P, can be violated at higher-derivative order, e.g. by a Wess-Zumino-Witten term which
appears in the model at four-derivative order with a UV dependent coefficient [37]. Thus one
is effectively forced to assume that the symmetry of the UV completion is larger and respects
0(6)/O(5) in order to ensure the stability of the DM.

However, an enlarged symmetry breaking structure can also provide a natural stabilization
mechanism. E.g. if the DM is a complex scalar charged under an exact U(1)py C H symmetry
in the unbroken subgroup of the strong sector, under which all SM particles are neutral, it
is automatically stable. This stabilization mechanism is UV-robust in the sense that any G-
invariant high-energy completion of the strong sector will automatically respect U(1)py. Such
a mechanism is realized e.g. in a model based on SO(7)/SO(6) which we will study in detail in
Chapter |4 The SO(7)/SO(6) coset contains in addition to the Higgs doublet two real scalars
n and k, which are singlets under the custodial SO(4) C SO(6). In addition to the custodial
SO(4) the unbroken SO(6) also possesses an SO(2) factor, i.e. SO(4) x SO(2) C SO(6), under
which 7 and & rotate into each other. Combining 1 and « into a complex scalar, we obtain a DM
candidate x which is charged under U(1)py ~ SO(2), thus implementing the above stabilization
mechanism.

Another appealing aspect of pPNGB DM in Composite Higgs models is that it is naturally
light and weakly coupled at low energies in the same way as the Higgs is and therefore an ideal
WIMP candidate. Its leading coupling to the SM is the derivative Higgs portal

1
12

originating from the non-linear sigma model Lagrangian of the GBs. This coupling has the

Oul H 0" |x?, (1.1)
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CHAPTER 1. MOTIVATION AND INTRODUCTION

advantage that it is extremely suppressed at small momentum transfer which characterizes DM-
nucleon scattering (|¢|/f? < (100 MeV)?/(1 TeV)? ~ 10~8), what makes it naturally compatible
with the strong exclusions from direct detection experiments. But at the same time the in-
teraction strength for DM annihilation is s/f? ~ 4m>2< /f? which is large enough to obtain the
observed relic abundance for weak scale DM. This feature is one of the reasons why pNGB DM
has received increasing attention lately [28,29}|3850] within the Composite Higgs framework
and in general.

However, explicit symmetry breaking effects can significantly change this simple and appeal-
ing picture. Some explicit breaking of the global Goldstone shift symmetry is in fact necessary to
generate a potential for the Higgs and Yukawa couplings of the Higgs to the elementary fermions
and a mass for the DM candidate x. This generically also introduces non-derivative couplings
of the DM to the SM and in particular the marginal Higgs porta]lﬂ

2N H*|x[?, (1.2)

which has been extensively studied in renormalizable scalar singlet DM models [51H53]. It is
well-known that WIMP DM which dominantly annihilates through the marginal Higgs portal is
mostly ruled out by direct detection (exceptions being the Higgs resonance region, or DM heav-
ier than a few TeV [54] or non-standard but motivated cosmological histories which can open
up large regions of parameter space [55]). This implies that in realistic models the marginal
Higgs portal coupling has to be suppressed in order to be not ruled out by direct detection.
Therefore one has to be as close as possible to the “Goldstone limit” which is characterized by
the derivative Higgs portal being the dominant coupling. In Chapter 4] we will demonstrate that
this limit can indeed be achieved in the SO(7)/SO(6) model.

We start this part of the thesis with an introduction to the theoretical backgrounds of
Composite Higgs models and DM in Chapter Chapter [3| discusses pNGB DM in general
and emphasizes some of its main features. In Chapter [4] we explore realistic pPNGB DM in the
SO(7)/SO(6) Composite Higgs model and identify scenarios which are close to the “Goldstone
limit”. Finally we present the results of our study of the derivative Higgs portal, the irreducible
feature of pNGB DM models, at present and future colliders in Chapter [} Chapters [3] and [4]
are based on [28,29], whereas the results of Chapter [5| were published in [31].

!Note that the more common normalization in marginal Higgs portal models is A|H|?|x|>. We will adopt this
normalization in Chapter [5] when we discuss collider constraints on the marginal and derivative Higgs portal.
However, in Chapter |3| and [4 we use the normalization in Eq. (1.2).
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Chapter 2

Composite Higgs and dark matter

In this chapter we lay the theoretical foundations for the remainder of this part of the thesis.
After a brief overview of the hierarchy problem in Section we present one of its most popular
solutions in Section[2.2} the Composite Higgs framework. Afterwards we discuss the second main
ingredient of this part of the thesis: dark matter. We start with a global picture of the DM
landscape in Section [2.3]and later focus on one particularly appealing DM candidate, the WIMP,
and introduce some fundamental concepts of WIMP DM in Section [2.4

2.1 The hierarchy problem

There are many equivalent ways to formulate the hierarchy problem (see e.g. [56,/57] for modern
essays on the topic and [58-60] for the original formulation). Here we will discuss a variation
based on the introduction of [61] which is a formulation that is deeply rooted in the EFT
interpretation of the SM.

The foundation of the hierarchy problem is the realization that the SM on its own is an
incomplete description of nature. For instance a consistent coupling to gravity is only possible
in terms of a low-energy expansion in powers of (E/Mp)), which breaks down for energies above
the Planck Mass F > (47)Mp;. This means that perturbative quantum gravity has to be
replaced by a more fundamental theory of quantum gravity with new degrees of freedom or
interactions at the latest at the Planck scale. Thus any computation within the SM is only
valid up to an energy scale Agyy < Mp; where new physics beyond the SM, which does not
necessarily have to be related to quantum gravity and might be located far below the Planck
scale, appears. This implies that the SM is nothing else but an EFT with a limited range of
validity and should, according to the EFT paradigm, not be truncated at the renormalizable
level. One should include all local and gauge invariant operators of arbitrary mass dimension d,
ie.

(d)
L=Lsm+ Z Z ng) i (2.1)

d—4"
d>4 1 ASM

where on dimensional grounds the higher dimensional operators are suppressed by the scale of
new physics Agy. The EFT interpretation nicely explains some further puzzles of the SM. The
five dimensional Weinberg operator for example introduces masses for the neutrinos. For an
order one operator coefficient the experimental value of m, ~ 0.1 eV hints to a suppression
scale of Agn ~ 10 GeV. Such a large scale of new physics would also explain why all low
energy observables are so far compatible with the renormalizable SM Lagrangian. The heavy
new physics assumption with a cutoff of the order of the GUT scale Agyp ~ Mgyt = 105 GeV

15
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Figure 2.1: Feynman diagrams contributing to the renormalization of the Higgs mass within
the SM.

therefore seems to be a plausible and well-motivated scenario. But is heavy new physics also
compatible with the renormalizable SM Lagrangian? Let us for the following assume that the
scale of new physics is Agm ~ Maur. The marginal couplings are not directly sensitive to Agym
but the SM also contains one relevant operator, the Higgs mass term. Applying the same logic
based on dimensional analysis, which led us to conclude that the d > 4 operators are highly
suppressed by the scale of new physics, we would expect the Higgs mass term to be of the size

cA3\HH . (2.2)

From measuring the Higgs mass we know that [p?| = m?%, /2 = (89 GeV)? < Mgy, ie. if new
physics appears at a high scale the coefficient ¢ = u? /MéUT ~ 10720 « 1 is unnaturally small.
The Hierarchy or Naturalness Problem can thus be phrased as the question why dimensional
analysis, which perfectly explains the suppression of higher dimensional operators, fails to predict
the order of magnitude of the Higgs mass. Why is there such a large hierarchy between the
electroweak and new physics scale, i.e. why is ¢ = u? /MéUT so small?

The small value of ¢ is even more puzzling when one considers loop corrections to the Higgs
mass term. The diagrams in Figure [2.1] with loops of Higgses, W and Z bosons and the top
quark modify the Higgs mass by

AZ 2 1
Ssmmay = —M [3 y? — 3 9 (1 + > — 3/\} : (2.3)

872 4 2 cos? 0,

The diagrams are quadratically divergent and are therefore sensitive to the scale of new physics,
i.e. to the cutoff of the theory. For Agy ~ Mgyt one would consequently need a cancelation
between the bare tree level Higgs mass term against the loop contributions of at least 24 digits in
order to obtain the observed Higgs mass mpy = 125 GeV. Such a cancelation would seem highly
unnatural! Note that the sensitivity to Agn is not merely an artefact of using a cutoff regulator
for the loop integral. A cutoff in the EFT language stands for a physical mass threshold such as
the mass of a heavy particle. Once these heavy degrees of freedom couple to the SM the Higgs
mass will be sensitive to the corresponding mass scale even in regularization schemes where
power law divergences are absent, such as dimensional regularization.

One could argue that only the renormalized Higgs mass is observable and is fixed to whatever
value we observe in experiments. This is certainly true at a technical level in the EF T framework
which should make sense without having exact knowledge of the UV, but the hierarchy problem
is actually a question about the nature of the UV completion that gives rise to the SMEFT. We
expect that the fundamental theory of electroweak symmetry breaking would predict the Higgs
mass in terms of its microscopic input parameters, similar to the Fermi constant Gr which can
be predicted in the theory of the weak interaction in terms of the weak coupling constant g,
and the W boson mass my. If this is the case the contributions to the Higgs mass can be
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2.2. COMPOSITE HIGGS

parameterized as [61]
2

S
m%*:/ dE "5 (B;p) (2.4)
0

dE

where the integral includes contributions to m?, from all energy scales. Splitting this up into
contributions from E < Agy, which are computable within the EFT, and BSM contributions
from E > Agy we obtain

Asm de [e’] dm2

wiy = [ A S B + [ dB T (Esp) = Sy + Sasmdy, (25)
0 dE Ast dFE

where 5SMm%{ is present in all theories that give rise to the SM and has the generic form

that is given by Eq. |D In order to obtain mlzq < A%M the completely unrelated 6BSMm%I

contribution has to cancel 6SMm%{ to great accuracy. The required fine-tuning can be quantified

in terms of ) )
dsmmiy Asm
A > ~ . 2.

- 2 <500 GeV (2:6)

My
Order one tuning therefore requires new physics at the TeV scale. New physics at higher scales
needs more tuning, which implies that even if we know the fundamental theory we have to
measure the input parameters to an equally large precision in order to obtain a prediction for
the Higgs mass.

Conceptually there is nothing wrong with a model that exhibits such a large tuning and it
could well be that the solution to the hierarchy problem turns out to be anthropic selection.
However, past experience tells us that nature tends to be natural and tuning often has some
deeper reason, such as symmetries or dynamic selection. For this reason we think it is worth
exploring models that aim to explain why the electroweak scale is as low as it is in a natural
way without fine-tuning.

2.2 Composite Higgs

The idea behind Composite Higgs models is very simple and dates back to the 1980s [62(-68|:
instead of an elementary particle the Higgs could be a composite object of finite size I, i.e.
the Higgs could be a bound state of a new strong sector which confines at the scale m, = 1/ly.
In the following we will first discuss the Composite Higgs framework in general before going
into more details concerning partial compositeness and the Goldstone Lagrangian. We conclude
this section with a presentation of the minimal Composite Higgs model based on the coset
SO(5)/S0O(4). For a pedagogic introduction to Composite Higgs models see [61,/69-71] and [35]
for a review. This section loosely follows and adopts the notation of [61].

2.2.1 The Composite Higgs framework

A composite Higgs naturally solves the Hierarchy problem. Its mass is screened from any energy
scales above the confinement scale m,. The confinement scale on the other hand is dynamically
generated by dimensional transmutation similar to the QCD scale Aqcp. In UV theories without
relevant operators, other than fermion mass terms, the running of the coupling constant g is
logarithmic and therefore has to run for an exponentially long time from a weakly coupled regime
at a high scale Ayy > m, until it reaches the strongly coupled regime at m, where it formally
diverges

o 1 bo < —872 >
Hon ) 8 e = Auv exp { Srr S ) 27)
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CHAPTER 2. COMPOSITE HIGGS AND DARK MATTER

Composite Sector Elementary Sector

b, Wy, B,
gsm

Figure 2.2: Structure of Composite Higgs models. The composite sector with confinement
scale m, and typical coupling of the resonances g, possesses a global symmetry G which is
spontaneously broken to a subgroup H which contains the electroweak gauge group of the SM
Gsm = SU(2)r xU(1)y. The Higgs is then identified with a SU(2), doublet of GBs in the coset
G/H. The global symmetry is explicitly broken by the couplings to the elementary sector, the
SM fermions and vectors. This explicit breaking generates the Higgs potential which eventually
breaks electroweak symmetry.

where by < 0 is the beta function coefficient for an asymptotically free theory. This naturally
generates an exponential hierarchy between m,, which is potentially at the TeV scale, and a
large UV scale such as Mp) or Mgyt and therefore solves the hierarchy problem.

If the Higgs is a bound state in a new strongly coupled sector its natural mass would be
mp ~ my or at most a factor of (47) below the confinement scale. This suggests that we need
my, = 1 TeV or lower in order to make the measured Higgs mass of my = 125 GeV natural.
However, this is problematic for two reasons:

i) In a generic strongly coupled theory the Higgs would be only one of many resonances
appearing at m,. But so far we have not observed any hints of new particles at the TeV
scale.

ii) At energies E' < m, the heavy resonances can be integrated out generating EFT operators
with suppression scale m,. EFT operators involving the electroweak sector suppressed by
a TeV scale cutoff are in conflict with electroweak precision observables.
This essentially forces us to take m, = 10 TeV which again introduces some degree of tuning
for the Higgs mass. This is often referred to as the little hierarchy problem.

Luckily we can turn to low energy QCD as inspiration for a solution. Composite scalars
can be naturally lighter than the other resonances if they are pNGBs of an approximate global
symmetry of the strong sector. In QCD the pions for example are the GBs of the approximate
chiral SU(2)r, x SU(2)r symmetry of the up and down quarks in the QCD Lagrangian which is
spontaneously broken to the vectorial combination SU(2);, x SU(2)r — SU(2)y by the chiral
condensate (Gq) A%CD. Consequently the pion mass is much lower than the confinement scale
my ~ 140 MeV <« AQCDEI

Finally the picture of Composite Higgs models emerges (see Figure : we assume that
there exists a new strong sector with a global symmetry G which is spontaneously broken to a
subgroup H when the strong sector confines at m,. This gives rise to dim G—dim H massless
GBs with symmetry breaking scale f which is much larger than the electroweak scale f > wv.

!The mass originates from the small explicit breaking of the chiral symmetry by the non-zero quark masses.
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2.2. COMPOSITE HIGGS

In order to obtain a phenomenologically viable Composite Higgs model this construction has to
satisfy the following additional constraints.

1. The electroweak gauge group of the SM Ggy = SU(2)r x U(1)y must be a symmetry
of the strong sector and must remain unbroken, i.e. Gsy C H, such that the SM gauge
bosons do not pick up TeV scale masses.

2. The coset G/H has to contain a SU(2), doublet of GBs which can be identified with the
Higgs boson.

Phenomenologically viable Composite Higgs models contain in addition to the composite sector
a sector of elementary particles with all SM fermions and gauge bosonsE| in complete analogy
to the elementary photon and leptons in low energy QCD. The SM particles do not fill full
G representations and therefore their coupling to the strong sector or respectively the partial
gauging of only the subgroup Gsy C G breaks G explicitly. This means that the Higgs is
no longer an exact GB and obtains a potential at the loop level, which triggers electroweak
symmetry breaking. The hierarchy between the electroweak scale v and the symmetry breaking
scale of the strong sector f is quantified in terms of the £ parameter

§= <;z> : (2.8)

which is determined by the orientation of the SU(2); x U(1)y w.r.t. the unbroken group in the
true vacuum. As we will see in the following the natural value is £ ~ 1, what requires some
tuning to generate a hierarchy between v and f.

2.2.2 Partial compositeness

Now that we know the general structure of the composite sector, it is time to discuss the couplings
of the elementary SM particles to the strong sector and in particular how the Yukawa couplings
are generated. The most straightforward way to introduce a Yukawa coupling in the UV theory
above the confinement scale is in terms of a bilinear quark operator coupled to a scalar operator
Og of the strong sector. For the third generation quarks this would be of the form

£1[1Jl};/ = Afi\t_qu(’)gtR + Aji\LQLOSbR + h.c., (2.9)
uv UV

where Ayvy is the cutoff of the strong sector theory and d is the mass dimension of Og, which
has the quantum numbers of the Higgs. In analogy to QCD Og can be realized as a bilinear
of techniquarks of the new strong sector Og ~ 1/_1331%1‘ which confines below m, and forms the
Higgs. Therefore the mass dimension of Qg is typically of the order d ~ 3. However, in this
approach it is hard to generate O(1) Yukawa couplings for the top quark. In order to see this
one has to evolve \;j, down to the confinement scale

d—1
M
Yeb = App(my) = )\t,b< > , (2.10)

where we assumed that the running is dominated by the canonical mass dimension. M;j is
defined at the UV scale Ayy and cannot be arbitrarily large without violating unitarity. It can
be shown that unitarity arguments for scalar operators also imply d — 1 > 0 which makes it

ZNote that the right-handed top can potentially be a composite particle of the strong sector.
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challenging to obtain O(1) Yukawa couplings if there is as anticipated a large hierarchy between
AUV and M.

A more solid solution is based on the partial compositeness idea introduced by Kaplan [72]
and later rediscovered for models of electroweak symmetry breaking in |73]. In the partial
compositeness scenario one assumes that the coupling to the strong sector is linear and of the
following form \ \

Loy = ﬁ@og + ﬁmoﬁ +..., (2.11)
uv uv
where (’)?/ R are fermionic operators of the strong sector. These couplings will lead to mixing of
the SM fermions with composite resonances in the IR. Here the situation is improved since uni-
tarity bounds for fermionic operators only require dr g > 3 /2, such that an operator dimension
of dy /g ~ 5/2 allows )\, ;. to stay sizable in the IR

T > , (2.12)

)\tL7tR (m*) = )\tLatR <AUV

which will be able to generate the O(1) top Yukawa coupling. Note that this can also provide an
explanation for the hierarchy of Yukawa couplings. Each quark flavor ¢; couples to a different
composite operator OqLi/ B If the operators for the lighter quarks have a dimension dy g > 5/2
their Yukawa couplings are suppressed by powers of (m./Ayy) and for a large enough hierarchy
between m, and Ayy already a small change in d,/g can cause a huge suppression.

As we already mentioned before, once the strong sector confines the composite operators
(9]%/ r generate fermionic resonances of typical mass m, from the vacuum. These fermionic
resonances need to have the same SM quantum numbers as the SM fermions they couple to and
are usually referred to as their partners. This implies e.g. that the quark partners have to be
colored. Let us now discuss what this implies for the top sector. The situation is completely
analogous for all other SM fermions. Below the confinement scale OqL and OF interpolate
multiplets of vector-like fermionic resonances, the top partners, which we will denote by @ and
T with <0|O§|Q> # 0 and (0|OF|T) # 0. Therefore at low energies the interaction Lagrangian
in Eq. together with the mass terms for the composite resonances schematically takes the
form

L A A _
LR — —m (QQ +TT) — gtL ma(GLQ + hoc.) — ZE2m,((gT + h.c.), (2.13)

* *

where we inserted the typical coupling of the composite resonances g, for dimensional reasons.
At tr are understood to be to be taken at the IR scale m.. Eq. induces a mixing between
the elementary top quark and its partners such that the observable top quark, just like any other
SM fermion, is a linear combination of elementary and composite degrees of freedom

|physical ferminon) = cos f |elementary ferminon) + sin # |composite resonance) (2.14)

and thus partially composite, hence the name partial compositeness. Eq. (2.13) generates a
mixing angle of the size

Y A
sinfy = —— ~ =, i=15,ig, (2.15)

JoRex o

where we assumed in the last step that the typical coupling of the composite resonances is large,
ie. g« > A jtp- sinfp g is a measure for the amount of compositeness of a fermion and is
often called the compositeness fraction €;,p = sinf;,r. The top partners couple to further
resonances, among others the pNGB Higgs, with coupling strength g,. This means that also the
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physical top quark talks to the Higgs via its mixing with the top partners. Thus the size of the
Yukawa couplings can be estimated to be

Aty Atg

*

Yt = g« Sinby, sinfy,, ~ (2.16)
In this picture lighter fermions are less composite, i.e. they have a smaller mixing angle with
their composite partners.

2.2.3 Higgs potential and power counting

An important assumption of Composite Higgs models is that all the breaking of the global
symmetry G stems from the couplings with the elementary sector. The elementary sector
possesses only a Ggy = SU(2)p x U(1)y symmetry, such that the couplings explicitly break
GxSU2)LxU(1)y = [SU(2)rxU(1)y]diag to the diagonal combination of the elementary sector
Ggy and the Ggy € H. The gauge sector accomplishes this by only gauging the SU(2)r xU(1)y
subgroup of G. In the fermion sector the linear couplings in Eq. break the symmetry
since the composite resonances come in full G representations, whereas the SM fermions only fill
incomplete G multiplets. Due to this explicit breaking of the symmetry the Higgs is no longer
an exact GB and obtains a potential at the loop level which is schematically of the form

V(H) ~ —p?|H> + \H|*. (2.17)
The size of the coefficients can be easily estimated by naive dimensional analysis (NDA) and by
including the spurions of the symmetry breaking, i.e. the SM couplings
2

2 ggM 2 9% 2
~ >\ ~ * . 2.18
H 1672 my, 1672 gsm ( )

These estimates imply that the natural values for the electroweak scale and the Higgs mass are

e
g«

L RV L s (2.19)
4

While the Higgs mass is naturally light, its VEV is naturally of the same size as the symmetry
breaking scale of the strong sector. However, electroweak precision tests require that f > 3w,
such that some tuning is required, which we can quantify with the £ parameter defined in
Eq. . Let us add a few more comments about the estimate of the Higgs potential parameters.
Eq. shows that the largest contribution to the potential comes from the top sector since
it has the largest couplings. For this reason contributions from first and second generation
quarks as well as the leptons are usually neglected. The contribution from the gauge sector
can be important as well even though it seems to be suppressed by the weak gauge coupling.
The reason for this is that the strong sector vector resonances which cut off the quadratic
divergence and whose mass m, enters instead of m, in Eq. are stronger constrained than
the fermionic partners and must have masses of m, 2 3 TeV, compared to m, 2 1 TeV for
the top partners. Besides the gauge sector typically contributes with negative sign to p? and
therefore stabilize the electroweak symmetry in contrast to the fermionic contributions which
are destabilizing. Thus including the gauge contributions can reduce the residual tuning in the
potential.

Before we go on and discuss the Goldstone Lagrangian let us shortly comment on the power
counting and dimensional analysis in Composite Higgs models. The usual assumption is that
the strong sector can be characterized by one scale and one coupling, i.e. the typical mass of
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the composite resonances m, and their typical coupling g.. The symmetry breaking scale f
is strictly speaking not an energy scale. It has the dimensions of a scalar vacuum expectation
value (VEV) and is simply the normalization of the GBs in the non-linear sigma model. In the
one scale and one coupling hypothesis the relation to m. and g, is fixed by dimensional analysis
as we will see in the following

My = guf . (2.20)

But dimensional analysis can do even more. With its help we can estimate the natural size of
EFT operator coefficients. However, the real power of dimensional analysis only manifests itself

if one reintroduces units of energy F, length L and time 7T, s.t. the Lagrangian has dimensions

of
FB1 h
[£] = L4 _[Ll’

where we used that [A] = ET. With the convention z* = (ct, z1,z2,z3) we see that [9,] = L.
Using this we can easily find the dimensions of canonically normalized scalar, fermion and vector
fields from their kinetic terms

(2.21)

(o >
9 =A== Wl="155- (2.22)
This also implies that in these units a particle mass or a general mass scale has dimensions
of [m] = [m] = L~!. In natural units with A = ¢ = 1 couplings are dimensionless but by
examining gauge and Yukawa interaction in this units we find that both couplings actually
carry dimensions of [g] = [y] = [A]~'/2. Note that quartic scalar couplings scale as (coupling)?,
i.e. [\] = [¢g]>. With this information we can express the units of all quantum fields in terms of
mass and coupling units
[m] [m]*/2
(6] =T[4 =", []= (2.23)
Tl 9]

Now we can finally appreciate the difference between a scalar VEV like f and a mass scale
like m, and understand the relation in Eq. . Note that loop corrections come with an
additional factor of A which we can absorb into the loop factor 1/(47)? in natural units, s.t.
factors of (4m) formally scale like a coupling constant [(47)] = [g].

In a theory with only one coupling and one scale we can use g, and m, to form dimensionless
field variables ¢, 1), Au and dimensionless derivatives éu with

- g . X X WA s 0
¢:9@ ¢:9$,,%=245 Oy = —, (2.24)
e

My My e

such that we can write the Lagrangian as

~

L(g, 0, Ay). (2.25)

m

L
g2

In order to extend the power counting to elementary fields we have to normalize the fields with
the couplings through which they talk to the strong sector, for example the gauge coupling ¢ for
the gauge ﬁeldsﬂ With this we can write the tree level power counting rule in all generality as

E—miﬁ Oy g1l gio gV gA, XY

L 2.26)
2 ) ) ) ) ) ) (
gz Lma’ ma om0 my 302

3Note that this approach does not give the correct normalization for the kinetic terms of the elementary fields.
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where II, o, ¥ are composite sector pNGBs, scalar resonances and fermionic resonances, respec-
tively, whereas A, and 1) are elementary gauge fields and fermions with their corresponding
gauge coupling g and linear coupling to the fermionic partners A. The generalization to loop
effects is straightforward.

2.2.4 Goldstone Lagrangian in coset construction

One of the key ingredients of Composite Higgs models is the pNGB nature of the Higgs. In
order to describe its dynamics we have to discuss how one can construct the GB Lagrangian. As
was found by Callan, Coleman, Wess and Zumino (CCWZ) [74,(75] there is not much freedom
in constructing the Lagrangian. Already the knowledge of the coset G/H completely fixes the
Goldstone interactions due to the non-linear realization of the symmetry. The so called coset
construction or CCWZ framework also provides a systematic way to couple the Goldstones to
matter fields. In this section we will introduce the basics of the coset construction which are
needed for Composite Higgs models. For a pedagogic introduction see the respective chapters
in [61,/69]. The following discussion will mostly follow [61].

Let us consider a theory which is invariant under the global action of a compact Lie group G,
which is spontaneously broken to a subgroup A C G. This implies the existence of dim G - dim
‘H massless GBs, one for each broken generator. It is instructive to assume that the symmetry
is broken by the VEV of a scalar field ®(z) which transforms linearly under G

o(z) & g 0(x), (2.27)

where g = exp(ia4T*) stands for a generic G element in a linear representation. T4 = {T%, X}
are the generators of G with 7% being the unbroken and X® the broken generators. In the fol-
lowing we will assume the normalization Tr[T ATB | = 648 The statement that the symmetry
is broken by the scalar VEV means that (®) is only invariant under h = exp(icgT?) € H trans-
formations, whereas exp(ic,X®) € G/H transformations rotate the scalar vacuum (®) into a
degenerate but non-identical vacuum (®). The vacuum manifold can therefore be identified with
the coset space G/H, i.e. any point on the vacuum manifold can be reached by a transformation

Ula] € G/HY with transformation parameters e acting on the VEV, i.e.
Ula] (®) = X" (@) . (2.28)

The movement on the vacuum manifold, i.e. the flat directions of the scalar potential, can be
interpreted as massless degrees of freedom, i.e. the GBs. Therefore it is natural to parameterize
the GBs as fluctuations along the flat directions of the potential, or equivalently along the bro-
ken generators. This can be easily achieved by promoting the parameters a in the definition of
Ula] to dynamical fields, i.e. o — v/27m(x)/f, where we also introduced a factor of /2 for nor-
malization reasons and the symmetry breaking scale f to make the ratio 7w(z)/f dimensionless.

The resulting GB matrix U|r]
V2

Uln] = &7 T (2.29)
is therefore a non-linear parameterization of the GBs.
Before we can construct a G invariant Lagrangian for the GBs we have to figure out how
they transform under G transformations. In order to do so we act with a G transformation on
the parameterization of the vacuum manifold in Eq. (2.28)

Uln] (@) & g-Ur)(@) = U |79 (@), (2.30)

“Note that U[rw] is just one representative element of an equivalence class in G/H, i.e. it is only uniquely
defined up to an H element acting on it from the right.
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where we implicitly defined the transformed GB fields. Note that this implicit definition is
always valid since G is a symmetry of the theory and therefore can only rotate the vacuum
but we can never depart from the vacuum manifold. The transformation of the GBs is highly
non-linear and complicated, but it will turn out that the transformation of U[=] is simple. In
order to see this one can use the fact that there is a unique decomposition for any global or local
group element g = exp(iasT4) € G of the form

g= gioaT? _ cifa()X® | pifa(@)T iy gifa(@)X® o G/H, eifa(@)T? o H, (2.31)
where f(«) is in general a non-linear function. Applying this to U[w| we obtain
g-Ulm] = U[x9] - hfm;g], (2:32)

where h[mr;g] is a local w dependent H element whose exact form can be obtained from the
decomposition in Eq. (2.31]) which will however not be important for the following discussion.
Solving this for U[m(9)] we find for the transformed GB matrix

Ulr9] = g-Uln] - b~ [m; g]. (2.33)

This implies that even though the transformation of the GBs is non-linear, the GB matrix U]
transforms linearly. Therefore it is more convenient to work with Ul[r] instead of the GBs
directly.

It is also instructive to discuss the transformation behavior of the GBs under the unbroken
symmetry H which will turn out to be linear. This can be easily derived from the decomposition
of the Lie algebra of G into broken and unbroken generatorg|

[T%, TP = i f® T¢ = T%(t24,)e" (2.34)
[T% X" =i f% X = X(t2).", (2.35)
(X9, XY = fo.T¢ i f° X¢, (2.36)

where fAB o are the G structure constants. In Eq. we identified the structure constants
with the adjoint representation tgdj of H. The matrices t& in Eq. form another H
representation in which the GBs transform. It can be identified from the decomposition of the
adjoint representation of G under H

For the symmetry breaking structure SO(N+1)/SO(N), which we will consider in the following,
r, is the fundamental representation of SO(NN), i.e. r; = N.

Any invariant that you can form of the GB matrix alone is of the form Tr[(U~1U)"], which
is independent of the Goldstone fields. This is just another way of saying that the Goldstone
fields have a flat potential. In order to get non-trivial Goldstone interactions we have to in-
troduce derivatives. But this introduces a further complication: 9,U does no longer transform
linearly since h~![m; g] in Eq. is a local H element. However, it is still possible to find
building blocks which transform linearly. These are the d, ; and e, , symbols which are the two
fundamental quantities in the CCWZ formalism. They are obtained from the projection of the
Maurer-Cartan form on the broken and unbroken generators respectively

U[ﬂ-]_liauU[ﬂ'] =dyo X" + eu,&Td =dy,t+ey,. (2.38)

®Note that in symmetric cosets, such as e.g. SO(N +1)/SO(N), f* . = 0. This implies an algebra automor-
phism X — —X which is associated with a Zy symmetry of the GBs.
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2.2. COMPOSITE HIGGS

Under a global G transformation the Maurer-Cartan form transforms as
Ulw] Y0, U] L hlm; g] - (U[n]~ Y0, U[r] +140,) b~ [m; g]. (2.39)

Note that ih[m;g]d,h~![m;g] is an element of the Lie algebra of the subgroup H and does
therefore only decompose into 7% generators. This implies that this shift transformation can
be entirely attributed to e,. We thus find the following transformation behavior of d, and e,
under G transformations.

geg

dy, == h[m;g]-d, - b tm, g], (2.40)

eu 989, him; gl - (ey +1i0,) - ht[m,g]. (2.41)

If written in components we see that d,, 5 transforms like the GB fields in the r; representation,
i.e.

dy, % (he, 75 9))5 Y, (2.42)

where hy_[7;g] € H is a genuine H transformation, which if embedded in G coincides with the
hlm; g] of Egs. and (2.41)). Also note that e, , transforms like a gauge field of a local
symmetry and in complete analogy with gauge fields one can define a field strength built out of
e, which transforms linearly (see e.g. [61] for more details).

With the introduction of the d,, and e, symbols we have reduced the problem of finding G
invariants of the GB field and its derivatives to finding invariants of a local H symmetry built
out of the linearly transforming building blocks d,, and e,. At leading order in derivatives there
is only one term that we can write down

2 2
Ly — f f

Tr[dyd"] = 7 dyod™?, (2.43)

where the factor of f2/4 is needed to obtain a canonically normalized kinetic term for the GBs.

Now that we know how to construct pure Goldstone Lagrangians, the next step is to add
matter fields to the picture. Let us start with vector fields A,. We will assume that A, = AATA
is the gauge field that is obtained from gauging the Whole group QH The simplest way to
include gauge fields in the construction, i.e. to extend it to local G transformations, is to do
a minimal substitution and replace the derivative in Eq. by a covariant derivative, i.e.

Oy — D,, = 0, — 1A, where we take the gauge coupling to be absorbed in the gauge field. Due
to the transformation behavior of gauge fields under local G transformations

Ay = AATA 2, 0y (A, +i0,) g(2) (2.44)

the transformation property of the gauged Maurar-Cartan form is identical to Eq. (2.39)). This
means that we can in the same way define d, and e, symbols that have the transformation
property of Egs. (2.40) and (2.41]) and include the coupling of the GBs to gauge fields

U[ﬂ-]il (ia,u + Au) U[ﬂ'] = du,aXa + eu,sz& . (2.45)

A partial gauging of G explicitly breaks the global symmetry such that the GBs are in general only pNGBs.
The effects of the explicit breaking can nonetheless be included in a consistent way by formally gauging the full
group and treating A, as a spurion. In the end one simply sets to zero all fields along ungaged generators, i.e. for
the SM electroweak group SU(2)L x U(1)y C G one makes the substitution A, — ASM = gWirTL + ¢’ B, TR,
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CHAPTER 2. COMPOSITE HIGGS AND DARK MATTER

The CCWZ framework also allows to construct interactions with matter fields, which we will
take to be fermions in the following. These fermions can be taken to transform in irreducible
representations ry of the unbroken group HE ie.

VAR (P [7; g]); (2R (2.46)

With this transformation behavior we can construct G-invariant operators, i.e. operators which
are invariant under local H transformations in this language, using the d,, and e, symbols. At
lowest order in derivatives the Lagrangian for a fermion resonance ¥ with mass M is given by

L;=i0VV - MUV, (2.47)

where the covariant derivative V, has to be constructed using the e, symbol to maintain local
‘H invariance

v, U= <a# R (tffﬂ);) o, (2.48)

Through the e, symbol the fermion resonances have interactions with the GBs and the gauge
fields. Couplings to the elementary fermions are again obtained with the spurion approach, i.e.
by embedding the elementary fermions into incomplete H representations and treating them as
if they transform under the full group.

2.2.5 Minimal Composite Higgs model

With the theoretical background of the previous sections we are now ready to discuss some
properties of the minimal Composite Higgs model (MCHM) based on the symmetry breaking
structure SO(5) x U(1)x — SO(4) x U(1)x [36[76)f] The additional U(1)x is needed to
obtain the correct hypercharges for the SM fermions. We embed the electroweak gauge group
SU(2)r, x U(1l)y into SO(4) x U(1)x. SU(2)r is embedded into the SU(2); of the group
isomorphism SO(4) ~ SU(2)r, x SU(2)r and the hypercharge is identified as the combination
Y = T3 + X, where X is the charge under U(1)x and T3 is the embedding of the SU(2)

3

generator 2= into SU(2)g. Using the explicit form of the SO(5) generators TA = {1, T8, X}

-
i [1

(T8 R)1y = -3 560‘57(5?5} —6067) £ (8354 — 6561 | a=1,23, (2.49)

X0, = — L (5955 —695%),  a=1,...,4, (2.50)

V2

where capital letters I, J =1,...,5 denote SO(5) and small letters a = 1,...,4 SO(4) indices,
we can compute the GB matrix U[mw] for the dim SO(5)/S0O(4) = 4 GBs 7,

V3 ya
U[ﬂ']:elTQ”“X = , m=Vrln. (2.51)

T .
1, — (1 — cos %) T sm%
T

s
COos
f

"The matter fields actually transform linearly in full G representation, i.e. 1) — ¢ -1. However, this can be
recast into a linear transformation under the local H subgroup by multiplying v with the GB matrix, i.e. U[w]™ '
schematically transforms as U[w] ™' — h[m; g)U[w] " *4. h[m;g] is in general a reducible H representation which
can be decomposed into rg.

8Note that this is the minimal symmetry breaking structure that includes the custodial group SO(4) ~
SU(2)r x SU(2)r in H to protect the p parameter. The minimal model containing the Higgs as a Goldstone
is based on the symmetry breaking structure SU(3)/[SU(2)r x U(1)y]. However, this model predicts O(v?/f?)
corrections to the p parameter, which would require an abnormally large f in order not to be in conflict with
experiments.
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2.2. COMPOSITE HIGGS

The GBs transform as a bifundamental (2,2) of SU(2);, x SU(2)g and therefore have the right
quantum numbers to be identified with the Higgs doublet H = (hy, hg)T via

1
w = — (—ilhy— h%), hu+hs, i(ha—h3), ha+h3)". (2.52)
V2
The explicit form of the GB matrix in Eq. (2.51]) allows us to determine the d,, and e, symbols
via the Maurer-Cartan form

Uln] ! (i0, — gWSTE — ¢ B Ti)U[w] = di X + 4T, (2.53)

where g and ¢’ are the SU(2); and U(1)y gauge couplingsﬂ The leading two-derivative La-
grangian for the GBs in unitary gauge H = %(07 h)T is then given by
f2

2
Ly = "rdyed"" = (a h)? + L gin? <\W \2+122), (2.54)

4

where ¢,, = cosf,, is the cosine of the weak mixing angle which is given by tan6,, = ¢’/g. The
last term fixes (h) in terms of the measured electroweak scale v
2. 2 ()
f*sin 7 v? > (246 GeV)?. (2.55)

Note that the non-linear dependence on the Higgs field modifies the Higgs couplings to the
vector bosons w.r.t. their SM values when we expand around (h)

e
Z_ sin? (]W \2+Z2> =

w,|? 22121h12h2 2.56
1 (\ |+— >[+ _€E+(_§)ﬁ+”"(')

The modification of Higgs couplings is a generic prediction of all Composite Higgs Models.
Note that the deviation of the couplings from their SM values can be made arbitrarily small by
increasing f at the cost of additional tuning in the Higgs potential.

Let us now turn to the elementary fermions. We will only consider the top sector since it
gives the largest contribution to the Higgs potential. As was discussed in Section[2.2.2] we assume
that the elementary fermions couple linearly to the SO(5) invariant strong sector. In order to
construct these couplings we have to specify the SO(5) representation into which we embed
the elementary fermions. The choice of embedding is in principle arbitrary and among others
embeddings of gz, tr into 493, 5/3,105/3, 1493, ... (MCHMy, MCHMs, . ..) of SO(5)/(1), have
been discussed. Usually one chooses one of the smallest representation. However, the minimal
choice here, i.e. embedding ¢y, in the spinorial 4,/3 representation, results in large corrections
to the Zbp by, coupling which is in tension with electroweak precision tests. It turns out that
large corrections to Zbybr, can be evaded by embedding ¢, in a representation which is invariant
under SU(2)r, «» SU(2)gr [77]. The minimal choice which satisfies this requirement is the
fundamental representation of SO(5) which decomposes into 55/3 = (2,2)/3 @ (1,1)2/3 under
(SU(2)xSU(2)Rr)u(1)x - Both gz and tg can therefore be embedded into the 5 /3 representation,
qr in the (2,2)y/3 part and tg in the (1,1)y/3 part. In the following we will consider this
embedding which has the explicit form

EL = \}5 (ibLa bL7 itLa _tLa O)T ) é'R = (0’ 0’ 0’ O’ tR)

. (2.57)

9Note that once we introduce composite vector resonances the gauge fields mix with them, s.t. the elementary
W and B fields above and the bare couplings g and g’ are not the physically observable fields and couplings.
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Since the fundamental of SO(5) decomposes as 59/3 = 45/3 @ 15,3 under SO(4) x U(1)x,
we consider top partners ) and S in the fundamental and singlet representations of SO(4),
respectively. The explicit expression of the fundamental is

1 . . . .
Q=1 (iB—iXss3, B+ Xsjs, iT +iXqs, —T+ Xos3)" . (2.58)
The doublet (T, B)" transforms as 2; 5 under (SU(2)r)y, and therefore has the same quantum
numbers as qr, whereas the exotic doublet (X33, X5 /3)T ~ 27,6 contains an exotic fermion
with electric charge equal to 5/3. The most general fermionic Lagrangian including one layer of
resonances () and S at leading order is of the form

Ly = iqrPqr + itpPtr + Q (Zw +¢— mQ) Q+S (ZID — mg) S

AU AQf AU QR cAUA5S A UasSR +h (259
+ €0 ERUAQT] + €90 ELUaaQ R + €15 ERUAsSL + €45 EUas SR + hec,,

where we used that {7 /p dressed with the GB matrix formally transform in SO(4)y (1), rep-
resentations with U;jgf/R ~ 453 and UgAlﬁf/R ~ 15/3. The € coefficients are free parameters
which control the breaking of the G symmetry and will eventually be fixed by the top mass and
the Higgs potential parameters. When expanding @ in terms of its components one sees that
before EWSB (7', B) mixes with (¢7,br) and S with ¢g, generating the top Yukawa coupling.
In general one expects that there is more than only one layer of fermionic resonances and in
principle any H representation can be present. It will turn out that one needs at least two layers
of resonances to cancel the quadratic divergences in the Higgs potential. We will turn to specific
models later but for now we will assume that all resonances are heavy so that we can integrate
them out. We then parameterize our ignorance of the strong sector resonances in non-local form
factors in an effective fermion Lagrangian in momentum space

i =& p (0ap L, + UasUsp 11, ) €F + € p (045 R, (p?) + UasUsp IR, ) €5
+ My £ UssUz g €R + hec.
=g brpbr + 1y trptr + Urtrptr — Urg (frtr + hec.), (2.60)
with the Higgs dependent form factors

2
S SKHC
HL:HLO‘F?hHLl, HR:HR0+C%LHR1a HLR: ﬂMt, (2.61)

V2

where we use the abbreviations s, = sinh/f and ¢;, = cos h/f. The momentum dependent form
factors IT; = I1;(p?) and M; = M, (p?) are obtained by integrating out the fermion resonances in
a specific model. Note that Eq. (2.60) also fixes the top mass

II7,r(0)

AL (VTR (0)

From Eq. (2.60) we can also compute the one-loop contribution to the Coleman-Weinberg
effective Higgs potential 78]

(2.62)

h=(h)

d*p 2 2
) log (p*T IR + [LR|?) - (2.63)

Vi(h) = —2N, / 5

The Higgs potential also receives contributions from the gauge sector. In order to compute these
contributions we can proceed in the same way as for the fermionic sector, i.e. we construct the
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most general Lagrangian of the gauge fields at the two derivative level and parameterize the
contributions of composite sector resonances in form factor

| p¥
Ly =2 (gW - p]Tf) (2L W, W, + Mgz W2WS + UppB,B, + 2AL35W2B,) . (2.64)

We will discuss the derivation of the form factor in more detail in a later section. Starting from
this Lagrangian we obtain the gauge contributions to the one-loop effective potential

4
V() = ;/(;7334 log [I13 _(Is3llpp — 1135)] | (2.65)

where the form factors again depend on the Higgs field. Expanding Eqs. (2.63) and (2.65]) in
the Higgs field one obtains a potential of the form

V(h) = asin® h + Bsin’ h , (2.66)
/ /
which has the minimum
. h) o 0*V 843
s1n2<—: =——, m? = — = ——£(1-¢). 2.67

As we have already mentioned earlier in order to generate £ < 1 one has to tune a and 5.

Let us finally comment on the cancelation of divergences in the Higgs potential. In an
explicit model one would like to have a finite or at most logarithmically divergent potential.
This requires that the form factors II;(—p%) vanish fast enough for p% — co. One approach to
achieve this is to write down the most general theory possible and make the finiteness of the
potential a constraint on the free parameters of the theory using Weinberg sum rules [79-81].
For example the contribution to « in the Higgs potential will be of the form

o- / " g v F0: (o)), (2.68)
0

where f is a function of the form factors and therefore implicitly depends on the parameters of
the full model which we denote by {«;}. In order for this to be finite one has to impose that

Jm g f (g {ai}) = 0, (2.69)

= o

Jm v f(0h; {ei}) = 0, (2.70)
B o.]

where the first constraint cancels the quadratic and the second the logarithmic divergences.
These sum rules have to be understood as constraints on the {a;} and they can be used in
a similar way to remove the divergences for 5. Typically the sum rules are applied to the
gauge and fermion sector independently. Instead of using the Weinberg sum rules one can work
e.g. in multi-site models [82,83] which implement collective-breaking to cancel the quadratic
divergences. These are inspired by holographic Composite Higgs models [36},76], which feature
a calculable Higgs potential, and the idea of dimensional deconstruction.

29



CHAPTER 2. COMPOSITE HIGGS AND DARK MATTER

2.3 Dark matter

The first solid hints of DM were already found in the 1930s by Fritz Zwicky [4]. In a study
of the velocity dispersion in the Coma cluster he realized that the velocities of several galaxies
are too large to be supported by the visible matter alone and suggested the presence of a large
amount of non-luminous dark matter.

Another essential piece of evidence to establish the existence of an invisible matter component
are the famous galactic rotation curves starting with the ground breaking work by Rubin and
Ford in the 1970s [84}85]. They mapped the rotational velocity of stars in several galaxies as a
function of their distance to the galactic center. Newtonian dynamics dictates that the circular
velocity is determined by the distance to the center r and the enclosed mass in the orbit M (r)

M)

v(r) o«

For orbits which extend beyond the Galactic disk the enclosed mass should approximately stay
constant, implying a decreasing circular velocity v(r) o r~1/2. However, Rubin and Ford found
a flattening of the rotation curves v(r) beyond the visible part of the galactic disk. Therefore
if one assumes that Newtonian dynamics is correctIE an additional invisible matter component
is needed, which extends far beyond the visible galaxy. This observation has subsequently been
confirmed in many more galaxies (see e.g. [89]).

Since the 1970s we have collected a considerable amount of evidence for DM on many scales.
On galactic scales the rotation curves have been supplemented by data from weak and strong
lensing and the observation of the bullet cluster [90], which is naturally explained by collisionless
DM. Additionally data from big bang nucleosynthesis (BBN), large scale structure and the CMB
are naturally compatible with the ACDM model of cosmologylﬂ

The present-day relic abundance of cold DM can be determined from a fit to CMB data. The
latest measurement by the Planck collaboration [92] reports the relic abundance at an impressive
precision

(2.71)

Q.h? = 0.120 + 0.001 , (2.72)

where h is the reduced Hubble constant which is related to the expansion rate of the universe
via Hy = h - 100 km/s/Mpc. €. is the ratio of the cold DM energy density and the critical
energy density of the universe puit = 3 H3/(87G) with G being the gravitational constant.
Using h = 0.674 4+ 0.005 [92] we conclude that . ~ 0.26, i.e. roughly one fourth of the total
energy density of the universe consists of cold DM. This is about six times as much as the visible
baryonic matter in the universe whose abundance is given by €,h? = 0.0224 & 0.0001 [92].
Despite the plethora of evidence for the existence of DM we know very little about its nature.
There is a multitude of possible scenarios ranging from ultralight bosonic fields to heavy compact
objects, such as primordial black holes (see [93-95] and references therein for an overview of DM
models). Figure which is a modified version of Figure 3 in [95], gives a broad overview of the
DM model landscape organized according to the mass of the DM candidate. There are very few
constraints on the DM mass which is why the proposed scenarios span many orders of magnitude.

OTnstead of postulating the existence of a DM component the rotation curves can also be explained by modifying
gravity on galactic scales [86,87|] (generally referred to as Modified Newtonian Dynamics — MOND). While this
can explain flat rotation curves it to date lacks a compelling embedding into a general theory of gravity and needs
additional matter to explain the observation of the bullet cluster. Besides MOND without additional matter is
strongly disfavored by cosmic microwave background (CMB) and large scale structure data. See [88] for a recent
study.

"The ACDM (Lambda Cold Dark Matter) model assumes a Robertson-Walker universe filled with a cosmo-
logical constant, cold DM and ordinary matter. See e.g. [91] for a pedagogic introduction.

30



2.4. WIMP DARK MATTER

unitarity limit
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non-thermal bosons can be thermal thermal production

Figure 2.3: Overview of the DM model landscape, ranging from ultralight particle DM to
primordial black holes. This Figure is a modified version of Figure 3 in [95].

Bosonic DM can be as light as 10722 eV with the lower bound mpy; = 10722 eV originating from
studies of the Lyman-« forest and dwarf galaxies [9697], roughly by requiring that the de-Broglie
wavelength fits into dwarf galaxies. Such ultralight DM, which among others also includes the
QCD axion as DM candidate, behaves as a classical field. The lower mass bound for fermionic
DM is more stringent mpy 2 O(100) eV and is due to the Pauli exclusion principle [98,99]. On
the other end of the scale the DM mass is bound from above by the least massive DM halo of
observed galaxies which is of the order 10° — 10% M. While compact massive objects such as
boson [100] or axion stars [101] are consistent with such large masses, there are stronger bounds
on primordial black holes (see |[102,|103] for reviews on the topic). A particularly interesting
mass region is mpy ~ 1 keV — 100 TeV where the DM could have been in thermal equilibrium
with the SM. This scenario is appealing since it is independent of initial conditions and mimics
the dynamical mechanism by which the relic abundances of SM particles were set. Lighter DM
cannot have been in thermal equilibrium with the SM during freeze-out as it would still have
been relativistic and thus washed out density perturbations and dampened the matter power
spectrum. This so-called warm DM scenario is tightly constrained by Lyman-a data [1045107].
Thermal DM also cannot be too heavy, since the observed relic abundance requires couplings
which violate perturbative unitarity for DM masses mpy 2 100 TeV [108].

Even though the WIMP is only a small fraction of the possible landscape of DM models,
as can be seen in Figure it remains one of the most popular and well-studied DM scenar-
ios. There is an immense ongoing experimental effort to detect WIMP DM directly in elastic
scattering on nuclei or at colliders or indirectly from present-day annihilations.

2.4 WIMP dark matter

WIMPs are one of the most popular DM candidates with masses ranging from mpy ~ 1 GeV —
100 GeV (see Figure and weak couplings to the SM. What makes the WIMP scenario so
appealing is the fact that the couplings to the SM keep the DM in thermal equilibrium with the
SM bath in the early universe, thus washing out any arbitrary initial conditions. The present-
day relic abundance is then set by the coupling strength to the SM which determines when the
DM abundance freezes out.

Before discussing WIMP DM in non-minimal Composite Higgs models we will introduce the
basic concepts and tools in this section. We start with a short exposition to thermodynamics
in an expanding Friedmann-Lemaitre-Robertson-Walker (FLRW) universe in Section be-
fore discussing the freeze-out mechanism in Section [2.4.2] Finally we shortly describe how to
determine elastic scattering cross-sections of DM on nuclei. For a more thorough introduction
to cosmology or thermodynamics in an expanding universe we refer the reader to the classic
textbooks [91},/109,110]. For a DM centered presentation see [94,(95,/111].
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2.4.1 Thermodynamics in an expanding universe

At large scales the universe is homogeneous and isotropic, which is well described by the FLRW
metric
dr?

1- ki
where a(t) is the so-called scale factor parameterizing the expansion of the universe and k =
—1,0,+1 correspond to a closed, flat and open universe with intrinsic curvature scale R, re-
spectively. It turns out that our universe is approximation flat, s.t. we can take k£ = 0 with
a dimensionless scale factor which can be normalized to a(ty) = 1. The evolution of the scale
factor is governed by the Friedmann Equation, the covariant conservation of the energy momen-
tum tensor V,T"” = 0 and the equation of state for the matter in the universe. This set of
equations can be written as

ds® = dt* — a2(t)( + r2d92> , (2.73)

. 2 .
a 1 . a

H2—<> =—>, p+3=(p+p)=0, p=uwp, (2.74)
a 3 a

where H is the Hubble parameter, p the energy density, p the pressure and a dot denotes the

derivative w.r.t. coordinate time. In the ACDM standard model of cosmology the universe is

filled with non-relativistic matter (w = 0), radiation (w = 1) and vacuum energy (w = —1), i.e.
P = pm + Prad + pa- In such a universe the Friedmann Equation takes the form
87G ao\* ao\? ao )2
H2 = Tpcrit,o |:Qrad (a()> + Qm (a()> + QA + chrv <a(]) :| ) (275)

where we defined the present-day critical density perit,0 = %Hg and reintroduced the contri-
bution from a non-vanishing curvature for completeness. The abundance coefficients are defined
as € = pio/perit,o and sum up to unity. The exact composition of the universe can e.g. be
determined from a fit to CMB data. The Planck collaboration reports the values [92]

Qraa =94-1077, Qx =068, =005, Q0 =027, [Qur|<0.01, (2.76)

where the matter component is composed of baryons and cold DM, i.e. ©,, = Qp + Q.. This
shows that today the universe basically contains only vacuum energy and non-relativistic matter,
which is again dominantly composed of cold DM. Both radiation and curvature are negligible
todayl:z] However, as can be seen from Eq. , in the early universe before redshift zeq ~ 3400
or Teq ~ 0.8 eV radiation was the dominant component. Freeze-out of cold DM generally occurs
at much higher temperatures and therefore in a radiation dominated universe for which the
Hubble constant is given by H,..q = 1/(2t).

The universe is thus filled with various species of interacting particles with most of them
being relativistic during the radiation dominated era. Throughout large times of the evolution
of the universe the interaction rates of the particles were higher than the expansion rate of the
universe and the particles were in local thermal equilibriumF_g] This allows us to use equilibrium
thermodynamics to describe the dynamics of the particle bath. The distribution function of the
particle species are therefore simply the Fermi or Bose distributions

1 1
— E — /12 2
f(p) (27’(’)3 e(E(P)—IJ)/T 1 I (p) p m ) (277)

12Note that even if our universe is not flat the contribution of curvature to the evolution of the universe has
never been important. Its energy density grows slower than the one for matter and radiation for a decreasing
scale factor.

3Note that thermal equilibrium means chemical and kinetic equilibrium, i.e. number changing interactions
occur frequently in both directions and energy and momentum transfer happens efficiently.
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where the negative (positive) sign corresponds to bosons (fermions), E(p) is the relativistic
energy and p the chemical potential. In the early universe the chemical potential was negligible
i < T,;m which is why we will set it to zero in the following. Using the distribution function
we can determine the local energy and number density. For relativistic particles these take the
form

w=g [ 1= |31 (2.78)
pi =g¢/f(p)E(p)d3p= [;}gigT“, (2.79)

where the square brackets show the pre-factor for fermions and g; are the spin degrees of freedom.
The number and energy density for non-relativistic particle species is identical for bosons and
fermions and exponentially suppressed at T" < m;

"o gl(n;r > eI, (2.80)

3
pi = mun; + insz ~ m;n; . (2.81)

It is also straightforward to show that the pressure in both cases satisfies the equation of state
as given in Eq. . The exponential suppression of non-relativistic particles implies that if
all particles are in equilibrium the energy density is dominated by radiation. The total energy
density can therefore be characterized in terms of the photon temperature T’

=T am= Y o(H) 4D Y w(B) ew

i=bosons i=fermions

where ¢, (T), the number of relativistic degrees of freedom, is a sum over all bosons and fermions
which are relativistic at the temperature 7. In the SM this varies from g¢,(7° > 100 GeV) =
106.75 when all SM species were still relativistic to today’s value of g.(Ty) = 3.36. Note that
we also included the possibility that some relativistic species are kinetically decoupled from the
photons and have their own temperature T;. Eq. also allows us to determine the expansion
rate of a radiation dominated universe in terms of the temperature instead of coordinate time

8m2g.(T)\"/* T? T’
Hyog = (“’”) S~ 1.66y/gu(T)— (2.83)

90 mp mp

where m% = 1/G is the Planck mass.
Another important thermodynamic quantity is the entropy density s which is given by (see
e.g. [91,109])

C—pitp o 3 _ (LY T (LY
S—Xi: 7= 0T gu(l) = > ogilg) tg > alg) . @89

i=bosons i=fermions

where we used that the contribution from non-relativistic particles is negligible. g.s(7") is iden-
tical to g«(T') as long as all relativistic species are in kinetic equilibrium. In the SM this is
the case until roughly 7}, 4o ~ 1 MeV when neutrinos decouple, s.t. today’s value is given
by g.s(Th) = 3.94. The expansion of the universe is to a good approximation adiabatic what
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implies that the total entropy is conserved. Therefore the entropy density only changes due to
the expansion of the universe and it holds that

sa® = const. = Gus(T)VPT a7t (2.85)
Note that the second relation holds in general and not only for a radiation dominated universe.
The scaling of the entropy density with the scale factor also allows us to define quantities for
which the effect of the expanding universe is modded out. One particularly useful example is
the yield for a particle species ¢ which is defined as

Y=, (2.86)
S

which does not get diluted due to the expansion of the universe. This means that the yield stays
constant for particles which are decoupled from the heat bath.

2.4.2 Freeze-out mechanism and WIMP miracle

Even though the particle bath is in thermal equilibrium during large parts of the evolution of the
universe the most interesting phenomena occur when a species leaves equilibrium and decouples
from the bath. This happens when the interaction rate I'iys of the process which maintains
equilibrium drops below the expansion rate H. In this context equilibrium can be either chemical
or kinetic equilibrium. However, the departure from chemical equilibrium usually occurs earlier
and sets the relic abundance of the species which decouples. In the following we will study how
the departure from chemical equilibrium can set the observed DM relic abundance.

Consider a massive stable particle y which is initially in thermal equilibrium with the SM
bath. If x were to stay in equilibrium it would follow its equilibrium distribution and once it gets
non-relativistic its yield would get exponentially suppressed n/s ~ (m/T)%?exp(—m/T) and
the abundance for a GeV scale x would be completely negligible today. However, if decoupling
happens shortly after it gets non-relativistic, i.e. at temperatures Tpo/m ~ O(10), its yield
stays constant from this point on Yy, = Yy%(Tro) and can still be sizable today. This is the
so-called freeze-out mechanism and is schematically shown in Figure Note that a larger
interaction rate maintains equilibrium longer and leads to a smaller abundance. The reactions
which keep the DM in equilibrium are annihilation and inverse annihilation

XX < PP, (2.87)

where ¢ can be any SM or BSM particle into which y ¥ can annihilate. Here we concentrate
on two-to-two annihilation but in general more complicated processes are possible. One can
obtain a rough estimate of when this reaction freezes out by comparing the interaction rate to
the expansion rate

Ding = n;q<o'vrel> ~H, (288)

where (ovpe) is the thermally averaged annihilation cross-section times the relative velocity
summed over all annihilation channels. Using Eq. (2.83) for the Hubble parameter and neglect-
ing O(1) numbers this lets us estimate the DM yield at freeze out

y¥o o V9:(Tro) 1 (2.89)

X g*s(TFO) 7nPT’FO<UUrel>7

where Trq is determined by Eq. (2.88)) and is usually of the size m,/Tro ~ 20. This yield stays
constant after freeze out, s.t. the present-day DM energy density is given by p, o = mxsoYf 0,
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Figure 2.4: Freeze-out mechanism. Once the DM becomes non-relativistic its yield Y, follows
its exponentially decreasing equilibrium distribution until the interaction rate drops below the
expansion rate of the universe and the y abundance freezes out. Larger annihilation cross-
sections (0vpe) maintain thermal equilibrium longer and result in a smaller x abundance.

In order to obtain the observed DM relic abundance one therefore needs an annihilation cross-

section of the size
L% 2.90
(ovet) ~ 105 GavE = T Tev? (2.90)
where ay, >~ 0.03 is a weak coupling. The second way of writing this cross-section is often called
the WIMP miracle what refers to the fact that a weak scale DM candidate with a weak coupling
naturally reproduces the observed relic abundance.
In order to match the experimental precision in the determination of the DM relic abundance
a more accurate prediction is needed. This requires solving the Boltzmann equation for the phase
space distribution function for y. To obtain the the relic abundance it is sufficient to solve the
zeroth order moment of the Boltzmann equation which gives a differential equation for the
number density or equivalently the yield. For the present case the Boltzmann equation takes
the form (see the classic paper [112] for a thorough derivation)

d dy, re

% +3H ny = —(0Uyel) [ni — (niq)z] or equivalently da;X = —xgz}ml)>8 [YXZ — (Y;q)Q] ,
(2.91)

where in the formulation with the yield we defined # = m, /T. The exact definition of the

thermally averaged annihilation cross-section is [112]

(ovee)(T') = lﬁmiTKlg(mx/T) /4:;( dss /s —4m2 K1(V/s/T) ovrel(s), (2.92)

where K71, Ko are modified Bessel functions of the second kind. Solving the Boltzmann equation
for a temperature independent, i.e. s-wave, annihilation cross-section one finds a refined value
for the canonical annihilation cross-section which is often quoted as a benchmark [113]

<Uvrel>can =2 10_26011123_1 . (293)
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Figure 2.5: The three complementary probes of WIMP DM, indirect detection, direct detection
and productions at colliders can be viewed as the three possible directions of reading a DM
annihilation Feynman diagram.

2.4.3 DM direct detection

If it does not live in a secluded dark sector thermally produced DM must couple to the SM at
least weakly. This makes it possible to search for DM via its couplings to SM particles. There
are in general three complementary probes: 1) DM indirect detection, i.e. the search for present-
day annihilation products, 2) production of DM at colliders and 3) DM direct detection which
denotes the attempt to detect the elastic scattering of DM on detector nuclei. These approaches
correspond to the three possible direction in which one can read a DM annihilation Feynman
diagram as can be seen in Figure and probe the DM interactions at different energy scales.

In the following we will concentrate on direct detection which usually poses one of the most
stringent constraints on WIMP models. There is an immense effort to push the experimental
sensitivity to the neutrino floor with ongoing experiments such as XENONIT [5] and ambitious
proposals for future experiments as e.g. XENONnT [114] or LZ |115,/116]. For an overview of
the experimental landscape see the recent review [117].

The idea behind direct detection experiments is very simple and goes back to Goodman and
Witten [118]: as the solar system moves through the Milky Way’s DM halo we should observe
a “wind” of non-relativistic DM particles with a typical velocity of the order of v ~ 1073, In
direct detection experiments one tries to detect the rare occasion of a DM particle scattering off
a detector nuclei as it flies through the earth. What one actually measures is the recoil of the
detector nucleus which for a nucleus of mass m4 and DM of mass m, is maximally of the size

q|? my /100 GeV
Ep< 2 50 keV 2.94
B=9ma Y\ 100 Gev ma )’ (2.94)

where |g| ~ m,v is the momentum transfer. The energy threshold in such experiments is usually
a few keV what explains why there is limited sensitivity for m, < 10 GeV. Due to the small de-
Broglie wavelength of the DM, to leading order the WIMP interacts coherently with all nucleons
in the detector nucleus. However, once the energy transfer is of the order of the inverse nucleus
radius the substructure becomes visible which is parameterized by a form factor F/(ER) in the
differential scattering cross-section (see e.g. |[117])

do ma
dER 21’2“3(,4

<USI F&(ER) + osp FS2D(ER)> ; (2.95)

where p, 4 = myma/(m, +ma) is the reduced mass of the DM-nucleus system. The differential
cross-section is usually separated into a spin-independent (SI) and spin-dependent (SD) part
where ogr and ogp are the cross-sections at zero momentum transfer, i.e. in the limit of a
point-like nucleus. While the SI cross-section is coherently enhanced by the number of nucleons
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the SD cross-section is only sensitive to the total spin of the nucleus. This results in a stronger
sensitivity to the SI cross-section in most experiments. For this reason we will concentrate on
the computation of ogr in the following.

In order to compute og; one starts by matching the theory at interest to DM-quark and
DM-gluon contact interactions in the limit of small momentum transfer ¢*> < AQCD For a
complex scalar y as DM candidate the following couplings contribute to ogr

Lo ) agmpXxv+ > Al 8ux>wv“¢+da—x XG2, G | (2.96)
Y=u,d,s,c,b,t P=u,d,s,c,b,t

where a; = g2/(4n) is the strong fine-structure constant and ay, /\Z,dG are model dependent
matching coefficients. Before matching to a theory of nucleons at a scale E ~ Aqcp we have to
integrate out the heavy quarks @) = ¢, b, what produces another contribution to the effective
gluon coupling for each quark flavor

~ Q@
mQQQ — —128 o G (2.97)
Starting from these effective couplings we can now compute the scattering amplitude for elastic
(anti-)DM-nucleon scattering x™* (p) N (k) — x™*) (p') N(K'), where N = p, n stands for protons
and neutrons and ¢ = p’ — p is the momentum transfer. This is accomplished by considering
matrix elements of the above QCD operators between nucleon states which relate the quark or
gluon contribution to the nucleon mass or vector current via form factors which in the low ¢
limit are given by (see e.g. [95] and references therein)

(N (K [my [N (k) = my [ an (K Yun (), (2.98)
(N (K)[s G, GO [N (k) = —%”mN 1Y an (W yun (), (2.99)
(N(K [y 9N (k) = f an () un (k) (2.100)

where uy (k) denotes the nucleon polarization spinor. The associated form factors take the values
f:I;u = 0.021,f§d = 0.041, fz = 0.019, f =0.045 [119.|120], and fﬁ" = 0.043 [121], leading to
=1-> b—d,s f%b" ~ (0.89. It is important to note that for the vector current operators
proportional to )\};, the form factors simply count the valence content of the nucleons, namely
fpu = fﬁd =2 and de = f{}u =1.
In the non-relativistic limit ux (k) ~ \/mn (&5, &)7 with two-component spinors & all these
nuclear matrix elements match to the same scalar scattering amplitude

MXNXN = g, Fel e, (2.101)

with Fy being given by

Fy = 2mx< Z fT¢Gw + 27ng< > ay —3dG>> + Y A, (2.102)

p=c,b,t PY=u,d

where + (—) is for (anti-)DM-nucleon scattering. From this it is straightforward to obtain the
DM-nucleon cross-section, which we average over the proton and neutron contributions in the
detector nucleus )

O.XN,X*N _ HyN (ZFp + (A — Z) Fn)2

= 2.1
ST T A2 9 ( 03)
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where Z and A — Z count the number of protons and neutrons in the nucleus and p, v is the
reduced mass of the DM-nucleon system. This quantity factors out the dependence on the target
material and is usually reported in bounds on the SI scattering cross-section. The most recent
bounds reach an impressive sensitivity on the cross-section of the order of U%(I]V XN 10746 cm?
for DM masses around 100 GeV. These strong constraints put considerable stress on conventional
WIMP DM models.

The DM-nucleon cross-section in Eq. is related to the DM-nucleus cross-section ogp
in Eq. via

o1 = EXA g2XNXN (2.104)
HxN

where p, 4 is the reduced mass of the DM and detector nucleus with atomic number A. Note
that if Jé(IN # 0%(1* N one should take the average (O’%(IN + 0%(1* N) /2 in the above equation and
when comparing to experimental limits.

38



Chapter 3

Composite pNGB dark matter

Now that we have introduced the theoretical foundations of Composite Higgs models and DM we
are finally in a position to discuss pNGB DM, both in Composite Higgs models and in general.
The focus in the following will be on scenarios in which both the Higgs doublet and a scalar
DM candidate, singlet under the SM gauge symmetries, arise as GBs from a strongly coupled
sector. Here we take the DM to be a complex scalar x but all results also apply to real DM ¢
after simply replacing x — ¢/v/2. Our discussion will be based on an effective Lagrangian for
the pNGB DM and Higgs which is in general of the form

Leg =L+ L — Ve, (3.1)

where Lgp contains only the derivative couplings among the GBs which originate from the
non-linear sigma model kinetic term. Ly contains couplings of both the Higgs and DM to the
SM fermions. In general these break the global symmetry G of the strong sector and generate
an effective potential Veg for the Higgs and DM. In the following we will systematically discuss
the contributions to Leg. In Section we start with the Goldstone couplings and introduce
the derivative Higgs portal, which is an irreducible characteristic of pPNGB DM. As a next step
we shortly discuss the DM phenomenology of this zeroth order approximation of pNGB DM
and highlight the appealing features of the “Goldstone limit” in which the y mass is the only
explicit breaking of the DM shift symmetry. Realistic models contain in general additional shift-
symmetry breaking non-derivative couplings in £; and Vig. In Section we study how these
non-derivative couplings affect DM phenomenology and examine under which circumstances the
“Goldstone limit” can be approximately maintained. In this context we also discuss possible
origins of the explicit symmetry breaking effects in Composite Higgs and which couplings they
introduce. In all this discussion we motivate our parameter choices based on a Composite Higgs
models with the symmetry breaking pattern SO(7)/SO(6). Finally in Section we broaden
our scope and discuss the most general DM-SM couplings in pNGB DM models not limiting
ourselves to a specific symmetry breaking pattern.

This chapter is based on results previously published in |28,29,31]E] All figures and parts of
the text are taken from these references.

! |28]: R. Balkin, M. Ruhdorfer, E. Salvioni and A. Weiler, Charged Composite Scalar Dark Matter,
[29]: R. Balkin, M. Ruhdorfer, E. Salvioni and A. Weiler, Dark matter shifts away from direct detection,
[31]: M. Ruhdorfer, E. Salvioni and A. Weiler, A Global View of the Off-Shell Higgs Portal.
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3.1 Goldstone boson Lagrangian: the derivative Higgs portal

The Higgs and x kinetic term and the derivative couplings in Lgp arise from the nonlinear
sigma model kinetic term. Assuming custodial symmetry for the Higgs and a global U(1)pm
which stabilizes the DM, the most general two-derivative Lagrangian invariant under SU(2), X

SU(2)r x U(1)pm CHEIE given byEI

— |DMrH 2 “w 2 H 2au H 2 H " 2 7X 2au 2 92
Lan = [DMHE + 0 + SO HPO P + 50, HPO P + S50, P IxE. (32
We could have written four additional operators,
c1 Cc2 C3 Cq
BIDWHPIEP, SIDHPXE,  HlouxPIHEP . Sl (3.3)
but these can be removed through the O(1/f?) field redefinition
o (1o S ), o (1 S )y (s
Notice that for ¢; = co = ¢3 = ¢4 = —2/3 these are the leading terms of
sin(r/f) e , r=VrTln, (3.5)

™ f

where 7 is the GB vector [37]. This redefinition has customarily been adopted in studies of the
0(6)/SO(5) and SO(7)/SO(6) models because in the basis of Eq. (3.2), which also coincides
with the SILH basis |122] when restricted to Higgs interactions, the scalar potential is a simple
polynomial and the VEV of the Higgs is equal to v ~ 246 GeV. In those models the coefficients
take the values cy = cq = ¢,, = 1, which we often adopt as reference in the following.
The relevant operator parameterizing the DM interactions with the SM is therefore the
“derivative Higgs portal” operator proportional to cg, i.e.

Lan > SOl H" . (3.6)
This operator mediates DM annihilation into SM particles via s-channel Higgs exchange, s.t.
the observed relic abundance can be produced via the freeze-out mechanism. The requirement
of reproducing the observed DM relic abundance fixes the interaction strength c;/f? as a func-
tion of the DM mass, what is shown by the blue curve in Figure which was obtained by
numerically solving the Boltzmann equation for the DM number density using the public code
micrOMEGAs [123]. For m, > my, the relation is particularly simple and is well approximated by

Qyirs  {(OUl) c?lm2
1= 2 T0reljean Ve 3.7
Qpm 3 (0Vrel) (o) = mf 3.7
and hence ; 12
m
~11TeV |—2— )
A ev (130 GeV) ’ (3:8)

2More precisely, this is the most general SU(2)r, x SU(2)r x U(1)pum invariant Lagrangian where SU(2)r is
only broken by the gauging of hypercharge.

And
*Note that we do not include in Lgp operators containing x*d,x = x*9.x — 0, X" X, which vanish trivially in
the SO(6)/SO(5) model where x — 1/+/2 with real 1, and are forbidden in the SO(7)/SO(6) model by custodial
SO(4) ~ SU(2)r x SU(2) r invariance, since H and x belong to the same irreducible representation of H = SO(6).
<>

Notice also that x*9,x is odd under the charge conjugation associated to U(1)pm.
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Figure 3.1: Left panel: value of the global symmetry breaking scale f that allows to reproduce
the observed DM relic density via the derivative Higgs portal in Eq. , as a function of the DM
mass. The solid blue curve shows the full Boltzmann solution obtained using micrOMEGAs [123],
while the dashed orange curve corresponds to the approximate relation given in Eq. . The
gray lines show the 95% CL lower bounds achievable from the measurement of the hV'V couplings
at current and future colliders, assuming cyr = c¢4. Right panel: fractions for annihilation to the
different SM final states. ff denotes the sum over all light quarks and leptons. This figure was
adopted from [29).

where (- ) as usual denotes thermal average, Qpy = 0.120 A2 [92] and (0vre)can = 2-10726cm?s ™!
is the canonical value for the annihilation cross-section as given in Eq. (2.93). Note that the
above estimate includes only the dominant annihilation channels xyx* — WW, ZZ, hhﬁ

While being strong enough at center of mass energies s ~ 4m§ to produce the observed
relic abundance, the derivative Higgs portal is strongly suppressed at small momentum transfer.
This suppression results in negligibly small cross-sections for DM scattering on heavy nuclei:
the amplitude for gy — ¢x scattering mediated by Higgs exchange is proportional to [t|/f? <
(100 MeV)?/(1 TeV)? ~ 1078, where 100 MeV is a rough estimate of the maximum momentum
transfer. Consequently pNGB DM which couples only via the derivative Higgs portal to the SM
is naturally compatible with null results in direct detection experiments.

Before moving on to interactions which violate the global symmetry G of the strong sector,
let us note that Eq. contains another important effect due to the pNGB nature of the
Higgs. A non-zero value of ¢y implies that all Higgs couplings are rescaled by a universal factor.
After electroweak symmetry breaking cy induces a correction to the kinetic term of the bare
Higgs field A. In unitary gauge H = (0, h/+/2)T the physical Higgs field h is related to & through

E:v+<1—CH”2>h. (3.9)

2 f?
A robust and model-independent probe of the pNGB nature of the Higgs is therefore the mea-
surement of the hVV couplings with V' = W, Z. Figure [3.1] also shows the projected reach of

current and future colliders on the symmetry breaking scale f through this observable [|124]
under the assumption that cy = cq.

4The cross-section for annihilation to tf scales as o,z vrel ~ Nem?/(wf?), as opposed to oww.zz.hh Urel ~
mi/(7rf4)7 therefore ¢t is important only for m, not much larger than m,. See the right panel of Figure
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3.2 Explicit symmetry breaking effects

Let us now discuss the non-derivative couplings which are effects of the explicit breaking of the
global symmetry of the strong sector. One result of the explicit breaking has to be the generation
of Yukawa couplings between the pNGB Higgs and the elementary fermions. Similar couplings
are also possible for the DM. For this reason we consider the most general Lagrangian which
couples the pNGBs to the third generation quarks

= c cX _ cp cX
Ly=—wqLHtr <1 — —|H|* - t2’X|2> — YpqrHbr (1 — —|H> - bQ|X|2> +h.c., (3.10)
f f f f
with O(1) coefficients ¢, ¢, cp, c?f. The explicit symmetry breaking also generate a scalar po-
tential at one-loop which up to quartic order of the fields has the form

Vet = iy [H? 4+ M H|* + bl x|? + Aomlx|* + 2 H?|x?, (3.11)

where p7 and Ap, are fixed by the observed VEV and mass of the Higgs. We restrict the remaining
parameter space by the requirement that (x) = 0, such that U(1)py is not spontaneously broken
and y is stable. In the next chapter we will see that this in general imposes a mild constraint
on the fermionic sector.

In addition to providing a mass for the DM of the size mi = M2DM + Av2, the explicit
symmetry breaking can also considerably affect DM phenomenology. While the annihilation is
still dominantly mediated by s-channel Higgs exchange, the x*yh coupling has both a derivative
and non-derivative contribution which come with opposite signs

M(xx" — SM) <cd% - 2)\)11 ~ <cd4;§< - 2)\)1;. (3.12)

For m,, > m; the x*xtt interaction proportional to ¢; can also contribute significantly to x*x —
tt. However, this is only the case in models where the top couplings are the dominant source of
explicit breaking of the x shift symmetry since otherwise ¢; is suppressed or altogether absent
making Eq a good approximation of the annihilation amplitude to SM particles.

The most dramatic effect can be observed in the DM scattering on nuclei, which is mediated
by t-channel Higgs exchange and through the contact interactions cy. Matching to the effective
DM quark contact interaction in Eq. we find

- N 2\ C?f
Mag DX, g™ g s (3.13)
where we dropped the negligible contribution from the derivative Higgs portal. It is well-known
that the marginal Higgs portal coupling is strongly constrained by direct detection experiments.
Taking as a benchmark o,n < 10746 cm?s~!, which is roughly the most recent XENONI1T
bound for a DM mass of m, ~ 100 GeV [5], and assuming that the contribution from ¢, is
subleading, the portal coupling has to be smaller than A < 0.6-1072. This implies that realistic
models need to have a suppressed marginal portal coupling to be compatible with direct detection
exclusions. In order to understand how A can be suppressed let us shortly recapitulate how the
explicit symmetry breaking typically enters Composite Higgs models.

There are two irreducible sources of explicit symmetry breaking which generate at least
some of the couplings in Egs. (3.10) and (3.11): the gauging of the SM electroweak group
SU(2) x U(1)y C H and the couplings of the elementary fermions to the strong sector. In the
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partial compositeness framework the elementary fermions couple linearly to the strong sector,
ie.

LYY~ NfGrOg + MFEROL+ Ay f GLO4 + Mo f bROp + hic., (3.14)

where we have ignored the flavor structure and put our focus on the masses of the third generation
of quarks [125]. The mixing with composite resonances generates the Yukawa couplings to
the physical fermions, which are a linear combination of elementary and composite degrees of
freedom. The amount of explicit symmetry breaking is directly related to the compositeness

fraction of the physical fermions which schematically scale like etL, R~ Mif/ mzw + /\3775 f2

b 2 2 2
and €7 p ~ )\q/,bf/\/m*q,yb + Aq,ybf , where m., ¢ 4,5 are the relevant masses of the resonances

in the top and bottom sectors. The Yukawas have the form

M,
wz‘ﬁ%%j (1 =t,b) (3.15)

where M, is a combination of the resonance mass parameters. A larger Yukawa coupling
therefore requires a larger compositeness fraction and consequently a larger amount of breaking
of the global symmetry.

The Goldstone symmetry of the Higgs has to be broken by both effects to obtain Yukawa
couplings and a SM-like potential. However, the situation for y is different: which couplings
break the x shift symmetry is a priori unknown and they do not have to coincide with the
couplings which break the Higgs shift symmetry. There are two straightforward possibilities
which we will discuss in great detail in the next chapter. The x shift symmetry might be broken
by the couplings of the SM quarks to the strong sector. In this scenario a dominant breaking
by the bottom or lighter quarks is favored, since a breaking due to the top couplings typically
introduces A ~ \p, which is in strong tension with direct detection results. A second possibility
is the gauging of the stabilizing U(1)pym symmetry which breaks the x shift symmetry but
preserves the Higgs shift symmetry, therefore decoupling Higgs and DM physics. In this case
the portal coupling vanishes at one loop, which effectively implements the “Goldstone limit”.

3.3 A global view on pNGB DM

In the previous sections we analyzed the DM couplings which one typically expects in a Com-
posite Higgs model based on the symmetry breaking structure SO(6)/SO(5) or SO(7)/SO(6).
Here we broaden our scope and consider a more general effective Lagrangian which couples the
DM to the SM

L= Lsv + [0ux]* — mi[x]Q + Ling - (3.16)

Still having in mind a scenario in which both the Higgs and DM are pNGBs of a strong sector,
we can write the most general DM-SM interactions up to dimension six as

Cd ] * = T zgl * g v
Liw = HODPOHP + 500900 Y, WU+ 5en(x 9000, B"
V¥ =qr,uRr,dr,fL,€R *
2 ~ p—
-2 )\|X|2|H|2 + |>;|2 (cl’f yuqrHup + cii‘ yaqrHdr + Xyl Heg + h.c.) (3.17)
dVy2 9\2/ 2
IV VAV,
" 2 tor
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<~

where x*0,x = x*0ux — x0uXx* and m, = g.f with g, a coupling of the strong sector, while
9a,w.B = s, 9,9’ A sum over the fermion generations is understood. Note that the operators
in the first line preserve the DM shift symmetriesﬂ whereas those in the second and third
line explicitly break them (in the last term, y generically indicates the relevant shift symmetry
breaking coupling). We additionally assume CP and custodial invariance what implies that all

the coefficients in Eq. are real and forbids the operator (x* i:)()(HTBMH). Also note
that we have neglected |y|?|H|*, since for our purposes it only gives a subleading contribution
to A, with relative suppression ~ v?/f2. The Lagrangian in Eq. is equivalent to the one
presented in Refs. [126,/127], with a different choice for the operator basis. Our normalization
is such that the b, c and d coefficients have maximal size of O(1), according to the SILH power
counting [122]E| Additional Higgs operators such as ¢y (9,|H|*)?/(2f?%), which modifies all Higgs
couplings and has already been mentioned in Section have been neglected in Eq. .
As we have discussed before, the null results in direct detection experiments put the most
stringent constraints on these kind of models. Using again a benchmark of oy n < 10746 cm?s~!
for DM masses of m, ~ 100 GeV [5] we study the bounds this sets on the model parameters

(see the DM-nucleon cross-section in Appendix [L.F)

S ossemev. ™ >65TeV,  A<06-10°2 3.18
1/2 1/2
bl/ cB/

where in the first case we set béL = biR = bcllR = by for the first generation, whereas in the last
two cases we took one operator at a time. The first constraint in Eq. naively seems to be
by far the strongest. However, in Composite Higgs models the coefficient b scales as by ~ 6\21,,
where ey is the compositeness fraction of the corresponding fermion field, which is typically
small except for the third generation quarks. Assuming comparable compositeness fractions for
both fermion chiralities, i.e. by, ~ by, ~ v2my/(gsv), the bound in Eq. translates to
f 2 O(100) GeV for first generation quarks and any interesting g.. Hence the bound is easily

irrelevant in realistic models. The constraint on m,/ 0}3/2 is more interesting since it pushes g,
toward the fully strongly coupled regime for f ~ TeV. However, in explicit models this coupling,
and all others which include the DM current, are absent if hidden charge conjugation, which
transforms y — —x* and leaves the SM fields invariant, is a good symmetry. This is e.g. the
case in the SO(7)/SO(6) model. In summary we recover the previous conclusion that direct
detection primarily constrains the marginal portal coupling which must be suppressed to comply
with null results.

Note that while our original motivation for the Lagrangian in Egs. are theories
where both the Higgs and the DM arise as composite pNGBs, this EFT can also apply to models
such as that of |[129], where a complex scalar S is added to the SM as [129131]

2 A 12
L= Lo+ 0,82+ %sﬁ ~ 7S|S|4 ~Ams|SPIH? + %(52 +he). (3.19)

The U(1) symmetry is spontaneously broken be the VEV of the complex scalar (S) = v,/v/2
and explicitly broken by p, leaving a remnant S — S* invariance. The complex field can
therefore be parameterized as S = (v, + 0)e'®/¥s /\/2 with o being a real radial mode and ¢

5Naively, the derivative Higgs portal operator may not seem shift-symmetric. This is just a consequence of
our choice of basis for the Goldstone fields (see e.g. |29]), which is the same adopted in the Strongly Interacting
Light Higgs (SILH) Lagrangian [122|. In this basis the shift invariance is not immediate.

SIf the SM transverse gauge bosons are also composite [128] the enhancements cg ~ g./g" and dy ~ 1672 /y>
are possible.
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Figure 3.2: Left: contours obtained requiring that the thermal relic density of y matches
the observed one, assuming the given values of the EFT coefficients and setting the others to
zero. Right: the present-day annihilation cross-section to SM particles, calculated along the
relic density contours shown in the left panel. The black line (yellow band) is the 95% CL
observed upper limit (95% CL uncertainty band on the expected limit) from the dSphs analysis
in [7]. The dashed black line corresponds to the observed limit from the analysis of a smaller
dSphs sample [145]. The quoted experimental bounds assume annihilation to bb. This Figure
has previously been published in [31].

a real pNGB DM candidate with mass p/y stabilized by the remnant S — S* symmetry. If
the radial mode is heavy, it can be integrated out, yielding an effective Lagrangian which after
a field redefinition can be brought into the form of Eq. with cq/f* = Aus/ mgﬂ The
marginal portal coupling arises at one loop in this model resulting in a very suppressed DM-
nucleon cross-section [133,/134]. This model also gives rise to interesting other signatures such as
gravitational wave signals from phase transitions in the early universe, which has been studied
in [135,(136]. For extended models and subsequent studies of models built following this approach
see [137H144].

The common feature of all of these models is that the expected direct detection signals
are structurally suppressed due to the pNGB nature of the DM, assuming that the marginal
Higgs portal coupling A is suppressed. Depending on the specific realization, the DM-nucleon
scattering signal might be in reach at future experiments, e.g. due to effects of DM-quark
contact interactions proportional to cy. However, it could equally well be hidden beneath the
neutrino floor, making its detection extremely challenging. In addition the derivative Higgs
portal operator proportional to ¢4 plays an important role in setting the DM relic abundance
since it is unsuppressed in DM annihilation. The observed relic abundance is reproduced through
the freeze-out mechanism for f ~ TeV and weak scale DM masses as shown in the left panel of
Figure 3.2l The Figure also shows that in this mass range couplings to the light quarks have
a very limited effect on the relic abundance. Note that for completeness we show results down
to f = 100 GeV, although it should be kept in mind that for weak-scale f, finding ultraviolet
models that are acceptably described at low energies by Eq. may be challenging.

Since as we have argued DM-nucleon scattering is not a reliable probe for pNGB DM,
indirect detection and collider searches are crucial ingredients to find hints of pNGB DM. At
this point we will shortly comment on indirect detection and defer a discussion of collider probes

"Note that if the radial mode is relatively light it has to be included in the study of DM phenomenology.
However, in this case one can also directly probe the radial mode, which could e.g. be produced on-shell in VBF
and decays to a DM pair, as studied in |132] at the LHC.
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to Chapter [b| where we will present a collider study on the irreducible coupling in this kind of
scenarios, the derivative Higgs portal. The derivative portal mediates s-channel annihilation,
implying that looking for present-day annihilations could be a sensitive probe. In the right panel
of Figure [3.2] we compare the present-day annihilation cross-section to the bounds obtained by
the Fermi-LAT [7,145] from gamma-ray observations of dwarf spheroidal galaxies (dSphs). For
DM mass of O(100) GeV, these bounds (which were computed assuming DM annihilation to bb)
are very close to the canonical thermal cross-section (0vpe)can = 2 - 10726 cm?3s~1. We see that
the region m, < 70 GeV is already in mild tension with data, and future improvements of the
sensitivity will provide a stringent test of pNGB DM. Additionally searches for monochromatic
photon annihilation products are relevant for the region my/2 < my < m,, where the off-shell
Higgs has a branching ratio to photons > 1073. We find that in this region the expected
cross-section is close to the Fermi-LAT sensitivity [146], if a favorable DM profile (contracted
Navarro-Frenk-White) and the accordingly-optimized region of the sky are considered.

Another important channel are annihilations into antiprotons. Recent measurements of
the antiproton spectrum by AMS-02 [6] give additional constraints and even show a hint of
an excess [147,|148|, which could be explained by DM. Recently an explanation in terms of
pNGB DM annihilations has been suggested in [149]. However, systematic uncertainties are
still larger for antiprotons compared to gamma rays, although it has been argued that they are
under control [150]. But as the situation has not settled yet we do not show constraints from
antiprotons in Figure (3.2
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Chapter 4

Composite dark matter in
SO(7)/SO(6) Composite Higgs
model

The previous Chapter discussed pNGB DM from an EFT point of view, referring to explicit
models when building the effective Lagrangian and estimating the size of the couplings. In
this chapter we want to justify these assumptions by explicitly constructing a fully realistic
Composite Higgs model. Our construction will be based on the symmetry breaking structure
SO(7)/SO(6) which is the smallest coset containing both the Higgs-doublet and a complex DM
candidate stabilized by a remnant global symmetry. As we will show in the following this simple
model can give rise to all pPNGB DM scenarios which we discussed in the previous chapter. In
particular it features varying degrees of the “Goldstone limit”, depending on which couplings
break the DM shift symmetry. In Section [4.1]we introduce the SO(7)/SO(6) coset and construct
the Goldstone Lagrangian which is completely fixed by this symmetry. Then we demonstrate
that in this coset DM stabilization can originate from the global symmetries of the strong sector.
The fermion couplings in Composite Higgs models are a priori not fixed, leaving a choice as to
how to embed them into a representation of the global symmetry group and consequently which
part of the symmetry this embedding breaks. In Section we shortly outline the different
possibilities and what effect they have on DM phenomenology. In broad categories there are
three such possibilities which implement the “Goldstone limit” in increasing purity: (1) the
embedding of the top quark breaks the DM shift symmetry, (2) the embedding of the bottom
quark breaks the DM shift symmetry or (3) the embedding of the quarks do not break the DM
shift symmetry at all. In the third case the breaking has to come from a different source which
we take to be the gauging of the U(1)py stabilizing symmetry. We will study in detail these
three scenarios in Sections [4.3] to [4.5]

This chapter is based on [28| 29|E] from which all Figures and part of the text have been
taken [

! |28]: R. Balkin, M. Ruhdorfer, E. Salvioni and A. Weiler, Charged Composite Scalar Dark Matter,
[29]: R. Balkin, M. Ruhdorfer, E. Salvioni and A. Weiler, Dark matter shifts away from direct detection.
2Note that some of the results in Section build on findings of the author’s Master thesis.
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4.1 Goldstone Lagrangian

In the following we assume a strong sector which possesses a global SO(7) symmetry which is
spontaneously broken to SO(6) at a scale f. This gives rise to six GBs 7% a = 1,...,6 which
transform in the fundamental representation of the unbroken SO(6). Under the custodial SO(4)
this decomposes into H ~ 4, which we identify with the Higgs doublet, and two real singlets &, 7.
Following the Callan-Coleman-Wess-Zumino (CCWZ) construction [74,75], which is detailed in
Appendix we parameterize the GBs by the matrix U = exp(iv/27* X%/ f), where X¢ are
the broken generators. At leading two-derivative order, the GB Lagrangian is given by

f2

Lr="

d,d*", (4.1)
where the CCWZ symbol d,, is constructed from U and its SU(2)r, x U(1)y covariant derivative.
In unitary gauge the GB vector is given by

= (0, 0, 0, h, n, n)T, (4.2)

where h is the radial mode of the Higgs doublet and its physical excitation will be identified
with the observed Higgs boson. After a field redefinition of the GB fields, which is given in
Eq. ([.A.4]), we obtain the the explicit form of the Goldstone Lagrangian

1 (iLB,JL +n0un + mau/-@)Q

Lr = 5[0uh)?+ @)+ (0] +5 [y

72
+hZ [QZ\WJ!%%(QW&—?BM)?}-
(4.3)
The bar over the gauge fields and couplings labels them as elementary fields and couplings.
The elementary fields couple linearly to strong sector resonances, s.t. the physical fields, i.e.
the mass eigenstates, are linear combinations of elementary and composite degrees of freedom.
Performing the diagonalization of the mass matrix yields e.g. for the charged gauge fields
f]Wﬁt — gVVui + ..., where g and Wj[ are the SM gauge coupling and field, respectively, where
we left out terms with composite vector resonances. After the diagonalization we can identify
(h) = v ~ 246 GeV. If we further assume (1) = (k) = 0 and expand around the vacuum, we see
that the kinetic terms of the singlets are canonically normalized, whereas for the Higgs canonic
normalization is achieved with

N

2

h=v+\/1—¢h, 55%, (4.4)

where h is the physical excitation. This field redefinition rescales all Higgs couplings.

4.2 Fermion couplings and DM stability

Similarly to the gauge sector, we assume that partial compositeness is also realized in the fermion
sector |72] with elementary fermions coupled linearly to strong sector operators. For the third
generation quarks this takes the schematic form

Lnix ~ €4q00¢ + € trOy + €y @ Oq + €, brOy + h.c. (4.5)

where the ¢; scale as a coupling A; times the symmetry breaking scale, i.e. ¢; ~ A;f. Notice
that a correct hypercharge assignment requires an enlargement of the symmetry pattern to
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4.2. FERMION COUPLINGS AND DM STABILITY

SO(7) x U(1)x — SO(6) x U(1)x, s.t. Y = T3 + X. Since the SM fermions do not come in
complete SO(7) representationsﬂ the above interactions will break explicitly at least some of
the GB shift symmetries. The minimal requirement on these couplings is that they break the
Higgs shift symmetry in order to produce Yukawa couplings for h to the top and bottom and
additionally a 1-loop potential of the correct size.

While the structure of the explicit symmetry breaking from the gauge sector is fixed by
the embedding of the SM gauge group, the breaking from the fermion sector crucially depends
on the form of the couplings in Eq. , i.e. the SO(7) quantum numbers of the composite
operators O;. However, the SO(7)x representations of the O; are not uniquely fixed and leave
room for model dependent assumptions on the symmetry breaking effects. In order to classify
different viable options for the quantum numbers, we consider the decomposition of SO(7)
representations under its subgroup SO(4) x SO(3), which we can write in an equivalent form as
SU(2)r x SU(2)g x SU(2)’, where we used the local group isomorphisms SO(4) ~ SU(2)p x
SU(2)g and SO(3) ~ SU(2)". The SO(3) or equivalently SU(2)" subgroup is generated by the
broken generators under which the two singlets shift, X” = X% and X* = X5, together with

1
TPM = 756 — 7 diag(04x4,02,0) € SO(6), (4.6)

where we used block notation. The label of the third generator already anticipates its role in the
DM stabilization. The first few SO(7) representations decompose under (SU(2) 1, SU(2)r, SU(2)")
as (see for example |151]),

1=(1,1,1),

7=(2,2,1)®(1,1,3),

8 =(2,1,2)®(1,2,2), (4.7)
21 = (2,2,3)®(3,1,1) ®(1,3,1) ® (1,1, 3),

27 = (3,3,1) 9 (2,2,3) ® (1,1,5) ® (1,1,1)

In order to guarantee custodial protection against zero-momentum corrections to the Zbrbr,
vertex, which are strongly constrained from LEP data, g, must be embedded in the (2,2)y/3
representation of (SU(2)r, SU(2)g)x and tg either in (1,1)y/3 or (1,3)2/35(3,1)9/3 [77]E| This
still leaves several options for the embeddings, such as q;, ~ 7,21,...andtgp ~ 1,7,.... However,
these different embeddings considerably influence the phenomenology of the remaining singlets.
Embeddings into a singlet of SU(2)" preserve the shift symmetry of  and «, thus keeping them
massless. This opens up the possibility that e.g. the embedding of the top preserves the shift
symmetry but embeddings of lighter quarks break it. Such a scenario will be the topic of Section
But even if an embedding breaks SU(2)’ it might not break it completely. The embedding
of a quark into the (1,1, 3) representation can be chosen in such a way as to preserve a residual
U(1), generated by one among { X", X* TPM}. Therefore we either keep the shift symmetry of
one of the singlets, i.e. it remains massless, or we preserve the U(1) generated by TPM which
acts on 7 and k. In this case the singlets can be combined into a complex scalar

X = (rk+in) /V2, (4.8)

which has charge +1 under U(1)py (the normalization is fixed by taking v2TPM as the gen-
erator), while the quark in this embedding is uncharged since it is embedded along the U(1)pm

3 An exception is the case where tg is embedded into an SO(7) singlet.
4Once we explicitly include bg in the construction it has to be embedded either in (1,1)_/3 or (1,2)/6 in
order to avoid large tree-level corrections to the Zbrbr coupling.
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Figure 4.1: Schematic overview of the SO(7) algebra. In the left drawing the structure of
the SU(2)r x SU(2)r x SU(2)" subgroup is displayed, whereas the right drawing shows the
symmetries that remain unbroken after the weak gauging of the SM electroweak group and the
coupling of the fermions to the strong sector. Note that this also applies if SU(2)’ is respected
by the fermion embeddings but explicitly broken by the gauging of U(1)py as we will consider
in Section This Figure is taken from [28].

generator. In the following we will always take embeddings which preserve the U(1)py. Thus
the leading breaking of the x shift symmetry will be implemented as either an embedding or
gauging along the T°M generator. The unbroken U(1)py ensures the stability of y, which will
be our DM candidate. This setup is schematically shown in Figure

Note that so far we have assumed that each elementary fermion couples to only one strong
sector operator in a U(1)py-invariant way. However, in general there could be additional,
subleading couplings to other operators. If one of them breaks the U(1)py, the DM stability
could be compromised. For this reason we have to assume that U(1)py is either a global
symmetry respected by all elementary-composite couplings, or an unbroken gauge symmetry.

In this thesis we consider three discrete choices for the dominant source of DM shift sym-
metry breaking: the embedding of ¢, the embedding of by and weakly gauging U(1)py. Each
of them realizes the “Goldstone limit” to a different degree. Before we discus each realization
in great detail in the next Sections, we give a short overview of the characteristics of each sce-
nario. A schematic summary of the three scenarios and their main features relevant for DM
phenomenology is shown in Figure [4.2

Leading breaking by top quark couplings. This scenario was first discussed in Refs. [8}|38]
in the context of real scalar DM in the SO(6)/SO(5) model stabilized by a Z; symmetry. In
the SO(7)/SO(6) model, which we discuss here, it is realized e.g. for Og; ~ 793, where
qr, is embedded into the SU(2)" preserving part (2,2,1)9/3 C To/3 . The interactions of
tr ~ (1,1,3)3/3 C 793 explicitly break the y shift symmetry. Top loops generically make
the DM heavier than the Higgs and generate a marginal Higgs portal coupling of similar size as
the Higgs quartic Ay, i.e.

A
A< ?h ~0.065 and  my > my. (4.9)

~

For f > TeV these estimates imply Af?2 < mi, s.t. according to Eq. (3.12) X plays a sub-

leading but non-negligible role in DM annihilation. The portal coupling induces a DM-nucleon

cross-section of the order U%(IN ~ 10746 ¢m?, which is currently probed by XENONIT and al-

ready in mild tension with data. A thorough study of this model will be performed in Section
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Figure 4.2: Schematic summary of the three scenarios which we discuss in Sections to
The EFT coefficients cg, cif and A were defined in Egs. , and , respectively. In
the third scenario we denote with «p the dark photon associated to the gauging of U(1)py with
coupling ¢gp, and mark the gauge interactions in green. This Figure is adopted from [29].

Leading breaking by bottom quark couplings. Although this possibility was also first
discussed in [8], here we focus on a different parametric regime. The top couplings preserve
SU(2)', what can be achieved by Oy ~ 753, 0 ~ 2153, and the bottom couplings constitute
the leading breaking of the x shift symmetry with Opp ~ 7_;/3. In this case the one-loop
generated portal coupling and DM mass scale differently with the bottom Yukawa,

Aocyp and  omy oc (mgi)' 2, (4.10)

where g, is the strong sector coupling. This implies that A is small enough (A < 1073) to
be irrelevant for direct detection, while x can be sufficiently heavy (m, ~ 100 GeV) s.t. the
observed relic abundance can be achieved via annihilation through the derivative Higgs portal.
The explicit symmetry breaking additionally generates the DM-bottom quark contact interaction
proportional to ¢, in Eq. , which yields a small DM-nucleon cross-section U%CIN ~ 10747 cm?
which is in the reach of future direct detection experiments. A detailed study of this scenario
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will be the topic of Section

Leading breaking by weakly gauging U(1)py. It is possible to couple all SM quarks
to the strong sector in a way which preserves the DM shift symmetry. This can e.g. be achieved
with Oy ~ 75,3 and Oy g ~ 219/3. In this case we need a BSM source for the explicit breaking
in order to generate a mass for the DM. One such possibility is gauging the stabilizing U (1)pm
symmetry with coupling constant gp. This can generate a DM mass at on-loop

my X gpf, (4.11)

which is naturally of O(100) GeV, while A is strongly suppressed as it is only generated at higher
loops. This model achieves the closest realization of the “Goldstone limit”. The presence of a

dark photon vp additionally yields a rich and interesting phenomenology which we study in
detail in Section [4.5

4.3 Shift symmetry breaking by top quark coupling

We start our study with the most straightforward scenario: the leading breaking of both the
Higgs and DM shift symmetry originates from the couplings of the top quark. This can be
achieved by embedding ¢, and tg into the 75,3 representation of the global symmetry in such a
way that the U(1)py remains unbroken. Under (SU(2)r, SU(2)r)RM the 753 decomposes as
Toss = (2,2)3)5 @ (1,1)5 5@ (1, 1);513 . (4.12)
This allows us to embed ¢z, into (2, 2)8/3 and tg into (1, 1)8/3, what keeps them neutral under
U(1)pm. The tg embedding into (1, 1)g/3, which picks the direction generated by TPM in the
(1,1,8)5/3 C Ty, explicitly breaks the SU(2)" to U(1)pm and consequently also the shift
symmetry of y, which will acquire a potential and in particular a mass of the same size as the
Higgs. The explicit form of the embeddings, which we will adopt in the following, is given by
1

€o= 5 (ibe bu ite, —ty 0.0, 0)' &r=(0, 0, 0. 0, 0, 0, tr) . (413)

4.3.1 Strong sector resonances

The strong sector resonances, which couple linearly to the elementary particles, come in full
multiplets of the unbroken SO(6) and can be consistently described in the CCWZ framework
(see Section [2.2.4). We begin with a discussion of the fermion sector, which will play a dominant
role in the following. Since the 7j/3 representation, into which we have embedded the elemen-
tary fermions, decomposes as 7y/3 = 65,3 ® 15/3 under SO(6) x U(1)x, we consider fermionic
resonances ( in the 65/3 and S in the 153 representation of the unbroken group. The explicit
form of the () multiplet in the fundamental representation can be written as

1
Q= (iB—iXs3, B+ Xss, iT+iXys, —T+ Xy, —iV+iZ, Y+2), (4.14)
where the doublet (T, B)T transforms as 2! /g under (SU(2) L)BM, and therefore has the same
quantum numbers as qr, whereas the exotic doublet (Xj /3: X2 /3)T ~ 2? /6 contains an exotic

fermion with electric charge equal to 5/3. The two states ), Z ~ 17}

2/3 share the SM quantum
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4.3. SHIFT SYMMETRY BREAKING BY TOP QUARK COUPLING

numbers of the tg, but are additionally charged under U(1)py, what strongly constrains their
couplings. The singlet S is uncharged under U(1)py. The leading Lagrangian of the fermion
sector is thus given by

Nq Ns
Ly = iqripqr + itrPtr + Z Qi (i) + ¢ —mg,) Qi + Z S (i) —ms;) S;
i=1 j=1
No ) B Ne . (4.15)
+ > (€oRUAQM, + it UadQin) + D (els€itUnrSis + s€iUnrSin) + hic.
i=1 j=1

where Ng and Ng are the number of @) and S multiplets coupling to the strong sector. A (a) de-
notes indices in the fundamental representation of SO(7) (SO(6)). The second line in Eq. (4.15)
is the low-energy interpolation of the linear partial compositeness couplings to strong sector
operators. Also note the {7,/ are converted into SO(6) multiplets by dressing them with the
GB matrix U. The kinetic term of @); also includes the CCWZ e, symbol which is needed to
make it invariant under local SO(6) transformations, what is required by the CCWZ formalism
in order to account for the non-linear realization of SO(7). There are in principle additional
terms in the Lagrangian, which arise purely from strong dynamecis with O(1) coefficients cf/ R,

that are of the form
Ng Ng

Lqg= Z Z C]LigjL ﬂaQﬂL +h.c.+ (L = R). (4.16)

i=1 j=1

Since they are couplings within the strong sector, they respect the full non-linearly realized
SO(7) symmetry and in particular the GB shift symmetries. For this reason they contain only
derivative couplings of the GBs with the strong sector resonances. At the leading order in the
1/f expansion one GB couples to two fermions with the coupling strength ~ ¢/Bp/f, where p
is the relevant energy scale. While these operators do not contribute to the effective potential of
the pNGBs, since they do not break the GB shift symmetry, they can be important in hadron
collider processes [152], where p/f ~ m./f ~ O(1) with m, the mass of a resonance. We will
return to them in the discussion of the LHC and future collider prospects in Sec. For
DM phenomenology, i.e. DM annihilation and DM scattering on heavy nuclei, these interactions
scale as p/f < my/f < 1 and are therefore suppressed compared to the couplings in Eq. ,
which are of the size ~ ¢/ f. For this reason we will neglect the couplings in Eq. in the
following.

Gauge sector resonances can be introduced following the generalized hidden local symmetry
approch [153], where vector resonances for a symmetry breaking structure G/H are implemented
as gauge bosons of a local G symmetry. For G = SO(7) the adjoint representation decomposes
as 21 = 15 @ 6 under SO(6). We therefore introduce massive vectors in the adjoint p, ~ 15
and in the fundamental a, ~ 6 of SO(6). The Lagrangian and further details are given in

Appendix [[LA]

4.3.2 Scalar potential and EWSB

The explicit breaking of the SO(7) symmetry by gauging only a subgroup SU(2); x U(l)y C
SO(7) x U(1) x and by the linear coupling of the strong sector to elementary fermions in incom-
plete SO(7) representations, which are parameterized in Eq. by the elementary-composite
mixing parameters, which we will collectively denote as €, generates a radiative potential for the
GBs. This 1-loop effective potential can be computed along the lines of Coleman-Weinberg
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(CW) [78], what yields in unitary gauge and to quartic order in the fields

1 7 Ah~ * * 72 %
V(R x) = Suih% + R+ b X+ Aom () + AR (4.17)

This potential is supposed to induce a correct EWSB VEV for the Higgs, i.e. <ﬁ> =uv < f. Note
that while U(1)py is a global symmetry of the theory, the effective potential could in principle
break it spontaneously, which would spoil DM stability. In order to assure the stability of the
DM we will only consider parameter choices satisfying (x) = 0. The masses of the pNGBs can
be obtained from the second derivative of the potential evaluated at the minimum, i.e.
2 2
m%:(l—f)ﬂ =(1-¢)2xn0*, md oV

2 2
= " :/’LDM+AU s (418)
Oh2 [j =y =0 X OXOXH |f =y =0

where we included (1—¢) for the Higgs mass in order to account for the non-canoncially normal-
ized kinetic term in the non-linear sigma model after EWSB (cf. and ) Computing the
effective potential directly from the gauge and fermion Lagrangian, one finds that u%, péy and
AL, ADM, A are in general quadratically and logarithmically divergent, respectively, and therefore
sensitive to the UV cutoff A < 4xf of the EFTE| However, in order to retain predictivity one
usually assumes that the sensitivity to UV scales is cut off by the first set of vector and fermion
resonances, which we introduces in Section One way to achieve this is with a set of gener-
alized Weinberg sum rules (WSRs) [79], which we introduced in Section [2.2.5] The basic idea is
that the form factors determining the potential parameters for loops of SM states should vanish
sufficiently fast at large momenta to make the potential calculable [80,81]. This can be achieved
by imposing non-trivial relations on the model parameter, which are exactly the WSRS.H

Let us now first discuss the contributions from the gauge sector to the effective potential.
Since the gauge couplings do not break the DM shift symmetry and preserve U(1)pnm, gauge
boson loops will only affect the Higgs potential. The gauge contributions to the mass parameter
and Higgs quartic will be denoted as ui g and Ap 4, respectively. In order to obtain a finite
contribution, one has to introduce at least one multiplet of vector resonances p,, in the adjoint
of SO(6) and one multiplet a, in the fundamental of SO(6), with their masses m,, and decay
constants f,, related by two WSRs

2f7 —2f3 = f?, frm2 = fZm?, (WSR 1+2),. (4.19)

The first relation removes the quadratic sensitivity to the cutoff in ui p and makes )\, 4 finite,
whereas the second relation cancels the remaining logarithmic divergence in ,u%% o The WSRs
in Eq. allow us to get rid of f, and m, and express them in terms of f,,m, and f. The
first condition additionally requires f, > f/+/2. In the limit of g2/ gg < 1, with g, = m,/f, and
neglecting the subleading hypercharge contribution we get to leading order

92 2 2f2/f2
2 2Jp P
2 9 log A 4.20
h,g 327T2m/3 f2 <2fp2/f2_1 ) ( )

SNotice that by naive power counting, the quartic couplings can also be quadratically divergent.
However, the structure of the field-dependent mass matrices leads to a quadratically divergent term
~ A2STrm?(h,x) = A%(ko + knh® 4+ kyx*x) with ko, field-independent constants. Thus the leading degree
of divergence of the quartics is only logarithmic.

SNotice also that, due to the contribution of top quark and SM gauge boson loops, the expression of \j in
Eq. is infrared (IR) divergent. To retain full predictivity, this issue is resolved by adding to V/(h,x) an

additional quartic for h that is non-analytic at h = 0. See Appendix for further details.
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4.3. SHIFT SYMMETRY BREAKING BY TOP QUARK COUPLING

what is strictly positive and therefore stabilizes electroweak symmetry. In order to trigger
EWSB a second and larger negative contribution is needed, which destabilizes the electroweak
symmetry. Such a negative to 7 contribution is readily obtained from fermion loops, which
has to be tuned against u,%, g in order to obtain a realistic Higgs VEV <iL> =v < f. The gauge
contribution to the Higgs quartic is small compared to the fermionic contribution (see e.g. the
discussion in Section .

In the fermionic case the G breaking spurions are the elementary-composite mixing parame-
ters €, which generate a potential in fermion loops. The € parameters break the shift symmetry
of both h and y and therefore give contributions to all potential coefficients. The WSRs which
ensure their cutoff independence take the form

NQ ) 9 Ng 9 NQ - Ng 9

> leel =22 éés‘ : Sldol = e{s‘ , (WSR1); (4.21)

=1 j=1 i=1 j=1

N,

i 122 _ o J 2 i 12 2 _ o J 2
Ng S 9 Q g 5
Z ‘EQQ} mqQ, = Z 6qS‘ mg,, Z ‘EtQ‘ meq, = Z etS‘ mg; - (WSR 2)f (4.22)
i=1 Jj=1 i=1 j=1

Similar to the gauge contributions, the first sum rule removes the quadratic divergence in ,u%’ f
and M2DM, 7 and makes A\, A\py and Ap, s finite. The residual divergence in mass parameters is
canceled by the second sum rule. Note that in order to satisfy these sum rules one needs a set of
resonances consisting of at least one multiplet @ in the fundamental representation of SO(6) and
one singlet S. This ’one-layer’ setup, which we will discuss in Section [£.3.2.A] turns out to be
very predictive but leads to a DM candidate, which is phenomenologically ruled out. However,
due to its simplicitly it allows for analytical results to which will give us valuable insight. Next
we turn to a non-minimal model with two full layers of fermion resonances. In Section
we find that such a 'two-layer’ setup has enough freedom to contain a viable DM candidate.

A One layer of fermionic resonances

Let us consider the Lagrangian in Eq. (4.15) with Ng = Ng = 1. The WSRs in Egs. (4.2111.22))
for this scenario take the from

2 2 2 2 2 2
€Q = €S> €Q = &S mg =mg, (423)

where we have assumed that all parameters are real and CP is conserved. We will also assume
without loss of generality that all masses are positive, i.e. mg = mg = m > 0. Note that
Eq. does not fix the relative signs of the mixing parameters €;9 = fe€,5 and g =
+¢5. However, the case with equal signs restores the SO(7) symmetry in the non-derivative
Lagrangian in Eq. , thus making it possible to remove the GB matrix U with a field
redefinition (see for example [154]). Hence the scalar potential vanishes. This effectively forces
us to take opposite signs for the mixing parameters, which we take to be €9 = —€,9 = —¢, and
€1Q = €15 = € ﬂ In this case we find for the potential parameter relevant for DM phenomenology

iy Neciim?log(M3/M3)
7 e QR - M)

pbny = domy =0, Ay = (4.24)

"Notice that by redefining the phases of the resonances, we can equivalently choose a field basis with same-sign
mixings and mg + mg = 0. This is a realization of the “maximal symmetry” of [155]. Accordingly, the tuning of
the model is minimal, see Eq. (4.29) below.
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where M% g= m?+ eit are the tree-level, pre-EWSB, squared masses of the top partners, which
mix with q7 and tg, respectively. Since there are no contributions to ,u]%M, Apm and A from the
gauge sector, Eq. shows the full expressions. A similar calculation yields the contribution
to the Higgs quartic
Ay ~ Ncege%mQ log(M?2/M32)
w2 fAMF - Mg)
for which we have neglected the gauge contribution to the potential. Equations (4.24]) and (4.25))
suggest the relation A &~ A, /2, which is indeed verified within 20% in our numerical scan of the
parameter space. Therefore both the portal coupling and the DM mass are fixed in terms of v
and the Higgs mass,

(4.25)

2 2 2
N % ~0.065, m2 = ’~ Ah; ~ % ~ (63 GeV)?. (4.26)

The DM mass and portal coupling in Eq. imply that due to the small mass the derivative
couplings play a subleading role in DM phenomenology, s.t. it is well described by a renor-
malizable Higgs portal model [51-53]. However, in this model the parameter region A ~ A /2,
my ~ my,/2 has been ruled out by direct detection experiments and bounds on the Higgs invisible
width (see e.g. [156]) at the LHC, which are relevant for m, < mj/2.

It is worth having a closer look at the source of the problematic values in Eq. . In the
one-layer setup the second set of WSRs is so restrictive that the form factors IIy,, and Ilg, in
Egs. vanish and the only contribution comes from the top mass form factor Il g,
which therefore determines the full structure of the potential. As a consequence we obtain a
non-generic form of the potential. For this reason it seems plausible that once we allow for more
parametric freedom in the form of a second layer of composite resonances, we should be able
to significantly depart from the values of Eq. , while still maintaining full calculability.
This hypothesis is also supported by results from a parameter scan of a model, where we do
not enforce the second WSR and retain a logarithmic sensitivity to the cutoff, which we take to
be A = 4nf, in ,ui s and /~‘2DM, f- After this modification the potential has a generic form and
exhibits large deviations from Eq. . Therefore we will consider a full two-layer model in
the next Section.

But before turning to the two-layer model, let us point out a few properties of the current
setup which at least qualitatively apply in the extended model. If we combine Eq. with
my =~ \/2e46,v/(Mp Mg f), which is the top mass at leading order in &, we obtain

my, o Ne MpM§

~ M2 /M32). 4.27
m? 7T2f2 M% - Mg g( T/ S) ( )

This relation shows a well-known feature of CH models, which has also been obtained in the
MCHM with the symmetry breaking structure SO(5)/SO(4) [81}157], namely that a light Higgs
requires at least one relatively light top partner with a mass comparable to f. We verified that
Eq. is satisfied numerically to a good accuracy, once small corrections from the gauge
contribution, which have been neglected in Eq. , have been taken into account. We can
also estimate the fine-tuning needed to obtain v < f using the standard measure [158]

Odlogé
Olog ¢;

A = A¢ = max;

(4.28)

with ¢; denoting the model parameters, which are ¢; = {4, €&, m, f,, m,} in the one-layer model.
A more immediate estimate can be obtained from Eqs. (4.24))-(4.26)) by noticing that the fermion
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Figure 4.3: Distribution in the (m,, A) plane for the parameter scan of the two-layer model.
The left panel assumes f = 1 TeV, the right panel f = 1.4 TeV. The black boxes roughly indicate
the viable regions of parameters for DM. The red dot shows the approximate prediction of the
one-layer model, Eq. . For orange (blue) points, the lightest fermionic resonance is heavier
(lighter) than the approximate LHC lower bound of 1 TeV. The Figure is adopted from .

contributions alone give £ ~ 1/2. Thus u%’ p has to be adjusted such that £ <« 1, which requires
a fine-tuning of
A7t~ 2, (4.29)

This is actually the irreducible amount of tuning for models with a Higgs potential, which is
entirely generated at the radiative level. Numeric estimates following Eq. agree well with
Eq. ([£.29).

Let us finally remark that the prediction in Eq. was previously found by for the
realization of the SO(6)/SO(5) model with minimal fermion content.

B Two layers of fermionic resonances

As a next step we consider the fermionic Lagrangian in Eq. (4.15) with Ng = Ng = 2. In this
case the first set of WSRs in Eq. (4.21]) can be solved in terms of two mixings €4 and four angles
@, 0,5 and ¢,

1 2 1 2 1 2 1 2
€ € € € € €
s s t ¢ € €
aQ 9Q q @S _ Q Q 85— 18—, (4.30)

cosae  sina  cosf sing 1’ cosfB  sinfB  cos¢ sing

Two of the angles are fixed by the second set of WSRs in Eq. (4.22)), modulo sign ambiguities.
Here we choose

2 2 2 2 ) o2
554 = "oy s (mQ2 _ le) “af (52 = sin®2) (4.31)
0,0 m%b - m%I xr — ] .

and without loss of generality we assume mg, > mg, and mq, > mg,. We study the resulting
parameter spaceﬂ in a numeric scan, which is described in detail in Appendix We show the
resulting distribution in Figure|4.3|in the (m,, A) plane for two choices of the symmetry breaking
scale: f =1 TeV and f = 1.4 TeV. For both values large deviations from the prediction of the
one-layer model are clearly visible. One of the most striking differences is that y is much heavier

8Note that for special values of the parameters, the model can be realized via a three-site construction .
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Figure 4.4: Fine-tuning of the two-layer model, shown versus the DM mass (left panel) and
versus the portal coupling (right panel). For orange (blue) points, the lightest fermionic reso-
nance is heavier (lighter) than the approximate LHC lower bound of 1 TeV. The scale f is fixed
to 1.4 TeV. This Figure has been previously published in [28].

than the one-layer prediction of my/2 ~ 63 GeV. In particular the 100 — 400 GeV range is
populated which will turn out to be the region where the observed DM relic abundance can be
achieved. Another important difference is that the portal coupling A can be significantly smaller
than Ap/2 ~ 0.065. This is actually crucial to avoid exclusion by direct detection bounds. It
is also clearly visible in Figure that a reduction in A is correlated with the appearance of
light top partners, which can be in tension with bounds from LHC searches, which we will take
to be approximately 1 TeV. (We will discuss the LHC constraints in detail in Sec. but
this rough estimate suffices for the scope of the present discussion.) In fact for f = 1 TeV
we do not find any points, which are in the region required to give a viable DM candidate
(100 GeV < my < 200 GeV and A < 0.02, shown by the black box) and are not in conflict
with LHC bounds on top partners. A larger value for f relaxes this tension, as top partners are
naturally heavier, and it shifts the DM mass to higher values where the constraints on A are
not as stringent. The minimal value for f with a sizable number of allowed parameter points is
approximately f = 1.4 TeV, which we will use as a benchmark in the remainder of this Section.
For this symmetry breaking scale the viable region shifts to 200 GeV < m, < 400 GeV and
A < 0.04, as shown in the right panel of Figure [4.3

Increasing f goes at the cost of additional tuning. The minimal tuning for f = 1.4 TeV can
be estimated as A™! ~ 2¢ ~ 6% (cf. Eq. (4.29)). A more refined analysis of the tuning according
to the definition in Eq. on a point-by-point basis is shown in Figure The Figure shows
that an increasing departure from the predictions of the one-layer model, i.e. m, > my/2 and
A < Ap/2 requires additional tuning. The additional tuning for a larger m, can be explained
by noticing that a larger DM mass needs a larger contribution from the form factor I1g,, which
vanishes in the one-layer model (see Eq. ([.LD.10))). This in turn comes with the need of a more
severe cancellation in the Higgs mass parameter to keep £ < 1. However, it is possible to obtain
a DM candidate in the viable mass region 200 GeV < m, < 400 GeV, without significantly
exceeding the irreducible contribution of 2§ ~ 6%. However, a portal coupling which satisfies
direct detection bounds, i.e. roughly A < 0.04, requires a tuning of at least A=! < 1%. Note that
we have found that once the Higgs VEV and mass are fixed to their observable values there is no
additional tuning required for the DM mass, i.e. computing the tuning according to Eq.
for p?,, instead of ¢ for the points in Figure results in O(1) tuning even for DM masses
as low as 200 GeV. All in all we expect that the level of fine-tuning in this two-layer model to
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Ms, [TeV]
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Figure 4.5: Mass of the lightest top partner mixing with the tgr (Mg,) versus mass of the
lightest top partner mixing with the g, (Mr,), neglecting EWSB corrections, in the two-layer
model. Orange (blue) points have a Higgs mass within (outside) the range 120 GeV < my, < 130
GeV. The red line shows the approximate prediction of the one-layer model, Eq. . We set
f =1.4 TeV. This Figure has been adopted from .

solve both the Higgs naturalness and DM problem is of the order of 1% or slightly worse. The
additional tuning is mainly driven by increasing sensitivity of direct detection experiment and
searches for top partners at the LHC.

In Figure we explicitly confirm that the relation in Eq. (4.27), which correlates a light
Higgs with the existence of at least one light top partner, qualitatively also holds in the two-layer
model. Even numerically Eq. yields a good approximation if we identify M7 and Mg with
the masses of the lightest top partner mixing with ¢y, and tg, respectively.

Now that we have qualitatively characterized the current CH model, including estimates
of the model parameters, we will discuss its phenomenology in the following Sections. In Sec-
tion [4.3.3] we discuss the DM phenomenology of the model and in Section [4.3.4] we turn to the
top partner phenomenology at the LHC.

4.3.3 Dark matter phenomenology

We will now discuss the DM phenomenology of the complex scalar x, focussing on the DM relic
abundance and the DM-nucleus scattering cross-section. We will conclude this Section with a
brief comment on constraints from indirect detection.

A Effective theory for DM annihilation

As we have discussed at length in Section 2:4.2] the relic abundance of weakly coupled DM
is set via the freeze-out mechanism. The relic abundance “freezes-out” once the annihilation
rate in the early universe drops below the expansion rate of the universe. This takes places at
an energy scale of /s ~ 2m, < my, where m, denotes the characteristic mass of the strong
sector resonances. This implies that we can compute the annihilation cross-section in an EFT
including only h, xy and the SM fermions and bosons with the heavy top partners integrated out.
Additionally assuming that the freeze-out temperature is below the weak scale, i.e. Ty < v,
which is generically the case for WIMP DM, for which Ty ~ m, /20 < v, we can construct
the effective Lagrangian in the broken electroweak phase. We also limit ourselves to operators
quadratic in the DM field, which give the leading contribution to DM annihilation. The structure
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of the effective Lagrangian is therefore

Lz = LaB + L; — Veg - (4.32)
—————— N —

tree 1-loop

Note that this has exactly the same form as the general effective Lagrangian, which we con-
sidered in Eq. of Chapter |3, where we parameterized the general fermion Lagrangian Ly
and effective potential Vg in Egs. and , respectively. However, while we organized
Eq. as an expansion in 1/f in the electroweak unbroken phase, here we perform an expan-
sion in the physical fields in the electroweak broken phase and give the coupling coefficients to
all orders in the v/f expansion. For the first term, which is simply the the non-linear sigma
model Lagrangian Eq. in terms of physical fields after EWSB, this has the form

*

1 h X"X - . h
Lo = 5(67Nh)2 (1 +2 hhh +2 athX7> + X0 X" + ;8uh (X" x) (bhxx + bhhxxg)

h 2
+ 2ahvvg<m%{/WjW_“ + %Z#ZM). (4.33)

The radiatively generated effective potential Vg organized in an expansion of physical fields will
be parameterized as

Ve = 5m%h2 + dpph 2—5 h3 + mix X + 2dpy vARX X + dthX/\hZX X - (4.34)
Note that even though the scalar couplings in the potential Eq. (4.34]) are loop suppressed, they
can be equally important as those in the tree-level interactions in Lgp, whose derivative structure
leads to a suppression of ~ s/f? < 1 [8]. Note that except for A all dimensionless coefficients in

Eqgs. (4.33] 4.34) are functions of £ only and are given in Eq. (I.LF.10)). The couplings of the DM
to the top quark are given by

_ _ h *
L, = itdt — mttt(l + Cuun +2 cttxx%>, (4.35)
where the dimensionless coefficients are of the form
2
cr = AIm(E) + O(ﬁ%), k = {tth,ttxx}. (4.36)

*

The functions cgl"m(f) encode the model-independent non-linearity in & due to the non-linear
sigma model construction and are given by

1-2

cpom — - _i . = —2(15_ K (4.37)
The second term in Eq. originates from the mixing of the top quark with the top partners
and depends on the model parameters. In general they are suppressed as long as both top
chiralities are mostly elementary, i.e. ¢ < m,. However, if one chirality is mostly composite,
€ ~ my these corrections become important. In previous studies of pNGB DM these corrections
were completely neglected [8,38], but in our scenario we find that they are important in large
parts of the parameter space. In Figure [4.6) we see that already for moderate compositeness
fractions of tp these corrections can give an O(1) modification to 7™ (¢), its value due to the
symmetry structure in the non-linear sigma model. In particular ¢, is strongly suppressed and

even vanishes in the limit of a fully composite tg, in which case these corrections exactly cancel
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Figure 4.6: Corrections from top partner mixing to the effective tth and ttx*x couplings,
defined as Oy = Crtyy/ c?g)‘g(n and Oyp, = (cen, — 1)/ (™ — 1), as functions of the compositeness
fraction s of the right handed top (see Eq. for its definition). The gray dashed line
indicates the pure sigma model result, where top partner mixing is neglected. The points shown
are obtained from a parameter scan of the two-layer model with f = 1.4 TeV, requiring all
fermionic resonances to be heavier than the approximate LHC bound of 1 TeV. This Figure has

been adopted from .

c?tlg;n(f) This effect can be understood as follows: in our current scenario, i.e. embedding both

qr, and tg into the 7 representation of SO(7) with the explicit embeddings given in Eq. ,
only the embedding of ¢t breaks the DM shift symmetry. Once the physical ¢tz becomes fully
composite, i.e. it has no overlap with elementary fermions and is a resonance of the strong
sector, it preserves the full SO(7) symmetry and in particular does not break the DM shift
symmetry. Hence no non-derivative coupling of the DM to the top is allowed and c;,, must
vanish. The tth receives smaller, but still important, corrections from the top partner mixingﬂ

B Dark matter relic abundance

The precise value of today’s DM relic abundance is obtained by solving the Boltzmann equation,
but a useful approximate result is given by (see Section for an explanation of the symbols
and this estimateﬂ
Qpmh? 3-107%6cm3s!
0.1198 1 (ove) (Tf)

(4.38)

Note that the factor 1/2 in front of the thermally averaged annihilation cross-section (ovre)(7)
at the freeze-out temperature T appears because the DM is not self-conjugate and therefore
both the number of particles and anti-particles contribute to the relic abundance.

As we have already discussed at length in Chapter [3] the annihilation proceeds mainly
through s-channel Higgs exchange into xx* — tt, WW, ZZ, hh. Even though xx* — tt,hh
receive additional contributions from contact interactions, we can gain a good intuition by ne-
glecting these contributions in a first approximation. In this case the cross-section is proportional

9Notice that the tth coupling does not vanish at full RH top compositeness, because even in that limit the
coupling of ¢qr, to the strong sector breaks the h shift symmetry.

ONote that the value for the DM relic abundance which we take in Eq. does not exactly agree with
Eq. . The reason for this is that when these results were published the most precise measurement of the
relic abundance was (Qpmh?)exp = 0.1198 £ 0.0015 . Since this was used in all parameter scans and results
in this Section, we decided to quote this slightly outdated but almost identical value here.
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Figure 4.7: Thermally averaged cross section for DM annihilation. The gray dashed line
shows the canonical value, which is typically required to reproduce the present relic abundance
according to the approximate relation in Eq. . The scale f was fixed to 1.4 TeV. In the
left panel we set the portal coupling to the representative value A = 0.05, in the right panel we
chose two representative values of the DM mass. In both panels the tth and tty*y couplings
were set to their sigma model values (Eq. (4.37)), thus neglecting top partner mixing. With
this simplification, (ovye) is completely determined by f,m, and A. This Figure has previously
been published in [28].

to the squared xx*h vertex

OUre] X (bh%s — 2dhxx)\v)2 ~ 2 (% — 2)\>2, (4.39)
where the first term in the brackets originates from the derivative couplings in Eq. and the
second term is the marginal Higgs portal contribution from the effective potential in Eq. .
For non-relativistic DM s ~ 4m?<, what is a good approximation at freeze-out, there is a large
suppression of the annihilation cross section for mi ~ X f%/2. This is clearly visible for the
annihilation cross-section into WW,ZZ and hh in the left panel of Figure .71 Note that
Eq. also implies that for a given f and m, there are two values for A, which yield the
same cross-section, i.e. there are two possible values which can give the correct relic abundance.
This feature can be seen in the right panel of Figure 4.7, The branch with larger A is usually
excluded by direct detection, but the lower branch can provide a viable scenario. Also note that
the value for A along the lower branch is smaller than the one needed in a pure marginal Higgs
portal model to obtain the correct relic abundance.

For m, > m; the simple scaling in Eq. is violated by annihilations into top pairs. In
this case the corrections from contact interactions ttyx* can no longer be ignored. In the left
panel of Figure we show the effect of ¢4y, on the xx* — ¢t annihilation cross-section, by
varying c?tl;;(n < ¢ty < 0, which contains all phenomenologically relevant points. The effect of
a suppressed |ciy| due to top partner mixing is to shift the relic abundance contour to larger
my, for fixed A or smaller (larger) X for fixed m, along the lower (upper) branch with a larger
effect on the lower branch, as can be seen in Figure 4.8 This can be understood by noticing
that the contribution from a tfxx* contact interaction to the amplitude, relative to the yx*
induced s-channel Higgs exchange via the marginal portal coupling X scales as 2mi /(A f?) for
my > my/2. Along the branch with larger A, for which Qm?< < A f2, the ratio is smaller than
one and therefore the relative contribution from the contact interaction ¢y, (and consequently
corrections to it) is subleading. However, along the lower branch the contributions from the
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Figure 4.8: Impact on the total annihilation cross section of varying the strength of the ttx*y
contact interaction in the range ¢y € [cg)‘(’;‘, ]. The lower value corresponds to the pure sigma
model, where top partner mixing is neglected, whereas the upper value corresponds to a setup
with fully composite tr, where top partner mixing is maximal. The realistic parameter points lie
within this range, i.e. they fall within the band shaded in blue. The gray dashed line shows the
value required to reproduce the present relic abundance according to the approximate relation
in Eq. . In the left panel we set A = 0.05, whereas in the right panel the DM mass was

fixed to m, = 300 GeV. We took f = 1.4 TeV in both panels. This Figure is adopted from [2§].

contact interaction are of the same size or even larger than the contribution from the portal
coupling and therefore corrections to it are significant. In the following we will see that these
corrections are crucial to avoid constraints from direct detection.

C Radiative corrections to pNGB derivative interactions

In the previous discussion on the annihilation cross-section we have included tree-level couplings
from the non-linear sigma model Lagrangian and the fermion-pNGB couplings, but also one-
loop radiatively generated interactions from the effective potential (see Eq. ) However,
the effective potential only includes radiative corrections from gauge and fermion loops in the
limit of vanishing external momenta. Such a simplification is not justified when considering DM
annihilation. The relevant momentum scale is p ~ m, and therefore one-loop corrections to
derivative operators of O(p?) are expected to be important. As an example we will consider the
xXx*hh interaction and we will neglect EWSB effects, i.e. we take v = 0 in the following. At
O(p°) this is simply the marginal Higgs portal in the effective potential Vg D Ah%x*x, which
is absent at tree-level but generated by the fermion sector at one-loop. At O(p?) we find from
Eq. that this interaction has the following form

1
F2hOROCOX + D). (4.40)

Notice that the tree-level contribution to this interaction originates from the non-linear sigma
model kinetic term. In the absence of explicit symmetry breaking spurions, the non-linear sigma
model does not get renormalized, since it is completely fixed by symmetry. This implies that any
loop corrections must be proportional to the SO(7)-breaking parameters. The one-loop radiative
corrections to this interaction arise only from the fermion sector and are therefore proportional to
the mixing parameters €, since we require a combination of spurions which break both the Higgs
and DM shift symmetry. Consequently the radiatively corrected expression of the two-derivative

Lo D
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h X _h

X h hox h

Figure 4.9: Representative set of 1-loop diagrams that contribute to the renormalization of
the x*xhh interaction at O(p?). The circles indicate non-derivative interactions arising from
elementary-composite mixing terms, whereas the squares denote derivative couplings originating

from the e, symbol (see Eq. (4.15)). This Figure is adopted from [28].

coupling is of the form

2 N62
ﬁ’ Ctree ~ 1,

C1—loop ™~ 16%2]02

Notice that c¢1_j0p is expected to be logarithmically divergent. In contrast to A its UV-behavior
is not softened by the WSRs in Egs. [4.22)). The combination of the log enhancement and
the fact that e/f is typically of O(1), i.e. the Goldstone symmetry is badly broken, suggests
that the one-loop contributions could be very important. We find four classes of diagrams,
which contribute to the renormalization of the operator in Eq. , shown in Figure
The diagrams contain two types of scalar-fermion vertices: non-derivative couplings from the
elementary-composite mixing terms and derivative couplings from the e,, which is contained in
the kinetic terms of the resonances in the SO(6) fundamental, ), QiftQ; H For simplicity we
neglect external masses, s.t. s+t +u ~ 0 and compute the log divergent O(p?) contribution
to the x*x — hh amplitude. Even though this is a rough approximation for DM annihilation,
where the kinematic variables take the values (assuming mi > m3) s~ 4’mi and t ~ u ~ —mi,
it is nevertheless sufficient for the purpose of estimating the theoretical uncertainty on the cross
section, what is the purpose of the present discussion. The contributions from the individual
classes of diagrams are given by

i(ctree + Cl—loop) log A2, (441)

N, e N, e
1Al = ! (e?——q>slogA2, 1Ag = ! (_7(1

- Ve = e 3slog A2, i
sm2 f4 8 82 f4 8) slog A”, iy

6?)3 slog A?.

(4.42)
with the third class of diagrams being proportional to the external masses, and thus negligible
within our approximations. Summing the three pieces and making the argument of the logarithm

dimensionless by inserting m?2, we arrive at the final result

1N,
- 87T2f4 (

€2 2

i(ctree + Cl—loop)% 5 Ctree = 1, Cl1—loop = 27;7_\[2}2 <€§ - §q> 10g 7{’\7'3 ) (443)
where we have imposed the conditions from the WSRs and denoted the mass of fermionic res-
onances by m.. Note that this result has only a very mild loop suppression of N./(272) and
is log enhanced. After EWSB this interaction contributes to the hx*x coupling which en-
ters all s-channel Higgs mediated annihilation channels in the computation of the annihilation
cross-section. As we saw in the previous subsection this coupling is actually dominant in the
phenomenologically interesting region where X is suppressed. This means that in order to main-
tain predictivity we have to keep the size of the radiative corrections under control. This can

"Notice that in general the couplings containing the d, symbol that appear in Eq. (@.16)) also contribute.
However, for simplicity we set their coefficients to zero in the computation.
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only be achieved by limiting our parameter space to regions where the loop corrections are sub-
leading and by assigning an uncertainty to the annihilation cross-section. In order to keep the
corrections to the annihilation cross-section below 50% we have to require that

2
0.5 < (1+m)2<1.5 s 04< i<e§—€—q> <03, (4.44)
Ctree f2 8
where we take A ~ 10 TeV and m, ~ 1 TeV. If we do not assume an approximate cancellation
63 ~ 8 ¢7, which may be regarded as a tuning unless it can be enforced by a symmetry, a further
reduction of the uncertainty would lead to values of ¢,; that are too small to reproduce the
measured top mass. In conclusion, we will require that Eq. is satisfied throughout our
phenomenological analysis, and we will correspondingly assign a 50% theoretical uncertainty on
the total DM annihilation cross section.

D Constraints from DM direct detection

DM direct detection experiments try to measure the recoil of detector nuclei from an elastic
scattering event of DM on a detector nucleus. It consequently probes the DM couplings at
low momentum transfer \/—q2 < 100 MeV. Currently the strongest bounds are on the ST DM-
nucleon cross-section (see Section set by the Xenon-based XENONIT [5] experimentE
In the current model the elastic scattering on quarks is mediated by three kinds of diagrams:
t-channel Higgs exchange, the x*xgq contact interaction, and diagrams involving the exchange
of the U(1)pm charged top partners ) and Z. The first two contribute to the scattering with
all quarks, whereas the last only affects the scattering with top (sea) quarks. Note that, as we
have discussed at length in Chapter |3 the derivative couplings give completely negligible con-
tributions to the DM-nucleon scattering, since —q?/f? < 1. The Higgs-exchange diagrams are
therefore effectively proportional to A, which for realistic regions of parameter space dominates
over the contact and Y, Z mediated contributions. The SI cross-section is therefore completely
determined by the portal coupling A, similar to the simple renormalizable Higgs portal model
(see e.g. [162]). Matching the Higgs exchange contribution to Eq. (2.96)), we directly obtain Ué‘IN

from Eq. (2.103)

2 42, 4
XNy ATmyy
78I :?m‘lmQ

Ry

2
~ 1.6 % 10 em? (2 300 GeV
0.02

2
) , (tr breaking) (4.45)
My

where my is the nucleon mass, and fny ~ 0.30 contains the dependence on the nucleon matrix
elements. The exact expression of O‘%(IN is reported in Appendix The XENONI1T experiment
is currently probing cross-section of the size of Eq. [5]. This implies that direct detection
requires a suppression of the most natural value A ~ \,/2 ~ 0.065 by about a factor of 3,
assuming the local DM density to take the the standard value pg = 0.3 GeV cm™3. Note that
this bound is more stringent than what was state of the art when this project was completed.
We will comment on this more stringent bound when discussing the results. All quoted direct
detection limits are given at 90% CL.

E Results

We summarize the main results of our phenomenological study in Figure for which we
set f = 1.4 TeV and perform a parameter scan. All points reproduce the experimentally

12Note that at the time when these results were published the strongest constraints were set by an older dataset
from XENONI1T [160] and LUX [161]
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measured values for v, myp, m; and are compatible with LHC constraints on top partners, which
we will be discussed in detail in Section We additionally implement the constraint in
Eq. to limit the theoretical uncertainty on the annihilation cross-section due to radiative
corrections, which are not included in the calculation, to 50%. The color code for the points in the
(my, A) plane is the following: green marks points which reproduce the observed relic abundance.
Red (purple) points represent parameter choices which exceed (undershoot) the observed relic
abundance. The calculation of the relic abundance was performed with micrOMEGAs [163] to
solve the Boltzmann equation, based on the effective Lagrangian in Eq. implemented in
FeynRules [164] (see Appendix[L.F]for details). Due to the dependence of the contact interactions
on the top partner mixing, the relic abundance has to be computed on a point-by-point basis.
The direct detection bounds from LUX [161] (brown) and XENONIT [160] (gray), in contrast,
are insensitive to the explicit top partner parameters.

The upper panel in Figure shows in green the points, which yield a relic abundance
within 5% of the observed value, without assuming a 50% uncertainty on the annihilation cross-
section. We also show in thick blue the 3o relic abundance contours for the tth and ttyx*
couplings set to their sigma model values, in which case the contours are completely determined
by {f,my, A}. The previously discussed two-branch structure for m, > 180 GeV is due to the
structure of the annihilation cross-section given in Eq. . The DM annihilation in the upper
branch is dominated by the marginal portal coupling A, whereas in the lower the annihilation
dominantly proceeds through the derivative portal. Between the two branches the annihilation
cross-section approximately cancels, causing the DM to be over-abundant. Outside the two-
branches one coupling becomes too strong and the DM is under-abundant. Direct detection
rules out the full upper-branch, which is why we will focus on the lower branch in the following.
The green points around the lower branch fall, as expected, between the solid blue and dashed
blue line, corresponding to ciyy = c?tlggl and ¢y, = 0, respectively. ¢y, = 0 is reached in
the limit of a fully composite tg. The suppression of |cyyy| reduces the value of A, which is
needed to reproduce the DM relic abundance, for a fixed value of m,.. Including this effect turns
out to be crucial to comply with direct detection bounds. Had we not included top partner
mixing, we would have wrongly concluded that all these points are ruled out by LUX [161] and
XENONIT [160] data, what highlights the importance of top partner mixing effects.

The lower panel of Figure[4.10]shows the final result, which includes a 50% uncertainty on the
annihilation cross-section. Therefore the green points reproduce the observed value of the relic
abundance within 50%. Accounting for this uncertainty there is a large number of potentially
viable points which which also avoid direct detection bounds. Generically the DM mass for
these points is in the range 200 GeV < m, < 400 GeV and the portal coupling between roughly
0.01 < A < 0.04. We also show, as a dashed gray curve, the projected XENONIT sensitivity
after two years of data taking |114] (whereas the “35d” label on the solid dashed curve refers
to an exposure of 35 days [160]). All the currently viable points lie well within the ultimate
reach of XENONI1T, which will thus be able to test the entire parameter space of the model for
f=14TeV.

Note that after the publication of these results XENONTI1T has released data from an exposure
of one year [5]. This rules out another chunk of the parameter space and in particular probes
all points which are close to the solid blue line. This implies that a non-tuned version of this
model is now in tension with direct detection data. A remedy for this is either choosing a larger
symmetry breaking scale, what effectively shifts the relic abundance contour to larger masses
for fixed A, or assuming a different embedding of the elementary fermions. We will discuss the
second possibility in Sections [4.4] and
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Figure 4.10: Distributions in the (m,, ) plane that summarize our analysis of DM phe-
nomenology. The points have different colors depending on whether they are compatible with
(green), exceed (red) or undershoot (purple) the observed value of the DM relic abundance. In
the upper (lower) panel, the theoretical uncertainty of 50% on the annihilation cross section is
neglected (included). See the main text for further explanations on the meaning of the different
curves. Note that after the publication of this Figure in an updated XENONIT direct
detection bound [5| has appeared. For a related discussion see the text.

F Indirect detection

Let us shortly comment on bounds from indirect detection experiments on the present-day an-
nihilation cross-section. For a detailed discussion on constraints from the PAMELA antiproton
spectrum on real singlet pPNGB DM in the SO(6)/SO(5) model see [38]. The annihilation
spectrum of the complex DM in our case is very similar to the real DM in [38], which allowed
us to check that our viable parameter space is safely compatible with PAMELA data. It is
however important to mention that bounds from the cosmic antiproton spectrum have large
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systematic uncertainties due to assumptions on the antiproton propagation and astrophysical
backgrounds. For example a more conservative approach to setting bounds on the present an-
nihilation cross-section (owve)o (see e.g. [166]), yields results which are weaker by an order of
magnitude compared to those in [38]. More recent measurements of the antiproton spectrum
by AMS-02 [6] set very stringent constraints on the annihilation cross-section [147[148], probing
even the canonical value for the thermal annihilation cross-section in some channels. However,
the analysis shows a hint of an excess [147,|148|, which could be explained by DM. But as the
situation has not settled yet we do not show constraints from antiprotons. Another source of
competitive bounds are gamma rays from dwarf galaxies, which are affected by smaller system-
atics compared to antiprotons. For a more thorough discussion of gamma ray constraints on
pNGB DM see Section

4.3.4 Collider phenomenology

Before we discuss other embeddings for the elementary fermions we will outline the collider
phenomenology of the model at hand, focusing on signals from fermionic top partners at hadron
colliders. But let us also mention that searches for top partners are not the only characteristic
observables in CH models. The pNGB nature of the Higgs is responsible for deviations of Higgs
couplings from their SM value due to corrections of the order of O(v?/f?). In particular the hV'V
couplings with V' = W, Z are rescaled by a factor ¢y = /1 — £, which is a deviation of ~ 1.5%
for our benchmark of the symmetry breaking scale of f = 1.4 TeV. Such a small deviation is
not accessible at the LHC, but will be tested at future lepton colliders (see |[167] for a recent
overview). Similar deviation also affect the htt, hgg/h~yy and Ztt couplings, which will however
be tested with a lower accuracy. Another subleading test can be monojet searches, considering
that the coupling of x to first generation quarks is very weak. A further class of collider probes
are searches for the pPNGB DM produced through the marginal or derivative Higgs portal. This
will be the topic of Chapter

Note that the following is based on LHC data and searches, which were state of the art when
these results were published. More recent LHC results will give more stringent bounds than the
ones reported here.

A LHC constraints on top partners

A generic feature of CH models is that a light Higgs requires at least some of the top partners to
be light, m, = g, f with g, ~ 1 (see [168] for an extensive discussion). Our model is no exception
in this regard, as can be seen from Figure [£.5] The top partners mix with the SM quarks and
are therefore colored, making the direct production of top partners hadron colliders, and in
particular the LHC, a sensitive probe of the CH framework [152,[169-171]. Here we will discuss
a simplified model with only one fundamental multiplet ) and one singlet S. This corresponds
to only one layer of resonances and is a good approximation if the second layer is somewhat
heavier, what is satisfied in most of the parameter space.

Our starting point is the fermion Lagrangian in Eq. with Ng = Ng = 1. We addition-
ally set the derivative interactions proportional to ct/B = 0 in Eq. to zero, as we have
consistently done during the whole discussion, and will return to them in Section To
leading order, i.e. neglecting EWSB effects, the fermion sector is diagonalized by the rotation

tr cos¢pr —singr\ (tr qr cosgr, —sinegr) (qr
<SR) - <Sin ¢r  CcOsSOR > <SR) ’ <QL> - <Sin ¢r  cosor ) \Qr)’ (4.46)
where Q = (T, B)T and the mixing angles are tan ¢ = ¢;5/ms and tan ¢ = €,0/mq. The
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remaining fermions in @, namely the exotic doublet (X553, X, /3)T and the U(1)py-charged SM
singlets ), Z do not mix with the elementary fermions. The masses of the top partners are
therefore given by

Mszm, MT7B=1/mé+€gQ, MX5/37X2/37y7g:mQ. (4.47)

Hence at the bottom of the spectrum we find either a singlet S, or four approximately degenerate
states Xy/3, X5/3,) and ZH From the numerical parameter scans in the two-layer models,
shown in Figure we conclude that the lightest top partner is typically, but not always, a
singlet. The branching ratios for the top partner decays are straightforward to obtain from the
Goldstone equivalence theorem by expand the GB matrix U to O(1/f) and diagonalizing the
elementary-composite mixings

BR(S — WWb) = 2BR(S — Z1) = 2BR(S — ht) = .,

1
BR(T = ht) = BR(T = Zt) = BR(Xa5 = ht) = BR(Xa/5 = Z1) = (4.48)
BR(Xs/3 — W*t) = BR(B — W™t) = BR(Y — xt) = BR(Z — ") = 1.

Note that the U(1)pm charged top partners always decay into a top and DM x (see Refs. |[172-
174] for recent studies of top partner decays into additional Goldstone scalars). These leading
order predictions are also satisfied to a good accuracy in the full model, what is explicitly verified
in the right panel of Figure where the exact branching ratios of the singlet are shown.
There are in general two production mechanisms for top partners at the LHC: QCD pair
production pp — 1) where 9 is any top partner, and single production in association with a top
or bottom quark via electroweak interactions. For a singlet S the leading process is pp — Sbj via
the bW =S VerteXE In the absence of the derivative couplings proportional to ¢ the bounds
from single production [175] are weaker than from QCD pair production |[176,(177], which we will
discuss in the following. For simplicity we will assume the branching fractions from Eq. .
The search in [176] focuses on the 1)) — t(h — bb)+X process in 1- and O-lepton final states,
yielding the 95% CL constraints Mg > 1.02 TeV and My, , > 1.16 TeV (henceforth, LHC limits
will always be quoted at 95% CL). The bound on X3 is stronger due to the larger branching
ratio into th. The search in [177] instead specifically targets the X5 /3 in the same-sign-dileptons
final state, and gives Mx, ;5 > 1.16 TeV{7| In addition to these standard CH signature our
model contains more exotic scenarios with the U(1)py charged top partners ), Z. Since these
always decay into a top quark and DM, pair production of ), Z gives rise to the signature
tt + missing transverse energy (MET). The bound depends on the DM mass, which we will
take to be m, = 300 GeV, i.e. exactly in the middle of the best motivated mass range (see
Figure . Our strategy to obtain the bound on My, Mz is to start from the 8 TeV analysis
of [178], which results in m, > 0.85 TeV based on ~ 20 fb~! of data. As a next step we use
the Collider Reach [179] method to rescale the bound to a luminosity of ~ 36 fb~! at 13 TeV,
obtaining m,, > 1.30 TeV. Finally we take into account that ), Z are two degenerate Dirac
fermions, which both contribute to the signal. For this reason we solve the following equation

I3EWSB effects do not alter the masses of X5/3,) and Z, which remain exactly degenerate, but they do shift
Mx, 4 slightly. The correction can have either sign depending on the parameter point.

M Note that the U(1)pm charged top partners ), Z cannot be singly produced.

15This is the bound obtained for a purely right-handed ¢ W~ X5 /3 coupling, as appropriate since in this model
the left-handed coupling is suppressed by one extra power of v.

69



CHAPTER 4. COMPOSITE DARK MATTER IN SO(7)/SO(6) COMPOSITE HIGGS MODEL
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Figure 4.11: Distributions in the model with two fermionic resonance layers. Left: mass of the
lightest exotic top partner (mg, ) versus the mass of the lightest singlet top partner (Mg, ). For
orange (blue) points, the lightest fermionic resonance is heavier (lighter) than the approximate
LHC lower bound of 1 TeV. The red line corresponds to mqg, = Mg,. Right: branching ratios
of the lightest singlet 57, for the parameter points where it is the lightest fermionic resonance.
The dashed lines indicate the leading order predictions, see Eq. . This Figure has been

adopted from [28].

for My: 0, s gy, 13 mev(my = 1.30 TeV) = 20, , 5, 13 1oy (My), arriving to My > 1.42 TGVH
In summary, the current LHC constraints on the top partner masses are, at 95% CL,

Mg >1TeV, MX5/3,X2/3 > 1.2 TeV, Myyz > 1.4 TeV. (4.49)

These conditions are imposed at every point in the parameter scan presented in Figure

B Beyond the lightest top partner

The first manifestation of top partners at the LHC would almost certainly be the lightest top
partner. However, if the lightest top partner is a singlet S it is near to impossible to draw
conclusions about the symmetry of the CH model and the connection to DM. A smoking gun
signature for DM in this CH model are the U(1)py charged top partners ) and Z. If they can
be produced and there is a large enough mass splitting mg — Mg, both the decay to Y™t and
the cascade decay x*) S are unsuppressed. Assuming €t Ms < mg and taking the limit of full
tr compositeness sin ¢r — 1, the branching ratios are given by

2

BR(Y — xt) = BR(Z — x"t) ~ £, (4.50)

¢y +cg
where we took nonzero coefficients for the derivative interactions in Eq. , setting ¢M/F =
icr,r so that CP is conserved. According to Eq. Y and Z decay almost democratically
into both channels. Therefore one could get an additional handle on the exotic top partners by
considering cascade decays of pair produced )Y or Z into an intermediate singlet .S, which finally

yields a Z or h in addition to the “stop-like” signature bW bW xx*.
In a scenario where the multiplet in the fundamental @ is lighter than the singlet .S, i.e.
mg < Mg, Y and Z are at the bottom of the spectrum and would give a t¢ + MET signature

16 A5 an independent cross-check, we have recast the constraint on the stop mass extracted from [180], m; > 1.04
TeV with ~ 36 fb™', by solving for My the equation Tpp s 17,13 Tev(mi = 1.04 TeV) =20, 5y 13 Tov(My),
obtaining a consistent bound My > 1.47 TeV.
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early on. In this case the singlet S could still be accessed via single production pp — Sbj,
whose rate can be sizable for non-vanishing derivative couplings ¢y, g |152]. This could lead to
the “inverse” of the cascade which we considered above, i.e. the singlet could decay into an
intermediate Y or Z, i.e. S — x*)V, xZ, which would finally yield a monotop signature of the
form txx*bj. Assuming that €, mg < Mg the branching ratio for these decays in the limit of

full tg compositeness is
1
BR(S — x*)Y) =BR(S — x2Z) ~ 5’ (4.51)
what holds for arbitrary ¢y, r. Hence ~ 1/3 of the singly produced singlets yield the monotop

final state.

4.4 Shift symmetry breaking by bottom quark coupling

A qualitatively very different DM phenomenology can be obtained by taking another embedding
for the elementary fermions. A particularly interesting scenario is reached by assuming that the
top quark couplings do not break the DM shift symmetry and the leading breaking originates
from the bottom quark couplings. This can be easily achieved by coupling the third generation
quarks to composite operators transforming in the Oy ~ Ty/3,0r ~ 219/3 and Oy p ~ T_y3
representations under SO(7) x U(1)x. In this case the tg couplings preserve the DM shift
symmetry if we embed it into (3,1,1)y/3® (1,3,1)/3 C 2153, which is a singlet under the full
SU(2)" subgroup. The explicit form of the top embeddings is given by

1. . T it
72/3 ~ gg) = — (ZbL, br, itr,, —tr, 03T) , 212/3 ~ f}(:? _ YR 0 1

V2 2 10

03x3
(4.52)

where empty entries are zero. In order to model the bottom quark sector, we have to introduce
a second embedding for g, into Oy ~ T_;/3, since otherwise we would not be able to write a
U(1)x invariant Yukawa coupling for the bottom. This will however lead to dangerous tree-level
corrections to the Zbpby, coupling, which we will comment on momentarily. The embedding of
br is along the same lines as tr in the previous section and will constitute the leading breaking
of the DM shift symmetry. The explicit embeddings are of the form

1 ) ) T T
T 13~ f(Lb) = — (=ity, tr, by, by, 0F) T_ 13~ fg) =br (0, 1) . (4.53)

V2

Before continuing the study of this model a few comments are in order. The leading contribution
to the Higgs potential comes from the top quark, since its G-breaking couplings have to be sizable
to generate an O(1) Yukawa coupling. This implies that the bottom contribution to the Higgs
potential can be neglected in a first order approximation. This effectively decouples Higgs and
DM properties and couplings, since the dominant contribution to the DM potential comes from
the bottom quark. For this reason we will not discuss the mixing Lagrangian for the top quark
and its contribution to the effective potential here and refer to Appendix[[.B|for details. Here we
will purely focus on the bottom couplings and their effect on DM phenomenology and implicitly
assume that the top quark and gauge sector take care to generate a realistic effective potential
for the Higgs.
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4.4.1 Fermion sector and effective potential for DM

Under SO(6), 7_1/3 decomposes as 7_1/3 = 6_;,3® 1_;,3. We therefore expect the bottom
quark to couple to resonances Q) ~ 6_,/3 and SO~ 1_;/3 under SO(6) x U(1)x. The
component expression of the “bottom partner” multiplet Q(® is

~ ~ ~ ~ T
QY = iU _yy3 —iT,U_y3+T,iU 13 +iB,~U_y 3+ B, =iV + W,V + W) . (4.54)

vl
where under (SU(2)1)?M we have (U_1/3,U_4/3) ~ 29 " 5/6° (T,B)T ~ 20/6 and YV, W ~ li}/d
The elementary-composite mixing Lagrangian for the bottom sector reads

b b bla n ~(b)A ~(b)a
ﬁfnzx = (€ €45® f ( ) m T 6b5<b)f ( ) W )UA7 + (€ Q(b)f QS%’)TL + ebQ(b>€§%) Q(L’)TL)UAQ + h.c.,
(4.55)
where {m,n} run from 1 to {N s, N v }, respectively. The complete fermionic Lagrangian is

L = (kin. terms) 4 (resonance masses) +£9 1+£%) where the kinetic terms include both those

mix mix’

for the elementary fields and the CCWZ ones for the resonances. Effl)ix is given in Eq. (I.B.5).

The couplings in Eq. (4.55) radiatively generate a potential for the Higgs and DM. The
contribution relevant for DM phenomenology is of the form

V(o X) D X + Aba(*x)? + Ahx*x . (4.56)

The potential parameters are in general divergent, but can be rendered calculable by imposing
WSRs (see Section for a similar discussion in the context of top couplings breaking the
DM shift symmetry). In the following we will be content with partial calculability and introduce
Ngw) = Ngr) = 1 resonances together with one set of WSRs. This makes the marginal couplings
UV-finite, but leaves a residual logarithmic divergence in the mass parameters. This is motivated
by the discussion in Section [4.3| where we found that requiring full calculability in a model with
only one layer of resonances is often too restrictive and results in a non-generic potential. This
is cured at the cost of increased complexity by introducing an additional layer of resonances.
However, in Section [£.3] we also found that qualitatively and quantitatively similar results can
be obtained by relaxing the requirement of full calculability in a one-layer setup. The WSRs,
which make the marginal couplings finite correspond to the relations

625(;,) = 63Q(b) , egs(b) = egQ(b) ) (WSR), (4.57)
These relations imply that u?,, vanishes for mé(w = mé(b) (see Appendix . We assume
mgow), Mmge) > 0 and take € g0 = +€,00 and €,g0) = —€,or) as solutions to the sum rules,
in which case A does not vanish even for mge) = mge) . This implies the following parametric
scaling of the potential parameters

2 2
N. M?* M m) — M) N M2
2 c b(.b\2 —_Q S ~ c b
HDM ~ @ 73 f; (er)”Cgs, Cgs= ) ; Axby f; b (4.58)

where a,b > 0 are O(1) coefficients and M,y, defined via Eq. (3.15)), is identified with M, =
mg) +mge), which implies |Cos| < 1. 61}’3L < 1 is the compositeness fraction of the RH bottom
quark and is proportional to spurions which explicitly break the DM shift symmetry.

Bounds from corrections to the Zb;b;, coupling
As we have mentioned before, an important constraint on this scenario are tree-level corrections
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Figure 4.12: Results of the numeric parameter scan of the model where the DM shift symmetry
is broken by bg, for f = 1 TeV. Left panel: distribution of the mixings for the two chiralities
of the bottom quark. The blue (green) curve corresponds to the relation y; ~ E%G%M*b /f with
M,, = 8(16) TeV. Notice that M,, = mge) + Mmge) is not a physical mass, and can therefore
exceed 47 f. Right panel: tree-level correction to the Zby by, coupling versus the physical y mass.
The black dashed line indicates the 99% CL experimental upper bound, 103 dgp, < 1.4, whereas
the green vertical line corresponds to the mass for which y yields the observed DM density by
annihilating purely through the derivative Higgs portal. This Figure has been adopted from [29].

to the Zbpby, coupling, which is not protected by the Prp custodial symmetry [77] since by, is
embedded in (2,2)_;/3 and (2,2)9/3 of SU(2)r, x SU(2)r x U(1)x. The corrections scale as

2“2

12
(gg’iw = —1/2+52,/3), where the sign is fixed to be positive. The experimental bound is —1.7 <
103 dgp, < +1.4 at 99% CL [181HZ| The corrections to the Zbrby, coupling crucially depend on
the compositeness fraction of the LH bottom quark. A maximally composite by, i.e. e% ~ 1 and
€y ~ ypf /M., on the one hand leads to very light DM with m,, ~ 4 GeV (M,,/8 TeV)(1 TeV/f),

for which we used m, = m}?%(2 TeV) ~ 2.5 GeV, but on the other hand it is robustly ruled
out by Zbrby, unless f > 1TeV. The reverse scenario of large br compositeness 611’_z ~ 1,
e% ~ ypf /My easily satisfies the Zbrby bound but yields parametric scalings for ,u%M and A
that are similar to those already discussed in the case where the DM shift symmetry is broken by
tr couplings. We are therefore mainly interested in the intermediate range e% ~ e% ~ \/Upf [ Mup,
where corrections to Zbpby, are mild ,103 6gy, ~ + few x 0.1 (8 TeV/M,;) (1 TeV/f).

In order to justify these estimates we show the results of a numeric parameter scan in Fig-
ure For this scan we took f =1 TeV and required that the top and bottom contributions
give a realistic Higgs potential. In order to prevent spontaneous breaking of U(1)py we choose
mge) > Mge), what gives 0 < Cog <1 and pdy > 0. As cutoff for the residual logarithmic di-
vergence we took A = 10 f. We additionally approximately accounted for LHC constraints [182]
by only showing points with masses of the lightest resonance larger than 1.2 TeV. The left panel
of Figure clearly shows that the intermediate region of 6% ~ el}% is densely populated. In
the right panel we show the tree-level corrections to Zbrby, i.e. 0gp, , as a function of the DM

CizuBL’Yﬂ (g5M + 6gp, )b, Ogp, ~ +(e}) (4.59)

'"In this model bg is embedded in a (1, 1)_1/3 C 7T_1/3, so the Zbrbr coupling is protected by Prr and very
suppressed. Therefore it makes sense to set dgy, = 0 in the electroweak fit. Since dgs, is weakly correlated with
the remaining precision observables, we can then simply quote its one-parameter bound.

73



CHAPTER 4. COMPOSITE DARK MATTER IN SO(7)/SO(6) CoMPOSITE HIGGS MODEL

mass. We find that for m, 2 80 GeV, and in particular m, ~ 122 GeV where the observed
relic abundance is obtained purely from annihilation through the derivative portal, the Zby by,
bounds are always satisfied.

4.4.2 Dark matter phenomenology

In Section we found that constraints from tree-level corrections to the Zbyby, coupling favor
a mild compositeness fraction of by. For this reason we focus on the region of parameter space
where both chiralities have comparable compositeness fractions, i.e. 6% ~ eljz ~ /Y f/Myp. For
this scaling we can obtain an estimate on the DM mass and portal coupling from Eq. (4.58))

My \*? (1 Tev\?
~ 2 ~ —_—
My =\ 1y ~ 120 GeV (8 TeV) < 7 > , (4.60a)
./ My \%[/1TeV)?
~ 1074 4.60b
A 3X0(8TeV)<f>’ (4.60D)

where we took Cgs ~ 0.2. This implies that while it is possible to obtain an O(100) GeV DM
mass, the portal coupling is strongly suppressed and negligible for both annihilation (\f? <
mi) and elastic scattering on nuclei. The relic abundance is set via annihilations through the
derivative portal, yielding the observed value for f ~ TeV. However, the breaking of the DM
shift symmetry by the bottom quark also induces non-derivative contact interactions of the
form y*xbb. These are actually the dominant contribution to DM-nucleon scattering, whose

cross-section 1is

2 4
SN o IN My
S = o 4f4m§<

4
~ 1.0-5.6 x 10747 cm? <1 TeV) <100 GeV

f

where the shown range accounts for the theory uncertainty on the couplings of the first and
second generation quarks. The lower value assumes that only the bottom quark breaks the
DM shift symmetry, i.e. ¢f =1 and c§ = 0 for all ¢ # b (case I), what yields a nucleon form

2
> ,  (br breaking) (4.61)

My

factor fN ~ (0.066. The higher value corresponds to all down-type quarks breaking the DM shift
symmetry, i.e. czl( <p = 1 and cic’t = 0 (case II), which is what one would get by duplicating
the symmetry bréziking pattern of the third generation quarks to all three generations. This
scenario gives fy ~ 0.15. Even though the resulting cross-section is very suppressed, it will be
tested by next-generation direct detection experiments such as LZ [115].

We show a summary of the DM phenomenology in the current model and the corresponding
constraints in the (my, f) plane in Figure We use the effective Lagrangian from Section
and and set ¢g = ¢f =1, ¢f = A = 0. The blue line shows the contour in parameter
space which reproduces the observed relic abundance. The red-shaded region is ruled out by
XENONIT direct detection results [5] if we assume case I. The excluded region corresponding to
case II is represented by the dashed line. The solid (dashed) gray line is the projected sensitivity
of LZ [115] to case I (case IT). For light DM, i.e. m, < my,/2, there are additional constraints from
searches for invisible Higgs decays. The current 95% CL bound is BR(h — x*x) < 0.13 [183],
ruling out the orange-shaded region, which extends almost up to f ~ 1.4 TeV for light x.
At HL-LHC this bound is projected to improve to BR(h — x*x) < 0.08 [184], corresponding
to the dotted orange curve, will extend the reach to f ~ 1.6 TeV. The purple region shows
the parameter values which are probed in searches for present-day DM annihilation in dwarf
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Figure 4.13: Parameter space of the model where the bottom quark gives the leading breaking
of the DM shift symmetry. The coefficients of the effective Lagrangian, discussed in Sections
and are set to c¢q = ¢f =1, ¢f = A= 0. For the exclusion contours from direct and indirect
detection we have assumed that all of the observed DM is composed of x particles, irrespective
of the thermal value of the x density predicted at each (m,, f) point. This Figure is an updated
version of the one published in [29].

spheroidal galaxies (dSphs) by the Fermi-LAT collaboration [145HE| We set this bound by
comparing the total DM annihilation cross-section in our setup to the limit reported by Fermi
for the bb final state and should therefore only be taken as an approximation. Note that most

of the best-motivated parameter space from our numeric scans, i.e. 80 GeV < m, S 200 GeV
and 0.8 TeV < f < 1.4 TeV, is currently untested but within reach of LZ.

4.5 Shift symmetry breaking by gauging of U(1)py

Another possibility is to assume that all fermions respect the DM shift symmetry. Such a scenario
is possible in the SO(7)/SO(6) model by coupling the SM quarks to strong sector operators in
the Oy ~ Ty/3 and O, 4 ~ 2153 representation for all generations (see Appendix for details
about this embedding). In such a model the fermion and gauge sector still break the Higgs shift
symmetry and are responsible for radiatively generating a realistic Higgs potential. However, at
the same time they do not contribute to M%M, Apm and A. This means we need an additional
breaking of the DM shift symmetry from BSM physics to at least generate a DM mass. A
simple possibility for complex DM is to gauge the stabilizing U(1)py symmetry under which all
SM particles are uncharged. In the SO(7)/SO(6) model the U(1)py generator TPM together
with the two generators under which the real and imaginary part of the DM x shift XRe, xTm
generate SU(2) ~ {XRe xm 7PMY © §O(6) (see the discussion in Section . Gauging
only U(1)py C SU(2)" will explicitly break SU(2)’ along the directions generated by X1 X1,
Consequently loops of the new dark photon yp will generate a mass for the DM in the same
way as the photon generates a mass for the pions.

18 As we have already mentioned in Section and there are additional indirect detection constraint |147}
148| can from the antiproton spectrum measured by AMS-02 [6]. However, these constraints are plagued by larger
systematic uncertainties, whose size is still under debate. For this reason we only show the more conservative and
robust bounds from dSphs.
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In practical terms we take the gauging of U(1)py into account by modifying Lgp in the
following way

1

"X — (0" —igpAh)x|® — 1

L oy
ngFD,uu + B m'yDADMA/fD , (4.62)
where we took x to have unit charge and included a possible mass term for the dark photon,
which might e.g. arise via the Stiickelberg mechanism without spontaneously breaking U (1)py.
At one loop this generates no portal coupling A but a DM mass of the size

mxzﬁg@mpmoo Gev(lzf’3>1/2<5¥gv), A=0, (4.63)

where ap = g% /(47) and we cut off the loop integral at m,, the mass of the vector resonance
which mixes with the elementary dark photon (see Appendix. This estimate is valid as long
as M., < my,, which we will assume in the following. The vanishing of A at one-loop is due
to the fact that the Higgs is uncharged under U(1)py. Thus this model is almost a perfect
realization of the “Goldstone limit” in Section and is therefore effectively inaccessible in
direct detection experiments.

However, the introduction of the dark photon as additional degree of freedom has important
phenomenological consequences. Note in particular that in Eq. we did not add a kinetic
mixing term of the hypercharge gauge boson and the dark photon of the form eB,,, F” /2. The
choice € = 0 is motivated by the SO(7)/SO(6) model, which forbids the kinetic mixing due to
the presence of an accidental symmetry under Cp, the U(1)py charge conjugation operator
The action of Cp on the low-energy states is A7, — —Al,, x — —x* and leaves SM states
invariant. An important consequence of this discrete symmetry is that it makes yp stable for
My, < 2m, when the decay yp — xx* is kinematically forbidden. For a complete discussion of
kinetic mixing and details on the implementation of Cp as an O(6) transformation, which we
will call P, we refer the reader to Appendix [[L.E]

The dark sector in this model can therefore be completely described by four parameters
{my, f,ap,m,,}. In the following we will extensively discuss the phenomenology of this setup,
first concentrating on the possibility of a massless the dark photon in Section before
continuing with the case of a massive dark photon in Section

4.5.1 Phenomenology for massless dark photon

Specializing to a massless dark photon fixes one of the model parameters m.,,, = 0 and leaves
three additional ones {m,, f,ap}. A massless dark photon behaves as radiation at all temper-
atures and therefore contributes to the number of present-day relativistic degrees of freedom.
This is strongly bounded by CMB observations but crucially depends on the temperature of the
dark photon bath. For this reason we start with a short summary of the thermal history of the
dark sector and determine when it decouples from the SM.

At early times elastic xf — xf scattering on SM fermions f mediated by the Higgs keeps
the dark sector, consisting of x and ~p, in kinetic equilibrium with the SM bath. However, these
processes become inefficient at temperatures 7' < m, and eventually drop below the Hubble
expansion rate. When this happens the dark and visible sectors decouple, each having their
separate temperature. The decoupling temperature Tye. is defined via [185] H(Tqec) = ¥(Tgec)/2,
where H(T) = 7+/g«(T)T?/(3v/10Mpy) is the Hubble parameter for a radiation-dominated

19This assumes that the subleading spurionic embeddings of the SM fermions respect the Cp invariance. See
Appendix @ for details.
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Figure 4.14: Left panel: temperature at which the dark sector kinetically decouples from the
visible sector. Right panel: contribution of the dark photon to AN.g at photon decoupling,
calculated from Eq. . In the evaluation of g.s vis(Tgec) We assumed 150 MeV as tempera-
ture of the QCD phase transition. The region shaded in red corresponds to the current CMB
constraint AN.g < 0.6, while the dashed red line shows the projected Stage-IV CMB bound

~

AN < 0.04. This Figure has been adopted from [29].

Universﬂ and y(T') is the momentum relaxation rate, which scales as v ~ (T'/m )n (0 fVrel)-
This scaling can be understood in the following way: the typical momentum transfer per collision
is §p ~ T, whereas the non-relativistic WIMP momentum satisfies p?/(2m,) ~ T, i.e. p ~
(mXT)l/ 2. Momentum transfer is a stochastic process, i.e. the fraction of transferred momentum
per reaction is roughly (6p/p)? ~ T'/my, requiring m, /T collisions to get an O(1) momentum
transfer which is needed to maintain kinetic equilibrium. Therefore if v(T) ~ (6p/p)*n (o frel)
drops below the Hubble expansion rate kinetic equilibrium is lost. Using the full expression
for v(T") from [185] we compute the decoupling temperature Tye. as a function of m, and f.
The resulting temperature is typically between 1 and 3 GeV, as we show in the left panel of
Figure [£.14] After the dark photon decouples from the SM bath, the entropy in each sector
is separately conserved. Using that gqak(Tdec) = gaark(T) = 2, since the DM is already non-
relativistic at kinetic decoupling, we can obtain the dark sector temperature by using Eq.
and Eq. . The temperature of the dark photon is in general lower than that of the photon
bath and the contribution to the relativistic degrees of freedom today, quantized in terms of the
photon temperature, is suppressed. This is usually discussed in terms of the effective number
of light neutrino species Neg. In our model the contribution of the dark photon to Neg is given
by [186]

8 gdark(T) < T >4 (gdark(Tdec) Gxs vis(T) )4/3
ANgg = Neg — 3.046 = = ¥——= | — ’ , 4.64
¢ © 7 2 T, Gdark (T) Gxs,vis (Tdec) ( )

where T' ~ 0.3 eV is the photon temperature at decoupling, Neg = 3.046 is the SM prediction,
T/T, = (11/4)/3 and gus vis(T) = 3.91. As shown in the right panel of Figure as long as
Thec > 100 MeV the current bound ANgg < 0.6 [92] (95% CL) is easily satisfied. A typical
decoupling temperature of 1 - 3 GeV results in a ANyg in the range ANyg ~ 0.07-0.09, what
is significantly below the sensitivity of present CMB measurements but can be probed in future
Stage-IV CMB measurements, which are expected to constrain ANeg < 0.04 at 95% CL [187].
Note that similar but weaker constraints can be obtained from BBN [18§].

2ONote that g.(T) is the total number of relativistic degrees of freedom including both the visible and dark
sectors.
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Let us also note that the Compton scattering in the dark sector xvp — x7vp delays kinetic
decoupling of the DM from the dark photon compared to the standard WIMP scenario [186,/189].
This results in a suppressed matter power spectrum on small scales and prevents the formation
of DM halos below a minimal mass. For weak scale DM masses and couplings of the order
ap ~ 1073 the x-vp kinetic decoupling occurs at temperatures of O(MeV). This implies
that the minimal DM halo mass is too small to be tested with current observations [189]. In
summary we can conclude that the massless dark photon in the current setup is not in conflict
with cosmological observations.

Let us now turn to DM phenomenology. Compared to the pure pNGB DM, which annihi-
lates exclusively to SM final states through the derivative Higgs portal, we have an additional
annihilation channel into dark photons, i.e. x*x — vpyp. This annihilation channel occurs via
the couplings in Eq. and leads to a thermally averaged annihilation cross-section of the
size
QWQ%

(0o Urel) = ) (4.65)

2
my

where we only kept the leading term in the velocity expansion. There is also an additional
annihilation channel into both the dark and visible sector xyx* — vyph, which is however p-wave
suppressed and therefore almost negligible for setting the relic abundance: it has to vanish
for m,, = 0 on-threshold due to spin—conservationm Requiring to obtain the observed relic
abundance via the freeze-out mechanism fixes a relation between the three model parameter,
which defines a two dimensional manifold. In the following we will study the parameter space
for slices of fixed f.

In the absence of the dark photon all annihilation proceeds through the derivative Higgs
portal and the model reduces to the pure pNGB scenario. In this case there is exactly one DM
mass which produces the observed relic abundance for a given value of f. For f =1 (1.4) TeV e.g.

this is mgcf ) ~ 122 (194) GeV. Larger DM masses m,, > m&f ) increase the coupling strength of the
derivative portal, which results in DM underabundance. Adding the x*x — vp~yp annihilation
channel makes the situation worse for m, > mgcf ), but can provide enough annihilation strength,

for an appropriate value of ap, to compensate the reduced derivative portal in the m, <

m&f ) region. In order to find the required value for ap we can compare Eq. to the
annihilation cross-section in the pure derivative portal scenario in Eq. . They are roughly
of the same size if af, ~ m2/(2n?f*), which suggests for m,/f ~ 1/10 that ap should be
of the order aop ~ 2 x 1073, For very light DM, i.e. my < mp/2, the derivative portal is
negligible and only the annihilation into dark photons is relevant. This can set the observed
relic abundance for ap ~ 7x 107* (m, /30 GeV). This behavior is clearly visible in the left panel
of Figure m which shows the relic abundance contour in the (m,, ap) plane for various values
of the symmetry breaking scale. We also show how the contribution of invisible annihilations into
dark photons compares to the full annihilation cross-section along the relic abundance contour.
As we have discussed above the annihilation to dark photons becomes increasingly important for
lighter DM. Note that in the region 55 GeV < m, < 62.5 GeV the DM is always underabundant,
no matter how small ap. This is the case since for the current value of f the annihilation through
the derivative Higgs portal alone, close to the Higgs resonance, is already too large too reproduce
the relic abundance. We also show as dotted lines the contours of constant vector resonance
masses, which enters the computation of the DM mass in Eq. @ One usually expects

21The p-wave suppression applies also for m~, # 0, since the longitudinal polarization does not contribute to
the amplitude due to U(1)pm invariance.

22Precisely, we employed Eq. ([.D.25) with f, = f.
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Figure 4.15: Left panel: contours of observed DM relic density for representative values of
f- The inset shows the fraction of annihilations to dark photons. Contours of constant vector
resonance mass m, are also shown, as dashed grey lines. Right panel: the colored curves show
(osMUrel)SE, the present-day annihilation cross section to SM particles including Sommerfeld
enhancement, calculated along the relic density contours shown in the left panel. The black
line is the observed 95% CL upper limit from the dSphs analysis in [7]. The yellow band
corresponds to 95% uncertainty on the expected limit in the same analysis. We also show, as
dashed black line, the observed limit from the analysis of a smaller dSphs sample [145]. The
quoted experimental limits were obtained assuming DM annihilation to bb. This Figure was
adopted from [29].

1 S my/f S 4w, but stronger lower bounds can arise from electroweak precision tests or direct
searches for vector resonances.

As it turns out some of the strongest constraints in this scenario originate from DM indirect
detection. This is the case because the dark photon mediates a long-range force between DM
particles, what non-perturbatively boosts the annihilation of non-relativistic DM particles today
via Sommerfeld enhancement (SE) [190]. The annihilation cross-section times velocity therefore
contains a SE factor, which for s-wave annihilation takes the form

(tra)sn = (ovalo Slapfv),  S(Q) = T, (4.66)
where (ovge))o is the result from the perturbative calculation. SE is an important effect if ap /vy
is an O(1) number. In this case ladder diagrams with the repeated exchange of dark photons
between the DM are all of the same order and have to be resummed. For ap /v, 2 1/2 the
enhancement factor scales as S ~ 2map /vl Eq. still has to be folded with the phase space
distribution of the DM particles. Assuming a Maxwell-Boltzmann distribution the thermally

averaged cross-section times relative velocity including SE has the approximate form [191]

02

. . 2 1 Umax _ _rel
<0Urel>SE = (Uvrel)o Sann 5 Sann = \/73 / d'Urel S(O‘D/’Urel)vgel € 2 (467)
m UON 0

with vy being the most probable velocity. The maximal velocity in a galaxy halo is determined
by the escape velocity Vese, i.€. Umax = 2 Vese, and the normalization is given by N = erf(z/v/2) —
V2/mz e /2 , Z = Umax/vo. In the early universe vese = 0o and consequently N = 1. We have
also checked that the approximation Eq. always agrees within a few percent with the full
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numeric treatment. At freeze-out the typical relative DM velocity is of the order vy = \/2/xg, ~
0.3, for which we used zg, = m, /s ~ 25, and SE is completely negligible for typical dark
photon couplings of the size ap ~ 1073 (recall that ap /v has to be of order one for SE to
be important). However, today the DM particles are significantly slower with typical relative
velocities of vye] ~ 1073 in the Milky Way (MW) and v,q < 107* in dwarf galaxies. Taking
vp = 220 km/s and vesc = 533 km/s for the MW [192], we obtain a SE factor of San, ~ 6.9 for
ap = 1073. In dwarf galaxies with representative values of vg = 10 km/s and vese = 15 km/s [193]
the SE factor is significantly larger Sann, ~ 150, again for ap = 1073, This implies that if DM
annihilates to a large extent into SM final states, the large SE can lead to conflicts with indirect
detection bounds, especially from dwarf galaxies.

The strongest relevant bounds are from the Fermi-Lat collaboration [7,/145], which tries to
observe excess gamma rays from DM annihilations in dSphs. The current sensitivity on (ovye)
for m, ~ 100 GeV is already of a similar size as the canonical thermal relic value. In the right
panel of Figure we show the expected thermally averaged annihilation cross-section times
relative velocity into the visible sector including SE, which one would expect to observe from
present-day DM annihilations in dSphs. The cross-sections are computed along the contours
in the (m,,ap) plane for which the observed relic abundance is reproduced, and which are
also shown for various values of f in the left panel of Figure Note that for m, > my/2,
where an O(1) fraction of the annihilation is into SM particles, this region is ruled out by dSphs
analysis due to the large SE. The experimental limit shown in Figure assumes that the DM
exclusively annihilates into bb. In our scenario y annihilates into a combination of SM final states
(see e.g. the right panel of Figure for an overview). The uncertainty of this approximation
is mild and cannot change the conclusion that m, > my /2 is excluded. Also note that we have
completely neglected the effect of bound state formation, which is expected to further enhance
the dSphs signal by an O(1) number (see e.g. [193]). At the same time bound state formation
has negligible impact on DM freeze-out due to the relatively low DM mass of m, ~ 100 GeV,
which we consider here [194].

Another class of important constraints on long-range DM self-interaction comes from the
observations of DM halos. The triaxial structure of galaxy halos, and in particular the well-
measured non-zero ellipticity of the halo of NGC720 [195], yields strong constraints on the
dark photon. Strong self-interactions would have reduced the anisotropy in the DM velocity
distribution due to many soft scatterings [189]. The non-relativistic limit of DM-DM scattering
is dominated by dark photon exchange, yielding a differential scattering cross-section in the
center of mass frame of the following form

2
do af

a0 = 4m2ud, (1 — cos e )?

(4.68)

where we only kept the leading term for small 0.y, which is identical for yx — xx and xx* — xx*
scattering. The strong v,# dependence on the relative velocity implies that the strongest bounds
come from galaxies, where the DM is slower than in clusters. The authors of [189] derived a
bound by requiring that the relaxation time to obtain an isotropic DM velocity distribution be
longer than the age of the universe

Tiso = (Ep) /(E)) = Nmivé’(log N (Vmadpy) > 10" years (4.69)

where Ey = m,v?/2, Ej is the rate of energy transfer proportional to do/dQ2, N is an O(1)
numerical factor, vg is the velocity dispersion (very roughly 250 km/s in NGC720), p, = m,n,
is the x energy density and the “Coulomb logarithm” log A is an artifact of cutting off the
infrared divergence arising from Eq. . The ellipticity bound was reconsidered in a more
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Figure 4.16: Parameter space of the model where the gauging of U(1)pm gives the leading
breaking of the DM shift symmetry, for f = 1.2 TeV (left panel) and f = 1.4 TeV (right panel).
The coefficients of the effective Lagrangian are set to ¢g = 1, ¢f = ¢f = XA =0, m,, = 0. The
exclusions from Fermi dwarfs were drawn assuming that all of the observed DM is composed of x
particles, irrespective of the thermal value of the x density predicted at each point in parameter
space. The shaded orange region shows the exclusion from measurements of the Higgs invisible
width at the time the results were published in [29]. The dashed orange line shows a more recent
updated bound of BR(h — x*x) < 0.13 |183].

recent study [196], where it was argued that it actually is significantly weaker than in the original
calculation of [189]. Their result bounds the dark photon coupling to be

My

3/2 o
m) . (ellipticity)

ap < 24 x 1073 ( (4.70)
The bound in [196] was derived for Dirac fermion DM, but it directly applies to our model,
since the leading term of the self-scattering cross-section is the same for fermions and scalars@
However, there are several reasons [196] to take even this weaker and more conservative bound
with caution, including the fact that it relies only on a single galaxy and that the measurement
of the ellipticity is sensitive to unobservable initial conditions. E.g. a galaxy which has recently
merged with another galaxy may have a sizeable ellipticity even in the presence of strong long-
range self-interactions. For this reason we also show the next most stringent constraint, which is
obtained by demanding that the MW dSphs have not evaporated until the present day as they
traveled through the Galactic DM halo [197]. This gives a somewhat more robust bound than
the ellipticity measurement, despite not being free from caveats either [196]. This bounds dark
photon couplings of the size

My

_my )2 4.71
100 GeV) ’ (4.71)

ap <5x1073 ( (dwarf survival)
A summary of the above discussion is shown in Figure for two representative values of
the symmetry breaking scale f = 1.2,1.4 TeV. As mentioned before, the region m, > my/2 is
robustly ruled out by gamma ray observations from dSphs. In the low mass region the constraints
from the ellipticity of NGC720 and the survival of dwarf galaxies yield the strongest bound.

However, due to the aforementioned doubts on their robustness we do not view them as strict

ZNotice that Figure 4 in |196] was drawn requiring Qx = 0.265 for the DM density, instead of the correct
2Qx = 0.265. As a result, for mx < 200 GeV (where the SE is negligible) their relic density contour should be
multiplied by v/2. We thank P. Agrawal for clarifications about this point.
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~p is dark radiation today,
Myp < 6 x 1071 eV v/X
strong constraints from SE of yx* — SM

~p is relativistic at freeze-out,
6 x107* eV < m,, <3m,/25 X
ruled out by warm DM bounds/overabundant

3my /25 < m.y, < my X ~p is non-relativistic at freeze-out, overabundant
My S My, < 2my v both vp and x are cold DM
2my < My, v vp is unstable

Figure 4.17: Summary of the qualitatively different regions in the dark photon mass parameter
space. In the second column we indicate with (v') or (X) if the corresponding regions satisfy
or conflict experimental constraints. The third column contains key features of the respective
region.

exclusions but note that they will in the future be an important probe for DM self-interactions
mediated by a dark photon. Self-interactions of this kind are also an interesting approach to
solve small-scale issues of the collisionless cold DM paradigm [198]. A complementary probe
are also invisible decays of the Higgs into DM, i.e. h — x™x, which can be measured at
the LHCFE] By the end of the high-luminosity phase the LHC will be sensitive to f < 1.6
TeV. Figure shows two bounds from invisible Higgs decays: the shaded orange region
corresponds to BR(h — x*x) < 0.24 [199], which was the strongest bound available at the time
these results were published in [29]. The dashed orange line shows a more recent updated bound
of BR(h — x*x) < 0.13 [183]. This updated bound essentially rules out the full remaining
parameter space for f = 1.2 TeV.

4.5.2 Phenomenology for massive dark photon

The dark photon mass m,, is a free parameter in our model. In the previous section we
extensively studied the simplest scenario of a massless dark photon and now turn to a discussion
on the massive case. The phenomenology crucially depends on the mass hierarchy of dark
photon and DM. The region m,,, < m, is essentially ruled out, unless vp is light enough to
still be relativistic today. A particularly interesting region is m, < m.,, < 2m, as it leads to a
two-component DM setup with novel properties. For m,, > 2m, the dark photon is unstable
and plays a subleading role in DM phenomenology. A summary of all qualitatively different
regions in the dark photon mass parameter space is shown in Figure Our analysis in the
following is split into two parts: Section [£.5.2.A] discusses the region of light dark photon masses
My, < m,, whereas Section concentrates on heavy dark photons with m., > m,,.

24The Higgs can also decay to ypyp via a x loop. The decay width for my, = 0is I'(h — ypyp) =
2
miyap v’ |F (1 )|?/(64n° f*), where F(7) is given in Eq. ([F.17). Numerically, for m, < mj /2 this is negligible

2
4mX

compared to I'(h — x*x), while for m, > my/2 it is too small to be observable: e.g. for m, = 100 GeV and
f =1TeV we have I'(h — ypyp) ~ 10712 GeV.
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A Light dark photon: m,, <m,

The abundance of light dark photons with m,, < m, effectively freezes out simultaneously with
the x abundance. If the dark photon is still relativistic at DM freeze-out, which is approximately
the case if its mass satisfies m.,, < 3T ~ 3m,/25, it freezes out with the abundance n,,, of
a relativistic species. After this there are no yp-number-changing interactions in equilibrium
(the scattering ypx — (h* — ff)x is extremely suppressed) and therefore the number density
simply dilutes due to the expansion of the universe. In order to estimate the abundance today
we consider the ratio of the vp number density at freeze-out to the SM entropy density sgp =
(272 /45) gus visT>. This ratio is 7., = n,/ssm = 45¢(3)gyp /(274 gusvis) &~ 0.01, where we
assumed that the dark and visible sectors are still in kinetic equilibrium at freeze-out, and took
Gvp = 3, Gxsvis ~ 80. Since both n,, and sgy only change due to the expansion of the universe
Tvp iS conservedﬂ Assuming that the dark photon becomes non-relativistic as the universe cools,
this allows us to estimate the energy density of the dark photon today €),, = m,,7y,ssm. We
have to require that this is smaller than the observed DM abundance, what yields

Q,, < Opwm — My, <40 eV (dark photon over-abundance) (4.72)

where we used gus vis(7p) = 3.91.

Note that if the dark photon freezes out relativistically it constitutes a hot DM component
in addition to the cold component made up by x. Hot or non-cold DM in general is strongly
constrained and can at most constitute a small fraction of the total DM, since it can free stream
and wash out small-scale fluctuations. A recent bound on the fraction of the non-cold DM
component fncdm was derived in [200], assuming a thermal relic, by combining observations of
CMB, data from baryon acoustic oscillations (BAO) and the number of dwarf satellite galaxies
of the MW. The temperature of the dark photon in our model at late times can be obtained
from entropy conservation Ty, /T = [gus.vis(T)/Gxs vis(Taec)] /> = 0.37, where T is the SM photon
temperature and we took gus vis(Tdec) = 75.75. The fraction of non-cold DM is

AT, _
po o Shedm PO TapSSMo {M B {5.8 x106  m., <3Ty,0
ncam — - - ~ m
QoM PaitooM et o2DM | m, ), 0.024 (T28) my, 23T5,0
(4.73)

with the first (second) expression corresponds to the case of the dark photon being still relativistic
(non-relativistic) today and 37, 0 ~ 2.6 X 10~* eV. In the first equality we assumed Qpeqm <
Qpm, which is justified since the non-cold component is constrained to be small. Figure
compares the prediction of our model in Eq. with the bounds in [200], after correcting for
the fact that it was assumed in [200] that the non-cold relic has the same temperature as the
SM neutrinos (the mass has to be rescaled by T, /T, ~ 0.52). From this we can infer a 95%
CL bound on the dark photon bound

map <6x107% eV,  (CMB + BAO + MW satellites) (4.74)

which roughly requires the dark photon to be relativistic today. Note that for dark photons
which satisfy the simple overclosure bound in Eq. the bound is mainly driven by CMB and
BAO. The MW satellite count is only relevant for larger masses of the order m.,, > keV [200].
For very light dark photons, i.e. m,, < 1 eV (the dark photon still behaves as radiation
at photon decoupling), the resulting bound is stronger than the one from AN alone. This

#Before kinetic decoupling of the dark and visible sectors only n,, /st is conserved, where siot is the total
entropy, but st & ssm since g, K Gus,vis-
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Figure 4.18: The fraction of non-cold DM embodied by the dark photon as predicted by our
model in Eq. (4.73) (dashed blue), compared to the 2o (thick red) and 3o (thin red) upper
bounds from [200]. This Figure was adopted from [29].

improvement is due to the inclusion of BAO data, which is sensitive to the suppression of the
matter power spectrum on small-scales caused by the free streaming of the hot DM component.

Dark photons, which satisfy the bound in Eq. , are still relativistic today and their
mass can be neglected. Thus the DM phenomenology for m., = 0 in Section still applies.
In particular y annihilation is unaffected, including SE, as the force mediated by the dark
photon is effectively long-range: its wavelength is much larger than the Bohr radius of the
(x*x) bound state m., < apm,/2. Additionally Eq. is still valid, since the average
momentum transfer is much larger than the mediator mass, i.e. m,, < myvw/2 [201]. The
ellipticity bound is affected by the dark photon mass through the IR cutoff from integrating the
DM scattering cross-section in Eq. . While this was taken to be the inter-particle distance
Ap = (my/py)"? ~ 5 cm (for a DM mass of m,, = 100 GeV and density p, ~ 1 GeV/cm? in the
DM-dominated outer region (r > 6 kpc) of NGC720 [202]) in the massless case, this has to be
1/my, if my, > 1/Ap ~ 4 x 107%eV in the massive case. However, the dependence on the IR
cutoff is only logarithmic and thus the bound discussed for m,,, is essentially unchanged, what
also applies to the bound from dwarf galaxy survival@

The last mass region 3Tf§ ~ 3my /25 S my, < m, corresponds to the dark photon be-
ing non-relativistic during freeze-out. This scenario is ruled out as the dark photon is always
overabundant.

B Heavy dark photon: m, < m,,

In the region m, < m.,, < 2m, the dark photon is still stable and freezes out non-relativistic.
This region therefore naturally features a two-component DM model. The simplest way to
explain the DM phenomenology in this part of parameter space is to fix a value for f and
my > m&f ), s.t. DM consisting of x alone would be under-abundant. The remaining part of DM
consists of the heavier dark photon. Requiring that the combination of dark photons and x gives

the observed relic abundance fixes a contour in the (m.,/m,,ap) plane, which we show in the

26The small dark photon masses in Eq. are legitimate from an EFT standpoint. Still, it has recently been
conjectured [203] that quantum gravity forbids arbitrarily small Stiickelberg masses: local quantum field theory
would break down at Auv ~ (m~, Mpl/gp)l/Q. Taking gp ~ 0.1 as needed to obtain the observed relic density
for x, Eq. corresponds then to a troublesome Ayy < 4 TeV. The conjecture does not apply, however, if

m~,, arises from a dynamical symmetry breaking [203]. This topic is currently under debate [204].
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Figure 4.19: Left panel: contours in the (m., /m,,ap) plane where the sum of the x and vp
densities matches the observed total DM density, £, 1\« + Q,, = Qpy, assuming f = 1 TeV

and for representative values of m, > m§<f ) ~ 122 GeV. The solid portions highlight the range
of ap where m, can be obtained from dark photon loops cut off at 2.5 TeV < m, < 4w f (see
Eq. (LD.2F)), where the lower bound comes from the S parameter, S ~ m3,/ mz < 1073 (see
e.g. [122]). Right panel: effective cross-section for present-day DM annihilation to SM particles,
calculated along the relic density contours in the left panel. Also shown are the observed 95%
CL limits from dSphs in the WW channel [145] (dashed lines), together with the 95% CL
uncertainties on the expected limits (colored regions). For reference, the black solid line shows
(0Urel)can, the cross-section expected for a single thermal relic that annihilates entirely to SM
particles. This Figure was first published in |29).

left panel of Figure for f = 1 TeV and various values of m,. The exact relic abundances
were computed by numerically solving the coupled Boltzmann equations of the yp — x system
using micrOMEGAs [123]. In order to gain a qualitative understanding of Figure [4.19}left, we
assume as a first order approximation that the freeze-outs of y and yp are decoupled. In this
approximation the freeze-out of x is completely determined by the annihilation into SM via the
derivative portal x*x — SM, thus completely fixing its abundance in terms of f and m,. In
some parts of the parameter space this approximation receives important corrections, which we
will discuss below.

Let us first focus on the contour for m, = 300 GeV in the left panel of Figure This
scenario consists of four qualitatively different regions:

(a) The non-degenerate region, 2m, — my ~ 1.6 m, < m,, < 2m,. The dark photon freeze-
out is determined by the semi-annihilation process yph — xx*, which is kinematically
allowed at zero temperature, since myp + mjy > 2m,. This dominates over the pair
annihilation into x, i.e. ypyp — Xx*x, as for m,, > my the dark photon abundance
is exponentially suppressed compared to the Higgs abundance, s.t. the probability of
a dark photon to find a Higgs to annihilate with is exponentially larger than to find
another dark photon. This implies that the shape of the relic abundance contour is de-
termined by the relation nzq(awh_,xx*vrd) = constant, where the LHS is evaluated at
the vp freeze-out temperature, T,i‘; A M., /25, and the thermally averaged cross-section
is given in Eq. . For lighter dark photons, i.e. decreasing m., /m, the non-
relativistic Higgs number density follows its equilibrium value n';q and gets exponentially
suppressed. This has to be compensated by an exponentially growing dark photon cou-
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pling, s.t. ap « exp (% ﬁ), where we dropped subleading power corrections. Note
X YD X

that the importance of semi-annihilation processes, in which the number of DM particles is

changed by one unit in contrast to the more common two units in typical pair annihilation,

was discussed first in [205].

(b) The intermediate region, 1.3m, < m,, < 1.6m, ~ 2m, — my, does not allow the semi-
annihilation at zero temperature, since myp + m, < 2m,. However, semi-annihilation
YpYDp — X x is still the dominant process to set the relic abundance. In this case the
shape of the relic abundance contour can be determined using detailed balance. It is given
by the relation 75%(a ) n sy Vrel) = (M5 /155 ) (0 sy ph¥rel) = constant, where the LHS
is evaluated at Ti‘; A M., /25 and the cross-section can be found in Eq. . The
Higgs is now slightly less abundant than the dark photon, which has to be compensated by
faster increase of the dark photon coupling ap, which depends exponentially on m.,, /m,.
The growth is therefore faster than in the non-degenerate region and is of the form ap

_ Myp 25 :
exp [(2 e )mw /mx]’ where power corrections were neglected.

(c) The degenerate region, m, < my, S 1.3my. As m,,/m, decreases further the semi-
annihilation is more and more Boltzmann suppressed and the pair annihilation vpvyp —
xXx* becomes the dominant process to maintain equilibrium. Therefore the dark pho-
ton freezes out when the annihilation into x*x goes out of equilibrium. This implies
that the relic abundance contour is now approximately determined by (0,yp—xx*Vrel) =
constant, where the cross-section is given in Eq. . The annihilation cross-section
(O pyp—sxx*Urel) increases only as a%, which explains why the variation in ap is very slow
and the contour appears almost flat in this part of parameter space, compared to the
regions dominated by semi-annihilations. Note that the evolution of the y and «yp number
densities is tightly coupled in this region. The annihilation vypyp — xx* injects a large
number of x particles, leading to a larger x abundance as in the simplified decoupling
picture. This interesting type of system was first studied numerically in [206]. Here we
provide analytical insight into its dynamics. After the yields Y, ,, become much larger
than their equilibrium values, they obey the simplified Boltzmann equations (z = m, /T

~_ dY,
P —d; = _<UUre1>SM}X2 + %<0Urel>vmp5w2D (4.75a)
~_ dY.
1,2 d;D _ —<UUrel>7D7DY72D (4.75b)

where \ = (2v107/15)(gxsmy Mp1/1/gx), while (0vre1)sm refers to xx* — SM and (0 vrel)ypyp
to Yypyp — xx*. At x> 1 the analytic solution of the system satisfies

1 2YX ? 1 <0Ure1>
— (== :1+7<a+ a a+4), g = — DI 4.76
g <Y'YD> 2\ (00 +4) 7 (ovrel)sm /2 (4.76)

where a, is approximately constant, since both processes are s-wave. In order to obtain this
result we have made the ansatz Y, = C'Y,,, with C being a constant, which is motivated
by numerical results in the x > 1 region. Plugging the ansatz into the Eq. , yields
a quadratic equation for the constant C

1 1
c? — 500C = 1, =0, (4.77)

which has the solutions

—_

Cy = Z(ag + Vag(a, +4)). (4.78)
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The negative root yields dY, /dz > 0 and is therefore unphysical and has to be dropped.
The positive root directly leads to Eq. . In the m, = 300,600 GeV examples a, < 1
and the RHS in Eq. asymptotes 1. Taking into account the 1/a, factor on the LHS
we immediately see that this expresses the equality of fluxes entering and leaving the x
population, i.e. YfD (oVrel)yprp = (2Yy)*(ovre)sm/2. Thus the x density is only slightly
larger than in the simplified decoupling limit 2n, /n,, ~ a,lj/ 2, However, the situation is
different for m, = 150 GeV. In this case a, is of O(1) and the annihilation into the SM
is consequently not as efficient. This results in an accumulation of x particles, due to
the larger annihilation rate of ypyp — x*x, s.t. the relative y abundance is larger by
20y /1y, ~ few.

(d) The very degenerate and forbidden [207] region, m,, < m,. The dark photon freeze-
out is still set by ypyp — x*x, but this processes becomes increasingly kinematically
suppressed when m.,,, /m,, approaches and eventually slightly passes below 1. This has to
be compensated by a rapid increase of ap.

While we have mainly focused on m, = 300 GeV in the previous discussion, the qualitative
features of the relic abundance contour are very similar for m, = 600 GeV. For m, = 150 GeV
the intermediate region is absent since 2m, — my ~ 1.2m, and we observe a direct transition
from the non-degenerate to the degenerate region.

The right panel of Figure shows the present-day effective annihilation cross-section into
the SM along the relic density contours shown in the left panel. While we have included all
allowed channels, the cross-section is always dominated by x*xy — SM with the subleading
channels, such as ypx — hx and ypyp — SM, the latter of which proceeds at one loop,
contributing at the sub-percent levelm We observe two different regimes: in the non-degenerate
regime where the decoupling of x and vp can be treated as being independent from each other,
the effective cross-section is reduced compared to the standard thermal value (0vrel)can =~ 2 X
10726 cm3s~! by a factor <avrel>can/(%(Uvrd}XX*ﬁ\SM) < 1. This suppression can be as large
as one order of magnitude for m, = 600 GeV. In the opposite scenario, i.e. the degenerate
region, where there is a significant injection of x from dark photon annihilation, the effective
cross-section is numerically close to (oUpel)can-

The last remaining dark photon mass region is 2m, < m,,. In this case the dark photon
is unstable and decays into x particles with decay width I'(yp — x*x) = (apm,,/12)(1 —
4m§ /ng)?’/ 2. This process and its inverse maintain chemical equilibrium in the dark sector
until the inverse decay rate drops below the expansion rate of the universe, which roughly
happens when H ~ (I')n., /n,. At this time the ratio of number densities is of the size

nyp H 10T o ( “p ) <103> : (4.79)
Ty T MplaDmVD 100 GeV ap

where we assumed that T' < m.,, at this point, and neglected O(1) factors. The impact of the
subsequent decay of dark photons on the x abundance is negligible. Thus the full DM abundance
is set by the annihilation of y into the SM. In this region the only phenomenological impact of
the dark photon is the generation of the mass for x at one loop, which we estimated in Eq. .
At low energies this constitutes a perfect realization of the pure pNGB DM scenario, which was
discussed in Section Bl

2TNote that due to the large mass of the dark photon, in this case the Sommerfeld enhancement of the xyx* — SM
annihilation is negligible.
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Chapter 5

pNGB dark matter at colliders

In the previous chapters we have argued that pNGB DM is a compelling WIMP candidate. It is
not only naturally compatible with the strong constraints from direct detection experiments, as
we have discussed in Section but is also well-motivated by theories in which the DM arises
as a pNGB together with the Higgs, thus solving both the naturalness and DM problem. In
Chapter [3| we discussed general features of pNGB DM from an EFT point of view, motivated by
realizations in the CH framework. We also presented explicit CH models with complex scalar
pNGB DM, based on the SO(7)/SO(6) symmetry breaking structure, in Chapter |4 and verified
that the assumptions we made in Chapter [3| are justified. But pNGB DM does not only appear
in the realm of CH models. Simple alternative realization, in which only the DM is a pNGB
and not the Higgs, can be obtained by adding a complex scalar to the SM with a U(1) invariant
potential, which is softly broken by the mass term of the scalar [129,/130] (see the discussion in
Section .

The irreducible feature of all these models is the derivative Higgs portal. For a real scalar
¢ as DM candidate, stabilized by a Zo symmetry, the relevant Lagrangian with the derivative
portal between the DM and Higgs is given by

1 1
Ederivative = ACSM + i(au(b)Q - imiflg + %au(b2au‘H‘2, (51)

where H is the Higgs doublet, f the common decay constant of the pNGBs and ¢4 an O(1)
coefficient. As we have discussed at length in Chapter [3] this gives a viable DM candidate
for my, ~ O(100) GeV and f = O(1) TeV, which is practically invisible in direct detection
experiments.

In this chapter we want to probe the derivative Higgs portal at colliders, which constitutes
one of the most important direct tests of this class of models due to the structural suppression
of direct detection signals. Here we study the derivative Higgs portal in ¢ pair production
via an s-channel Higgs boson in the vector boson fusion (VBF) production channel, which is
expected to be the most sensitive channel both at hadron and lepton colliders (see Section .
The corresponding Feynman diagram is shown in Figure [5.I] Our study concentrates on the
well-motivated Higgs off-shell region m, > m; /2. In the following we assume that ¢ escapes
the detector and manifests as missing momentum.

Throughout the whole analysis we will also consider the marginal (or renormalizable) Higgs
portal [51-53]

1 1 A
ﬁmarginal = ESM + §(au¢)2 - §M£¢2 - §¢2’H’27 (52)
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Figure 5.1: Feynman diagram for the signal studied in this work. The orange dot represents
either of the portals in Eqs. (5.1]) and (5.2)). This Figure was taken from [31].

which serves as an important term of comparison[] Even though ¢ in the marginal Higgs
portal model constitutes a valid DM candidate, the model is mostly ruled out by direct detec-
tion [54]. However, such new scalars are not only discussed in the context of DM, but may
also appear in models addressing electroweak baryogenesis [208] or naturalness. In particular
in neutral naturalness scenarios scalar top partners, neutral under the SM gauge symmetries,
couple to the Higgs with coupling strength y? [209}1210] leading to an interaction of the form
L > —y2|H|*(|as|*> + |a§)?), which can be probed through VBF.

HL-LHC CLIC1.5 HE-LHC CLIC3 FCC100 uC6 puC14
Center of mass energy [TeV] 14 1.5 27 3 100 6 14

Integrated luminosity [ab™!] 3 1.5 15 3 30 6 14

Table 5.1: Collider parameters used in our off-shell Higgs projections.

We start this chapter with a short discussion of the on-shell region and some selected previous
studies in Section Afterwards we describe our analysis in Section [5.2] which we performed
for current and future lepton and hadron colliders. A summary of all colliders we consider in
this work, together with their center of mass energies and integrated luminosities, is shown in
Table Finally in Section we present our results.

This chapter is based on results which were published in [31]E] from where all Figures and
parts of the text were taken.

5.1 The on-shell Higgs portal and previous studies

Let us start with a brief discussion of the reach on light DM with my < my;,/2 in Higgs mediated
DM production. In this case the DM constitutes an invisible decay channel of the Higgs, s.t.
the most sensitive probes of this scenario are searches for invisible decays of the on-shell Higgs
boson. Note that the on-shell Higgs-DM coupling, and therefore the analysis of on-shell decays,
is not sensitive to the specific portal. The currently strongest bounds on the branching ratio of
Higgs decays into invisible particle&E] at the LHC originate from VBF production [211], see e.g.
Refs. [162,212] for early analyses. A significant improvement of the sensitivity will be obtained
in future Higgs factories by exploiting the Zh production channel and an even stronger bound

'Note that the normalization of the marginal portal coupling in Eq. is different than in Chapter 3| and
Chapter 4l Furthermore the physical mass of the scalar is mi = Mq% + Av®/2, where v &~ 246 GeV.

2 [31): M. Ruhdorfer, E. Salvioni and A. Weiler, A Global View of the Off-Shell Higgs Portal.

3Notice that the SM predicts an invisible Higgs branching fraction of BR(h — ZZ* — 4v)sm ~ 1.1- 1072,
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can be achieved at FCC-hh. A bound on BR(h — inv) can be straightforwardly converted to a
limit on A or f/ ccl/ 2 by using the expression for the decay width of the Higgs into DM

v? m2\ 2 4m?\1/2
D(h = 60) = 35— (r- ch;> (1- m%) . (5.3)

In Table we summarize the current and projected sensitivities to BR(h — inv) and report

the corresponding bounds on A and f/ clli/ 2,

LHC current [183] HL-LHC ILC 250 [213] FCC-ee 240 [213] FCC-hh [214]
(VBF) VBF [215] [Zh] [184]  (Zh) (Zh) (inclusive)
BR(h — inv) 0.13 0.035 [0.08] 1.3-1073 81074 2.5-107*
flel? [Tev) 1.2 1.7 [1.3] 3.8 43 5.8
A [1077] 1.1 0.55 [0.86] 0.10 0.082 0.046

Table 5.2: 95% CL exclusion limits on the coefficients of the derivative and marginal Higgs
portal operators, obtained from on-shell invisible Higgs decays, assuming my < my,/2. See text
for details.

Heavier DM with mg > my, /2 has to be produced through an off-shell Higgs. In contrast to
the on-shell region, the momentum dependence of the derivative portal coupling has an important
impact on the signal kinematic distributions. Hence one cannot simply recast searches for DM
through the marginal Higgs portal coupling, but a dedicated analysis is required, which we will
perform in Section for VBF production. Note that [216] previously considered the derivative
Higgs portal in the monojet channel at the LHC, but no results were provided for the theory in
Eq. . Instead they considered an extended model with momentum-dependent interactions,
finding increased sensitivity in comparison to the momentum-independent case. In our analysis
of the VBF channel we confirm this behavior, see in particular Figure

While there is no previous dedicated collider analysis of the derivative Higgs portal model of
Eq. , there exist several studies of the off-shell marginal Higgs portal model in Eq. . The
sensitivity to A at lepton colliders was analyzed in [213] for /s < 1 TeV, where Zh associated
production is the dominant channel (see also [217,[218] for related studies), and in [219] for
Vs = 1,5 TeV, considering ZZ fusion productionﬁ The sensitivity at LHC and FCC-hh was
examined in [1], considering the VBF, monojet and ¢th production modes.

In Section [5.2] and [5.3] we study the VBF production channel for the derivative and marginal
Higgs portal at lepton and hadron colliders. The VBF channel is the dominant production
mode at lepton colliders for /s = 1 TeV and was found to be superior to monojet and tth
at hadron colliders [1]. We derive the first collider bounds on the derivative Higgs portal and
provide projections for a wide range of future lepton and hadron colliders (see Table . Our
second goal is to extend previous findings for the marginal Higgs portal and include high-energy
lepton collider proposals, such as CLIC and a muon collider. Additionally we perform a refined
analysis for hadron colliders with improved background predictions and we also assess the impact
of trigger thresholds on missing transverse energy (MET).

4At lepton colliders WW fusion leads to an undetectable final state if ¢ is invisible, hence one must rely on
Z 7 fusion.
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5.2 The off-shell Higgs portal in vector boson fusion

Let us now consider ¢ pair production via VBF in the off-shell Higgs regime, i.e. for mg > mp,/2.
This process proceeds through the Feynman diagram in Figure[5.1] The cross-section for V fusion
(V =W, Z) can be written as

1
o(fufa = GO, F)s] = / A7 vy gp(rs) CILR (1), T =3/s, (5.4)

4mi/s

where § = M£¢. The parton luminosity is given by

'd
C‘]Z,f‘?L(T) :/r %fVL/fl(x)fVL/ﬁ(T/x), (5.5)

where we only include the parton distribution functions (PDFs) for the longitudinal polarizations
of the vector bosons, since only these couple to the Higgs. In the limit § > m%/ they read [220]

C)? + (Cd)* 1 -
sty = G C -

- (5.6)

where for the W, C{f = —C,{ = g/(2v/2), and for the Z, CJ = gZ(Tgf/2 — sfﬂQf) and C’({ =
—ngg’f /2. Therefore

fif
! Czoz, _ RpRy,

20r — 1) — 1)1 = = RJ1f2 5.7
[2(r = 1) — (7 + 1) log ], Cor 4t W (5.7)

__9
25674

CWLWL (T)

where Ry = 4(Tgf )2 — 83121,T§f Q7 +8s% (Q/)2. The partonic cross-sections for the derivative and
marginal Higgs portal are

A —2 2\ 1/2
a_deriv (§) — L@ 1— m% 1— 4m¢ /
VV—é¢ 321 f4 8 B ’

A A 1 )2 m2 -2 Am?2\ 1/2
GVvps(8) = 327r§<1_ Ah> <1 - A¢> ) (5.8)

S S

where we took the high-energy limit § > m%/ Notice that at high energies the derivative portal
is enhanced w.r.t. the marginal portal by ¢9¢' /gma18 oc 52, With this theoretical background
we will first describe our analysis at high-energy lepton colliders in Section before turning
to hadron colliders in Section 5.2.21

5.2.1 High-energy lepton colliders

At lepton colliders the full center of mass energy of the collider is at our disposal in the collision,
apart from initial state radiation effects, which we will neglect in the following. Assuming high
energies § > m,QL, we can obtain an analytic result for the integral in Eq. . The resulting
cross-section for the derivative portal is given by

Regi2s |3 2m2 s s
- 4 — N d [} 2 2 4 /.2
ole” e — ppe e") = 4911”5271_5],4 5 (310g m—2¢76logm—é+1277r )+O(m¢/s) , (5.9)
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Figure 5.2: Normalized distributions for the signals and background at CLIC with /s = 3 TeV.
The ¢ mass is set to 100 GeV. This Figure was previously published in |\

where R ~ 0.11 and we have expanded for mi/ s < 1. For the marginal portal one finds

instead ||
Reég4 )\2
w

-+ —.+\ _
0'(6 e —>¢¢6 e )—4915271%[10g

m2
+ 2 (3 log? % +18 — 772> + O(mé/sQ)] .

s 14
3 S my

mg

(5.10)
Note that the two cross-sections have a very different scaling in the center of mass energy and DM
mass. At high energies s > mi the cross-section for the derivative portal o ci s/ f* grows very
quickly with /s and is approximately independent of the DM mass. In contrast the marginal
portal yields o oc A% log(s/ mi) / mi), what is only weakly dependent on the center of mass energy,
but drops rapidly for increasing DM masses. Also note that Eq. and Eq. are only an
accurate approximation if mg > my, /2, since the partonic cross-section receives an important
contribution from the on-shell region § ~ 4m?2. In our analysis we always use the exact cross-
section, which we compute with MadGraphb using a FeynRules 2.0 implementation
of Egs. and .

At lepton colliders we perform a parton-level analysis with MadGraph5, which is a decent
approximation due to the extremely clean final state with two leptons and missing momen-
tum. The main background for this analysis is e"et™ — vve~e™. When generating events with
MadGraphb we require p5 > 10 GeV, |n.| < 5 and AR, > 0.4. In order to discriminate signal

5Notice some typos in \\ the second expression in Eq. (15) should have coefficient 256 instead of 4096, and
the first expression should have 1/16 instead of 1/64. In addition, in the last expression of Eq. (14), §z/s — §/(sz).
However, their numerical results are correct. We thank A. Tesi for correspondence about this point.
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from background we impose cuts on the kinematic distributions. Among the most useful and
sensitive variables are MET and missing invariant mass (MIM)

Er=@+p)"  MIM=(pp")'/7 (5.11)

where p = (v/$,0) — po- — pet+. Additionally we consider the invariant mass M., and pseudo-
rapidity separation Ane. = |n.— — n.+| of the electron-positron pair. Normalized distributions
of MIM, M., and An,. for CLIC 3, which we chose as a representative example, are shown in
Figure In the analysis we optimize the cuts to maximize the significance S = S/v/S + B,
where S and B are the signal and background events after the cuts have been applied. An
exemplary flow of optimized cuts for my = 100 GeV at CLIC 3 is displayed in Table As can
be seen the discriminating power of M., is weaker for the derivative portal, which is however
compensated by a more restrictive cut on MIM. After the selection cuts the dominant contribu-
tion to the background is v.v.e~e™, which includes an O(10)% contribution from on-shell WV
production.

signal, mg = 100 GeV

CLIC 3 /2 vve~ et background
f/e;/” =500 GeV (A =1]

Generation cuts 0.084 [0.139] 754

MIM > 560 [200] GeV 0.061 [0.139] 311 [541]

Atjee > 5.5 [6] 0.046 [0.106] 3.49 [19.4]

Br > 80 [80] GeV 0.028 [0.071] 0.472 [2.76]

M, > 1100 [2200] GeV 0.026 [0.058] 0.391 [0.501]

Table 5.3: Cross-sections in fb. For 3 ab™! we have S = 2.2[4.2] for the derivative [marginall
portal. No EFT consistency condition is applied.

Another important aspect is to ensure that our analysis of the derivative portal consistently
takes into account the limited range of validity of the EFT when setting limits. For this reason we
follow the strategy proposed in [223]: in addition to the regular selection cuts on the kinematic

variables we exclude events with characteristic energy E > g, f/ ci/ 2, where g, < 47 is a coupling,
as they lie outside the region of validity of the EFT. As characteristic energy scale we choose
the energy flowing through the effective coupling, which is given by E = Mys. Thus for a
given value of g, we derive the exclusion contour in the plane (mg, f /c(li/ 2) using only events
with Mgy < g*f/ccli/2 and requiring that the significance S = S/v/S+ B = v2erf (1 — 2p)
(Gaussian approximation, one-sided test), where for 95% CL (p = 0.05) the right-hand side
equals 1.64. The results for g, = 47 are presented in Section [5.3

Finally we also assess the sensitivity of a future muon collider. The analysis is very similar
to the analysis at electron-positron colliders with the main difference being a higher center of
mass energy [224] (we take /s = 6 and 14 TeV as benchmarks, see Table [5.1)), which causes
the produced muons in the signal to be very forward with an extremely large pseudorapidity.
This problem is especially severe for /s = 14 TeV. As can be seen in the top left panel of
Figure a detector coverage limited to [n,| < 5 loses an O(1) fraction of the signal, what
causes a significant reduction of the sensitivity. In order to capture most of the signal with
only a mild increase of background, an extended detector coverage of |n,| < 6 is required. The
resulting gain in sensitivity is shown in the top right and bottom panel of Figure for the
derivative and marginal Higgs portal, respectively.
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Figure 5.3: Top Left: normalized An,,, distributions for the signals with my = 100 GeV and
the background at a muon collider with /s = 14 TeV. Only for this plot, the generation-level cut
on the muon pseudorapidity was relaxed to |n,| < 8. Top Right: projected 95% CL constraints
on the derivative portal at FCC 100 and at a muon collider, assuming the forward detector
coverage extends up to |n| = 6 (solid) or |n| = 4.7[5] for the FCC [muon collider] (dashed).
Bottom: same as the middle panel, for the marginal portal. This Figure is adopted from .

5.2.2 Hadron colliders

The cross-sections at hadron colliders are obtained by convoluting Eq. (5.4)) with the parton
luminosities in the proton

1
o001 = Y. [ T Ly (T Q) o(mas > 666,35, (5.12)
q1, G2 4mi/5
with
Ld
Lo = [ @/ (513)

VS is the collider center of mass energy, @ the factorization scale and the sum extends over all
relevant quarks and antiquarks. Eq. is a sensible estimate for mg > my /2: the agreement
with the exact result improves from 30% for mg = 100 GeV to better than 10% for mg > 200
GeV.

At HL-LHC our analysis can be seen as an extension of recent searches for invisible Higgs
decays in the VBF production channel at CMS and ATLAS . Our simulation pipeline
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Figure 5.4: Normalized distributions at the 14 TeV LHC for the signals with my = 100 GeV
and the main backgrounds, after the baseline cuts. For reference we also show normalized
distributions for the on-shell signal. This Figure is adopted from .

starts with the generation of parton level events with MadGraph5_aMC@NLO, which are subse-
quently showered with Pythia8 and finally passed through a fast detector simulation using
Delphes3 with the CMS card. The main background for our signal process pp — jjoo,
which is characterized by large MET and very forward jets j, what is typical for the VBF
topology, are Z,,+jets and Wy, +jets. Each of the backgrounds can be separated into a QCD
and an electroweak (EW) part, which differ by the production mode of the jets. The interfer-
ence between both contributions is negligible . Even though the EW contributions have a
smaller cross-section their inclusion is important, since their kinematics closely resembles that
of the signal. For this reason the EW contributions to Z,,+jets and W, +jets constitute an
O(1) fraction of the total background after the selection cuts have been applied. For the QCD
induced contribution to background processes we generate V + 2 jets at NLO, whereas the EW
contributions are a matched sample of V + 2,3 jets. The overall normalization of each back-
ground sample is fixed by comparing our generated events for 13 TeV with the expected event
yields of the CMS shape analysis, reported in Table 3 of . After rescaling all samples we
find agreement with the CMS expectations at the order of 10%, what we demonstrate in the top
left panel of Figure in Appendix [[.G] In our 14 TeV analysis we apply the same rescaling
factors, which we found from matching to the CMS expectations at 13 TeV. Additionally we
include the tt+jets background, which we generate at LO matched with up to 2 additional par-
tons and normalized to the NNLO+NNLL cross-section of 974 pb .
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HL-LHC sig11/12al, mg = 100 GeV Zyy W, Ly W, o
f/e/”=500GeV[A=1 QCD QCD EW EW

Baseline cuts 0.164 [0.618] 1.4-10* 1.7-10* 330 330 1.7-103

Anjj > 4.8 [4.2] 0.090 [0.366] 440[960] 890[1700] 46[78] 50[80] 12]29]

Er > 180 GeV 0.028 [0.110] 58[140] 38[100] 14[26] 7.8[15] 1.5[4.4]

mj; > 1.97[1.30] TeV 0.015[0.075] 12[56]  5.0[32] 7.4[18] 3.9[11] — [1.5]

Table 5.4: Cross-sections in fb. The baseline cuts are given in Eq. (5.14)). For 3 ab~! we have
S = 0.15[0.38] for the derivative [marginal] portal. A dash indicates that our MC statistics is
insufficient to estimate the cross-section. No EFT consistency condition is applied.

The baseline cuts in our 14 TeV analysis are

Fr>80GeV, N;>2,  p2>50GeV,  |nj,nl <47,  mym, <0,
Ne=0, N =0,  A¢(j1,j2) <22,  Ad(p,.j) > 0.5. (5.14)

We implement the lepton veto in the same way as in the CMS analysis [225]. The central
jet veto forbids events with an additional jet, which satisfies pJ. > 30 GeV and min 7;, j, <
n; < max nj, j, , while the Aqﬁ(gﬁT, Jj) requirement is applied to any jet with pjT > 30 GeV. We
show normalized distributions of the signal and background after the baseline cuts for mgy =
100 GeV in Figure For comparison we include the portal independent signal for the on-
shell Higgs region. As can be clearly seen An;;, which is displayed in the top left panel of
Figure [5.4] is an important discriminating variable, especially for the derivative portal. Its
behavior is in fact opposite to what happens at lepton colliders, where the Ang, distribution
is harder for the marginal portal. In our analysis we select events with An;; > 4.8 [4.2] for
the derivative [marginal] portal. We additionally impose a stronger cut on F and a cut on
mj;. The variation of the significance for different values of the £ and m;; cut is shown in
Figure From this it is apparent that a relatively mild cut on J would be preferred by
both portals. However, as event selection has to be done with a missing energy trigger, we have
to impose a rather stringent requirement on F;. Following the ATLAS analysis [226] we set
Fr > 180 GeV. Also note that the shape of the missing energy distribution of the electroweak
backgrounds have a close resemblance with the signal distribution. We finally choose the m; cut
separately for the marginal and derivative portal by maximizing the significance of the signal.
A complete cut flow for mg = 100 GeV is reported in Table The contribution of the ¢t
background is small and subleading after the selection cuts, which is why we neglect it in our
HL-LHC projections. In contrast the EW V +jets background is very important, constituting
40% of the total background to the signal from the derivative portal. We keep all cuts identical
for each mg hypothesis, except for m;;, which we optimize in each case.

As we mentioned above and show in Figure even though the signal prefers a mild F
cut we are forced to take a more stringent cut due to the degrading trigger efficiency for lower
FE . For this reason it is interesting to examine how much the significance is affected by varying
the missing energy cut. As benchmarks we take fp > 150 GeV, which corresponds to a trigger
efficiency of ~ 90% on signal events at ATLAS [230] (to be compared with 98% for the reference
choice B > 180 GeV [226]) and Fr > 250 GeV, as required in the CMS analysis [225].

Considering the derivative portal with my = 100 GeV the bound on f/ ci/ ? varies from 290 to
260 GeV, whereas the reach on my for the marginal portal with naturalness inspired coupling
strength decreases from 135 to 117 GeV.
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Figure 5.5: Isocontours of the significance S in the plane of the (Er, m;) cuts, at the HL-LHC.
Baseline and An;; cuts have already been applied. This Figure is adopted from [31].

The analysis for HE-LHC proceeds along similar lines. The V+jets backgrounds are rescaled
with the same factor, which we determined from the comparison to CMS at 13 TeV, and tt+jets
is normalized to the theoretical prediction of 3.73 nb [231]. For the fast detector simulation
we use the HL-LHC card for Delphes3. The baseline cuts are identical to Eq. , except
that we impose |n;, j,| < 4.9. As additional selection cuts we apply An;; > 5.2 [4.2] for the
derivative [marginal] signal, fix £z > 200 GeV, and as before we optimize the m;; cut for each
mg and portal hypothesis.

In the FCC analysis we again apply the 13 TeV rescaling factors for the V+jets background,
normalize tt+jets to 34.7 nb [232] and use the FCC Delphes card. As baseline cuts we keep
Eq. but increase the requirement on the jet pseudorapidity to |n;, j,| < 6. As is also
emphasized in the FCC-hh Conceptual Design Report [233], extending detector coverage up to
Inj| = 6 would be important for the measurement of VBF processes. This is explicitly verified
and also quantified in Figure where we visualize the gain in sensitivity if the pseudorapidity
acceptance in the forward jet measurement is extended from the LHC range [n;| < 4.7 to the
expected FCC design |n;| < 6 (note that the FCC 100 bounds shown in Figure assume
coverage up to |nj| = 6). Further selection cuts are An;; > 5.5 [4.2] for the derivative [marginal]
portal and 7 > 200 GeV [214]. We show the complete cut flow for m, = 100 GeV in Table
Note that for the marginal portal the tf+jets background is not negligible, thus we consistently
include it in the FCC projections.

FCC 100 signal, mg = 100 GeV Loy W, Loy W, i
fle?=1TeviA=1 QCD  QCD EW EW

Baseline cuts 7.6[114] - 1074 170 220 3.5 3.7 49

Anj; > 5.5 [4.2] 5.9[90] - 104 12[38]  24[64] 0.79[1.5] 0.97[1.9] 2.0[6.6]

Er > 200 GeV 2.1[29] - 10~ 1.7[6.0] 1.6[5.4] 0.24[0.51] 0.17[0.37] 0.1 [0.50]

mj; > 6.62[2.30] TeV  0.87[17]-107%  0.062[1.3]0.060[1.3] 0.053[0.29] 0.032[0.22] — [0.12]

Table 5.5: Cross-sections in pb. The baseline cuts are in Eq. (5.14]), except that |n;, ;,| < 6.
For 30 ab~! we have S = 1.0[5.2] for the derivative [marginal] portal. A dash indicates that
our MC statistics is insufficient to estimate the cross-section. No EFT consistency condition is
applied.
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Figure 5.6: Projected 95% CL constraints on the Higgs portal couplings at future colliders.
Left: derivative Higgs portal. To remain within the regime of validity of the EFT we only retain

events with Mgy < g« f/ cll/ 2, where g, is set to 4m. This requirement cannot be satisfied in the

gray region 2mg > g« f/ ccl/ % The excluded region is the one enclosed by each line. All limits are
derived from VBF. Right: marginal Higgs portal. The excluded region is the one above each line.
Solid lines correspond to VBF processes: in addition to the benchmarks in Table we show
ILC 1 TeV with 1 ab™! (solid red). Dashed lines correspond to Zh production from [213]: ILC
500 GeV with 1 ab=! (dashed red) and FCC-ee at 350 GeV and 2.5 ab™! (dashed yellow). The
dotted line labeled “Naturalness” corresponds to A = /4N, y?, namely two degenerate scalar
top partners. In both panels, for the HL-LHC we also show a gray band whose weaker limit
boundary corresponds to adding a 1% systematic uncertainty on the background. This Figure
is adopted from [31].

Let us finally comment on the role of systematic uncertainties, which we have so far neglected
in our analysis. S/B at lepton colliders is at least several per-cent (see e.g. Table , therefore
the effect of systematics is expected to be minor. However, at hadron colliders S/B is below the
per-mille (cf. Tables and implying that systematics will have an important impact on the
analysis. In order to quantify this effect we repeat the HL-LHC analysis with the assumption of a
1% systematic uncertainty on the total background (see e.g. [234] for the theoretical advancement
in the precise predictions of the dominant V+jets backgrounds). The selection cuts remain the
same as listed in Table except for the m;; cut, whose optimization drives it to larger values
in order to suppress the background to the largest extent possible, as can be seen in the top
right panel of Figure The resulting limits are shown by the gray bands in Figure A
more comprehensive discussion of systematics lies beyond the scope of this first study.

5.3 Results and discussion

The results of our analysis are summarized in Figure [5.6] for the marginal and derivative portals
as defined in Eq. and Eq. , respectively. Note that the results in Figure can be
straightforwardly extended to the case of N real, degenerate scalars with identical couplings.
Their effect on the signal is equivalent to that of a single field with {cg, A} — vV N{cg, A}. In
particular for complex pPNGB DM x with derivative portal d,|x|?0"|H|?/f? € L, which we
have considered in the previous chapters, we should take ¢y = v/2. For degenerate scalar top
partners (two complex scalars in the SU(N,) fundamental, with y? coupling to the Higgs) we
have A = /4N, y?, what is our benchmark coupling strength for the marginal portal in Table
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Figure 5.7: Hadron collider sensitivity on the effective coupling evaluated at the threshold
Mgy = 2myg, for the derivative and marginal portals, as obtained from our analysis. The figure
quantifies the sensitivity gain that follows from the relative scaling o §% in Eq. . This
Figure is adopted from [31].

Note also that if the integrated luminosity of a future collider turns out to be L’ instead of the
L (see Table , neglecting systematic uncertainties the reach on f/ c(li/ % scales as (L'/L)/®
and as (L'/L)"/* for \.

To allow for an easy comparison of the sensitivities at different colliders we present the reach
along benchmark slices of the parameter space in Table For the derivative portal we take as
benchmark a ¢ mass of mg = 100 GeV and compare the reach on f/ cz/ ? for this mass hypothesis.
The benchmark for the marginal portal is a naturalness inspired effective coupling strength of

A = /AN_.y?, for which we compare the reach on myg at different collider scenarios.

HL-LHC CLIC 1.5 HE-LHC CLIC 3 FCC 100 nC6 pC 14

derivative, mg = 100 GeV: f/ct/? [GeV]| 280 280 450 540 880 980 2000

marginal, A = /AN, y? : my [GeV] 130 170 190 310 330 540 990

Table 5.6: 95% CL exclusion limits obtained from our off-shell Higgs analysis.

Let us now discuss a few aspects of the results and the analysis. As a first comment we note
that hadron colliders have a stronger sensitivity to the derivative Higgs portal than the marginal
Higgs portal due to the harder kinematic distributions in the derivative portal scenario, which
allows for a more efficient background suppression (see e.g. Tables and . In order to
quantify this statement we compare the bounds on the absolute value of the effective coupling
strength of both portals on threshold Myg = 2mg, which is cd4m3) /f? and A, respectively. For
hadron colliders the threshold is a reasonable point of comparison, due to the PDF suppression
at higher My4. The resulting bounds in Figure clearly show that there is a better reach
on the derivative portal thanks to the more pronounced tail at higher invariant masses. For
mg = 100 GeV, the ratio of the effective coupling bounds is ~ 1/4.0 at the HL-LHC, ~ 1/5.5 at
the HE-LHC and ~ 1/11 at the FCC. This explains why FCC 100, for example, gives projected
bounds comparable to a 6 TeV muon collider for the derivative portal, but similar to CLIC 3
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Figure 5.8: Comparison of the VBF sensitivity on the marginal portal derived in this work
with the regions where a first-order EW PT may be possible as given in [221]. Solid lines show
projected 95% CL VBF constraints, extended to larger A with respect to the right panel of
Figure [5.6, Dotted brown contours indicate the deviation of the Higgs trilinear coupling from
the SM (see Eq. (5.15))) while dot-dashed cyan contours show the deviation of the £7¢~ — Zh
cross-section (see Eq. ) This Figure was previously published in [31].

for the marginal portal.

The key motivation for the derivative portal is pNGB DM. As we have discussed at length
in Chapter |3 the requirement of obtaining the observed DM relic abundance fixes a relation
between m, and f. From the resulting relic abundance contour in the (m,, f) plane (see e.g.
Figure , we can extract that for m, > m;/2 a symmetry breaking scale of f 2 500 GeV
is needed for complex DM. Comparing this to Figure [5.6] we conclude that this region is out of
reach at HL-LHC and CLIC 1.5 and can only be probed to a very limited extent at HE-LHC
and CLIC 3. In order to truly explore this interesting region FCC 100 or a muon collider would
be needed, with a uC 14 being able to test DM masses up to 600 GeV.

A representative example for the marginal coupling are scalar top partners with coupling
strength fixed by naturalness. In this scenario even FCC 100 will have a limited sensitivity,
which will not extend beyond masses of approximately 300 GeV. A muon collider would again
have a superior reach, extending all the way up to mge ~ 1 TeV for center of mass energy of 14
TeV, which would represent an impressive, model-independent test of the possibility that the
little hierarchy is stabilized by scalar top partners, regardless of their decay pattern.

Another theoretically well-motivated scenario for scalar singlets coupled to the Higgs through
a sizable marginal Higgs portal is the possibility of a first-order electroweak phase transition (EW
PT), which would allow for electroweak baryogenesis (see e.g. [208]). In Figure we compare
our results for the sensitivity on A to the region of parameter space, where a first-order EW
PT can occur. This region has been reproduced from [221], where a detailed description can be
found. The results in Figure [5.8] imply that only a muon collider could fully test this scenario
for electroweak baryogenesis with an invisible singlet. CLIC 3 and FCC 100 can, however, cover
parts of the relevant parameter space. In Figure [5.8] we also show the deviation of the Higgs
trilinear from its SM value, which we obtain from Eq. by integrating out the scalar ¢ at
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one-loop
gnhh 4 A2o? (AU? 3) sMo_ My (5.15)
s St g\ 1) 9= o :
g 967T2m§5 mi: 4 2v

We have checked that this is a reasonable approximation in the parameter space of interest by
comparing to [235]. However, some corrections arise for my < 250 GeV. Note also that there is
a modification of the T/~ — Zh cross-section at one-loop

50Zh - )\21}2 (5 16)
J%l\}f o 1927r2m35' '

A precise measurement of this cross-section would provide an alternative test for the marginal
Higgs portal [236].
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I.LA SO(7)/SO(6) model: CCWZ construction

For the generators of the fundamental representation of SO(7) we take

v |1

(T Ry = —4 | 5076 — 630]) & (0705 — 0501)|, @ =1,23,
175 = —;5(5%53—535?), b=5,6;a=1,....,b—1, (IA.1)
X§y = ——=(6307 — 6387),  a=1,..,6,

V2

where the indices I, J take the values 1,...,7. Tf" r and T are the generators of SO(6), collec-
tively denoted by 7% (a = 1,...,15), with T¢ , spanning the custodial SO(4) = SU(2), x SU(2)r
subgroup, while X are the broken generators that parameterize the coset space SO(7)/50(6).
Notice that the unbroken generators are block-diagonal in our basis,

7% — (to 8) .t e S0(6). (LA.2)

All generators T4 (A = 1,...,21) are normalized such that Tr [T ATB] = 048, Under the
unbroken SO(6), the six GBs 7% transform linearly and in the fundamental representation,
whose decomposition under SO(4) is 6 = 4 ® 1 ® 1. The Higgs doublet H = (hy,, hg)" is
identified with the 4, so that
1 . . T

T = 7 (—i(hy — h%), hu+hi, i(hg—h5), ha+hi V20, V2k) . (ILA.3)
In unitary gauge, i.e. hy, = 0, hg = fL/\/Q, this has the expression in Eq. (4.2) and the Gold-
stone matrix U(mw) = exp (z'\/irraX @/ f) can be written, after performing the convenient field
redefinition [37]

3 a
sin(r/f) P with 7=vraTm, (LLA.4)
™ f
in the following form
13x3 i
1 — B2 ___hy ___hk h
f2(1+9) F20+9) Lo+ f ]
__hn _ K n _ 7
U= P T rEdm TPow | 0F f\/f2 —hE et
o hs o me K’ &
f2(14+9) f2(1+9) fa+9) f
_h _n -y 0
f ! f

(L.A.5)
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Under g € SO(7), the GB matrix transforms as

U(m) = gU(m) h(mg)", (LA.6)
where h (7r; g) is block-diagonal in our basis,
h(m;g) = (%6 ?) . hg € SO(6). (I.A.7)
The d,, and e, symbols are defined Viaﬂ
iUTD,U = di X+ 4T (I.A.8)

where D, U = 0,U — iAzT&U. Notice that we took the gauge fields as belonging to the SO(6)
subalgebra, since this is the relevant case. Explicitly, for SU(2);, x U(1)y we have AzT @ =
QV_VSTE‘ + ¢ B,T} . 1f the U(1)pm were also gauged, then AZT& — AZT& + gDADM\@T%, with
Ap the associated vector field and gp its coupling. Under g € SO(7),

d% — (he)db,,  ep = et = hg (e, +i0,) by (I.A.9)
where hg was defined in Eq. (I.A.7). To leading order in 1/f, we have
a \/§ a a a
d = —F Dy +0(1/f%), =A% +0(1/f%), (1.A.10)

where D% = 0, 1% — iAﬁ(t&)abTrb . The fermion covariant derivatives that appear in Eq. (4.15])
read
Yo AR 2, =
Dyqr = (8u —igW}; o T EB“)qL , D,¥ = ((% — 139 Bu)\ll , (I.LA.11)
where ¥ = tg,Q;, S;, and in all cases the color SU(3) component is understood.

I.B SO(7)/SO(6) model: fermion sector

Here we shortly summarize the embeddings of the elementary fermions and top partner couplings
for the different scenarios we discuss in Chapter

DM shift symmetry broken by top quark
This scenario is discussed in Section and assumes an embedding of g7, and tg into the 7y/3
representation of SO(7) x U(1)x. The explicit form of the embedding is

1
€= (ibo, bu, itr, —tr, 0, 0, 0)', € =(0, 0, 0, 0, 0, 0, tr) . (LB.1)
V2
Since 7,3 decomposes as Ty/3 = 633 @ 1g/3 under SO(6) x U(1)x, we consider fermionic
resonances () in the 6,3 and S in the 153 representation of the unbroken group. The explicit
form of the Q multiplet in the fundamental representation can be written as

1 . . . . . .
Q = — (’LB — 'LX5/3, B + X5/3, T + ZX2/37 =T + X2/3, —’Ly + ZZ, y + Z)T s (IB2)

V2

where the doublet (7', B)T transforms as 2(1)/6 under (SU(2)L)]3M, the exotic doublet (X5 /3, Xo/3)7 ~

+1
153
share the SM quantum numbers of the tg, but are additionally charged under U(1)py. For the

leading Lagrangian of the fermion mixing see Eq. (4.15]).

29 /6 contains an exotic fermion with electric charge equal to 5/3 and the two states Y, Z ~

SNotice that we define the d, and e, symbols with opposite sign compared to, e.g., [152].
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DM shift symmetry preserved by top quark
This scenario for the top quark is assumed in Section [£.4] and The choice of DM shift
symmetry-preserving top quark embeddings that we have made is

0 -1
itn |11
2

1 . . T
72/3 ~ g) = ﬁ (Zva bL; ZtLa _tL7 Oér) ) 212/3 ~ fg) =

03x3

(LB.3)

where empty entries in the expression of 51(;) are zeros. Since 7 =6 & 1 and 21 =15 & 6

under SO(6), in the top sector we expect fermionic resonance multiplets G ~ 154 /35 @ ~ 693

and S ~ 15,3 under SO(6) x U(1)x. The decomposition and component expression of () was

given in Sec. II of [28], whereas G decomposes as 15 = [(3,1)+(1,3)]o® (1,1)o B (2,2)41 under
SU(2)r, x SU(2)r x U(1)pm, where the X = 2/3 charge is understood. In components,

0 —iT? BP-XP? —i(B2+X12) —B_—-X;5;5_ —i(By+Xs54)
0 —i(BP+X1%) —-B24+X12  i(Bo-Xys.) —Bi4Xsy
a-l 0 —iT12 T = Xypz— —i(Ty + Xoy34)
2 0 —i(T- = Xyy3) T — Ayzy
0 —iV28
0
(1.B.4)

where the lower triangle is determined by antisymmetry. We have made the definitions T1? =

Ti+T, Q¥ = (Q1+Q2)/V2 (Q=X,B) and Qi = (Q) + Q7)) /v2 (Q =T, B, Xys, X5 3).
Here ()?Z,ﬁ,gz)T isa (3,1)g fori =1 and a (1,3) for i = 2, S ~ (1,1)0, and the fields with
calligraphic names compose the (2, 2)i1E| The elementary-composite mixing Lagrangian for the
top sector is

t)BA

£l = 6zs§g)AUA7SR,i + eéQéf)AUAaQ%,j + e{Qéﬁ% UaaUp7Q7 ;

+ Engg)BAUAaUBbG%I:k + h.c., (I.LB.5)

where repeated indices are summed. Here {i, j, k} count the multiplicities of resonances and
therefore run from 1 to {Ng, Ng, Ng}, respectively, while A, B are SO(7) indices and a,b are
SO(6) indices. Calculability of the one-loop scalar potential is obtained via generalized Weinberg
sum rules (WSRs), see Appendix for more details. The minimal field content that gives a
completely ultraviolet (UV)-finite one-loop Higgs potential is Ng = Ng = Ng = 1, which we
adopt in the main text. The embeddings in Eq. I.B.3: yield a Higgs potential with “double
tuning” structure [168], where parametrically A= ~ (v?/f2)(€")2.

DM shift symmetry broken by b quark
This refers to the scenario discussed in Section [4.4. The simplest embedding of the bottom
quark which breaks the DM shift symmetry is

b
T _y/3~ (L) =7

"Fields with calligraphic names have the same SO(4) quantum numbers as their non-calligraphic versions. For

example Xs(??s) transforms as X5,3 under SO(4), but has in addition charge 1 under U(1)pm.

(=itr, tr, b, b, O, Ty~ &R —bg(0f, 1)T. (1B.6)
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We thus expect resonances Q(®) ~ 6_,/3 and SO ~ 1_;/3 under SO(6)xU(1)x. The component
expression of Q) is

1
E

where under (SU(2)1)?M we have (U_1y3, U_4/3)T ~ 295/6,

The elementary-composite mixing Lagrangian for this scenario is given in Eq. (4.55]).

~ ~ ~ ~ T
QY = (iU_4/3 T U s+ T iUy s+ iB, —U_y 3+ B, —iV + W,V + W) . (LB.7)

(T,B)T ~ 20 5 and V, W ~ 1%}/3.

DM shift symmetry preserved by b quark
In Section [4.5] we assume that both the top and bottom embeddings preserve the DM shift
symmetry. In this case we embed bg as

1

—i
b br .

212/3N5§%):ﬁ Lo : (LB.8)
i -1

02x2

03%3

where empty entries are zeros. Therefore the embedding of ¢, in Eq. (I.B.1)) or Eq. (I.B.3) is
sufficient to generate the bottom mass, and an X = —1/3 sector needs not be introduced. The
Lagrangian that mixes the b with the composite resonances reads

L = o€y " UnalUprQs ; + ebain P UnaUpsGE + hic., (LB.9)

and the complete fermionic Lagrangian is £; = (kin. terms) 4 (resonance masses) + Lg?ix + El(ﬁgx.

I.C SO(7)/SO(6) model: gauge sector

At the leading order in derivatives, the Lagrangian describing the vector resonances p,, = pZt& ~
15 and a, = aj X ~ 6 reads

1 f? 1 2
Ly = _ZTT (P P™™) + ?pTr (9pPu — eu)2 - ZTY (aah™) + 2Aa2 Tr (gaay — Adu)2 , (LG

where f, , are decay constants, g, , are couplings, and A is a dimensionless parameter. The
field strengths are given by

Puv = Oupy — OuPp — iGp [Pus Pu] » afw = V,a;, — V,,az, V=0, —ie,. (I1.C.2)
In the limit where the external gauge fields are neglected, the masses of the p and a read

2 2 12 2 92f2
ms = g,f5 m. = ﬁ (I.C.3)

Neglecting EWSB, only p,, can mix with the SU(2)r, x U(1)y gauge fields. The mass eigenstates
are obtained via the rotations

i) ) ) () ()
J [ — ), S S . (LC.4)
<pL R+g2 \I 9/ \FL Ph 2+g2\I 9 ) \Pr
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with W and B identified with the SM states. The associated SM couplings are g = g,g/4/g2 + g*
and ¢' = g,9'/+ /9% + 9'?

Gauging U(1)pm

In Section we consider a model where the stabilizing U(1)py symmetry is gauged. In this
case the CCWZ construction has to be slightly modified in order to include the additional gauge
field. In the case when SU( )L xU(1l)y x U(1)pm C SO(6) are gauged the covariant derivative
of the GB matrix in Eq. is of the form D,U = 0,U — ZA“T“U with

AT = gWeTy + §'BuTh + V2 gpAp, 7N . (1.C.5)

The normalization of the U(1)pm gauge coupling is chosen in such a way that the y kinetic term
obtained from the two-derivative GB Lagrangian

f

2
L. doder (1.C.6)

is |(8, —igpApu)x|?. Through Eq. ([L.C.1)) Ap mixes with an SO(4) x U(1)pw singlet contained
in p,. The mass matrix and the rotation that diagonalizes it are

/2 252 V24 A A L - ﬂgDz A
i(AD,PD) < QP - .ngp> < D) : < D) N \/gﬁ-tQQD v/ 934247, ( D) ,
2 _\/ingp 9p PD PD V2dp 9p PD
NoE T
(I1.C.7)

hence the physical dark photon coupling is gp = g,9p/+/ g% + 29% .

I.D SO(7)/SO(6) model: scalar potential and parameter scan

Integrating out the vector resonances at tree level, we obtain the effective Lagrangian containing
the gauge fields W<, B and the Higgs,

1
o = 7<g”'/ P ) (2T W, W + T W3W3 + TppB,B, + 213 W2B,)  (LD.1)
p

2
where
h2 g/2 h2 h2
I, =T33 =11 Y, Illpg=1I Iy, 1 -7 — 119 . 1.D.2
33 O+4f ) B+_24f2 3B 7 if? ( )
The dynamics of the strong sector resonances are encoded in the momentum-dependent form

factors, which read in Euclidean space

o, 98 g_
1I = 1+ —- II =g
oB) =D + o m% ) 1=9

The effective potential for the Higgs has the expression

p>+m2  p?+m?

2
f2+2p2<2f3 _ )] (LD.3)

B 4
V, (h) = 2/ (if; log [T12 _ (s3T5 — TT25)] . (LD.4)
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The gauge contribution is rendered finite by introducing generalized WSRs of the form

2f7 —2f3 = f?, frm? = f2m?, (WSR 1+2),. (I.D.5)
The first relation removes the quadratic sensitivity to the cutoff in the Higgs mass squared
M% p and makes the Higgs quartic Aj, 4 finite, whereas the second relation cancels the remaining
logarithmic divergence in ,u,,zl, p

Integrating out the fermionic resonances at tree level we obtain an effective Lagrangian
containing the top quark, the by, and the GBs as degrees of freedom,

ﬁteﬁ = H%BLpr + Hl}){BRZﬁbR + HtLt_LptL + H%prtR — (HER t_LtR + H%R BLbR + h.C.) , (I.D.G)
In the following we specialize to the different scenarios we have discussed in Chapter

A) DM shift symmetry broken by the top couplings

This scenario is discussed in Section @ and assumes an embedding of ¢;, and tg into the 7,3 of
SO(7)xU(1)x. The RH bottom bp is not introduced in this scenario, since it gives a subleading
contribution to the effective potential. Integrating out the resonances in Eq. we obtain
the form factors in Eq. (LD.6). We find that 115 = II% , = 0 and I1} = II, for the bottom. For
the top quark we find

h? % 2y*x h h2  2x*x
HtLZHLoJrﬁHLu [ = g, + <fz+fz g, , HER:fo 1—ﬁ—7ﬂi-
(I.D.7)
The momentum-dependent form factors read, in Euclidean space,
g, =1+ zq 2 I, = 2q2_ 2q27
o Py, =P T I PR Mg,
Mpy =142 5= e HMm=2 575 =) 5= 5 (LD.8)
Pl +m5j = Tt my, b + mg,
Ne wi i No i i
mt — ZS: €t5€as™S; ZQ: €1QgQ M
e 2+ m? 24 m2
=P S; =1 P (oF
The effective potential for the GBs reads
7 d4p 217t 17t t |2

Expanding Eqgs. (I.D.4) and (I.D.9)) to quartic order in the fields and matching with Eq. (4.17)),
we obtain the expressions of the parameters u%, Ahs NQDM, Apm and A as integrals over the form
factors. For the dominant fermion contribution we find

N, 00 I 211 I1%)2
Hiy = ‘ / dp2p2< by e ) )
0

82 f2 Or, Mg, p*g IR,
2
)‘h — NC /00 dp2p2 1 (HLl 2l_IRl + (Hﬁ)Q > + (HtI)Q - p2HL1HR1
! 47T2f4 /J%R 4 HLO HRO p2HL0HR0 p2HL0HR0
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N, [® Il N, [ IT%
2 c 2, 2R c 2 2 R;
= - | @’ App = —r | d
Ne [® 55| T (IT)? Ilg
= d 2 L 1 L 1.D.10
87T2f4 /0 pp H%O + pQHLOHRO + HRO ’ ( )

where we assumed real mixing parameters €. Notice that the integral for the Higgs quartic Ay s
is IR divergent; the same happens for the (small) gauge contribution A 4. The IR divergence
signals that the potential is non-analytic at & = 0, due to the contribution of the light degrees of
freedom (the top quark and SM gauge bosons). To remove this issue, the expansion of the po-
tential in Eq. is extended to include an additional term AV = (8, /2)h*log(h?/f?), which
captures the non-analytic contribution to the Higgs quartic. Then all the coefficients of V 4+ AV
are IR-finite, including d,. The Higgs VEV (h) = v is obtained by solving the equation (h)% =
— 113 / [\ + 05 (1 + 21og((h)?/ £2))], and the Higgs mass is m} = (1 — &)20>(\, + 30, + 203, log €).

B) DM shift symmetry broken by the bottom couplings

The scenario where the dominant source of DM shift symmetry breaking is the coupling of the
bottom quarks to the strong sector is discussed in Section and assumes that qr,tr, br couple
to operators Oy ~ 75/3,0p ~ 219/3 and Oy ~ T_y/3 under SO(7) x U(1)x. Integrating out
the top in Eq. and the bottom partners in Eq. we can match to Eq. (LD.6). For
the top we obtain

h2 h2 h
I, =1 — I, It =10% 4+ —I0% , I, = —TII% . I.D.11
L LO f L1 R R() f Ry LR 2\/§f 1 ( )
with the momentum-dependent form factors in Euclidean space,
Q|2 Nc(Qb) 6”@@‘2 Ns ’6j5|2 Ng |6iQ\2
=1+ T N =) 555 ) 5,
Z P+ mg, ;phrm ® 1 ;p2+msj ;pQJFin
Ng i |2 Ng k 12
| tG’Q t |6tQ’ (el
=1+ , Iy, = —t =2 —
> S S Ly thpen,
NG x4 z
€ m
m=-3 %m@ . (1D.12)
=1 P’ Qi

The top contributes only to the Higgs potential parameters, which after expanding Eq. (I.D.9))
in the fields with the above form factors yields

N It 11t (Ht)Q
2 c 2 2 Ly Ry 1
SACE
Foh,t 8n2 f2 / PEPE (HLO + 2Hl}z0 + 4P%HL0HEO )
N, o o | (ML, | I (I19)? 117, Ty
Mit=——=— [ d 1 L — L "1 1.D.13
i = faigs | W (HLO RETIRARTA PRI B PR (D-13)

F‘i,t and M, can be made fully calculable if we require two sets of WSRs

Nq

Ns No Ne
> lesl =2 leal® 23 el =Y leol*,  (WSR1), (LD.14)
Jj=1 i=1 k=1

=1
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Ng Ng
> md, (2leiol? — leigl?) +2> mé, leial — 2> md |dgl* = (WSR 2); (LD.15)
i=1 k=1 j=1

For the bottom we obtain

7,2

h h?  2x*y h h2  2y*y
My =T, + 5105, Op=1% + 5+ M, Ih,=—y|1- 02X X
L LO f L1 R Ro f2 f2 Ry LR \/ﬁf f2 f2 1
(I.D.16)
In this case the Euclidean form factors are,
(®) (b)
Ng i 2 Ng n |2 Ng m |2 Ng no |2
€ 5l |e (b)| e S(b)| |e Q(b)’
Iz, =1+ 9 + L ) Hli = ! - i )
i ; P2 mg, nz_‘: P2 me 1 mz—l P+ M 7; P2
n J n
Néb) [ (b) ’2 ki € ZQ(”) |2 Néb) e O) ‘2
m, — 1+ bS m — _ bS
2 ) R 2 ’
’ o1 PP 1 ;:1 P2 M ﬂ; P
Néb) XM Mmoo Négb)
(®) () €a» Mo®)
np 30 SO 5 ettt Mo (LD.17)
o PAmge S pmg
The resulting contributions to the scalar potential are
b b
M2 _ Ne /OO dp2 p2 HL1 + 2HR1 + (H?)Q
h,b 87T2f2 0 EFE HLO H(])DLO p%HLOH%O )
2
N, mp oI I1%)2 1%)2 — p211% 118
Mb = 1 4/ dphp s L O y ) =7 b
f 4 Uz, Mg, ppllLIlg, PEIL I,
N, o 1 N. [* (I, )?
2 c Ry c 2 2V R
NDM 47T2f2 / pE EH%O ) DM 47T2f4 /(; pEpE (H%O)2 9
N [ g [p et (T
8r2 % Jo (3?2 izl 1%,

The contributions to the Higgs potential are subleading compared to the ones generated by the
top. However, these are the dominant sources for M%M, ApMm and A. In order to get a finite result
we also have to impose a set of WSRs for the bottom sector

Néb) NS’) Néb) Né?b)
2 2 2 2
Yo lerwl? = lerm o lesm P =Y lgom (WSR 1)
m=1 n=1 m=1 n=1
(LD.19)
Ng’) Néb) Ng) Néb)

2 2 2 2 2 2 2 2
ZmQ@\EZQ(M =y meml€gsml” > mom lepm ™ = > mewlesml” - (WSR 2)
n=1 m=1 n=1 m=1

(1.D.20)

The minimal model with a completely calculable potential and non-vanishing ,u]%M requires
Ns = Ng = Ng = Né) =1 and N() = 2. In Section we are content with a partially
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calculable potential, which allows for a parametrically simpler understanding of the parameter
space, and only impose the first set of bottom sum rules Eq. ([.D.19)). This makes the marginal
couplings finite but leaves a residual logarithmic divergence, which we regularize with a hard
cutoff A.

C) DM shift symmetry broken by the gauging of U(1)py
This scenario assumes that both the top and bottom couplings only break the Higgs, but pre-
serve the DM shift symmetry. The DM shift symmetry is only broken by the gauging of U(1)pu,
under which all SM particles are uncharged. Thus the generation of the Higgs and DM potential
are fully decoupled. For this reason we assume that the fermion and SU(2)z, x U(1)y part of of
the gauge sector take care of generating a realistic Higgs potential and only concentrate on the
potential for the DM, which is generated by dark photon loops.

In order to compute the DM effective potential we integrate out the vector resonances. This
generates and effective Lagrangian for the gauge sector, but he we will only keep the part
containing the dark photon

1 pp” 255 X*x
£y, = §<9W 2 >HAAADMAD1/, Haa =114+ 92D 7 119, (I.D.21)

with Euclidean-space form factors

295 /5
My =p* 1+ 2L I =

2
f2+2p2(2f3 _ )] (1D.22)

p>+mZ  p?+md

The contribution to the one-loop effective potential is V4, (x), which is given by

3 d4p gD 2x*x Hg
Vin(x) = o / o o8 [1+ . HA} (LD.23)

Note that, importantly, the one-loop potential does not contain a Higgs portal term ~ )\ﬁ2x* X
Expanding the logarithm in Eq. (I.D.23) and matching to Eq. (3.11)) gives for the x mass term

= g
i = 16:‘%2 7 / A’y 1 (1.D.24)
which is in general quadratically UV-divergent, but is automatically rendered finite after the
two WSRs in Eq. that ensure finiteness of V() are imposed. After the WSRs are
used to express f,,mg in terms of f,,m,, and f, we find IIY > 0, which guarantees that
U(1)pwm is never spontaneously broken. Performing the integral and taking the leading order in
g%fQ/m%,g%fg/m% < 1 we arrive at

3 2 92 2/ r2
TNEE ;z ms log (mj/}f_l) (LD.25)

The results above assume a massless dark photon. A Stiickelberg mass can be obtained by ex-
tending the coset to SO(7) x U(1)'/SO(6) and gauging the diagonal combination of U(1)py X
U(1), namely v27TPM + Z’. All SM fields are assumed to be uncharged under U(1)". The
extended Goldstone matrix is U = exp(iv/27°X?/f)exp(i7Z'/f') and the two-derivative La-
grangian becomes L, + (f'2/2)d,d", where d, = —(d,7& — gpf’ Ap,)/f' to all orders in 1/f".
The additional piece is precisely the Stuckelberg Lagrangian, which gives a mass ma = gpf’ to
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Ap. In the effective Lagrangian of Eq. (I.D.21]) we must then replace IT4 — IT4 + m124, which in
turn leads to a suppression of the x mass: taking for simplicity f, = f, Eq. ([.D.25) becomes

1+2 y _logy 9
(1—y) log2

=" = <. 1.D.26
s 1—¢ y ( )

M%M(mi)
M%M(O)

Numerically, the suppression is small: for example pd,(m?)/udy(0) & 0.97 for ma/m, = 1/10.
As long as m? /mf,7 %/ g% < 1, after m? is included in the mass matrix in Eq. ([.C.7) the di-

agonalization is still obtained through a rotation of angle  ~ v/2gp/ 9p -

Parameter scans
In Chapter |§| we often used numeric parameter scans to get an intuition for the parameter space
and to justify estimates. Here we briefly summarize our procedure for the parameter scan on
the example of the two-layer model in Section All other scans were performed in a similar
fashion.

We start from Eq. and requiring that 0 < 537 o<1 what leads to the constraints

2 2 2

2
m —m m —m
i NP S Y apa
Mg, =My, Mg, =My,

These can be satisfied only for mg, > mg,, which we therefore assume. Taking into account
that II} is the only form factor that is sensitive to the signs of the mixing parameters €, and
that furthermore the scalar potential is unaffected by II} — —II¢, the angles are restricted to
the following ranges

0,00 € [—m/2,m/2], ¢ €[0,7/2], B € [0,]. (I.D.28)

We summarize here the procedure adopted in the parameter scan of the two-layer model with
WSRs (the procedure for the scan of the one-layer model is analogous).

1. The following parameters are randomly selected: € € [f/10,8f], mg o, € [0,6f],
ms, Q2 € [mQ176f]7 fp S [f/\/i z.ﬂ )

2. The angles « and § are randomly picked, compatibly with the restrictions in Egs. ([.D.27))
and ([.D.28]). Then ¢ is completely fixed, while the sign of sin @ is picked randomly.

3. ¢4 is fixed by solving the following equation

2\ (2
9 ‘HLR(mt)‘
m; = , (I.D.29)
b T (m2) TR (m?) F o0

where the numerical value of the top mass is set to m; = m,f‘/fis@ TeV) = 150 GeV.
4. m,, is fixed by requiring the Higgs VEV to match the observed value, (iz> = v ~ 246 GeV.

In the two-layer model, the compositeness fraction sy, (sg) of the left (right) handed top
is computed by diagonalizing analytically the fermion mass matrix for v — 0, and taking the
projection onto the composite fermions of the normalized eigenvector that corresponds to the
physical t7, (tg). For example, the compositeness fraction of ¢ is defined as

% with t% = ; (altR + a9S1 + (1352), (I.D.30)
at + a3 + a3 a? + a3 + a3

SR:
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where t%, denotes the mass-eigenstate right-handed top (for v — 0). The compositeness fractions
satisfy 0 < sz, g < 1. In the one-layer model, they are identified with the sine of the elementary-
composite mixing angles.

ILE SO(7)/SO(6) model: U(1)y-U(1)pu kinetic mixing

In this appendix we show that kinetic mixing of U(1)y and U(1)pym (in short, Y-DM kinetic
mixing) can vanish exactly in the SO(7)/SO(6) model, thus motivating the choice ¢ = 0 made
throughout our discussion.

As first step, we neglect the explicit G breaking in the fermion sector and consider the bosonic
Lagrangian including the gauging of SU(2)y, x U(1)y x U(1)pym . At O(p?) this is simply given
by Eq. , and the kinetic mixing operators arise at O(p*). The four-derivative bosonic
Lagrangian was first written down for the SO(5)/SO(4) model in [237]. To obtain a basis
of operators for our model we find it convenient to follow [238|, where the O(p?*) Lagrangian
for SO(5)/SO(4) was discussed by parametrizing the GBs with the matrix Y (w) = U(mw)>2.
This alternative, but equivalent, description is possible for symmetric cosets such as SO(N +
1)/SO(N), which admit an automorphism (grading) R of the algebra that flips the sign of only
the broken generators, 7% — + 7% and X* — —X®. The three building blocks that are used to
construct invariant operators, all transforming in the adjoint of G, are

Vi= (D)™, Aw =04, - A, —ilALA),  SARST (LE.1)
where AZ?V = R(A,) and we formally took the whole of G to be gauged by A, = ggAﬁTA, hence
the covariant derivative is D, = 0,% — i(A,% — ZALZ). In this formalism, the two-derivative
Lagrangian is £, = —(f2/16)Tr[V,,V*].

In our model the physical sources are given by Eq. , which satisfies AZ} = A,. By
constructing a complete basis for the O(p*) Lagrangian L4, we find that Y-DM kinetic mixing
is encoded by the operators

Tr[B,F}Y],  Tr[EBLE7'FY], (LE.2)

where B¥ = ¢gB*T3 and FYY = 2gpFi'TPM. Both operators in Eq. ([E.:2) vanish
identically. In fact, we have checked that the whole £, 4+ £4 is invariant under the parity
Ps = diag (1,1,1,1,1,—1,1) € O(7). Recalling that TPM generates rotations in the (5,6) plane
[V2TPM = diag (04x4,02,0)], Ps is identified with the charge conjugation Cp that we referred
to in the main text. The action of Py on the SO(7) generators is

PsTPs=+T, T= {TE,R,T‘IE’,XI’} and  PyTPi=—T, T={TPM 19 x5}
(LE.3)
wherea =1,...,4and b=1,...,5. As a consequence, the GBs and the elementary gauge fields
transform as

X%7X*7 ADH*ADv {hquB}%%»{hlanB} (Z:]-av4)7 (IE4)

which shows that if Py is exact, Y-DM kinetic mixing is forbidden. Furthermore, “higher-
derivative kinetic mixing” operators (i.e. operators that mix B*” and Fg”, but with the insertion
of additional derivatives) also have to be built out of the objects in Eq. , and are found
to vanish. Summarizing our results thus far, the explicit breaking of SO(7) due to the weak
gauging does not generate Y-DM kinetic mixing.
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As second step, we turn on the explicit G breaking in the fermion sector. Since [TPM, Pg] # 0,
the SM fermions cannot be simultaneously assigned a nonzero U(1)py charge and definite Py
parity. Therefore if the SM fermions were taken to have Qpyn # 0, then fermion loops would
generate Y-DM kinetic mixing: for example, this would happen if gq; were embedded in the
(2,2)41 C 213 of SO(7) x U(1)x and tg in the (1,1)41 C 75/3. However, for our purposes we
must take Qpy = 0 for all SM fields, in order for x to be the lightest U(1)py-charged particle
and therefore stable. In this case each elementary fermion can be assigned definite parity (all
the fermion embeddings employed in this paper have in fact Ps = +1), which guarantees that
fermion loops do not generate Y-DM kinetic mixing.

Note that the last conclusion can be altered by subleading spurions, if a single elementary
fermion couples to operators with different Ps. As a concrete example we can imagine that tg
has, in addition to the embedding in the (1,3)¢ C 2153 given in Eq. (L.B.3)), a second embedding
in the (1,1)p C 2153, namely 5;@ = tgTPM. Then it is clear from Eq. that the first
spurion has Pg = +1 while the second has P; = —1, so tp cannot be assigned a definite parity.
Nonetheless, Py invariance of the fermionic Lagrangian can still be enforced, by imposing that
each elementary field couples to only even operators (or only odd ones, although we are not
interested in that possibility here).

Notice that from Eq. it follows that Py also acts on the resonances: taking as examples
the S, @ and G fermionic multiplets, we have

Yeo-2,  S—-8 {TWBW af) i e (70,80, a0 ) al )Y, (1E5)

while all the other components are left invariant. One can similarly derive the transformation
properties of the other fermionic resonances and of the vector multiplets, where in particular

PD — —pPD-
I.LF Details on DM phenomenology

In this appendix we collect details relevant for DM phenomenology in the different scenarios.

Global view on pNGB DM

The equations we give here refer to the most general EFT of pNGB DM given in Section [3.3]
To calculate the cross section for DM scattering on nuclei, we first match Eq. to the

following effective DM-SM interactions,

S (gl T+ i G0 T1R Y + M)

P=u,d,c,s,t,b (I F 1)
ie s dg y2 2
— o, F* Ga G
with coefficients
2\ ¢ by + by P T—

From these we derive the spin-independent DM-nucleon cross section up to one loop (see Sec-
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tion for more details),

2
xN,x*N _ 1 meN 1
78I N ; my +m ﬁ
X N

d 2

+ > f{}w(AZ +0AY)

2
+{p—>n,Z—>A—Z}}
P=u,d

(LF.3)

where 5/\1‘2 = cge’Qy/m? and my = (my + my)/2. The form factors averaged over proton
and neutron take the values fr, , ~ 0.020,0.043 [120}239] (see also [119]), fr, = 0.043 [121]
(also [240]) and fr, ~ 0.89. It is important to note that for the vector current operators
proportional to )\1‘;, the form factors simply count the valence content of the nucleons, namely
f";u = fy, = 2 and f“”}d = [{;, = 1. The additional term proportional to 5)% originates from
t-channel photon exchange.

As for DM annihilation, the last two operators in the first line of Eq. contribute
to the p-wave, while all other operators contribute to the s-wave. For m, 2 my the xx* —
WW, ZZ, hh channels dominate and the by and cp operators are subleading to the unsuppressed
Higgs portal. Conversely, for m, < my the xx* — 1t channel (where 9 is a SM fermion) dom-
inates and the by and cp operators are important at freeze-out, when their velocity suppression
can be less severe than the my-suppression that characterizes the other operators. As an example
we consider yx* — bb, for which we find a cross section

* 7 Nc 4m
O = W) = o\ 1= T { A (s)mi (s — 4m)

) (LF.4)
+ 5 (s —4m) [BX(s) (s + 2m}) + C(s) (s — 4m})] }
with
CdS Chbb Cd3
A= - A LF.5
( 12 >s -m?2 7+ 2 ( )
b3 + b
923 Ubs qr " d
B= 2 = LF.
m2 ( @ = —m? ) + 2f2 7 (LF.6)
CB g 8 aps b - bg
= BIZ%HE | o __dn (LF.7)

m2 s —m3, 212

where cppp = grib/ gisllb\g and the coupling of the SM fermion v to the Z is defined as igzy"(vy —
ayys). Taking the thermal average and considering for simplicity the limit m, > my, we arrive
at

Ne
(ovren) (1) = 7 { 2A%(4m2) + 4m, T[B*(4m2) + C2(4m> )}} (LF.8)
T
At the freeze-out temperature ~ m, /25, for A? ~ B? + C? we have parametrically

<Uvre1>p -wave

4 m 2
N 77x. LF.9
<0Urel>s—wave 25 g ( )
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Shift symmetry broken by top couplings
The explicit values of the SO(7)/SO(6) sigma model couplings in the electroweak broken phase

in Egs. are

aphh = b __ & a —752 b —5714_&
hhh = Ohxx — \/ﬁ ) hhxx — 1—¢ ) hhxx — 1—¢ s (IFl())
apvy = dpyy = dpnh = V1-¢, dhhygy =1 — €.

The couplings between the scalars and the top quark in Eq. can be easily computed
by matching with Eq. , where the top partners have been integrated out in the original
field basis. However, the results of the parameter scan show that the “composite” mass of the
lightest singlet, mg,, can in some cases be as low as few hundred GeV (while the physical mass
of the lightest singlet is still above the experimental lower bound of 1 TeV, because it receives
a large contribution from the elementary-composite mixing parameters ~ ¢;), thus invalidating
the simple effective theory approach in this basis. Therefore we proceed as follows: Starting
from the UV Lagrangian in Eq. , after exact, numerical diagonalization of the fermion
mass matrices we consider the following terms

- (= h ~ XX
Ly > itdt — mytt (Ctth; + 2CttXXUT> (ILF.11)
Nq
+ ) [i- (id — mq,) Vi + Zi (id) — mq,) Zi + 1(b, P + b Pr) Vix* + Zix) + h-c.] :
=1

where we introduced the coefficients Etth,éttxx,biL and b}é, which are real if CP invariance is
imposed. After integrating out the ); and Z; and matching to Eq. (4.35]), we find that cyp = ¢y,
whereas

NQ .
Cttny = Criny — o > Vil (b2 + b2)]. (1.F.12)
XX XX  |'my, 2m2Q i

We have verified that for parameter choices where the EFT approximation is justified, the values
of ¢yp, and ¢y, Obtained from Eq. agree with those computed with this semi-numerical
method.

The annihilation cross-sections needed to compute the DM relic abundance according to
Eqgs. and were calculated analytically in terms of the parameters of the effec-
tive Lagrangian in Eq. (£.32)), and found to agree with those of 8] in the limit cyp = o™,
Ctiyy = c;;l;m. Eq. provides a naive solution of the Boltzmann equation, which is never-
theless useful for a qualitative understanding.

The ST DM-nucleon cross section is given in Eq. . In our case we typically have that
m, > my and the vector current couplings vanish. If we additionally define k:g = —3dg y?/m?
and integrate out the top, s.t. it contributes to k:; the DM-nucleon scattering cross-section takes

the form )

4
1 miy

N 2
A~ | Y fraat ot (D a+ k)| (LF.13)
X q:U,d,S q:C,b

with mpy the average nucleon mass, and the form factors are this time averaged over proton
and neutron take the values fr, , ~ 0.020,0.043 [120,239] (see also [119]), fr, = 0.043 [121]
(also [240]) and f1, =~ 0.89. The first term represents the tree-level coupling to the light quarks
u, d, s, while the second term parameterizes the coupling to gluons via loops of heavy fermions.
In the second term we have further singled out the contribution mediated by the top and top
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partners, k;, from the one coming from the charm and bottom, because we want to keep track
on the contributions from the top partner loops to the coupling of the Higgs to the gluons. The
contribution from the top sector can be easily computed using the low-energy theorem for the
GBs,

2 \v
k! = =5 dpyy D — Dy (LF.14)
My,

with the definitions

P _ 11-2¢
Dy = /T2 [ % 1og [det My (i, == ,
= VI (o toglder s X>'>m,xo e
1

0? - )
D, .= log |det M (h, = — ),
XX (8X6X* g‘ t( X)| fl:uX:O f2(1_£)

(LF.15)

where M; is the field-dependent mass matrix for the top sector. Even though kf] receives
contributions from the top partners, its final expression depends only on f and is insensitive to
the resonance parameters. This cancellation can be traced to the fact that with our choice of
fermion embeddings, qr,,tr ~ 7 of SO(7), there is only one SO(6) invariant that generates the
top mass [241,242]E| We remark that our computation based on Eq. is only approximate
for the box diagrams that contain ), Z propagators, and could be improved through an exact
computation of the xg — xg scattering amplitude, see [243] for an extensive discussion in
the similar case of neutralino-nucleon scattering. However, we have checked that for realistic
parameter points the contribution of the box diagrams to k:f] is < 10%, hence we estimate that

the corrections to our approximation would only affect aé‘IN at the percent level.

The contribution of the light SM quarks is encoded by the coefficients a4 (¢ = u,d, ¢, s,b) in
Eq. . It is somewhat model-dependent, being determined by the choice of the correspond-
ing embeddings, which we have not specified so far since they do not affect any other aspect of
the phenomenology. For concreteness, we assume all left-handed light quarks to be embedded
in the 7, whereas for the right-handed light quarks we take brp ~ 7, leading to a contribution
identical to the one of the top sector, and gg ~ 1 (¢ = u,d, ¢, s), yielding a vanishing coefficient
for the x*xqq contact term. In summary, we have

b= 22 1 _2A
kg—ab—m%(l 25)*;*2(1*5)’ au,d,c,s_m}%(l £). (LF.16)

For realistic parameters the Higgs exchange dominates and the cross section can be approximated
by the simple expression in Eq. (4.45), with fx =2/9+ (7/9) > _, 4 fT;" ~ (.30.

Shift symmetry broken by bottom couplings

The scenario discussed in Section , where the DM shift symmetry is broken by the bottom
couplings, the situation is almost identical to previous scenario. The main difference is that the
marginal Higgs portal coupling ) is negligible and the cross section takes the form in Eq. ,
where fy = (2/27) fr, =~ 0.066 in case I and fn = fr, + fr. + (2/27) fr, =~ 0.15 in case II. See
Section £.4.2] for more details.

Shift symmetry broken by gauging of U(1)py
The DM phenomenology for this scenario was thoroughly discussed in Section 4.5 Here we

®Notice that the expression of k, is identical to that obtained in SO(6)/SO(5) when gr,tr ~ 6 [8].
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merelye give some supporting formulas.
The loop function for the h — yp~yp decay is, for m,, =0,

3 arcsin? \/7, T<1,
= ZAo(r —[f(r)—7 T) = “1/r 2
(LF.17)

Note that Aog(7) =14 O(7) for small 7.
Finally we report the thermally averaged cross sections relevant to the region m, < m., <
2m,. The one for xx* — ypyp is

O ) = 27?0:3 TR W, R= n;:?]: , (LF.18)
whereas
e 22maly (1—R)"? <1 - @ + 16§2> R= mi . (I.F.19)
9Im?2 11 11 /7 m2,
For the semi-annihilation
(0 p b Urel) = 2 UngJETﬂ?Lg’ - ma)” [1 - %}3/2, (LF.20)

while for the inverse process we have

oo trat) = apv®*miT 8, 1= (3R,, + 2Ry) + Ry(Ry + 3R,,,) + 3Ry, (R, — Ry)?
XXt aphe 8fim5 TP (1= Rp — Ryp)* ’

(LF.21)
where B, = [1+ (Ry — Ryp)? — 2(Ry + R,p)]Y/? and R; = m7/(4m?). Notice the additional
factor T'/m,, coming from the p-wave suppression.

Lastly,

(o veat) = aszm% G(myp,, mp; my) ( vea) = aDUthngG(mh,m,YD;mX)
Ypx—hx Vrel 24f4mxm3 ) hx—ypx “rel 8f4mx(mh+2mx)2 )

)]3/2

[(m] — m3)((m1 + 2my)* —m3
(m1 + mx)2[ x(ma +2my ) — mg]Q '

G(m1,ma;my) = (I.F.22)

I.G Details of the analysis and comparison with previous works

At lepton colliders we cut on four kinematic variables, namely MIM, Ay, B and My, :

e The cuts on the MIM are summarized in the left-most panel of Figure for the
derivative portal. For the marginal portal we always take MIM > 2mg, and in a few
cases we also impose an upper bound: at ILC 1, MIM < {175,280, 300, 380,450} GeV
for my = {70,85,100, 120,150} GeV; at CLIC 1.5 and 3, MIM < {250,300} GeV for
mg = {70,85} GeV.

e The cuts on Any are shown in the middle-left panel of Figure For the marginal
portal at ILC 1 this cut is replaced by Hp(ee) < 260 GeV, as in [213].
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e The cuts on o = MET are shown in the middle-right panel of Figure m (the points
that are not immediately visible in this plot all have F > 80 GeV, e.g. the marginal
portal at CLIC 3).

e The cuts on My, are shown in the right-most panel of Figure
For hadron colliders, we show in the middle panel of Figure [.G.2]the cuts on my;.

20F ' '
9k solid: derivative portal

derivative portal
dashed: marginal portal
10} 8r
A §C 14 4
E" 5L nC 6 A
S CLIC 3 S
IS
s 4
= 5L
= 2r
4+
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. . . 3 L L L
100 500 1000 5000 100 500 1000 5000
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T — 0.8+
— S0F L 4L
T R N AN T \
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ool S\ S Ny uC 14
/\ ____________ \ 1 Y\ o
____________ = nC 6
&= / S 04}
E 401 / opC 14 =
= P nC 6
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Figure I.G.1: Summary of the cuts we apply at lepton colliders. The cuts not shown here are
discussed in the text.

I.G.1 Comparison to Ref.

We deem it useful to provide a thorough comparison of our results for the marginal portal at
hadron colliders to those of . For this purpose we have tried to reproduce their VBF' analysis
as closely as possible, given the available information. The results are shown in the right panel
of Figure together with the bounds quoted in 1] and those obtained in our main analysisﬂ
We are able to reproduce well the results of [1], agreement being excellent for the FCC and good
for the HL-LHC. This exercise helps us to pinpoint the differences between our analysis and
that of [1]:

1) In the EW components of V+jet were neglected, while the QCD components were
generated at LO and normalized to the MadGraph5 cross sections. In this work we have
included EW production and generated the QCD part at NLO; normalizations were fixed
by comparison with the 13 TeV CMS results .

9Only for this plot, following we adopt the coupling normalization ¢y = A/2 and use a two-sided test to
determine the exclusion bounds, i.e. we require S = v/2erf ! (1 — p) ~ 1.96 for p = 0.05 (95% CL).

119



APPENDIX PART I

1.20

i LHC 13 TeV - NW\/vJ
. CMS shape analysis - 6r solid: derivative portal /=777 FCC 100 1
A0¢ : dashed: marginal portal HE-LHC
105p =z f /
g 2] [2 HL-LHC (syst.)
5| & 1.00 R
3 = .
Z 1™ 05t Zijets (CD) | 5
L Wjets (QCD) s 3r
0.90F 1| 1
Z+jets (EW) )
0.85} W-tjets (EW N
0.80 . . . . : 1 ‘ . \ \ \
0 500 1000 1500 2000 2500 3000 100 200 500 1000 2000
mj; [GeV] my [GeV]

3

Our results

Repeating the analysis
| of 1412.0258

......................................................................................................

Naturalness

Co :)\/2

HL-LHC 7 Fee 100

— ¢’ |H|?

1[‘)0 2[30 500

Figure 1.G.2: Left: comparison of our MC predictions to the expected yields in the CMS
shape analysis (reported in Table 3 of [225]). Each of our MC samples has been normalized
to the total expected yield quoted by CMS. The required rescaling factors are 1.18,1.08 for
Zw(QCD), Wy, (QCD), and 1.74,1.63 for Z,,(EW), W, (EW). We do not show the mj; €
[2.75,3.5] TeV and m;; > 3.5 TeV bins because there the statistical uncertainty of our MC is
large. Middle: summary of the optimized mj; cut we adopt at hadron colliders. For the HL-
LHC with 1% systematic uncertainty we take m;; > 3 TeV as the strongest possible cut, due to
the limited MC statistics. Right: comparison of our results for the marginal portal at hadron
colliders with those of . See text for further details.

2) In both the £, and mj; cuts were optimized, without imposing a trigger-motivated
lower limit on the former. As a result the optimal values were Fp > 120 GeV at the

~

HL-LHC and Fp > 100-160 GeV at the FCC. In this work we have fixed Fp > 180 and
200 GeV, respectively, and optimized only the m;; cut.

3) In our FCC analysis we have assumed forward jet tagging up to |n| = 6, to be compared
with 4.7 used in .

Owing to the points 1) and 2) our HL-LHC sensitivity is weaker, while at the FCC the point
3) more than compensates for the first two, allowing us to derive slightly more stringent limits.
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Chapter 6

Motivation and introduction

Let us now shift our attention from WIMP DM, which was our focus in Part [l to axions, another
well-motivated DM candidate. Axions and ALPs have received increasing attention in the past
decades. From the QCD axion, which constitutes the most plausible solution for the strong CP
problem [9-12] while being a natural DM candidate, to ALPs in string theory, axions appear in
many contexts in BSM model building.

The couplings of the QCD axion are determined by the BSM sector, which spontaneously
breaks the Peccei-Quinn (PQ) symmetry and its strength is set by the generally large symmetry
breaking scale f, of the PQ symmetry. Even though both the PQ sector and the symmetry
breaking scale are unknown, the mass of the QCD axion is surprisingly well predicted. The mass
is generated by non-perturbative QCD effects, which can be quantified using chiral symmetry
which relates the uncalculable axion mass to the pion mass according to the well-known relation
(see e.g. [244])

m2 = ulid o 2 (6.1)
“ (mu + md)2 f(g ‘ ‘
Eq. suggests that the axion mass is completely fixed in terms of measurable IR observables
in addition to the axion decay constant f,. This relation seems to be a robust prediction:
the axion mass is completely determined by strongly coupled QCD intanton effects, which are
expected to dominate over the weakly coupled, and hence suppressed, UV instantons. The
suppression of UV instantons is indeed a general feature of the simplest UV completions of
QCD, in which QCD remains weakly coupled in the UV. However, it is possible to enhance the
contributions from small instantons, e.g. by modifying the running of the QCD coupling in such
a way that QCD gets strong again in the UV [245-247]. A particularly appealing realization is
the embedding of QCD into a higher dimensional theory, e.g. in 5D small instanton contributions
can be naturally enhanced [248] and give the dominant contribution to the axion mass [249].

However, it was recently realized by Agrawal and Howe (AH) [18}19] that in a specific kind
of UV completion based on product groups the effects from small and weakly coupled (and
thus fully calculable) instantons can dominate over the one from large and strongly coupled
QCD instantons, what can result in a significant enhancement of the axion mass away from the
pure low-energy QCD prediction of Eq. . This surprising and unexpected result admits new
regions in the (m?2, f,) parameter space for the QCD axion. Various models which implement the
mechanism of [18] include [250-255]. For reasons of completeness let us also mention that there
are other approaches to modify the axion mass within QCD which were proposed in [256-259]
while in [260-H266] the axion mass is raised by coupling it to a new confining gauge group.

In this part of the thesis we want to re-examine the class of models which were presented
in |18,[19] to identify the underlying dynamics which causes the enhancement of the small in-
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stanton effects. Additionally we aim to present an accurate estimate of the small instanton
contributions to the axion mass by performing a detailed one-instanton calculation including all
O(1) factors, s.t. we can identify specific models which successfully implement the enhancement
mechanism of [18}|19).

We start in Chapter [7] by giving a short introduction to the strong CP problem and the
axion. Chapter[§introduces instantons and the instanton calculus in broken and unbroken gauge
theories. Using this foundation, in Chapter [0] we finally turn to small instanton contributions
to the axion mass in partially broken gauge groups, such as the ones proposed in [18,/19]. We
identify the non-trivial index of embedding of QCD into a UV gauge group as the reason for the
enhancement of small instantons and explicitly compute their contribution to the axion mass in
product group models where QCD is imbedded in the diagonal subgroup.

The second part of Chapter |8/ and Chapter |§| are based on [32], from where all Figures and
parts of the text have been taken.
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Chapter 7

Strong CP problem and the axion

In this chapter we start the discussion with a short introduction to the strong CP problem and
the axion as its solution. The foundation of the strong CP problem is the non-trivial vacuum
structure of QCD which we will discuss in Section[7.1} Building on this background we formulate
the strong CP problem in Section before we discuss its solution in terms of the axion in
Section For a further pedagogical introduction to the strong CP problem and the axion
see [2671-269).

7.1 Yang-Mills vacuum

After the discovery of the instanton solution in Euclidean Yang-Mills theory by Belavin et
al [270] it was soon realized that Yang-Mills theories have a discrete set of degenerate classical
vacua [2711272], which allow us to interpret the instanton solution as quantum tunneling paths
between degenerate vacua. In order to understand this result and to find the set of minima we
consider a SU(N) Yang-Mill theory described by the LagrangianE]

1 a a v
Lyn = =G, G, (7.1)

where a are color indices in the adjoint representation of SU(N) and Gy, = 9,47 — 9, A}, +
gf abcAzAi is the field strength with gauge coupling g and SU(N) structure constants f*¢. The
emergence of the discrete set of classical vacua is most easily seen in temporal gauge Ag = 0,
which we will use in the following. In temporal gauge the Hamiltonian, which represents the
classical energy of a field configuration, takes the form

H = % / d*z(E!E{ + B{!BY), (7.2)

where we defined the chromoelectric and chromomagnetc field Ef = Ag = G§; and B =
—%qjkG?k, respectively Eq. |i directly implies that the vacuum or minimal energy solutions
are given by Ef' = Bl =0, i.e. G}, = 0. Note that temporal gauge does not entirely fix the

'Note that there is one additional renormalizable operator of the form GGZVG“ B with GOW = %e“mﬁGgﬂ
which should be added to the Lagrangian according to the EFT paradigm. This operator is a total derivative and
has no effect in perturbation theory. However, we will see in the following that it naturally emerges and can have
observable consequences in non-perturbative transition amplitudes.

2Note that the theory described by the Hamiltonian in Eq. is not completely equivalent to the one of
the Lagrangian in Eq. as its equations of motion lack the analog of Gauss’s law (D;E;)* = 0, which must
be enforced by hand.
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gauge and still allows for time-independent gauge transformations U = U(x). This means that
the gauge field in vacuum, corresponding to Gy, = 0, is a pure gauge configuration, i.e.

Ai() e = ;'U<x>aiU<x>7 (7.3)

vac

where we absorbed the SU (V) generators T into the gauge field A, = ALT “ﬂ Our goal is to
study local effects and therefore we require

lim U(x)=1. (7.4)

|x|—o00

This effectively compactifies R? to R® U {oc} ~ S3, which is topologically equivalent to the three
sphere S3. The gauge maps U(x) are therefore maps U : S3 — G from the three sphere into the
group. Maps S3 — G can be divided into topologically distinct classes which are characterized
by the elements of the homotopy group m3(G), which for G = SU(N) is given by (see e.g. [273])

73(SU(N)) = Z. (7.5)

The gauge transformations and consequently the classical vacua therefore fall into disconnected
sets labeled by integers v[U(x)] € Z, which are the so-called winding number, i.e. the number of
times the space S3 covers the group manifold. Only U(x) in the same homotopy class, i.e. maps
with the same winding number, can be continuously deformed into each other. For G = SU(2)
the winding number is defined as

1

v[U(x)] = By

eIk / P Te[UT'0,UU0;UU 10, U] . (7.6)

Note that the winding number is additive, i.e. v[U1Us] = v[Ui] + v[Us].
Now let us define the Chern-Simons current j/

7 g’ pvaf 2ig
Jh = 87726 Tr(Al,aaA/g -3 A,,AaAﬁ) (7.7)
2 .
9" wa 2ig
g WE# BTI‘(AVGC%B + ?AVAQAB) 5 (78)

where G = GgﬁTa in the second equality. Note that even though j/ is not gauge invariant
its divergence is manifestly gauge invariant

2

. g Sy
gy = 6.2 Tr G, G" (7.9)

where GH = %e“”aﬁ Gop is the dual field strength. The corresponding charge () 4, given by

[0 _ O 3. ijk LY
Qa= | dxjy = d’r €9 Tr (AIF]k+—AZAJAk) (7.10)

1672 3

cannot be expected to be conserved since the current’s divergence does not vanish in general.
However, Q4 has an important interpretation: it gives the winding number of the vacuum
configuration 4; =i/gU"1o;,U

Qa =v[U]. (7.11)

30ur convention is that the generators in the fundamental representation are normalized as Tr[T*T°] = %5“17.

126



7.1. YANG-MILLS VACUUM

This is straightforward to verify for G = SU(2) by plugging 4; = i/gU~'9;U and Fjj, = 0 into
Eq. , what recovers Eq. . Note that there is no adiabatic and energy-conserving
evolution connecting vacua with different winding number. This can be seen by noticing that
any such evolution would have to be a continuous gauge transformation which, however, cannot
connect topologically distinct sectors. This implies that all paths between vacua in different
equivalence classes must cross an energy barrier in real time (see e.g. [271]).

Now that we have established the existence of a discrete set of vacuum solutions and that
we have found the topological charge Q4 which classifies the vacua according to the winding
number of the gauge map, we are faced with the task of interpreting this result. Does the
discrete set of vacua imply that there are many possible disconnected Hilbert spaces, each with
a theory only invariant under small gauge transformations, i.e. gauge transformations which do
not change the winding number? Clearly the answer to this question crucially depends on the
existence of transition amplitudes between sectors with different winding number or topological
charge. Indeed if there is a sequence of finite-energy solutions A,(x,t) interpolating vacua with
different winding numbers, () 4 is not conserved

2
T /d%: Tr G, GH = /d4x(8ojg+6iji1) = /d%( A, =340, =07 Q) = -,
(7.12)

where we dropped the spatial surface term for jf4, which should vanish for finite energy con-
figurations in the limit » — oo. These finite energy configurations are the already mentioned
instantons which are exact solutions of the Euclidean equations of motion and exist as valid
paths in the Euclidean path integral. Instantons can thus be interpreted as tunneling solutions
between vacua with different winding number in Minkowski spacetime (ST).

Since all degenerate vacua |v) can be reached in transition amplitudes the true vacuum
should be a superposition of all |v) vacua. In order to find the real vacuum it is helpful to define
an operator 7" which changes the winding number by one unit, i.e.

T:Tw)—=|v+1). (7.13)

Since T' can be identified with a large gauge transformation it commutes with the Hamiltonian
[H,T] = 0 and thus it can only change the true vacuum by a phase, i.e. T|0) = ¢|@). The

f-vacuum defined as
oo

0)= > e ™) (7.14)

V=—00
has this property. 8 in the above is an angle which is periodic with 2. 6 is a constant of nature
and vacua corresponding to a different 6 are not accessible to us

<9/|e—z‘Ht|0> _ Z eme w19 th|V1 Z ezug(@ —0) z(uz V1)0< 2|6_th‘I/1>

vi,V2 v1,v2

_ Z eiuz(G/,G)eiAy0<AV‘67th|0> _ 5(9 i 0/) Z 6@'A1/«9<AV|67'£H1E‘0> 7
vo,Av Av

(7.15)

where we used in the third step that the Hamiltonian commutes with large gauge transformations
and thus the amplitude only dependes on the change in winding number Av. Note also that by
using the definition of the generating functional and Eq. the effect of the instanton can
be absorbed into the Lagrangian by adding the so-called 6 term

(0'le"HY9) = 5(0—0") /ZDAAV exp [i/d‘* (—§Tr G G" +0 g Tr G, G*™) |, (7.16)
Av,a
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which we already mentioned in Footnote[l] Thus when considering topologically non-trivial field
configurations one should work with the modified Yang-Mills Lagrangian

2
Lot = Lym+ Lo = Lym + 912?”[&" Gﬂyé’“’ . (7.17)
The 6-term does not affect the equations of motion and is a total derivative and therefore has no
effect in perturbation theory. However, in theories that include fermions it induces measurable
effects, which will be the topic of the next section.

Before concluding this section note that there is an alternative but equivalent interpretation
of the distinct set of degenerate Yang-Mills vacua. In this interpretation all vacua with different
winding number are considered as the same physical vacuum, since they only differ by a gauge
transformation [274]. This scenario is analogous to the quantum mechanical treatment of the
pendulum, where paths A4;(x,t) that start and end at the physical vacuum might not be con-
tinuously contractable, i.e. the situation is topologically equivalent to the gauge field winding
around a circle. Since these solutions have to leave the physical vacuum during their path they
are finite-energy solutions. This means that evolutions along such a path at zero energy cost is
only possible via quantum tunneling, which leads us back to the instanton.

7.2 Strong CP problem

Let us now turn to QCD, i.e. Yang-Mills based on G = SU(3), and explore the implications of
Ly as defined in Eq. . In terms of the chromomagnetic and chromoelectric field it is of the
form E%-B%, which is manifestly odd under the discrete symmetries P and 7 and consequently
violates CP. In order to extract physical consequences and see the CP violation the theory needs
to be coupled to fermions, in which case the 0 terms is closely related to the anomaly of the axial
current. In order to visualize this connection let us consider a single quark ¢ in the fundamental
representation of QCD, i.e.

L D iqlPq — myqq, (7.18)

where D,q = (9, — igA;T?)q is the covariant derivative. In the massless limit m, — 0 this
Lagrangian is invariant under global U(1)y x U(1)4 transformations

Ul)y : q — €e'q, Ul)a: q— g (7.19)

at the classical level. However, the axial U(1)4 is not only broken by the mass term, but also
by quantum effects in the form of the Adler-Bell-Jackiew chiral anomaly (see e.g. [275]). The
divergence of the chiral current j£' = gy vsq is therefore of the form

2
Bl = 2imgdysg + 89?% GG (7.20)

which is non-vanishing in the instanton background even for vanishing quark masses. Thus the
axial U(1)4 is explicitly broken by the topology of the QCD vacuum. A chiral transformation
of the form ¢ — €'*75¢ changes the QCD Lagrangian as

2 2
_ g 5 _ 9 9 ~
Legg DO —mgqq + HWTr GwG" — —myqe Ziavs g 4 (9 — 204)@%" G G' . (7.21)
This implies that chiral transformations shift the 6 parameter by # — 6 — 2. This has two
important implications: i) the vacuum 6 angle can be completely rotated into the quark masses
and therefore its effects can be studied by considering QCD with #-dependent quark masses. ii)
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7.2. STRONG CP PROBLEM

if just one quark in the theory is massless the 6 angle can be completely eliminated through
a chiral rotation. Or put slightly differently, for m, = 0 there exists an exact shift symmetry
0 — 6 — 2a which makes 6 unphysical and therefore eliminates any CP violation from the QCD
Lagrangian. This is the idea behind the massless up-quark solution of the strong CP problem,
which we will formulate momentarily.

Note that so far we have neglected the possibility that the quark mass contains a complex
phase, i.e. m, = [myle?s with

— (qrmqeqr + qrmyqr) = _|mq’qewﬂ5Q- (7.22)

In this case the chiral transformation has the effect of shifting 6, — 0, -2 and 6 — 0 —2«. This
means that the bare vacuum angle 0 is not observable and only the shift-invariant combination
0=0-— f, is physical and will turn out to determine the amount of CP violation. In a scenario
with multiple quarks with the mass matrix M, 8 is given by

0 =0—arg det M. (7.23)

With these tools we are finally able to quantify the amount of CP-violation in QCD. We can
use chiral rotations to eliminate £5. Assuming that § < 1, which is justified from experimental
input, in low-energy QCD with three quark flavors (u,d,s) this transformation induces the
manifestly CP violating operator [276]

mymgmms

0Lep = i0 (uysu + CZ’Y5d + 5755) . (7.24)

MyMg + My M + MgMg

This contributes to the neutron electric dipole moment |d,,|, which is predicted to be (see e.g.
[267.[268.276))

|dp| ~4.5-10"%F ¢ cm. (7.25)

The experimental upper bound on the neutron electric dipole moment is of the order [277-279]
|d,| <1072 ¢ cm, (7.26)

what implies that 6 has to be smaller than
6 <1071, (7.27)

This small value of @ is the origin of the so-called strong CP problem: 6 could take any value
between 0 and 7 but it appears to be close to zero or exactly zero. The strong CP problem is
the endaviour of finding a reason why @ is so unnaturally small.

There are a number of possible solutions to the strong CP problem and we have already
encountered the simplest one. If the mass of the lightest quark, i.e. the up-quark, vanishes the
0 angle is unphysical and there is no CP violation, as can also be seen from Eq. , which
vanishes for m, = 0. This can also be understood from the QCD vacuum structure. In the
presence of massless quarks the instanton tunneling amplitude between |v) vacua vanishes [280)],
which means the potential barrier is infinite and any |v) vacuum is a good vacuum. However,
the massless up-quark solution is strongly disfavored by experiment and lattice results. A very
interesting dynamical solution can be obtained by adding a new particle, the axion, which will
be the focus of study in the next section.
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7.3 Axion solution to the strong CP problem

A particularly elegant solution of the strong CP problem requires the introduction of a new
light particle, the axion. It is based on the observation that the QCD vacuum energy density
E depends on 0, ie. E =F (9_) Explicit calculation in two-flavor chiral perturbation theory
reveals that the vacuum energy density depends on 6 as [244]

E(f) = —mfrfﬁ\/1 - (4m“md sin g , (7.28)

My, + mg)?

where my, fr are the pion mass and decay constant and m,, mg are the up and down quark
masses. Eq. implies that E(#) is minimized at 6 = 0 mod 27rE| Thus if § is a dynamical
variable it will be naturally driven to the CP conserving vacuum with § = 0.

A mechanism realizing this idea is due to Peccei and Quinn (PQ) [9,/10] and is essentially
a simple extension of the massless up-quark solution: in a theory with a non-linearly realized
U(1l)pq chiral symmetry the vacuum angle retains the shift symmetry § — 6 — 2a. Soon
afterwards Weinberg and Wilczek [11,/12] realized that the spontaneously broken symmetry
implies the existence of a Goldstone boson, the so-called axion a with decay constant f,, which

also shifts under this symmetry as
a a

— = —+a, (7.29)
a Ja
similar to the phases in the quark masses but with the important difference that the axion is
not a constant angle but a dynamical field. Through the U(1)pq-QCD-QCD chiral anomaly the
axion couples to GG a
2
n a g v
£a = <9 =+ fa> @Tr GHVGM . (730)
In the instanton background this coupling breaks the axion shift symmetry and therefore in-
stantons generate a potential for the axion. Treating 0 +a/ f, as an effective f-angle the vacuum
energy density in Eq. (7.28]) can be straightforwardly generalized to the case with an axion such
that the axion potential is of the formlﬂ [244]

242 B 4dmymg . a Q_
V(a) = mwfw\/l (- ma)? sin? <2fa + 2> . (7.31)

Classical motion will drive the axion field to the minimum of the potential such that

Ocft (@) +6=0, (7.32)

 fa
what would explain why there is no observable CP violation in the strong interaction.
The original Peccei-Quinn model was a two-Higgs doublet model, which contained the ax-
ion as a linear combination of the angular degrees of freedom of the two Higgs fields. Conse-
quently the U(1)pq symmetry breaking was related to the breaking of the electroweak symmetry

4See [281] for a proof not relying on chiral perturbation theory.

5Note that in general the axion appears together with a model dependent anomaly coefficient. However, for
simplicity we will set it to unity in the following.

5The axion potential is dominated by contributions from large, non-perturbative QCD instantons and is
therefore non-calculable. The potential in Eq. is an extrapolation into the non-perturbative region and
therefore an order of magnitude estimate. A more accurate form is obtained in chiral perturbation theory.

130



7.3. AXION SOLUTION TO THE STRONG CP PROBLEM

SU(2)r, x U(1)y and introduced a weak scale f,. This model was ruled out soon after its pro-
posal [282]. Nowadays one dominantly considers so-called invisible axion models in which the
axion arises from a SU(2)r, x U(1)y singlet scalar field, which leads to light and feebly coupled
axions. The two most famous UV completions of such models go back to Kim, Shifman, Vain-
shtein, Zakharov (KSVZ) [283,284] and Dine, Fischler, Srednicki, Zhitnitskii (DFSZ) [285,286).

7.3.1 Peccei-Quinn mechanism at work: KSVZ axion model

It is instructive to see the PQ mechanism at work in a concrete example. For this reason we
will now explicitly demonstrate the PQ mechanism for the KSVZ axion [283,284], which is one
of the simplest UV complete axion models.

In the KSVZ model the SM is extended with a complex scalar o and a heavy quark @), which
are both SU(2)r x U(1)y singlets

2 ~
1g7r2 Tr G, GM (7.33)

where V (|o|?) is the scalar potential and yg the Yukawa coupling for the heavy quark[] At the
classical level this Lagrangian is invariant under the axial U(1)pq transformation

Ul)pg: Q — e™Q, o — e X%, (7.34)

Lxsvz =~y 0 QrQr + h.c. — V(|o[*) +6

As we saw in the previous section the chiral anomaly breaks this symmetry and shifts § — 6 —2a,
therefore allowing us to eliminate 6 with a U(1)pq transformation. Up to this point this coincides
with the massless quark solution. The new ingredient is that we can now introduce a mass for
the quark @ without explicitly breaking the chiral symmetry by choosing V(|o|?) such that
U(1)pq is spontaneously broken at a large scale f, > vgw. In this case we parameterize the o

field as 1
0= —=(fo+p)efe, (7.35)

V2
where p is the massive radial mode and a the massless Goldstone boson from the broken sym-
metry, the axion. This will introduce a large mass for @ of the form mg = yg fa/ V2 and also
for the radial mode p of similar size. Note that under U(1)pq the axion field shifts in the same
way as 0, i.e. a/f, — a/f, — 2 and therefore behaves exactly like a phase of the quark mass
matrix with the important difference that it is a dynamical field. In complete analogy to the

o G
phase of the quark mass we can apply a chiral redefinition of the quark field Q@ — e °2fa Q to
rotate the axion field to the # angle

2
f“\/gp EQ”}’”%Q%— <9+ ;:) 1ng Tr G, G* . (7.36)
All couplings of the axion in the above Lagrangian, except the one to Tr Gw,é‘“’ , are derivative
and preserve the Goldstone shift symmetry. This allows us to eliminate § by redefining the axion
field as @ = a+ f, 0, effectively making the axion a dynamical § angle. The last term in the above
Lagrangian violates the Goldstone shift symmetry in the instanton background and therefore
generates a potential for the axion field, which is nothing else but the QCD vacuum energy with
the identification § — a@. As we have seen before this is minimized for (a) = 0 + % =0 (see
Eq. , such that the classical motion of the axion field relaxes the effective vacuum angle to
zero, what naturally explains the non-observation of CP violation in QCD.

oua

L— —y QLQr+h.c.—V((fat+p)?/2)+

"Note that one can forbid a bare mass term for Q by imposing a discrete symmetry R: Q1 — —Qr, Qr —
+Qr, 0 — —o under which all SM fields are invariant [283]. In general o also couples to the Higgs as Ao 7| H|?|o|?,
but for the following we will assume that A,z = 0.
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7.3.2 Effective axion Lagrangian

At energies much below the PQ breaking scale f, and the electroweak scale vgw, we can write
an effective Lagrangian for the axion coupled to QCD. At leading order in 1/ f,, without loss of
generality, this Lagrangian takes the form [244]

L=Lacp + La (7.37)
1
EQCD = —§Tr GMVG“V + cjzlpq — qLquR + h.c. (738)
1 2 a 92 aI11% 1 0 [V aﬂa :
Ly = 5(3/»@) + 7. 1672 Tr G G + 1° gc(w)voF“ + 27"&‘75’0’ (7.39)

where g((l% and jfio are model dependent couplings to the photon field strength via the anomaly

of the U(1)pq and the equally model dependent PQ current. The N; quarks are combined
into a Ny vector and the masses are combined into a Ny x Ny mass matrix M,. In the above
Lagrangian we assumed that any occurrence of the axion field in the phase of the quark masses
is rotated into the Tr GWG‘“’ term. We also used the shift symmetry of the axion field in the
remaining Lagrangian to absorb the § angle in the definition of the axion field.

Note that the form of the Lagrangian is not unique. Axion dependent chiral redefinitions of
the quark fields shift the coefficients (see [267] for a thorough discussion). Each such Lagrangian
is equivalent and physical observables should only depend on reparameterization invariant com-
binations of the coefficients. The axion mass for example must be proportional to all quark
masses and the instanton contribution from the Tr GW@W term at the same time, since it can
be rotated from one into the other.

Let us now consider low-energy QCD, which is well described by considering only two quark
flavors, i.e. ¢ = (u,d)” and M, = diag(m,, mg). The axion in the GG term can be rotated into
the quark mass matrix using a chiral rotation of the form

i'Y5%Qa
qg—e "2, (7.40)

where Tr(Q,) = 1. This yields an axion dependent QCD Lagrangian

1 . _
LoD = —§Tr G G" + Gilpq — g Muqr + h.c. (7.41)
where we defined

. a . a . a . a
M, = eZmQ“qulmQ“ — /2 (m“ ) 29 (7.42)

mq

This axion dependent mass matrix is now the sole source of the axion shift symmetry breaking
and can be used as a spurion for constructing the axion potential. The largest contribution to
the axion potential comes from the strongly-coupled low-energy region of QCD. This contribu-
tion is non-perturbative and is therefore not calculable within the QCD Lagrangian. However,
symmetry arguments enable us to construct an effective Lagrangian for the low-energy degrees
of freedom, i.e. mesons and baryons instead of quarks and gluons. In this effective framework,
which is commonly denoted chiral perturbation theory, we can compute the axion potential in
terms of low-energy QCD observables such as the pion mass and pion decay constant, what we
will shortly demonstrate in the following.

132



7.3. AXION SOLUTION TO THE STRONG CP PROBLEM

In the massless limit the two-flavor QCD Lagrangian in Eq. is invariant under
U(l)y x SU2)L x SU(2)gffie. independent SU(2) transformations of the left-handed and
right-handed quark components and the combined rescaling with a phase. From experimental
observations we know that the low-energy QCD spectrum does not exhibit this symmetry, only
a vectorial U(1)y x SU(2)y symmetry is observed. This implies that low-energy QCD sponta-
neously breaks SU(2)r, x SU(2)r — SU(2)y due to a non-vanishing chiral condensate (gq) # 0,
which is the order parameter of chiral symmetry breaking. The low-energy spectrum contains
one massless Goldstone boson for each broken symmetry generator, which can be parameterized
in the Goldstone matrix ¥ as excitations along the broken directions in the group, i.e.

- s 0 \/§7T+
T — 10T fx — il fx n=( 7 4
e e , A (7.43)
where % are the Pauli matrices, 7® the Goldstones and f; their decay constant. The Gold-
stone bosons can be identified with the pions, as indicated above. Under SU(2) x SU(2)r
transformations ¥ transforms as a bif-undamental ¥ ~ (2, 2)

% = UpSUR!, (7.44)

with its vacuum expectation value (VEV) (X) = 1, breaking it to the diagonal combination.
The small explicit breaking from the quark mass term can be included by treating M, as a
spurion: if M, were to transform as M, — ULMqU_l, i.e. as a bi-fundamental M, ~ (2,2), the
quark mass term would be invariant under SU(2);, x SU(2)r. Promoting M, to a dynamical
field with these transformation properties we construct all invariant terms including ¥ and M,
before setting it to its actual value (which effectively can be viewed as the VEV of the dynamical
field). This will capture the symmetry breaking effects due to the mass term. At leading order
the chiral Lagrangian takes the form

2 2
Lypr = ‘%Tr [0, 210"%] + Bo%Tr (UMt + MUT], (7.45)

where the first term contains the kinetic terms and derivative interactions among the Gold-
stone bosons and the second term generates a potential. By is a constant related to the chiral
condensate and can be fixed in terms of the pion mass.

The axion field can be included in this construction by simply replacing M, — M, and using
the mass matrix dressed with the axion field. In order to find the axion potential it is sufficient
to include the neutral pion fields such that the potential takes the form

2
V(a,7%) = —BO%’TTr [UM] + MU (7.46)
= —Bgfg [mu cos (}r—: — ﬁ) + My cos (7}—: + Q‘J’;a)} ) (7.47)

Integrating out the pion field one arrives at the axion potential in Eq. ((7.31). In order to obtain
the axion mass it is sufficient to expand the potential to second order in the fields

1 mqude o 2ufmd 7_(_0
V(a)=—-Bof2 (r° a) | wilim, moiine T (7.48)
2 2fnfa 4f2 a

8 At the classical level the QCD Lagrangian is also invariant under axial U(1)4 transformations. However, as
we have discussed at length before this symmetry is actually badly broken at the quantum level due to instanton
effects and is therefore no symmetry at all. This explains the absence of the corresponding would-be Goldstone
boson, commonly denoted as n’. 't Hooft solved this so-called U(1) problem [287] by noticing that instantons
contribute to the n’ mass making it much heavier than the other pseudo-Goldstone bosons.
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The eigenvalues of the mass matrix to leading order in 1/f, are given by

My My My, + My

2 2 2 2
m, = Bofi——, m;, = Bofr————. 7.49
o = B ) 72 (749
Fixing By using the pion mass, we finally obtain the prediction for the axion mass
L ML (7.50)

(mu + md)2 f(%

which is completely determined by f, and low-energy observables.
In the next sections we will focus on the axion potential and mass from the instanton point
of view, but we will always use Eq. ([7.50]) as the axion mass predicted by low-energy QCD.
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Chapter 8

Instanton calculus

In the previous chapter we discussed the vacuum structure of QCD and the strong-CP problem.
The introduction of the #-vacuum and also the strong-CP problem crucially depended on the
existence of transition amplitudes between topologically distinct QCD vacua. These transition
amplitudes are caused by instantons, which are solutions of the Yang-Mills equation of motion
in Fuclidean ST and can therefore be interpreted as quantum tunnelling between QCD vacua
with different winding number.

In this chapter we introduce the instanton calculus in broken and unbroken gauge groups.
For this reason we will start by discussing the Euclidean formulation of QCD along the lines
of [288], before we shortly present the one-instanton solution as found by Belavin, Polyakov,
Schwartz and Tyupkin (BPST) [270]. Based on these tools we will finally show how to perform
the path-integral in the instanton background in SU(N) theories [2804289]. The derivation of the
instanton density will loosely follow [290]. For a further pedagogical introduction to instantons
we refer the reader to [288,291}293].

8.1 Euclidean formulation of QCD

In order to describe instanton effects one has to work in Euclidean ST. For this reason we will
now discuss how to formulate a Euclidean version of the QCD Lagrangian. We will follow the
conventions of [288] in which quantities in Euclidean ST are marked with a caret, e.g. 0, for
which the indices take values u,v,... =1,2,3,4. For the corresponding quantity in Minkowski
ST v, the indices run from 0 to 3. Latin letters 7,j,... = 1,2,3 denote spatial indices. Note
that in Euclidean ST there is no difference between upper and lower indices.

One can pass from complexified Minkowski ST to Euclidean ST via a Wick rotation. This
leaves the spatial coordinates unchanged, i.e. #; = 2 but effectively substitutes the time com-
ponent by zg = —iz4. This obviously also affects the vector potential, for which we define a
FEuclidean version as

A= —A,;, Ayg =iAy. (8.1)

With this definition the covariant derivative takes the form

R a .
= o, — ngZT“, (8.2)
which is related to the covariant derivative in Minkowski ST via D' = —D; and Dy = iD,.

This way the field strength tensor C?fw has exactly the same form as in Minkowski ST, just
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with A“l 0/0x,, replaced by flﬂ and 0/0%,, which amounts to the identification G¢; = @;‘] and
4. =1iGY..
05 45

In order to formulate QCD in Euclidean ST we also need a Euclidean formulation for the

fermion fields. In contrast to Minkowski space, the Dirac fermions 1 and 1 are independent

anticommuting variables in Euclidean space. The corresponding Fuclidean spinor fields are
defined as

V=1, =—ip. (8.3)
Note also that }Z does not transform like its Minkowskian counterpart as i, but instead as
YT, such that wiwg transforms as a scalar and whuwg as a vector. Last but not least we have
to define the Euclidean analogs of the v matrices
?4 =%, ’A}/’L = _nyz ) {’AY/M ﬂll/} = 25/uz . (84)
With these ingredients we can formulate the Euclidean action for QCD [28§]

iS=-38, (8.5)
2 ~
S = /d4a; [ — %Tr GG + 9 (iv" D,y — m)y + GlgizTr GWGW] ; (8.6)
Y
N 1 N ~ IS ~ ~ 2 ~ 2
§= / A4 [2Tr G GH 4 p(—iA™ D, — im)p + wlé’?ﬁ GWG‘“’] , (8.7)

where the Levi-Civita tensor in G is defined such that €1234 = 1. Since we will work almost
exclusively in Euclidean ST in the following, we will omit the carets and implicitly assume that
all quantities are defined in Euclidean ST.

8.2 The BPST instanton

As we have mentioned before, instantons mediate tunneling transitions between topologically
distinct Yang-Mills vacua. Therefore they are by definition solutions of the Euclidean equations
of motion

DGy =0 (8.8)

with finite action (solutions with infinite action lead to vanishing transition amplitudes due to
the e~ factor in the partition function). From Eq. lb it is straightforward to see that Gj,,
has to decrease faster than 1/x2 for |x| — oo for the action to be finite. This implies that Al is
pure gauge far away from the instanton center, i.e.

A, = Acpe 2 gsausf, (8.9)

such that the large |z| behavior is determined by the gauge transformation S at the boundary of
four-dimensional spacetime, which can be taken to be the three-dimensional sphere S3. Thus the
classification of finite action solutions is equivalent to the classification of gauge transformations
S. As we have seen in Section [7.I} when we classified vacuum solutions, the gauge maps S :
S3 — G can be characterized in terms of elements of the homotopy group m3(G), which for
SU(N) theories is given by

m3(SU(N)) =Z. (8.10)

As the reader might have noticed this discussion is extremely similar to the classification of
vacuum states. But note that the interpretation is slightly different: in Section we charac-
terized different vacuum solutions, i.e. minimum energy solutions, by their winding number v.

136



8.2. THE BPST INSTANTON

However, here we classify trajectories in field space which interpolate between a vacuum with
winding number v; at x4 = —oo and a different vacuum with winding number 1o at x4 = +oc.
Thus the finite action solutions are classified by the topological charge @), which is the change
in winding number of the vacuum due to the tunneling solution, and whose form follows from

Eq. (712)
92

1672

Now let us construct the explicit form of the instanton solution. In order to simplify the
construction it is helpful to note that in order to find a finite action solution of the Euclidean
equations of motion it is sufficient to find a minimum of the action (which is by definition a
solution of the equations of motion). Through a simple trick it is straightforward to find the
minimum value of the action and in the process identify the properties of the corresponding
field configurations. With the so-called Bogomol'nyi completion we can rewrite the Yang-Mills
action

Q= /d4x Tr GG = v(xg = +00) — V(1 = —00) . (8.11)

/ d‘%%Tr G2, = / d4xiTr Gh, + Gl
- /d%lTr [GW:FGW]2 i/d%;Tr epmem
N i(iﬁ)@ + /d4m411Tr (G T G
> (if)l@\,

where we used Eq. (8.11]). Therefore the minimum of the action for a fixed Q is S = 872|Q|/g?,
which is saturated for:

(8.12)

e self-dual field configurations G, = G w for @ >0,

e anti-self-dual field configurations G, = —G,, for @ < 0.

The self-dual solutions are termed instantons, whereas the anti-self-dual solutions are commonly
referred to as anti-instantons. Note that this discussion implies that field strengths which satisfy
the self-duality or anti-self-duality condition automatically satisfy the equations of motion, since
they are minima of the action. This can also be seen directly by applying the Bianchi identity

. 1
DG = £DuGhus = +56pa DuGo = 0. (8.13)

The (anti-)self-duality equations are useful, since they are simpler to solve than the second order
equations of motion.

We will now focus on G = SU(2) and construct the explicit form of the BPST instanton [270]
in the @ = 1 sector. The straightforward generalization to G = SU(N) will be discussed at the
end of the section. We have already found that the asymptotic form of the instanton at |z| — oo
is pure gauge

AQ=1 2o, gslausl, (8.14)
where 57 is a gauge map with unit winding number. An example of such a map is

—
ZTMxN

=

(8.15)
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where Tj[ = (7,7Fi) with 7 being a vector of Pauli matrices. Note that it is straightforward
to obtain gauge maps 5, with winding number n from S7 by exploiting the additivity of the
winding number: S, = (S1)". In order to write Eq. (8.14) in terms of Af, we introduce the

't Hooft symbols ﬁauVH
Capv pwv=123
_50,1/ ’ n= 4

_ , 8.16
Nauv 5%“ ’ =4 ( )
0, u=v=4
with which we can write Eq. (8.14]) as
|z|]—o0 2 Ty
A —— gz (8.17)

Based on this asymptotic form and assuming Aj; has the same angular behavior for all z we
make the following ansatz for the instanton solution with center at x =0

_ 2 T,
ABQ=1 = gnawﬁf(xz). (8.18)
) must have the asymptotic behavior
f(a?) have the asymptotic behavi
Fla?) 2y (8.19)
f(z?) 120 const. - 22 , (8.20)

where the second condition makes sure that the solution is regular at the origin. The self-duality
condition Gy, = Gy, yields a first order differential equation for the profile function

f—f)—2*f =0, (8.21)
which is solved by
2
0 T

with the free parameter p? that is identified with the instanton size. In order to obtain the full
familiy of solutions for instantons centered at xzg we can simply shift the solution by x — x — g,
such that the full solution is given by

2 (x —x0)y

gy —r 20y 8.2
g (= 2o)2 + p? (8.23)

a, Q:l —

Ay =

It is sometimes useful to shift the non-trivial behavior of the gauge field from infinity to the
instanton center. This can be done with a singular gauge-transformation of the form

. + _
= @ w0 (8.24)

(x — x0)?

which yields the instanton in singular gaugeE|

1a, Q= 2p° (x —20)y
AnQ=1 _ 2 - . 8.25
: o (z — x0)? [(95 —10)? + P2] ( )

!For properties of the ’t Hooft symbols see e.g. [288].
2This is obtained by gauge transforming the vector potential g%Az — Uﬁg%AZU +iU'9,U.
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A generalization of the instanton to Q > 1 is also possible and a simple recipe for obtaining
such solutions goes back to 't Hooft (see e.g. [294]). However, ) > 1 instantons are suppressed
as long as the theory is perturbative and will therefore be neglected in the following.

The instanton solution in Eq. was derived for SU(2). However, the extension to larger
gauge groups is straightforward. Instantons in SU(N) are obtained by embedding the SU(2)
instanton into SU(N). The simplest way of embedding the SU(2) instanton is the so-called
minimal embedding, in which one embeds the instanton into a SU(2) subgroup with generators
in the fundamental representation. For instance we can embed the SU(2) in the 2 x 2 upper-left-
hand corner of the N x N matrices which generate the fundamental representation of SU(N),

ie.
SU(2)
Asv@) (A 0 (8.26)
g 0 0

Note that this embedding is not unique. One can generate a new embedding by acting on
Eq. with a general SU(N) element. But not all SU(N) transformations lead to new
embeddings, since there are group elements which leave Eq. invariant. This set of SU(N)
elements forms the stability group of the instanton embedding, which is Ty = SU(N — 2) x
U(1) for the minimal embedding. This means that only SU(N)/Ty transformations yield new
embeddings, corresponding to a 4N — 5 (which is the dimension of the coset) parameter family
of instanton solutions. These 4N — 5 parameters in addition to the position and scale of the
instanton will be identified with the collective coordinates in the next section.

The minimal embedding is not the only way of embedding the instanton into SU (V). Instead
of embedding the 2 x 2 matrix representation, i.e. the fundamental representation of the SU(2)
generators, into the N x N matrix representation of the SU(N) generators, one can also choose
a different representation of the SU(2) generators (see e.g. [295])E| However, in the following we
will stick to the minimal embedding.

8.3 Instantons in broken SU(N) gauge groups

Now we finally have the tools to formulate and compute the Euclidean path integral in the
instanton background. In this section we determine the instanton density in completely broken
SU(N) theoriesfl] Instantons in completely broken SU(N) theories will be important in the
next chapter, where we will consider contributions to the axion mass in product group theories
broken to a diagonal subgroup, for example, SU(N); x SU(N)s — SU(N)p. From the point
of view of the instantons which live in only one of the individual SU(N) factors, the SU(N) of
the corresponding factor is completely broken.

This section loosely follows the instanton calculation in supersymmetric QCD by Cordes [290]
with slight modifications due to the non-sypersymmetric nature of the problem at hand. In
instanton calculations it is common practice to use Pauli-Villars (PV) regularization in calcula-
tions, which we will also do here. However, in perturbative calculations dimensional regulariza-
tion and the MS or MS scheme are more common. The formulae needed to convert from PV to
MS scheme are collected in Appendix

In the following we consider an SU(N) gauge theory with a matter sector consisting of

3These embeddings do not correspond to unit winding number instantons in SU(V), since the winding number
is proportional to Tr T%7T° which is in turn proportional to the quadratic Casimir and the dimension of the
representation. E.g. embedding the spin-1 representation of SU(2) into SU(3) yields instantons with topological
charge QQ = 4.

“Note that the instanton density for unbroken gauge theories is obtained by setting the scalar VEVs to zero.
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S>N-1 scalarsﬂ ¢n,n=1,...,5 and F (approximately) massless fermions s, f =1,..., F
all in the fundamental representation of SU(N). The Euclidean action for this model is given
by

Sg = Sa+ Sy + Sy, (8.27)
where
2 ~
e = / . [ T Gy G + 0525 G G + Lo (1,7 (8.28)
Sy = / 42 [(Dpén) Dudn + V(dn)] (8.29)
Sy = / d*z (=i, D)y, (8.30)

with D,¢, = (0, — igA/‘;‘TA)gbn. TA, A =1,...,N?> —1 are the SU(N) generators. A sum
over the scalar and fermion generations is implied. The scalar potential V(¢y) is such that the
scalars develop a VEV which breaks the SU(N) gauge symmetry completely.

As we saw in the previous section, in the absence of scalar VEVs the Euclidean Yang-Mills
action Sg possesses exact instanton solutions for the classical equations of motion, with the one
instanton solution in SU(2), centered at zp, with unit topological charge (@ = 1) in singular
gauge given by Eq. . In the minimal embedding the SU(NV) instanton takes the form

Q=1 _ 2p (JJ - .ZC())I/ a
AM = g 77a,u1/ (m _ 13())2 [(x — 33())2 n pQ] JY, (831)
where we dropped the bar over the gauge field. J%, a = 1,2,3 are the generators of the SU(2)
subgroup in the 2 x 2 upper-left-hand corner of the N x N matrices which generate the funda-
mental representation of SU () into which the instanton is embedded.

Once the scalars obtain a VEV [(¢,,)| > 0 and break SU(N) completely, no exact instanton
solutions exisf’] However, the expectation is that for small instantons, gp|(¢,)| < 1, the
solution in Eq. remains a good approximation and the path integral is still dominated by
instanton-like configurations. In this scenario the path integral can still be performed by using
the constrained instanton formalism of Affleck [296]. In the constrained instanton formalism the
scalars satisfy the equation of motion in the classical instanton background, D?(Ay)¢ = 0, s.t.
the scalar profile to leading order in gp|{¢)| is given by

L\ 12
bin() = (ﬁzﬂ,z) (pin)  fori=1,2
(¢in) fori=3,...,N

, (8.32)

where ¢ is the SU(N) index of the scalar multiplets.
The classical action in the constrained instanton framework with a () = 1 instanton back-
ground in the presence of the scalar profile evaluates to

So(0) = 2 4 on2p? ZZ\ (din)? + 6. (8.33)

i=1 n=1

®In order to break SU(N) completely one needs at least N — 1 scalar fields.
If SU(N) is only partially broken with an unbroken residual SU(2) subgroup, i.e. rank({¢in)) < N —1, exact
instanton solutions still exist in the unbroken SU(2).
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Thus large instantons (gp|(¢s)| > 1) are exponentially suppressed. This provides a natural IR
cutoff for the instanton size and makes instanton contributions to observables calculable.

Let us in the following consider the one-instanton vacuum-to-vacuum amplitude in Wepr ()
Ji—inss DAL DNDIDG D\ DY Dy, e~ 55
Jag—o DA DnDIDS DG DYDipy, €55

Wsuny = (0[0)ag=1 = (8.34)

We evaluate Eq. (8.34) in the semi-classical approximation by expanding the Euclidean action
to second order in the fields around the classical solutions given in Eq. (8.32)) and (8.31)

1 _
SE = So(p) + /d4I |:2A,uMAAu + NMghostn + ¢TM¢¢ + My |, (8.35)

where ¢ = (¢1,...,¢5)7 and ¢ = (¥1,...,9%r)" are vectors containing all scalar and fermion
generations, and perform the functional integral.

We will thoroughly discuss the contributions to the generating functional from the different
sectors in the following, but here we already give the final result for the vacuum-to-vacuum
amplitude with the above field content

o [ dYaod v oL
Wsuv = e / f;g Pan(p) / dji e~ 270 ie Sy | Gin) () / []07?,  (s36)
f=1

where dy(p) is the instanton density in vacuum

0167(572F)a(1/2) ]2 2N 7#7021\,
— = g%(1/p) . .
C1 and (5 are defined as
265/6
Cy = — ~ 0.466 , (8.38)
5 17 1 2 = Ins
Co=-In2— —+—-(In2 — — &~ 1.678. 8.39
2= g2 g+ g ”+7)+w2;s2 (8.39)

a(t) is defined in [280] (with «(0) = 0, a(1/2) = 0.145873, a(1) = 0.443307), [ dji is the integral
over the already mentioned 4N — 5 collective coordinates corresponding to the orientation of
the instanton within SU(N) normalized to unity, and [ dfj(co) is the integral over the fermion

zero modes. (¢, (i) are the scalar VEVs rotated in group space to account for the arbitrary
location of the instanton SU(2) inside SU(N).

8.3.1 Bosonic contributions

Let us first consider the bosonic sector of the theory. Performing the integral in Eq. (8.34) for
the gauge, scalar and ghost fields one obtains

(det’ Ma (7))~ "2 (det’ Mghost (7)) (det’ My (7))~
((det Ma)~1/2(det Mghost) (det Mg)~2) ge—g

Wsuv) = / [T dvid (e 5@ 1,(v) (8.40)

where we encode the contribution from the fermions in I, which we will discuss later, and the
determinants det’ are taken over non-zero modes only.
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Zero modes are flat directions in the action and can be parameterised in terms of collective
coordinates ~y;
(xo)i izl,...,4
Yi=14p 1=295 (8.41)
tA" i=A+5=6,...,N>2+4

where z is the instanton position, p its size and t4 are the N2 — 1 parameters describing general
SU(N) transformations. As we discussed in the previous section, the number of group theoretic
zero modes does not coincide with the N2 — 1 parameters of general SU(N) transformations, but
depend on the embedding of the SU(2) instanton into SU(N). In the minimal embedding the
J generators of the SU(2) subgroup in which the instanton is embedded transform as singlets
under the stability group Ty = SU(N —2) x U(1) € SU(N). There are no normalizable zero
modes corresponding to singlet generators, what implies that the number of group theoretic
zero modes is given by the 4N — 5 parameters that characterize transformations in SU(N) /Ty,
i.e. SU(N) transformations which do not live in the stability group. In combination with the
5 zero-modes from the instanton position and size, SU(N) instantons possess 4N normalizable
zero modes in total.

The functional integral over the zero modes can be cast into an integration over collective
coordinates. The change of integration variables induces the Jacobian J(v) in Eq. . With
the normalization of the zero modes one obtains (see e.g. [290] and [289] )]

4N o7 7Tp2 2N
/Hd% J() Z/d4xodpdup5<92> ; (8.42)

where dp is the Haar measure of the quotient group SU(N)/Tx. In [290] Cordes showed that
for integrands invariant under Ty, the group integration can be recast into

/ dp = V(SU(N — 1))/
SU(N)/Tn V(TN) SU(N)/SU(N—1)

24N—67I.N—2
- W /5’2N—1 (5(@ -1 d2y1 cee dzyN .

Let us define  to be a general element of the coset SU(N)/SU(N —1). We could parameterise
Q in terms of the y; [290], but we will not need the explicit form of €2 in the following. Using that
the surface of the S2V~! sphere is given by S(S?V~1) = 272V /(N — 1)!, we define a normalized
integration measure

/dﬂ = (Nz;vl)' /Sw1 5(,/2 lyi2 — 1) d%y1 ... d%yw - (8.44)

Finally we have to evaluate the functional determinants over the non-zero modes. This calcula-
tion has been done by 't Hooft [280| for an SU(2) gauge theory. The generalization of his results
to SU(N) is straightforward (see e.g. [289]) and yields in Pauli-Villars regularization

(det’ Ma(y)) /2 (det’ Mghost (7)) (det’ My (7))~
((det M a)~1/2(det Mgnost ) (det M¢)_2)A§}:0

~exp [— BN + 13 50C0) W(jiop) — (1) — 2N - 2)a(l/2) = 3 S(t)a(t)] ,

t

dp
(8.43)

(8.45)

"Cordes [290] and Bernard [289] use different normalizations for the SU(N) generators, which is reflected in
their different results for the zero-mode normalization (apart from the missing factor of p in ||AU%°" || in Eq.
(5.7) of [290|, which is clearly a typo). In the following we will follow Cordes’ conventions.
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where t denotes the isospin representation under the instanton SU(2). S(t) is the number of
scalar multiplets with isospin ¢, where each complex multiplet counts as 1 and each real multiplet
as 1/2 and C(t) = 3t(t + 1)(2t + 1). Each scalar fundamental contributes one multiplet in the
isospin 1/2 representation and (N — 2) singlets.

Substituting Eqs. (8.42), (8.43), (8.44) and into Eq. and recalling that in
Pauli-Villars regularization each zero-mode yields a factor pg of the regulator field, we obtain

Cy e~ Ns(1/2) L 82\ 2N @tz dp _8n2 /g%
WSU(N):(NI_ e 9<2) / pt; (,uo,O)bO@ 8n%/g*—CaN

HIN —2)! g (8.46)
" / dji Iy (y) €270 Tict S | 0m)l?
where by = %N - %S is the bosonic contribution to the S-function and
4 e—(1)+4a(1/2)
Ci=——5——, Cy=2In2+2a(1/2). (8.47)

T2

When we plug in the explicit expression for «(t), the above definition of C; and Co agrees with

Eos. (539 and (539,

T he group integration [ dfi in Eq. (8.46)) corresponds to rotating the instanton embedding in
SU(N). An equivalent way of proceeding is to keep the instanton position within SU(N) fixed
and instead rotate all other fields, in particular the scalar fields and their VEVs, by a general

U(N)/SU(N — 1) group element €2, i.e. in Eq. we should make the replacement

(din) = (Pin) (2 ZQU (Djn) - (8.48)

8.3.2 Fermionic contributions

Now let us turn to the fermionic contributions to the vacuum-to-vacuum amplitude and isolate
the zero modeds in the functional integral over the fermion fields, i.e.

0 0 -
DYDY = Huwf 17 a” T e 117 dgp Dy' D (8.49)
f/
where ¢](co) and 1;;0) are the zero mode wave functions of the Dirac operator MZL" = —10""y, D
and df}o), df_}o) are Grassmann integration measures with mass dimension [d{}o)] = [dﬁ_}o)] = %

The explicit form of the normalized zero-modes in singular gauge, for an instanton centered at
xg, is given by [28§]

(0) p (x —20)u 0
T)ai = — ) ; Eak 5 8.50

vy (@ai T ((x — m0)2)V2((x — 20)2 + p2)3/2 \i(1,))] @a; ok (8:50)
where «a,i,j = 1,2 are the spinor and SU(/V) indices (restricted to the instanton SU(2) with
wj(cg) (£)ai =0 fori=3,...,N), respectively ©aj is a two component Weyl spinor with ¢,; =
€qj- Note that for small instantons, far from the instanton center, the zero mode wavefunction

8Note that the zero modes naively seem to have the wrong dimension (mass dimension 2 instead of 3/2), but
the combination with the corresponding Grassmann variable 5;0) in the expansion ¥y (z) = >, w(k)( )5 *) has

the right dimension ([fffk)] =—1/2, s.t. fd{}k) §§ck) =1).
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is proportional to the free fermion propagator Sp(z) = % Each massless Dirac fermion

in the fundamental representation possesses two zero modes, one for each chirality, in the one
instanton background. This implies that in a model with F' fermion flavors we have 2F' fermionic
zero modes.

The integral over the non-zero modes can be directly performed, which yields

2F Vi 1/2
b
F=1 (det MLMw)Ag:o

where we assumed normalized zero modes and collectively denoted the zero mode integration

(8.51)

measure as d&}o). Additionally we inserted a factor U2 of the regulator field for each of the
2F zero modes, since we work in Pauli-Villars regularization scheme.
The non-zero mode determinant was computed by 't Hooft [280]

( det’ M M,
(

1/2
= exp [%Fln(p,u,o) +2Fa(1/2)]. (8.52)
det M}, My) g1 )

Combining Eqs. (8.51) and (8.52)), we obtain the full fermionic contribution to Wey ()

9 2F
I, :pFe—gFln(PM0)+2Fa(1/2)/HdEJ(CO)‘ (8.53)
F=1

Plugging this result into Eq. (8.46)), one obtains the vacuum to vacuum amplitude for a broken
SU(N) gauge theory in a one instanton background, which we already anticipated in Eq. (8.36]).

144



Chapter 9

Small instanton contribution to the
axion mass in partially broken gauge
groups

We now finally turn to the study of small instanton contributions to the axion mass. Our main
interest will be theories where QCD is embedded in a larger gauge group in the UV, similar to the
class of models proposed by Agrawal and Howe [18] where QCD is the diagonal combination of a
product of k SU(3) factors. Before diving into a full instanton calculation we present in Section
a back-of-the-envelope estimate for the size of small instanton corrections for various non-
trivial UV completions of QCD. Along the way we identify a non-trivial index of embedding as
the main reason for the enhancement of small instanton contributions in partially broken gauge
groups. Having obtained this insight we perform in Sections[9.2|and[9.3|a complete one-instanton
calculation of the small instanton contribution in one of the simplest classes of partially broken
gauge groups with a non-trivial index of embedding which are product groups broken to their
diagonal, i.e. SU(N)y x---SU(N); — SU(N)p. As a last step we revisit the model by Agrawal
and Howe [18] and reexamine their estimates in the light of our full calculation.

The results of this chapter have been published before in [32][| from where all of the Figures
and parts of the text are taken.

9.1 Order of magnitude estimate

Before performing the full instanton calculation we will present a back-of-the-envelope estimate
for the size of small instanton contributions to the axion mass in various UV completions of QCD.
The model of [18] contains two novel aspects which are due to the fact that we are considering
small instantons of the size p < Aéé D

e The Higgs boson(s) become propagating particles at high energies what allows us to also
consider the effects of closing up the fermion legs of the instanton vertex using Higgs loops
(rather than Higgs VEV insertions as is usually done)

e There may be non-trivial embeddings of QCD into the UV theory where the small instan-
tons of the UV theory correspond to “fractional instantons” of QCD.

1 [32): C. Cséki, M. Ruhdorfer and Y. Shirman, UV Sensitivity of the Azion Mass from Instantons in Partially
Broken Gauge Groups.
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In the following we will estimate small instanton effects using both the traditional Higgs VEV
insertions and the new Higgs loop diagrams. It will turn out that for the simplest embeddings
of QCD into the UV gauge theory all such effects are negligible. However, in models with a
non-trivial embedding there can be an enhancement of small instanton contributions to the
axion mass by some power of the ratio M/Agcp, where M is the scale where the UV gauge
theory is broken to QCD. Due to this enhancement small instantons can potentially dominate
over the IR contributions from large QCD intantons. As we will see the model in [18] which
features dominant contributions to the axion mass from small instantons falls into this category
of non-trivial embeddings.

Let us assume that the high energy gauge group G is broken to the low energy group H (in
phenomenological applications we will, of course, choose H to be SU(3)gcp) at the scale M by
the VEV of some heavy scalars. We will assume that the theory has F' flavors of matter fields
in the fundamental representation of G. In expectation of our results to the Standard Model
we will choose F' to be even. In addition, we will introduce gauge singlet scalars H coupled to
the matter fields through Yukawa couplings y. These scalars will eventually be identified with
the Higgs scalar(s) of the SM. Thus we will assume that in the low-energy theory H has both a
VEV and a mass of order v. Finally, we will assume that the Yukawa couplings of H are small.
This leads us to consider the following hierarchy of scales

yw <L Agep K v <AL M, (9.1)

where A and Agcp denote RG invariant scales of high and low energy theories respectively.
When the embedding of the low energy group into G is trivial the matching relation between

these scales is given by
A bocp A ba
QCD S ) (9.2)
M M

Our choice of the hierarchy of scales leads to several important consequences. First, the contri-
butions of the instantons in the broken group (i.e. instantons of size p < 1/M) to the effective
action are completely calculable. Furthermore, the contributions of small instantons with size
p < 1/Agep (and, in particular, of size p < 1/v) within the low energy theory but still above
the QCD scale are also calculabe. Finally, the Higgses H decouple from the low energy physics
within the weak coupling regime while the matter fields are effectively masslessﬂ even at the
strong coupling scale Agcp.

To obtain a simple estimate of the magnitudes of the effects of the small instantons we use
an effective Lagrangian below the symmetry breaking scale M. Integrating over the instantons
of size p < 1/M generates a 't Hooft operator which must be included in the Lagrangian of the
effective theory

Ao
iarar=i L[ v (9.3)

These 't Hooft operators will also contribute to the mass of the axion once the fermion legs are
closed up with Higgs VEV insertions or via Higgs loops. Such contributions can be represented
by the diagrams in Figure One important issue to consider is which of these diagrams
can possibly contribute to the axion mass. The axion is the Goldstone boson resulting from
the spontaneous breaking of the anomalous U(1)pg symmetry at a high scale f,. However if
the classical action possesses additional exact anomalous unbroken symmetries, one can always

2To streamline the analysis we assume here that all the matter fields are light compared to Agcp. Accounting
for the mass of heavy SM flavors, t,b, ¢, will not affect the relative importance of contributions from different
energy scales.
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mp

my

Figure 9.1: Contributions to the axion mass obtained from closing up the instanton induced
't Hooft operators. On the left we use Higgs VEV insertions, in the middle we use loops of
a dynamical Higgs boson in a single Higgs theory, while on the right we use Higgs loops in a
2HDM. Note that the arrows correspond to chiralities. This Figure has been adopted from [32].

redefine the broken U(1)pg to be anomaly free and the axion remains exactly massless (this is
for example the case when one of the SM quarks are exactly massless). As usual the presence
of an exact anomalous symmetry will also imply that the QCD 6 angle is unphysical. The
Yukawa coupling of the SM fermions breaks any additional global symmetries, hence to obtain
a contribution to the axion mass one needs to have a diagram proportional to all SM Yukawa
couplings. In models with a single Higgs (like the KSVZ-type axion models [283}284])

F/2 F
Z yHpii + Z yH i + hoc. (9.4)
i=1 i=F/2+1

we can obtain a contribution either through Higgs insertions or via closing up the diagrams using
Higgs loops as already depicted in Figure[9.1(a){and [9.1(b)l In other common axion models like
DFSZ [285.286] there are two Higgs doublets (2HDM), with Yukawa couplings of the sort

F/2 F
S yHupibi+ > yHagb; +he. (9.5)
i=1 i=F/2+1

In this case we can still use Higgs insertions, however in order to be able to produce diagrams
with Higgs loops one needs an additional B,-like term f,H,H; + h.c. Such terms are usually
readily present in complete axion models like the DFSZ axion [285}286], and the actual diagram
will be of the sort presented in Figure The effective theory below f, will be a one-Higgs
doublet model of the sort . As long as f, > M we can work in the effective one-Higgs
doublet model. However if f, < M one expects the loop diagrams in 2HDMs to be suppressed
by powers of f,/M.

We can now compare the contributions to the axion mass from the Higgs VEV insertion
diagram
F  Abc

2 2 (WY
mea - (M) MbG—4 ) (96)
to the contributions from the diagram obtained by closing the Higgs loops:
22 (YN\F Abe
miili = (4x) apat (0.7)
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where m32, and m’Z represent the contributions of small instantonslﬂ (p < 1/M) to the axion
mass obtained from VEV-insertion and loop-induced diagrams respectively. For sufficiently large
symmetry breaking scale, the suppression of by (v/M)F may easily overcome the suppres-
sion of the loop-induced contribution by loop factors, making the dominant contribution
from this regime.

There will be similar small instanton contribution to the axion mass from instantons of size
1/M<SpS1je:

bocp
r Agop

22
mvfa =Y UbQCD*4

o Abaco (9.8)
m2f2 = (ﬁ) QCD 7
voa 4/ wbeop—4
where m?2 and and m/? denote the VEV insertion and the Higgs loop induced contributions
respectivelyﬂ It is easy to see that loop-induced contributions in are small both compared
to VEV-insertion and loop-induced contributions in .

Below the Higgs mass v the Higgs decouples from the theory and loop-induced contributions
are absent. However, given our choice of small Yukawas, the fermions remain light and the
instanton diagrams with Higgs VEV insertions still contribute both to the 't Hooft operator and
the axion potential. These contributions remain calculable in the 1/v < p < 1/Agcp regime
and at the renormalization scale u satisfying Agcp < p < v are given by

AbQCD
2,2 F _7QCD
mﬂfa = (yv) W- (9.9)

Once again, instanton contributions from lower scales in dominate over the instantons of
size 1/v in and instantons of size 1/M in (9.6)and (9.7). As the renormalization scale
1 approaches the actual strong coupling scale Agcp, the perturbative calculation in the one
instanton background becomes unreliable. In this regime the contributios of the non-perturbative
dynamics to the axion mass are a priori incalculable, however they can be obtained from chiral
perturbation theory by relating the axion mass to the pion mass. Nevertheless, one can estimate
the final axion mass by taking a naive u© — Agcp limit:

maepfa = ()" Agdp =m AGdD (9.10)

where F' is the number of flavors that remain light at Agcp and mgep represents the QCD
contribution to the axion mass.
We can now estimate the ratio of loop-induced small instanton and QCD contributions to

the axion mass: P b 4
miy 1 (Agep\" (Agop P (9.11)
maep  (AmF v M ' |

As expected the axion mass is dominated by strong coupling QCD contributions while the
contributions of small instantons are highly suppressed by powers of A/M and otherwise are
UV independent. Indeed, every term in is smaller than one. As a reminder, bgcp is
the QCD beta function just below the matching scale with all flavors assumed to be massless:
bocp = %Nc — %F = 7 for QCD with 6 flavors, but most importantly bgcp > 4 implying a
strong suppression by powers of Agcp/M.

3These effects are dominated by instantons of inverse size M.
4These effects are dominated by instantons of inverse size v.
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There is however an important caveat in the above argument, which is what Agrawal and
Howe have exploited [18,|19]. The matching relation can be modified if the embedding
of QCD into the bigger group G is non-trivial. In fact, has a very simple and intuitive
interpretation: the one-instanton solution of the low-energy H theory is also a one-instanton
solution of the high-energy G theory (with additional bosonic zero modes of the high energy
theory lifted by spontaneous symmetry breaking). However, other kinds of embedding are
possible [297] — for example, the one-instanton solution of the low energy theory may represent
a 2-instanton, or in general a k-instanton configuration in the high energy theory. The first
examples of non-trivial effects due to such instantons were identified in the context of exact
results in SUSY gauge theories by Intriligator, Seiberg and Leigh [298]. In this case the matching
relation would be modified to

() ()™

where the integer k is usually referred to as the index of embedding, first identified in [298-300]
and explained extensively in [297]. Such a non-trivial factor usually appears when there are
instantons in the partially broken gauge group [297], meaning that the instantons of the unbroken
group do not map one-to-one to the instantons of the high energy theory. Topologically it is the
homotopy group m3(G/H) that will be relevant, and when both G and H are simple one can show
that m3(G/H) = Zj, where k is the index of embedding. In this paper we are interested in models
where one breaks a product group to its diagonal subgroup. For example, when the symmetry
breaking pattern is given by SU(N) x SU(N) — SU(N)p the one-instanton of the low-energy
theory actually corresponds to a (1,1) of the UV theory, while for SU(N)* — SU(N)p the one-
instanton will be a (1,1,1,...,1) instanton. For the product group case the relevant homotopy
group will be 73(SU(N)*/SU(N)p) = Z x Z x ...Z with k — 1 Z-factors. Either way, if
dynamical scales and beta function coefficients of all UV gauge group factors are equal, the
matching relation will be given by Eq. . More generally the scale matching relation
is replaced by a relation where factors of dynamical scale on the right-hand side are replaced by
a product of one-instanton weights of UV gauge group factors:

T(A)" = (M) 9.13

() -(5) 019

We can see now how this non-trivial mapping of instantons (and matching of dynamical
scales) would possibly lead to an enhancement of the small instanton contributions. When one
has a non-trivial index of embedding, some of the broken instantons are actually topologically
distinct from those eventually giving rise to the QCD instanton corrections, hence they will scale
differently. From the point of view of scaling they will appear as “fractional” 1/k instantons,
and their contributions may be enhanced compared to the usual QCD instantons. For a case
with index of embedding k& while the expression of the contribution of the small instantons from
the partially broken group are still given by , the use of the modified matching will

result in
bQcD

m’]\24 1 AQCD F AQCD .
2 . (9.14)
myep  (4m)F v M

Already for k = 2 the sign of the exponent of Agcp/M will flip, and lead to the possibility of
these terms dominating over the ordinary QCD contributions when M is taken to be large.

In the rest of this chapter we will present a detailed calculation of the small instanton effects in
the partially broken gauge group to replace with a more precise expression, paying careful
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attention to all the relevant O(1) factors and perturbation of the classical instanton action in
the presence of spontaneous symmetry breaking. This will give us a better understanding of
models and parameter regions in which small instanton contributions are dominant.

9.2 Axion mass in broken SU(N) gauge groups

As we have seen in the previous section, not all instantons in the broken UV gauge group are
matched to instantons in the unbroken IR gauge group if the index of embedding is non-trivial.
In the case of SU(N)¥ — SU(N)p one instanton solutions in the individual SU(N) factors,
i.e. solutions of the form (1,0,...,0) are absent in the low-energy SU(N)p gauge theory and
have to be integrated out. This means that in order to construct the low-energy theory we have
to perform the path integral over these broken individual one-instanton solutions. From the
point of view of the instanton solutions which live entirely in one group factor the SU(N) is
completely broken and the path integral is exactly calculable, as we have seen in Section [8:3]

These instanton contributions in the vacuum to vacuum amplitude contribute to the vacuum
energy and generate a potential for the 6 angle and therefore also for the axion which can be
viewed as a dynamical 0 angle. The effective potential can be obtained from the one instan-
ton vacuum to vacuum amplitude Wgp () by summing over all instanton and anti-instanton
configurations in the dilute instanton gas approximation [291}301], where one assumes that a
winding number @ instanton configuration is made up of ) well-separated ) = 1 instantons.
The resulting effective potential is

~ e
o | = [ o)) =@M~ > LLW ) Wi,
n4,n—=0 (915)

= exp [WSU(N) + Wsunvy| »

where WSU( ) is the contribution to the vacuum to vacuum amplitude of the one anti-instanton

solution with Q = —1. Using that WSU(N) = W;U(N) and plugging in Eq. (8.36) for Wgy ()
we obtain the effective potential for the # angle or respectively the axion. In a theory without
massless fermions this potential is simply given by

_ d
—6Lh=0 =2 / p{ / dji Cy (p) cos(6) , (9.16)
where Cy(p) contains the instanton density and the action of the Higgs scalars

On(p) = d(p) e=>7" iz s G (9.17)

If the theory contains massless fermions, Eq. (8.53)) implies that due to the 5}0) integration any
correlation function, including the vacuum to vacuum amplitude, which does not include the full
set of 2F chiral fermions vanishes. Effectively the integration projects out the zero mode wave

functions, i.e. for a fermion field expanded in eigenmodes ¢; = 1/)500)5](@0) + ..., the integration

yields [ df}0)¢f = @ZJ](CO). Thus the effect of massless fermions in the instanton background is
captured by an effective 2F-fermion operator, the so called 't Hooft operator.

However, even in the presence of massless fermions instantons can still generate a potential
for the 6 angle if the theory contains further interactions. The easiest way to see this is by
working in the effective theory with a 't Hooft operator and closing up the external legs using the
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additional interaction terms forming a vacuum bubble (see Figure , which contributes to the
vacuum energy. Alternatively one can calculate the non-vanishing contribution to the vacuum to
vacuum amplitude directly from the path integral by including higher orders in the interaction
that includes all massless fermions. In the following we will pursue the second approach, which
corresponds to the full calculation. We do expect the effective 't Hooft operator approach to be
a good approximation to the full calculation, which we will indeed verify in Appendix [[I.A] where
we present the ‘t Hooft operator method and also compare the results of the two approaches.

Let us assume the theory contains an additional scalar H (which we will later identify with
the SM Higgs), which couples to the massless fermions via Yukawa interactions, i.e. let us add
the following term to the Euclidean action

AS = SolH] /d%z YL H () (a (a), (9.18)

where So[H] is the free action for the scalar H. With this addition the vacuum to vacuum
amplitude now takes the form

WSU = Ze/d4l‘0/du/deN /DH6—50
/ deaf gg 0 ¢t e B FH @I @),

At order F' in the Yukawa couplings, the expansion of the exponential contains a term with all

(9.19)

2F massless fermions. The integration over {}0) and EJ(P) projects out the corresponding zero
mode wave functions and all lower order terms vanish due to this integration. The leading
contribution to Wgys (), assuming F is even so that the path integral of the Higgs field does not
vanish (ie. the Higgs loops can be closed up), is thereforeﬂ

Wt = ze/d4 /du/deN /,DHe—SOH]H (lyfﬂ/d4 H(z )@ZJ( (2 )¢§»0)($)>~

(9.20)

Performing the path integral for H, only fully contracted Higgs fields survive, each contraction
giving a Feynman propagator

Wou =€ /d4x0/d,u/ P enp H (%)IF/Q (9.21)

where kp = (F — 1) - (F — 3)---1 counts the number of equlvalent contractions and Z is the
integral over the fermion zero modes and scalar Feynman propagators Ap(z1 — x2)

7= —/d41‘1/d41‘2 1;}0)(.1‘1 1,/) (wl)w(o)($2)¢§9)($2)AF(1’1 —:BQ). (9.22)

Using the explicit form for the fermion zero mode:ﬂ 1!1(0) in Eq. (8.50) Z simplifies to

P / &'z / dp e e (9.23)
1 2 . .
2+mH (7 + p?)? (23 + p?)3

®Note that the 1/F! from the expansion of the exponential is compensated by F! terms which are identical
after renaming the integration variables.

®Note that similarly to the scalars ¢;, one should rotate wf with the general SU(N)/SU(N —1) coset element
Q. However, due to the SU(N) invariant Yukawa interaction, the Q dependence cancels out and Z is independent
of fi.
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SM quarks

Figure 9.2: Illustration of the product gauge group model introduced in [18] to enhance small
instanton contributions to the axion mass. The k SU(3) factors are broken at a scale M by
scalar link fields 3; ;41 in the bifundamental representation of SU(3); x SU(3);+1 to their diagonal
combination which is identified with SU(3)gcp. We further assume that the SM quarks are
only charged under SU(3);. This Figure has been adopted from [32].

Using the identity
d4 e—ipa: 71.2 x
= = 9.24
/ x(x2+p2)3 2p2 (pp> 1<pp)7 ( )
where K7 is a modified Bessel function of the second kind, we can evaluate Z explicitly in the

limit p < 1/mg
1

T~ —F—.
12722
Plugging this into Eq. (9.21) we can immediately write down the leading contribution to the

potential for the § angle, generated by 1-(anti)instanton configurations, for theories with massless
fermions and a Yukawa interaction

F
dp [ . Yr
—5£F:2//d C <
0o H N(p)HF]];[l Jodn

It is worth emphasizing that Z could be estimated in the effective field theory by soaking up
fermion legs of the 't Hooft operator with the Higgs propagators. However, the EFT result would
be cutoff dependent while the above computation is completely convergent and calculable. For
more on the correct value of the cutoff scale see Appendix

(9.25)

> cos(6). (9.26)

9.3 Product group models

Let us now turn to an explicit example of a model with a non-trivial index of embedding. We
will consider the class of models proposed by Agrawal and Howe [18/19], in which a product
gauge group consisting of k SU(3) factors is spontaneously broken at a scale M to its diagonal
subgroup by k£ — 1 link fields ¥; ;41

SU(3)1 x SU(3)2 x ... x SU3)r = SU(3)gcD - (9.27)

The diagonal subgroup can then be identified with SU(3)gcp. In the following we will assume
that all SM quarks are only charged under SU(3);. For a diagrammatic depiction of the model
see Figure The individual SU(3) factors by themselves are completely broken and therefore
the one-instanton effects are calculable and finite. The one-instanton configuration in low-energy
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QCD corresponds to k-instantons of the UV theory with one instanton in each SU(3) factor.
In the following we will first discuss some details of the model before we explicitly compute
the small instanton contributions to the axion potential in the two simplest realizations with
k = 2,3 and compare the results to [18]. Note that in this section we work in Minkowski space.

9.3.1 Axions in product group models

Each of the SU(3) gauge factors comes with its own CP violating 6 angle. Therefore we assume
that there is also one anomalous U(1)pg for each factor, which is spontaneously broken at
fa; > M. This yields one axion for each SU(3)

k
— . J— 1 a apv 912 & . a apy
L= Zz: Li=—1GL. G + 0 ( 7 91> G?, G (9.28)

As depicted in Figure the gauge group is broken to SU(3)gcp by higgsing it with k& — 1
scalar link fields 3;;41, which transform as a bifundamental (3, 3) under SU(3); x SU(3);41. A
potential’| of the form [18}/302]

V(%) = —m&Tr(2xh) + g[Tr(ZET N2+ gTr(EZTZET ) (9.29)

for each of the link fields induces a VEV

m
<Z> = \/Kji?))\l?) = UEl?), (930)

which for simplicity we take to be the same for all link fields. Each symmetry breaking VEV
results in one massive gauge and one massive scalar multiplet in the adjoint representation of
the unbroken diagonal group. The masses of gauge and scalar multiplets are of the ordelﬁ GiUs,
and kvy and they can be integrated out. The dynamical scale of the low energy effective field
theory is given by
koAb
bocp _ Hz Az‘z
AQCD - le bi—bocp ) (931)
where the matching scale M is the geometric mean of the eigenvalues of the mass matrix for the

heavy states. In terms of the QCD coupling constant gs this implies the usual matching relation
at M

1 = s 1 9.32
200 ~ 2= #an) (9:32)

The QCD 6 angle is simply the sum of the individual SU(3); 6 angles
—_ k —_
bocp = 291', (9.33)
i=1

where 6 = 0 + arg det M ¢ is the physical theta angle, which contains a possible CP violating
phase from the fermion mass matrix. At the same time one also has to integrate out the small

"One can add U(1) factors to forbid terms like z det X [18].
8For simplicity we will assume that g2 /K ~ 1 and will not distinguish between the gauge boson and scalar
thresholds.
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instantons in the UV theory, which generate a potential for the axions. Thus the effective
Lagrangian for the axion fields takes the formlﬂ

k 9 k
ai n gs al a AUV
L, = E mzlfi cos (fa - Gi> + 39,2 g (f 01>GWG§L . (9.34)
i=1 g @i

One can see éQCD is relaxed to zero due to two independent effects. First, small instanton
contributions in broken gauge factors relax each individual 6; to zero. In addition, once QCD
confines, the potential is generated for the linear combination a/f, = ), a;/f,, which relaxes
Q_QCD to zero just like the usual axion would. In contrast to standard axion models there is
not just one but k axions in the IR spectrum and it is the lightest mass eigenstate which plays
the role of the QCD axion. When small instanton contributions are dominant the mass of this
lightest state can be significantly higher than the standard QCD prediction in Eq. .

9.3.2 Small instanton contributions

When working in the EFT one has to take into account the instanton configurations which
are not mapped to the low energy theory, i.e. QCD. These are the independent one-instanton
contributions from SU(3)1,...,SU(3);. Since they are broken to their diagonal combination
each SU(3) factor considered separately is completely broken and therefore we can use the
formalism of Section with three Higgs scalars ¢,, n = 1,2,3 for each link field, which
develop a VEV[|

(Pin) = vs Oin , (9.35)
where ¢ = 1,2,3 are the SU(3) indices. This allows us to evaluate the classical action for the
Higgs scalars from one of the link fields in the instanton background explicitly

3

2
SS(p) = 22 p? Z Z [(Gin) > = 272p%03 D D [ Qun|? = dn?p?0}, (9.36)
i=1n

i=1 n=1 =1

where we considered the rotated VEVs (see Eq. - ) to account for arbitrary instanton loca-
tions inside SU (3 H The result is independent of i and we can therefore do the now trivial group
integration in the results of Section [9.2] Note that the scalar action for SU(3)s,...,SU(3)x—
is twice as large, since each of them couples to two link fields.

We begin by considering the SU(3) sectors without fermions. The last of these sectors, i.e.
SU(3)g, has only one scalar link, i.e. S = 3 scalars in the fundamental representation, and the
beta function coefficient by = 21/2. For this sector the vacuum-vacuum amplitude contributes
directly to the axion potential (see Eq. ) with a mass scale mg, of

akfalc - <M) (27”}2> M ) (9.37)

where the factor (M/2mvs)?%~* converts between the physical mass threshold at M and the
effective cutoff of the instanton size integral at 1/p ~ 27vy, while the RG invariant scale of
SU (3)y sector is defined by

AYe = ds(M)|g, p_oTlbx/2 — 2]M" (9.38)

In 18] the mass scale of the potential malfal was denoted Af.

OFrom the point of view of one of the SU(3); factors the bifundamental 3;; 11 looks like three scalars in the
fundamental representation.

"'Note that the explicit form of Q in SU(3) is not needed to obtain the factor of 2. 37, Z;zl | 7]? sums the
norms of the first two row vectors in Q and since Q2 € SU(3) each row vector is normalized to unity.
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and the instanton weight d3(M)|s, F=o is given in . The remaining sectors i = 2,...,k—1
have two link fields, i.e. S = 6 scalars in the fundamental representation and the beta function
coefficient b; = 10. The vacuum-vacuum amplitude contributes to the axion potential in these
sectors with a mass scale m,; which is given by Eq. after the replacement & — i and
vs; — v2vs. The additional suppression by 227%/2 originates from the scalar action which is
twice as large, since all of these sectors couple to two link fields.

All the SM quarks are charged under the SU(3); sector. Thus its particle content is char-
acterized by F' = 6 approximately massless fermionsiﬂ and S = 3 scalars in the fundamental
representation, corresponding to a beta function coefficient of by = 13/2. Taking the result for
the vacuum energy in the instanton background with massless quarks and a Yukawa interaction

from Eq. (9.26) for N = 3 and # = §; — %= and matching it to the axion potential in Eq. (9.34)
1.
al

we obtain the scale m2. f2

a1 ay
dp
wi g =K | o204, (9.39)
where K is given by
40 YuYaysYcYoyt
-2 A4
9 (1672)3 (940)

Note that K reproduces a loop factor expected from an EFT diagram in Figure and
included in the results of [18]. However, the full calculation of correlation functions in the
instanton background performed in Sec. allows us to extract the exact numerical coefficient
multiplying this loop factor. Performing the p integral in Eq. we find

A b1 M b1—4
2 p2 1 4
malfal = K <M> <27r1}2> M 5 (941)

where the dynamical scale of SU(3); is defined by

All)l = d3(M)’S:3,F:6 Llb1/2 - Q]Mbl ) (9.42)

and once again the instanton weight d3(M)|s—3 r—¢ is given in (8.37). Note that these results
are in agreement with the qualitative discussion of Section [9.1]

The unusual scaling of the axion mass with the physical QCD scale can be seen from the
fact that dz(M) ~ exp(— gr° ) where g2 is the coupling of the i** SU(3) factor rather than the

97 (M)
actual QCD coupling, implying that A?i will be a fractional power of Aggcc 1, where the actual

fraction depends on the ratios of coupling strengths and the distribution of the matter fields
among the different group factors.

However the full expression of the corrections to the axion mass Egs. — also
includes an additional suppression factor of the form (M /27vs)%~%. Indeed the presence of this
factor implies that, up to an order one coefficient, our results for mgz fi are smaller than the
previous estimates (/3 f2) in [18] by a factor of

2 b;—4
mg. _6 M \™
—~ 277, . 9.43
mgi <27T1)2) ( )

This suppression is due to two independent reasons:

1276 a good approximation all SM quarks are massless at scales M > TeV.
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e Our vacuum instanton density dy(p)|s—r—o is smaller by a factor of 272V than the one used
in [18]. This discrepancy originates from a small error in 't Hooft’s original calculation
[280], which was later corrected in an Erratum. However, the source for the instanton
density [301] cited in [18] still contains this error.

e In [18] the p integration was cut off at p = 1/M by hand. However, when working in the
constrained instanton framework the p integral is convergent and we find that the actual
cutoff is roughly p ~ 1/(27vy) (see also [251]).

The actual size of the suppression depends on the relation between the matching scale M and
the VEV vy. Since M corresponds to the mass scale of the massive gauge bosons, it scales like
M = gefr vs;, where geg is some combination of gi,...,gx. For couplings of O(1) this leads to
a suppression of (27)*~% which is strongest for the SU(3) group factors that do not couple to
fermions. As we will show momentarily, this suppression is significant in the minimal model
with only two group factors, but is less important once more SU (3) factors are included and the
matching relation in Eq. allows larger couplings in the individual SU(3) factors.

9.3.3 Example SU(3)?,SU(3)* — SU(3)gcp

Let us now have a look at the minimal model with k& = 2. In this case the matching scale is
directly set by masses of the heavy gauge bosons (and scalars)

M? = (g} + g5)v3%. (9.44)

In order to do the matching we use the RG equation to run the MS QCD coupling from the
top mass at as(m;) = 0.10 to the matching scale M. The small instanton contribution to
the axion mass relative to the QCD contribution can now be computed using the mass scales
m§2 32 and mgl 31 from Eq and , respectively. For simplicity we will assume that
fai = fa, = fa and use Eq. (6.1)) to obtain a numerical value for f,m, = (75.5 MeV)2.

This ratio is shown for both axions (solid for mg, /m, and dashed for m,, /m,) for the choice
of M = 10 GeV for the symmetry breaking scale in Figure In contrast to previous
estimates [18] (shown in red), the full calculation shows that there is no region in parameter
space where both axion masses are enhanced by more than an O(1) factor compared to the pure
QCD prediction at the same time. One of the axions might be heavy, but then the other will
be dominated by the QCD contribution to its potential and will therefore be like the standard
QCD axion. The largest effect of small instanton contributions to both axion masses is found
at the intersection of the two curves where both axions have the same mass which is about
M,/m, = 2.4 times heavier than the standard QCD axion. Figure shows the maximal
enhancement of the axion mass due to small instantons as a function of the symmetry breaking
scale M. This shows that even taking M to be at the Planck scale the axion mass cannot deviate
by more than a factor of ~ 100 from the QCD prediction. Due to the suppression factor in Eq.
the enhancement is lower by about two orders of magnitude than the initial prediction
in [18].

We can therefore conclude that it is hard to get significant contributions from small instantons
to the axion mass in the minimal model. However, according to our parametric estimate in
Section we expect a larger mass enhancement in models with more SU(3) factors. In
the following we demonstrate that this conclusion is indeed correct by considering the next to
minimal model with k = 3 factors.

In the model with k = 3 group factors SU(3)? is broken by the VEVs of two link fields, which
we both take to be (¥) = vy 13. Note that since SU(3)2 couples to both link fields, not all gauge
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9.3. PRODUCT GROUP MODELS
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Figure 9.3: Small instanton contribution to the axion mass relative to the IR QCD contribu-
tions in the model based on the symmetry breaking structure SU(3) x SU(3) — SU(3)gcp-
On the left we show our results for the full calculation in blue compared to the initial estimates
in previous work [18] in red at a breaking scale of M = 10'* GeV as a function of a; = %.
The solid (dashed) curves show mg, /mg (mg,/m,), which intersect at M,/m, = 2.4 in the full
calculation and at M,/m, = 251 in previous estimates. On the right we show the values for
M, /m, at the intersection point of m,, /m, and m,/m, for a wide range of breaking scales M.

In both plots we took f,, = fa, = fa- This Figure has been adopted from [32].

bosons get the same masses. One linear combination, corresponding to the QCD gluons, stays
massless as before, whereas the masses of the other two linear combinations are given by

2
v
My, ,, =~ (91 + 295 + g5 + Vigh + (g — g2)?) . (9.45)
The matching threshold is given by the geometric mean of these two mass eigenvalues
M = (495 + 9595 + 9793)" vz (9.46)

As in the minimal model we take f,, = fa, = fas = fo and show our result (blue) in
Figure for the small instanton contributions to the axion mass compared to the estimates
in [18] (red), fixing in both cases g = g3. In Figure we again show mg, /m, (solid) and
Ma,/Mq (dashed) at a breaking scale of M = 10'* GeV. Note that m,, is always larger than
mg, for identical couplings, since mg, is suppressed by an additional factor of 22-b2/2 Ag can
be seen, even though the mass enhancement is again smaller in the full calculation than in the
initial estimate, small instantons can still enhance the mass of all three axions simultaneously
by up to a factor of 4 - 10'° compared to the QCD contribution at the intersection point.
Figure shows that small instantons give dominant contributions to the axion mass also
at smaller breaking scales M, making the axion considerably heavier than in the standard QCD
axion scenario. Note that at small M, mg, /m, and mg,/m, do not intersect anymore. When
this is the case mg, /mq < Mg, /mg due to its suppression by the Yukawa couplings and therefore
we take the maximum of mg, /m, as an estimate for the maximal simultaneous enhancement of
all axion masses. This is the reason for the kink in the curves in the Figure

Adding additional SU(3) factors increases the possible enhancement of the axion mass even
further. It was already noted in [18] that for k > 1 the axion masses scale as mg, ~ M2/ f,,
forv=2,...,k and mg, ~ VEM? / fay, where the first axion mass is parametrically suppressed
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CHAPTER 9. SMALL INSTANTON CONTRIBUTION TO THE AXION MASS IN PARTIALLY BROKEN
GAUGE GROUPS
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Figure 9.4: Small instanton contribution to the axion mass relative to the IR QCD contri-
butions in the model based on the symmetry breaking structure SU(3) x SU(3) x SU(3) —
SU(3)gcp- On the left we show the results for the full calculation in blue compared to the ini-
tial estimates in previous work [18] in red at a breaking scale of M = 10'4 GeV as a function of
o) = %. The solid (dashed) curves show mg, /mq (Ma,/ma), which intersect at M, /m, ~ 4-10%°
in the full calculation and at M,/m, = 9 - 10'? in previous estimates. On the right we show
the values for M,/m, at the intersection point of mg, /m, and mg,,/m, or at the maximum of
Ma, /Mg if they do not intersect for a wide range of breaking scales M. In both plots we took
far = fay = fas = fo and fixed g2 = g3, which implies that m,, is always slightly larger than
Mg,. This Figure previously appeared in [32].

relative to the others by the Yukawa couplings and loop factors v K ~ 1072, With the help
of Eq. (9.14) we can now understand the scaling of the axion mass with M? as the limit

bocp/k £222% 0 in Eq. (9.14).
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Appendices part 11

II.A ’t Hooft operator approach

In this appendix we compute the small instanton contribution to the vacuum energy or axion
potential in the presence of massless fermions using the ’t Hooft operator approximation and
compare it to the full calculation in Section

In a gauge theory with F' massless fermion flavors in the fundamental representation of
SU(N) the pure vacuum-vacuum amplitude in the instanton background vanishes and the in-
stanton configuration only contributes to correlation functions in which each fermion flavor and
chirality appears at least once, i.e. for example (0] Hf(zﬁf@/}f)]O)AQ:l # 0. The effect of the in-
stanton can thus be captured by the 't Hooft operator, which is an effective 2F" fermion operator
of the form (see e.g. [280])

. 5£F _ 67z0 / /Tch(P)PBF (K,g\]lvf)) 112F (}?A? (wa(x0)¢L I (xo))ir“izF + h.c. s (IIA].)

where the determinant goes over flavor indices and the hermitian conjugate results from the

anti-instanton configuration. Cn/(p) is defined in Eq. (9.17) and (/ig\J,Vf ))“mw is obtained by
computing the 2F fermion correlation function in the instanton background and matching the
result to the above effective operator. Note that the integration over the instanton location
inside SU(N), for which we assumed that 32 373 _ |(¢)|? inside Cy(p) is independent of
the instanton position, projects out all invariant contractions of the fermion SU(N) indices
i1,...,ip. For one fermion flavor the matching is straightforward (see [303| for an example in
SU(2) and SU(3)) and gives

— —3 d s
= = e [ DO el b)) + (A2

where we used that (/<c§\1,))m2 = /@S\})éim (for example for SU(3): ngl) = %)

Since we want to close the ‘t Hooft operator with Higgs loops, we are only interested in flavor
diagonal SU(N) contractions of the form (¥rtr)¥. Therefore we will consider the effective
Lagrangian

F
_i [d -
Y S / Fch(p)(p3H§$>)F [T 9r ¢ (@o)vr #(x0) + hec.. (ILA.3)
f=1
Note that due to Fierz relations among SU(N) invariants, the prefactor (ﬁg\lf))F is not exact,

but will deviate from the full prefactor by an O(1) factor.

Such a 't Hooft operator contributes to the axion potential if one closes the fermion legs
with loops. The leading contribution arises from closing the operator with Higgs loops via
Yukawa couplings to the fermions as shown in Figure This is the case since the diagram
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only includes marginal couplings and therefore scales as M3 where My is the cutoff for the
divergent loop integrals. B
Focusing on SU(3) and identifying 6 = 6 — a1/ f,,, we can match the resulting operator to
the effective Lagrangian in Eq. (9.34]) to obtain mg, fa,
dp
mg1 31 = 2K/p503(p)(47T2M3p3)F, (IIA4)

where K contains the Yukawa couplings and loop factors
F ”
K= = 1I.LA.5
Il 1.45)

Note that we canceled a factor N = 3 from the sum over colors in the loop for each fermion
flavor with the 37 from (mgl))F . Computing the p integral one obtains

(1)
3F+bg”—4]< M )*’01 <M

mglfc%l =K dS(M)|S:3,F (4W2)FF[ 9 2o v

3F
) M*,  (ILA.6)

where M is the matching scale for the couplings.

Comparing this result to Eq. , which was obtained by including the SM Higgs and
Yukawa couplings directly in the path integral evaluation of the vacuum-vacuum amplitude, one
finds that with My, the cutoff of the loop integrals, an additional scale appears. However, the
exact definition of M, is ambiguous and always introduces an uncertainty. Since M., enters
mgl 31 with a large power, even O(1) changes in the definition of M.y can have a significant
impact on mzl fgl. This ambiguity is removed in the calculation in Section since the result
is manifestly finite.

Both methods are equivalent and therefore we can use the result from Sec. to infer the
appropriate definition of M., for this process. We find that both approaches yield the same
result, up to an O(1) factor, if one identifies M¢yx ~ vy, in nice agreement with our intuitive
expectations.

II.B Converting results to MS scheme

All results in Section [8.3] were derived in the Pauli-Villars regularization scheme. However,
in perturbative calculations dimensional regularization and the MS or MS scheme are more
common. In this appendix we briefly summarize how to convert the results to these schemes.

Already in [280] 't Hooft showed that in order to convert the results to dimensional regular-
ization one has to do the substitutions

1 1 1
In prg — i—n 3 t5 In 47 (zero-modes) , (IL.B.1)
Mpo = —— — 2y 4 Slnar — 2 (kinetic terms) (ILB.2)
n —— — v+ -lndr — - inetic terms B.
S L !

where the first substitution has to be made for the ug originating from gauge and fermion zero-
modes and the second for g from kinetic terms, i.e. from the non-zero modes and scalar ﬁeldsE

"*In [280] 't Hooft found —2 instead of the —% in Eq. (II.B.2). This mistake was noted by Hasenfratz and

Hasenfratz [304] and reconciled the disagreement with Shore, who did the instanton calculation using dimensional
regularization [305|. ’t Hooft corrected the —-% in Eq. iB12) of |287] to —1. However, this was later again
11.B.2)

12
corrected by Shifman [288] to the —3 we use in Eq.
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This substitution only affects the running coupling in the exponential

2 i
_92?1/,0) - _9]238(#0) +In(uop) [(4N = F) + (3F — 3N = 55)] (ILB.3)

8—W2+ In +L+1(ln4 —) |b _ip_in g (I1.B.4)
g%5(n) Py T im0 o s 3 67 )7 o

where we separated in Eq. (II.B.3]) the contributions to by originating from zero modes (first
bracket) from the ones from non-zero modes (second bracket). The renormalized coupling now

depends on the renormalization scheme. Here we will consider MS and MS scheme which are
define by

2 2
gﬁgzrl 5= ggzn) + <lnp + 4_1n> bo, (ILB.5)
9134: 2712 7= ngi) + <ln p+ ﬁ + %(m dr — 'y)) bo - (ILB.6)
Note that in the above we have to identify [280]
gp(n) > gus()  and  Tpt —— = (o), (115.7)
gB(n) — gys(p) and Inp+ L + 1(ln 4 — ) = In(pp) , (IL.B.8)

4—n 2

where p is the renormalization scale in dimensional regularization. Thus to convert our results
to MS scheme we have to replace

o—87%/g%(1/p)~CaN _, e—%(zF—S)e*BTrz/gfw—s(l/P)*Cé”TsN’ (IL.B.9)
with C’%TS given by
Cc¥s = ¢, — é . (ILB.10)
Using this the instanton density in MS scheme is given by
AN(0)] = e TTEIEN () (ILB.11)

161



APPENDIX PART II

162



Part 111

EFT of the SM and gravity
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Chapter 10

Motivation and introduction

The focus of Part [l and [T of this thesis were DM candidates in well-motivated extensions of
the SM. However, the search for DM is not the only place where NP could appear. For this
reason it is crucial to look for effects of BSM physics as globally as possible. Especially in the
light of null results in DM and collider experiments it is important to analyze the data in a
model independent way, s.t. no hints of NP are missed due to theoretical bias. Such a model
independent approach is the EFT frameworkf_-]

EFTs really lie at the core of our modern understanding of the fundamental interactions in
nature. They encode the dynamics of the relevant degrees of freedom at the scales of interest,
and enable the systematic exploration of the effects of heavy states via an infinite set of local
operators built out of the light fields. Crucially, the higher the operator’s dimension, the smaller
the departure it introduces from the leading order dynamics.

While EFTs, and the SMEFT in particular, offer a model-independent parameterization of
departures from a leading theory, it can still be useful or even necessary to refer to possible
UV completions as guidelines and for the interpretation of future deviations in observables from
their SM prediction. For this reason one needs a dictionary between UV complete theories and
SMEFT operators they generate when the heavy physics is integrated out. In Chapter we
contribute to this effort by performing the one-loop matching of the SM with a new heavy singlet
scalar, one of the simplest renormalizable extensions of the SM, onto the dimension six SMEFT
Lagrangian. We identify terms which have been missed in previous matching calculations [20,21]
and present the first complete one-loop result for this model. We believe that this result is not
only relevant for a future publication in the context of pNGB DM [306], but also as an important
and simple benchmark scenario for EFT interpretations.

The SM and consequently also the SMEFT offers an excellent description of all known
fundamental interaction, with the exception of gravity. The low-energy description of gravity,
Einstein’s theory of GR, is one of the most successful field theories, it has survived all experi-
mental tests since its formulation in 1915. However, many of the contemporary puzzles in high
energy physics and cosmology are intimately tied to gravitational interactions. E.g. DM has so
far only been observed through its gravitational interactions. Thus an important question is how
one can systematically test departures from GR, or even at a more basic level, what is the set of
independent IR departures one could possibly test. Since all of our current probes of GR are on
macroscopic scales or low energies, much below the Planck mass (47)My;, which is the intrinsic

Tt has to be kept in mind that while the EFT framework encompasses a large variety of possible UV complete
theories, it is not free of theoretical bias. An EFT expansion typically assumes a separation of scales, which can
be used to define an expansion in a small parameter. Thus when using the SMEFT one implicitly assumes that
NP enters at a high energy scale, which is not currently reachable at experiments.
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energy scale of gravity up to which one could envision it to be a valid description of gravitational
phenomena, it is natural to work in an EFT language in order to answer these questions. In
Chapter [13| we develop a method to count and construct independent operators for EFTs with
gravity, based on a Hilbert series approach. A basis of non-redundant EFT operators exactly
corresponds to the full set of physical IR departures due to heavy NP. We also use our method
to construct for the first time a non-redundant set of EFT operators of GR coupled to the SM,
which we call the GRSMEFT. This EFT is the true most general low-energy parameterization
of all fundamental interaction known to date.

Finding an operator basis is only the first step in the exploration of an EFT. Understanding
quantum effects, such as operator renormalization and mixing, is a crucial ingredient to relate
physics at different scales. From studies within the SMEFT we know that operator mixing is
very constrained at one-loop. There exist many zeroes in the anomalous dimension matrix of
the mass dimension six operators [24-26]. A physically transparent explanation for these zeroes
has recently been obtained with the help of helicity selection rules [27] and angular momentum
selection rules [307]. Similar non-trivial non-renormalization results also appear in EFTs with
gravity. In Chapter we extend the helicity selection rules of [27] to gravitational theories and
use them to formulate non-renormalization theorems. We additionally compute the anomalous
dimensions at mass dimension six in a toy SM coupled to gravity, using amplitude methods.

We start this part of the thesis with a short introduction to modern EFT methods, including
one-loop matching and the Hilbert series, in Chapter In Chapter [12| we present our results
on the one-loop matching of the scalar, based on [33]. We continue in Chapter with the
construction of operator bases of EFTs with gravity. These results were also published in [30].
Finally we show preliminary results on the non-renormalization of gravitational operators in
Chapter This is based on work in progress [34].

All Figures and parts of the text are taken from the above publications.
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Chapter 11

Effective field theories

The main idea behind EFTs is the concept of decoupling. Decoupling is a very useful property
of nature, according to which details of small scale phenomena are in general (but not always)
irrelevant when describing dynamics on much larger scales. This means that it is not necessary
to know the microscopic most fundamental theory to do computations and to make predictions.
It is sufficient to have an effective theory with a limited range of validity, which describes the
degrees of freedom at the relevant energies. The effect of small scale phenomena are absorbed
into low-energy parameters, which can be measured at macroscopic scales. E.g. while the proton
mass is sensitive to the top quark mass, this is completely irrelevant in condensed matter physics,
since the proton mass can be fixed by a low-energy measurement.

Decoupling is also naturally implemented in quantum field theory (QFT): for instance in a
momentum dependent renormalization scheme one finds that heavy particles of mass M decouple
and do not contribute to the running of couplings at scales y <« M. This example of the
Appelquist-Carazzone decoupling theorem [308] is already a first hint that it should be enough
to consider only degrees of freedom accessible at the relevant scale, i.e. particles which can be
produced on-shell, and local interactions among these particles, parameterized by low-energy
constants. But why should this work in general? We know that heavy degrees of freedom, even
if they cannot be produced on-shell, can appear as virtual particles in tree graphs and in loops.
However, this does not spoil the decoupling. In order to see how this works one has to remember
that observables in QFT's are expressed in terms of correlation functions. It is well known that
correlation functions are analytic in the external momenta except for poles or branch cuts, which
appear when the kinematics allow for the on-shell production of physical intermediate states.
This implies that if the available energy is far below the mass threshold of a heavy particle with
mass M, the correlation function in a hypothetical UV theory is analytic in p?/M? and can be
expanded for p? < M?. At tree-level this simply corresponds to the Taylor expansion of internal
heavy-particle propagators, i.e.

2

LI —]éz(lJrz\ZfrO(p“/M“))- (11.1)

P2 — M?2

The expanded correlators can thus be described by local terms in the Lagrangian, which only
involve light degrees of freedom.

Let us make two comments about this observation. First of all, while trading a non-local
interaction for an infinite tower of local terms in the Lagrangian seems like a complication,
in actual applications and measurements one is only sensitive to a limited precision J in the
observables. Therefore only a finite number of terms with (p?/M?)® > § is relevant and the
EFT is a fully predictive QFT. A scheme which organizes the operators according to an expansion
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in a small parameter is usually referred to as a power counting scheme. As a second comment
we note that the above observation goes two ways: a QFT with a separation of scales can be
matched to an EFT at low-energies, which contains only the low-energy degrees of freedom and
reproduces the analytic structure of correlation functions of the full theory at low energies. This
is the top-down view on EFTs, which we will discuss in Section Alternatively one can start
from a low scale and construct a QFT for the accessible degrees of freedom with the observed
symmetries. Possible effects of heavy new physics can then be included by adding operators
which are higher order in the power counting scheme. This is the bottom-up point of view,
which we will comment on in Section [[1.3

Besides discussing bottom-up and top-down EFTs we also shortly introduce the concept of
operator running and mixing in Section Afterwards we turn to the importance of fixing
a non-redundant and complete operator basis in Section Finally we introduce the Hilbert
series as a convenient method to count and construct EFT basis in Section [1.5l For a more
thorough pedagogic introduction to EFTs we refer the reader to [309-313].

11.1 Top-down EFTs

Even when the UV theory is known it can be useful or even necessary to construct a low-energy
EFT for some applications. Reasons for this can be that computations in the EFT are simpler
or the appearance of large logarithms logm/M with m < M in a multi-scale QFT, which can
be efficiently resummed in the EFT framework. Another reason can be that the high-energy
degrees of freedom are not the same as in the IR. An example of this is QCD, where the quarks
and gluons condense into baryons and mesons at low-energies.

The process of constructing the EFT Lagrangian from a known UV theory is called matching
or integrating out heavy particles. It fixes the EFT parameters by equating correlation func-
tions of purely light particles in the full and effective theory. The minimal requirement is that
observables; i.e. on-shell scattering amplitudes in the UV and effective theory match to the
required precision

(q1s- -y qm|Suv|pis- -y on) = (@15 - -+, @m|SEFT|P1, - - - , D) + truncation errors, (11.2)

where the p;, g; are light particle states and Suv, Sgrr are the S-matrix of the UV theory and
the EFT, respectively. A stronger version of matching requires that also the off-shell Green’s
functions coincide, which is achieved by matching the one-light-particle effective action in the
UV with the effective action for the EFT), i.e. the generating functionals of connected, irreducible
light particle Green’s functionsﬂ

I't, uv[¢] = Tepr[@] + truncation errors, (11.3)

where ¢ stands for the light particles. Both approaches are equivalent and fully agree after a
field redefinition (see Section . Even though off-shell matching requires a larger operator
basis in the EFT, the so called Green’s basis, which includes operators that vanish on-shell, it
is often simpler because the matching can be performed at unphysical kinematic configurations.
After the matching the Green’s basis can be reduced to a non-redundant minimal basis, which
up to higher dimensional operators gives the same result as the on-shell matching in Eq. .

The matching itself can be performed either diagrammatically or using functional methods.
Functional matching using the covariant derivative expansion [314(317] has received a lot of

!The effective action I'[¢] is obtained from the generating functional Z[J] = exp(iW[j]) = N [ D exp(iS[p] +
i [ d%xJ(x)¢(x)) via a Legendre transformation I'[¢p] = W[J] — [ d%x.J(x)¢(x), where J is determined by solving
o(z) = dWJ]/6J(z) for J(x).
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attention lately [318-320] with the goal of constructing a full one-loop universal effective ac-
tion [320]. For an overview of the current status see e.g. |[321] and references therein. Functional
matching has the advantage that an explicit operator basis for the EFT is not required and
that it can be performed algorithmically [322}/323]. However, functional one-loop matching is
in general very technical and intransparent, which is why diagrammatic matching is often the
preferred choice. An exception to this is tree-level matching, which is very straightforward using
functional methods. The path integral over the heavy field ® is dominated by the saddle point at
tree-level (0Suv[®,¢]/d®)|p—a.s) = 0, i.e. it corresponds to replacing ® in the effective action
of the UV theory by its equation of motion & = ®.[¢]. Thus Eq. is at tree-level given
by [321]

Fg’rte;\e/) [¢] = SUV [q)a ¢] ’@Zq)c[d)]

tree
e ) — S0 = CovE e 1)
where S = [ddz L is the action and the equation of motion ®.[¢] can be expanded to the
required precision. At one-loop the identification of the matching contribution is not as simple,
since some one-loop contributions from the UV-theory correspond to one-loop contributions in
the EFT constructed from couplings matched at tree-level. In the following we will focus on
diagrammatic matching, for which we show a simple example in Section [11.1.1

11.1.1 Example: diagrammatic matching of scalar theory

Here we demonstrate the matching procedure for a theory of real scalars {®, ¢} with mass M
and m < M, respectively. The Lagrangian of the UV theory is given byE|

1
—A\ot —

1
i — kD, (11.5)

1 1 1 1
Luy[®, ¢] = 56#@8’@ — 5J\42<I>2 + iaﬂqba“gb — §m2¢2 — o

where x and A are parameters of the scalar potential. In our setup the power counting parameter
is A = m/M < 1. We assume that the momenta of the external ¢ are small and scale as
Py ~ MA, st. ¢ and 9, in the effective Lagrangian scale as ¢,0, ~ A. This implies that an
expansion in terms of mass dimension in the effective Lagrangian is also ordered according to
our power counting. Our goal is to match Eq. to an EFT for ¢, which we truncate at
mass dimension six. Our parameterization of the effective Lagrangian is given by

1 Cs

1Cpy
6! M2 4 M2

Lerr(d] = %auw% - %m%ﬁ + %Cm‘* + o0+ 0 (11.6)
where we used the Z; symmetry {¢, @} — —{¢, ®} of Eq. to exclude odd powers in the
¢ field. Note that the operator ¢?0?¢? is not independent and can be removed with a field
redefinition, which will yield contributions to Cy and Cg (see Section . Also note that the
matching in general gives contributions to the kinetic term of ¢ and the mass term, s.t. Z; # 1
and m # m.

In order to perform the matching we have to specify amplitudes with exclusively ¢ as external
states and compute them both in the EFT and the UV theory. Expanding the UV theory
amplitude to the required order in the power counting, we can fix the EF'T Wilson coefficients C;.

For our scenario it is sufficient to consider the three processes ¢ — ¢, ¢ — ¢ and dppd — pdo

2Note that the same theory is treated as an example for functional matching in [320]. We have checked that
the results we show here agree with the functional matching in [320].
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in order to fix all Wilson coefficients. Note that we should only consider amputated one-light-
particle irreducible diagrams in the UV theory, i.e. the UV amplitude should not contain
light-particle propagators. Diagrams with internal light particles are matched to reducible EFT
diagrams and therefore give no new information for the matching.

In the following we will determine the Wilson coefficients order by order in perturbation
theory by performing a loop expansion

oM

0
=

T (11.7)

where C’,go) and C’,gl) denote the tree-level and one-loop coefficients, respectively.

A Tree-level matching

The matching calculation at tree-level is very straightforward. The two-point function is in
both cases simply a free propagator of a canonically normalized scalar. This fixes Zéo) =1 and
m©) = m. C’io) and C’gg are fixed by requiring that the four-point functions are identical

’. R (0) ?. e

) . ! . (0 .Ca
i Apall = L =i = zCi ) _9j Mq;

(s+t+u) = W =idgpp, (11.8)
¢ ¢ ¢ ¢

where we have kept the external lines off-shell and depicted tree-level EFT interactions with a
box. The Mandelstam variables are defined as s = (p1 +p2)?, t = (p1 — p3)? and u = (p1 — p4)>.
This equality fixes C’io) = —\ and C’g(;) = 0. The matching of the six-point amplitude works
analogously

¢ ¢ (0) ¢ ¢
. crossed K2 4 ! . C .
i Apul = 4 ---::}:—:{::--- ¢ legs = 101@ +OM™") =i % =9 ll( ¢ = i AgFT,

¢ ¢ o 9

(11.9)

where we expanded the heavy ® propagator to leading order in 1/M. This fixes C’éo) = 10 K2
As a simple cross-check we can compare this to what one obtains from integrating out @ at
tree-level following Eq. (11.4)), i.e. using the equation of motion for ®

1

D+M26¢3 (11.10)

(I)C[¢] =

where 1/(0 4+ M?) is the inverse of the differential operator. Plugging this into the Lagrangian
of the full theory and expanding 1/(CJ + M?) in a series of local operators we obtain

Lrrr[d] = Lov([®, ¢llo_g, (g = Nqﬁ@ ¢_ SmP¢? — ¢4+ ¢3D+M2¢3

P+ O™,

(11.11)

— = owoa - 22_7 4
2“¢8¢ 2m¢ 4!)\¢+72M2

which agrees with the results from the diagrammatic matching.
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B One-loop matching

The matching at one-loop level is completely analogous to the tree-level computation with a few
added complications. For once the n-point functions are in general divergent. We regularize the
divergences with dimensional regularization in d = 4 — 2¢ dimensions and use the MS scheme to
absorb the divergences into local counterterms in the EFT and full theory separately. Effectively
this corresponds to simply dropping the 1/e poles, what we will do in the following. Additionally
we have to choose a renormalization scale p at which we will perform the matching. As we will
see a convenient choice is = M.

In the full theory there is no one-loop contribution to the ¢ two-point function, which includes
heavy particles. This implies that it automatically matches the two-point function in the EFT,
since we have already matched the tree-level couplings which enter the computation. The four-
point function in the UV theory gets contributions from three different classes of diagrams

T RN ST NS -
e A G A A
N A S S "e
A2 w2 kY s+t4u (11.12)
= i35 <f(3,m) + f(t,m) + f(u,m)+6+31n m?> tim s

2 2 2 m2 2 m2 m2

p me f

. R 4

where the result is expanded up to order m?/M?,p?/M? and f(s,m) is defined as

4m? 2m? — s+ /s(s — 4m2)
In o . (11.13)

S

f(s,m): 1-

Note that the third class of diagrams is not one-particle irreducible but one-light-particle irre-
ducible, which is why we have to include it in the matching. The same amplitude in the EFT
takes the form

O o® Phe o, & 0
“ Vo AR N + t-channel
it AprT = . + - + ] '
EFT 2 N A" + u-channel

¢‘/ "‘(]5 ¢»' \¢ ¢I: .q;‘ “(}5
(1) oW 2,2 2
L S e S PSR S L <1+ln“ )

(4m? " '(am)22 "16n2 M2 m?
2

3272

(11.14)

+i =
m2

(f<s,m> T f(tm) 4 flum) 643 In “2> ,

where we already inserted the tree-level values for the Wilson coefficients in the loop diagrams
and took the same renormalization scale p in the EFT and UV theory. The interaction due to
the one-loop Wilson coefficient in the EFT is depicted with a dot. Comparing Eq. (11.12)) with

Eq. (11.14) we obtain

m2 2 K
() = —3 42 (1 + M?) (1 +1n ]\“p> . O = - (11.15)

The natural choice for the matching scale is therefore p = M, where the logarithm vanishes.
Before going on let us make a few remarks on the result above. As can be seen when comparing
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Eq. with Eq. , loops within the EFT generate the full non-analytic dependence
on the light mass m which cancels in the matching procedure. For this reason the non-analytic
contributions to the Wilson coefficients can only be of the form In(u?/M?), which can be kept
small for yu ~ M and exactly vanishes for 4 = M. Note that this is fundamentally different in
the full theory result, which contains large logarithms of the form log(m?/M?), no matter what
we choose for . Such large logarithms can substantially worsen the convergence of perturbation
theory. The EFT framework therefore provides a natural way to deal with large logarithms. The
idea is to split the logarithm at the matching scale u

2 2 2

1nW:—1n]\;+ln7Z2, (11.16)
where the first contribution can be made small by performing the matching at 4 = M and the
second can be resummed with the renormalization group running within the EFT.

The observation that the EFT reproduces the full non-analytic contributions in the light
mass m from loops of tree-level Wilson coefficients helps us to devise a more efficient matching
procedure. All we need are the analytic contributions in m from the UV theory. This is
straightforward to obtain with the method of regions [324], according to which the full loop
integral in dimensional regularization can be obtained by summing the contributions from all
momentum regions in the full integral. In this case there is a soft region, where the loop
momentum scales as k ~ m, and a hard region, where it scales as k ~ M. The analytic
contributions in m come from the hard region, where one can expand the integrand in powers of
m < k, M. Thus we directly obtain the matching contribution by expanding the loop integrals

in the UV theory for small m (see e.g. [312,[313] for a thorough discussion).

Applying this method it is easy to obtain the matching correction to Cél)

function

from the six-point

¢‘ .¢ d)\\ ) ."¢ ¢‘ ¢~ N ,'I qf ¢
N\ ",‘ L ¢ _____ . "ﬁ*’ _____ . --:::} ® :,'-l:lc.(b--- o 45 /{2)\ 1 MQ
¢ =" ':::.:":' === ¢ - ¢-‘:“':'.¢ ¢ ¢ "," ‘."‘ d) =1 W ]. + In W s
oo ¢ ‘
(15 ¢ hard hard
(11.17)

where additional diagrams with crossed legs are implicit. Note that the second class of diagrams
in the UV theory does not yield any hard contribution, since the loop contains only light particles
and becomes scaleless when the integrand is expanded. From this we find that
(1) 2 W
Cs'(n) =45k A(l—i—lnw) ) (11.18)
what concludes the one-loop matching.

Note that the logarithmic contributions in Eqs.(11.15) and (11.18) do not capture the full
scale dependence of the Wilson coeflicients. It lacks the scale dependence of the UV theory
parameters. Once they are included the logarithmic contributions only depend on parameters of
the low-energy EFT and agree with the anomalous dimensions, which can be determined within

the EFT. For a related discussion in the context of one-loop matching of the SM extended by a
singlet scalar to the SMEFT see Appendix [[IL.B]

11.2 Renormalization group and anomalous dimensions

The renormalization group (RG) provides a framework to sum large logarithms in perturbation
theory and goes hand in hand with the top down EFT approach. We saw in the previous
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section that in a multi-scale QFT integrating out heavy particles and matching to a low-energy
EFT allowed us to split large logarithms of the form In(m?/M?) into two qualitatively different
contributions (cf. Eq. ) The matching contribution, which only depends on the heavy
scale M, can be made small by performing the matching at a scale u ~ M. The remaining
contribution is only non-analytic in the low mass scale m and is fully reproduced by loops
within the EFT. This makes it possible to employ well-known RG methods to evolve the EFT
coefficients from the matching scale down to a lower scale and thus resum these logarithms.

The renormalization scale dependence enters in the EFT through one-loop divergences, which
have to be absorbed by the Wilson coefficients. In dimensional regularization with d = 4 — 2¢
and MS scheme the renormalized Wilson coefficient C(u) is related to the bare one C' by

C=p"ZcCp), (11.19)

where we have introduced p™¢, with n being determined by the mass dimension of the effective
operator, to keep C(u) dimensionless. Z¢ = 14 ¢ is the renormalization constant, which can be
determined perturbatively by requiring that the counterterm interaction proportional to ¢ can-
cels the divergences. The independence of the bare Wilson coefficient C' on the renormalization
scale allows us to derive the RG equation for C'(u)

d
dlnp

L _dZc ) , (11.20)

C = C ith = — —
(w)=vccC(p)  wi Yoo (ne+ Zc dlos h

where ¢ ¢ is the anomalous dimensionﬁ Zc = Zc({gi}) is a function of the coupling con-
stants g;, which in turn depend on the renormalization scale g; = ¢;(). This implies that
d/(dnp)Zc =3,0Zc/0g; - dgi/dIn . Note that in EFTs with more than one effective oper-
ator Zc in general also depends on additional Wilson coefficients, i.e. Z¢ = Z¢({C}}). In this
case the RG equation becomes a matrix equation of the form

d
dlnp

Ci(p) = 71505 (1) (11.21)

where +;; is now the so-called anomalous dimension matrix. This implies that Wilson coefficients
mix under RG evolution, i.e. an interaction which is not generated at matching might be
generated radiatively through RG evolution. In EFTs with exclusively massless particles Wilson
coefficients can only get renormalized by equal or lower dimensional interactions. E.g. at mass
dimension six the Wilson coefficients C®) can receive divergent contributions either from two
insertions of dimension five interactions C'® or one dimension six interaction, s.t. the RG
equation is given by

d 6 6) ~(6 5 5
CO(u) = 7D () + 750 €O (W) COP) (1) (11.22)
In massive EFTs Wilson coefficients can also get renormalized by higher dimensional operators
with a mass insertion. However, if the suppression scale of the operators is considerably higher
than the mass of the EFT particles, these contributions are usually negligible. Also note that

3Note that the definition of the anomalous dimension in Eq. already introduces the anomalous dimen-
sion matrix, where yc,c denotes the entry on the diagonal, which corresponds to the self-renormalization of C.
In the following we will always refer to the matrix notation if 7;; has to indices. If ¢ has only one index it
stands for y¢ = Zj v¢c,;Cj. It is sometimes useful to define the anomalous dimension without the loop factor
(477)72 similar to Eq. . This definition will be used in Chapter where it will be marked with a tilde, i.e.
d/(dInp) C(p) =Fo/(4m)".
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operator mixing in general gives contributions to redundant operators, which after the RG
evolution can be reduced to a non-redundant basis with the methods in Section [11.4l

While RG evolution is closely related to the top down view on EFTs, it also has important
implications for bottom up EFTs, which we will discuss momentarily. Operator mixing implies
that independent of the matching conditions at the UV scale, practically any operator allowed
by symmetries will be present in the IR with in general no hierarchies in the Wilson coefficients
if the running is over many orders of magnitude. For this reason one should always include a
full set of operators in the EFT and justify hierarchies in the values of Wilson coefficients with
symmetries or the structure of the class of UV theories that one wants to study.

11.3 Bottom-up EFTs

The bottom up approach to EFTs does not start from a specific full theory in the UV. Instead
the only inputs are the accessible degrees of freedom and manifest symmetries at the relevant
energy scale. Starting from these ingredients one constructs all local interactions between the
low-energy degrees of freedom, which are allowed by the symmetries. The resulting Lagrangian
parameterizes the most general theory of the low-energy particles with the parameters being
fixed by experimental observations.

According to this reasoning any theory is morally an EFT and renormalizable theories, such
as the SM, can be viewed as the leading terms in an EFT expansion. As we saw in the previous
section, at low energies the effect of heavy new particles with masses far above the electroweak
scale m4 > v looks like higher dimensional operators suppressed by the heavy scale. This implies
that a consistent way of including generic contributions from heavy new physics is to extend the
SM, or any other renormalizable theory, by higher dimensional operators, which are invariant
under the low-energy symmetries and only contain the low-energy particle content. The SMEFT
Lagrangian can therefore be written as

Cn,i
Lsvprr = Lsm + Z Z —Oni (11.23)

n—4
n>5 i Tk

where m, is the scale of new physics, ¢, ; are the Wilson coefficients and O,, ; are local operators
of mass dimension n > 5. This has the advantage that the Lagrangian parameterizes a vast
class of UV theories, allowing for model independent searches for new physics by probing the
effect of the higher dimensional operators. Note that from the above reasoning it is obvious that
the EFT Lagrangian has a limited range of validity. Once the energy gets close to the mass
scale of the heavy particles, the non-locality of the heavy-particle interactions shows up as the
breakdown of the EFT expansion (all operators are of the same order in the power counting).
At the latest when the energy is large enough to produce the heavy particles on-shell, the EFT
has to be replaced by a more fundamental theory. Also note that if one defines O(1) Wilson
coefficients ¢, ;, i.e. ¢,/ At = Cni/ mf“l, the suppression scale A of the effective operators is
not necessarily the mass of a heavy particle, which has been integrated out. In general it is a
combination of the coupling and mass of the heavy particle.

By probing processes, which are sensitive to the higher dimensional operators, one can bound
Cni /m7~4. The interpretation of such bounds is, however, model dependent. Since Cni /m’:*4
is a combination of masses and couplings of hypothetical heavy particles, the interpretation of
a bound can be dramatically different for a weakly coupled and a strongly coupled UV theory.
In order to estimate the natural size of Wilson coefficients a power counting scheme is required.
A particularly simple one is the one-scale one-coupling scheme, which assumes that heavy new
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physics is characterized by one new scale m, and one new coupling g,. From dimensional analysis
one finds that this implies the following scaling of the Wilson coefficients

N;—2 9; k
Cn,i ~ G 62 ) (11.24)

where N; is the number of fields in O,,; and L is the number of loops at which this operator is
assumed to be generated. For the derivation of the one-scale and one-coupling power counting
scheme in the Composite Higgs context see Section [2.2.3]

11.4 Operator basis

Especially in the context of bottom-up EFTs, it is essential to construct a full operator basis. The
set of higher dimensional effective operators parameterizes all possible IR departures from the
leading order Lagrangian, which enter the computation of observables. An incomplete operator
basis might therefore falsely predict that some observables are not sensitive to heavy new physics.
The solution to this problem seems obvious: simply write down all possible Lorentz and gauge
invariant operators of the low-energy degrees of freedom. However, there is a considerable
freedom in rewriting the effective action in equivalent ways such that the brute-force approach
in general vastly over-counts the possible number of interactions. On closer inspection many of
the operators can turn out to be degenerate with other operators in physical observables or they
might not even influence observables at all. Thus in order to properly identify the independent
directions in the space of all possible UV completions of the EFT, it is essential to construct
a full and non-redundant operator basis. Redundant operators in this context are operators,
which do not have new physical effects on observables.

Identifying a non-redundant operator basis is a non-trivial task due to many redundancies.
These include 1) redundancies in the group invariants, 2) the integration by parts (IBP) redun-
dancy and 3) the equation of motion (EOM) redundancy. The construction of a complete and
non-redundant operator basis for the SMEFT at operator dimension six took around 30 years
from its starting point in 1979 by Weinberg [325] until 2010 [326]. Today there exist several
equivalent operator bases. The most relevant ones for our purpose are the Warsaw basis [326]
and the SILH basis [122]. In the remainder of this section we give an overview of the afore-
mentioned three classes of operator redundancies, before we introduce the Hilbert Series as a
convenient tool to count and construct independent operators in Section [11.5]

1) Redundancies among symmetry group invariants

Operators have to be invariants under both internal symmetries and the Lorentz spacetime sym-
metry. However, not all invariants are independent and there are relations between invariants,
so-called syzygies. Such relations include Fierz-identities, the Schouten identity, the Levi-Civita
identity and the Jacobi identity. The Levi-Civita identity for instance

P 5 = —24010650067) (11.25)

where Ala1--an] — %( A%dn 4 (—1)%" permutations) denotes anti-symmetrization of the indices,
relates invariants of four U(1) field-strength tensors B,
1 1 ~
BuB" By B = (B B")* + 1 (BuwB"™)". (11.26)

with the dual field strength B* = %e’“””BPU. As we will see in Section such relations are
naturally taken into account by the Hilbert Series construction.
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2) Integration by parts redundancy

The integration by parts redundancy is based on the fact that total derivatives in the Lagrangian
do not affect physical observables in perturbation theory. A total derivative term in the action
evaluates to an integral over the boundary of spacetime after the use of Stoke’s theorem. Assum-
ing that the quantum fields vanish at spatial and timelike infinity, the boundary term vanishes.
This implies that operators O; and Os are equivalent if they only differ by a total derivative,
ie.

O1~0y if O =09+ 8#(’)55 (11.27)

In practice this implies that Oy can be obtained from (O by integration by parts. As an example
consider the operators O; = ¢0,¢0"¢ and Oy = $20%¢. They are clearly related through a total
derivative

O (P21 ) = 2 ¢0,00" ¢ + $*0*p =201 + O5. (11.28)

3) EOM redundancy

The last redundancy, which we have to take into account, is the EOM redundancy. In practical
terms it states that operators proportional to the leading order EOM are redundant and can be
removed. This is based on the observation that physical observables do not change under field
redefinitions [327-330] (see [331] for a recent discussion). The fundamental degrees of freedom
in the theory are particles. Quantum fields ¢(x) are chosen such that they interpolate between
the vacuum and a one-particle state |p), i.e. they can create a particle from the vacuum

(plé(2)[0) # 0. (11.29)

The explicit form of the interpolating field is not relevant and many choices are possible. The
only requirement is Eq. , i.e. that ¢(z)|0) has a non-vanishing overlap with the one-
particle state. The physical external states in a scattering process can then be projected out
from correlation functions of the quantum fields (0|7{¢(z1) - - - ¢(xy) }|0) with the LSZ reduction
formula [332]. This implies that any local field redefinition of the form

6 ¢ = Flg] with (p|Flo(x)]|0) 0, (11.30)

leaves the S-matrix unaffected. In particular this includes perturbative field redefinitions where
F[¢] = ¢ + AG[¢], with X\ < 1. After the field redefinition the theory is described by the action

S'l¢] = S[F[4]], (11.31)

where S[¢] is the action for the original field variableﬁ In order to see how this helps to remove
redundant operators which are proportional to the EOM consider an effective action of the form

Sei[6] = So[¢] + AS1[0] + N*Sa[g] + ..., (11.32)

where ¢ stands for the field variables, Sp[¢] is the leading order action and S;[¢] is suppressed
by A’ in a small power counting parameter A < 1. Performing a perturbative field redefinition

¢ =¢+60 =0+ N frlg] + N gl + ..., (11.33)

4Note that the field redefinition introduces a Jacobian in the generating functional. If one uses dimensional
regularization this Jacobian is trivial for local field redefinitions, with the exception of fermionic chiral transfor-
mations. Also note that the theory described by S’[¢] is only equivalent to a theory with the action S[#] on-shell.
Off-shell Green’s functions differ in both theories (see e.g. [313}331]).
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where f;[¢] are functions of the fields and their derivatives, we find that the action changes as

5Sefr = / d*z ( 5(;*(9;) + A 5‘;?;) + 2 5‘;”?;) T ) 5¢ (11.34)
= Jae (¥ [saah] 0 e st )

This implies that f; can be used to eliminate any operator at order A\* proportional to 6.5y /d¢(z),
i.e. the leading order EOM, without affecting any operators at lower orders. The cost of this
simplification is to introduce higher dimensional operators of the form M+?§S;/64(z) fi for
i > 1. However, if they are again proportional to the leading order EOM, they can in turn be
eliminated with a further field redefinition. Repeating this process order by order in the power
counting we can iteratively remove all operators proportional to the EOM, which are therefore
redundant.

11.5 Counting operators with the Hilbert series

As we discussed in the previous section, it is important to construct complete and non-redundant
operator bases for EFTs. Due to the redundancies, which we introduced above, this is usually a
non-trivial task: one can never be sure if all operators and redundancies have been found. For
this reason it is helpful to have a tool, which counts the number of independent operators for a
given field content and number of derivatives. This is exactly what the Hilbert Series does: it
counts the number of group invariants. [22,23] applied Hilbert series methods to count operators
in the SMEFT. In this section we introduce the basic features of the Hilbert series and review
some key results of [22,/23] | This section is based on [30).

11.5.1 Hilbert Series

The Hilbert series H(q) is a generating function that counts the number of independent group
invariants that can be built out of a spurion ¢ in a given representation of the group. It is
formally defined as a power series in ¢

Hig) =D erd’, (11.36)
r=0

where ¢, denotes the number of invariants involving r spurions, with ¢y = 1 by definition. By
including multiple spurions ¢;, one can construct the multi-graded Hilbert series, which provides
information on the structure of the invariants. In a field theoretical setting, the spurions stand
for field operators ¢; and derivatives D, i.e. the Hilbert series in general has the form

HDA¢}) = D Crporak @i 9D, (11.37)

LS SN

where ¢, . 1 now indicates the number of invariants of order k in derivates and order r; in ¢;.
As an explicit example, consider a complex scalar field ¢ charged under a U(1) symmetry. Any
invariant in the scalar potential can be written as a polynomial in the monomial (¢*¢), with
each power appearing exactly once. In this case it is straightforward to compute the Hilbert

SFor a physics oriented introduction to the Hilbert series technique we recommend [333] (see also [334]) . For
a mathematically more rigorous presentation refer to [335}336].
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series for the scalar potential, which even has a closed form expression if we formally take the
spurions to be small, (¢*¢) < 1

[e.e]
H(6,67) = 1+ (67°0) + (570 +... = 3 (6"0) = 17— (11.35)
r=0 o §Z5 ¢
Obtaining the Hilbert series in this example was simple only because we already knew the form
of the invariants. However, when multiple spurions in different representations of a group G
are involved, it is no longer straightforward to find all the invariants. This task can be greatly
simplified using group characters. The character of a representation R of a group G is defined
as xr(g) = Trr(g) with ¢ € G. Group characters of compact Lie groups are orthonormal
w.r.t. the integration over the group’s Haar measure, i.e. [ duc(g) xr(9) Xj (9) = orr’- There-
fore, taking all possible tensor products of the spurions, which amounts to multiplying their
characters, and projecting them onto the trivial representation yields all the group invariants.
For a bosonic spurion ¢r in the representation R, the generating function for the characters of
all the symmetric tensor products is the plethystic exponential (PE) [337,338]

oo
1
PE[¢R xR (2 Zch Xsym™(R)(2) = exp [Z ~9R XR(ZT)] ; (11.39)
r=1
where Sym™(R)) is the symmetric tensor product of n representations R and 2z = {21, . . ., Zrank(G) }

are the rank(G) variables parameterizing the group. For a short derivation of this formula see
appendix [[TL.E] The fermionic plethystic exponential (PEF) [339] is the counterpart for fermionic
spurions, where the antisymmetric tensor product has to be taken,
= (1!
PEF|[¢Rr xR (2 Z Ok Xan(r)(2) = exp [Z ok XR(»/)} , (11.40)
r=1
In the following our notation will not differentiate between the fermionic and bosonic version
of the PE, as it will be clear from the context which one is meant. For more than one spurion
we define the PE as PE[¢Rr,...,¢r/| = PE[¢Rr]---PE[pr/], where from now on we omit the
characters for the spurions in the argument of the PE to ease the notation. From the PE one
can obtain the Hilbert series by projecting onto the trivial representation 1, with character
x1 = 1, and integrating over the group

In the literature this is often referred to as the Molien-Weyl formula (see e.g. [336]). Let us
illustrate how this machinery works by looking at a simple example with a bosonic spurion ¢9
that transforms in the fundamental representation of SU(2) and its complex conjugate qb;. SU(2)
has rank one and therefore its characters are a function of one complex variable y. The characters
for the fundamental 2 and adjoint 3 representations of SU(2) are x3(y) = x2(y) =y + 1/y and
x3(y) = y?+1+1/y? [340], while the SU(2) Haar measure can be expressed as a contour integral

in the complex plane [340]
1 dy
/dMSU(z)(y) = 27”.7'{/ » ?(1 —-v7). (11.42)

Up to O(¢?), the PE for the spurion ¢ is given by

PE[$2] = exp [Z %qﬁ% Xz(y’")] = l4+x2(y) ¢+ %(X2(y2) +x2(y)%) ¢* + 0(”)
r=1
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= 1+x2(y) ¢ +x3(y)d” + O(¢), (11.43)

where note that we recover the symmetric part of the SU(2) tensor decomposition 202 = 14®3g
from the characters. The PE for qb; is obtained from Eq. (11.43|) after the substitution ¢o — <Z>;
Combining these ingredients and using Eq. , the Hilbert series up to second order in the
fields is given by

H(p2, 0L) /dusm) () (1 + (62 + 65)x2(y) + (63 + 6L D)x3(y) + (P205) x2(y)x2(y) + - ..)
= 1+ ¢20% + O(d2, ¢1)°, (11.44)

where only the ¢o (b; term survives the integration, since the tensor product contains one singlet
as can be seen from x2(y)x2(y) = x1(y) + x3(y). This result tells us that there is no invariant
at the first order in the fields, and exactly one at the second order. This may seem trivial,
however by continuing the expansion of the PE to higher orders one can derive the multiplicity
and structure of each invariant order by order.

11.5.2 Hilbert series for EFTs

The main principle for constructing EFTs is to include all Lorentz and gauge invariant local
operators built out of the degrees of freedom accessible at the relevant energy scale. However,
to find an operator basis K = {O;}, i.e. the minimal set of operators that lead to physically
distinct phenomena, is considerably more difficult than just finding all invariants, since in general
redundancies appear among operators, which need to be taken care of. As we have discussed at
length in Section such redundancies appear in three ways: (1) operators proportional to the
free field EOM, which can be removed by a field redefinition that leaves the S-matrix invariant,
(2) operators related by a total derivative, which can be transformed into each other using
IBP, and (3) operators which are related by relations among group invariants. The problem of
relations among group invariants is automatically solved by the Hilbert series. The basic building
blocks for local operators are fields and derivatives acting on them. For example, for a single
scalar field ¢, any local EFT operator can be written as a polynomial in C[¢,d,¢,0,0,¢, .. ].
Monomials such as 0,,0,¢ have to be understood as the tensor product of two derivatives acting
on the field and therefore still contain a term which is proportional to the free EOM 0%¢ =
—m2¢. These redundant terms (¢ is already a building block) can be avoided by taking only the
symmetrized, traceless combination of the derivatives, which we denote as 9y, "'@m}ﬂ This
leads to the single particle module Ry as the basic building block [23]

¢
Db
Ro= |90, 006 | - (11.45)

One could now use the Molien-Weyl formula with each component of the single particle module
as an independent spurion. Using their group characters for the Lorentz representations and
integrating over the Lorentz group, one could project out all scalar operators[] This would yield

5Note that this remains true even if we replace the derivatives by covariant derivatives. Antisymmetric com-
binations of covariant derivatives are related to the gauge field strength via [Dy, Dy] ~ F,. Therefore, the
antisymmetric contributions are already accounted for when constructing operators with F,, and ¢.

"The Lorentz group is not a compact Lie group and therefore its characters are not orthonormal. However,
since we are not interested in dynamics but only want to enumerate the operators, we can work in Euclidean space,
where the Lorentz group SO(4) ~ [SU(2)r ® SU(2)r]/Z> is compact. In addition, since we will be considering
fermions, we in fact work with the covering group Spin(4).
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an operator basis with the EOM redundancy removed, but the IBP redundancy still present.
A procedure which additionally takes care of the IBP redundancy was first proposed in [23],
their main insight the realization that the single particle modules coincide with unitary con-
formal representations of free fields. The conformal group in four dimensions is isomorphic to
SO(4,2) ~ SO(6,C) and its representations consist of a primary operator OJ; and an infinite
tower of derivatives acting on it, its descendants. Schematically, they are of the form

O
00,
R[A;” ~ aQOl . (11.46)

The representations are labeled by the scaling dimension A and the Lorentz representation
l=(l1,l2) € SU(2)L x SU(2)R of the primary operator, where l; denotes the 2; + 1 dimensional
representation. For a conformal representation to be unitary its scaling dimension A has to
satisfy a lower bound A; [341]

A>A=l1+13+2 Ilh 20, I3#0, (11.47)

A>A=l1+1o+1 l1lo = 0.
Conformal representations of free fields saturate the unitarity bound, i.e. A = A; [341-343],
which causes some of its descendants to be absent (avoiding negative-norm descendants). Such
descendants are exactly those that vanish due to the free EOM. This implies that any local
operator can now be constructed by taking tensor products of single particle modules, i.e. tensor
products of unitary conformal representations. These tensor products can in turn be decomposed
into irreducible conformal representations O’

o \" o'
90, O
2o | = Do |- (11.48)
: e

The set of all scalar primaries in the tensor product are independent operators with both the
IBP and EOM redundancy removed. Therefore, in order to obtain a basis of operators for the
EFT, one only has to consider all possible tensor products and project out the scalar [A, (0, 0)]
representations for all A. The corresponding primaries form the EFT basis. Using conformal
group characters x(a,], the Hilbert series is schematically

H o~ /dﬂconformal Z X[A;(0,0)] PE[{¢CL}] . (1149)
A

Including the integral over possible gauge groups to project out the gauge invariant operators
and performing the integral associated with the dilatations one obtains the expression for the
Hilbert seried] (see [23] for details)

H(D, {¢i}) = Ho(D,{¢:}) + AH(D, {¢:}), (11.50)

8Note that Eq. (11.51) still holds even if the single particle module is not a unitary conformal representa-
tion [23|. However, a closed form expression for AH (D, {¢;}) exists only for unitary conformal representations.
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with Ho(D,{¢i}) given by

HO(Dv {¢z}) :/dﬂLorentz(x)/dﬂgauge(y)P(Z)lxHPE |:1;ZZ:|, (11.51)

where we denoted the single particle modules by their primaries (i.e. ¢; for Ry,), and recall that
¢; comes with its character x4, in the PE. The group characters for the single particle modules
are a product of the conformal and gauge group characters

X (D§ z, y) = X[A%;li](p; w) : Xgauge(y) . (11.52)

Furthermore, AH(D, {¢;}) in Eq. contains terms of at most scaling dimension 4, and
arises from subtleties regarding the orthonormality of the group characters of conformal repre-
sentations saturating the unitarity bound; basically, the absence of descendants of the form [JO
and/or 0,0" (associated with the EOMs). An explicit expression can be found in [23]. The
1/P(D, x) factor corrects for the IBP redundancy, with P(D, z) being the momentum generating
function that encodes the information about the symmetric tensor products of derivatives (D
transforming in the fundamental ( %, %) representation of the Lorentz group) and is given by (see
Appendix for symmetric tensor products)

1
B det(1/9,1/2)(1 =Dg)

P(D,2) =Y D" Xgyumi(1/2,1/2) (@) (11.53)

d=0

The conformal characters are obtained by tracing over the sum of Lorentz representations in the
single particle module weighted with the corresponding scaling dimensions. For instance, for a
scalar field with primary scaling dimension Ay = 1 for the primary and single particle module
given in Eq. , the conformal character is

X(100) (D3 ) = D(1 = D?) Y "D Xg i1 2.1/2)(®) = D P(D,z)(1 - D?). (11.54)
d=0

The D' factor in Eq. is due to the scaling dimension of the primary, while each additional
power of D corresponds to a derivative (the subtraction of D? in the parenthesis is due to
Ay = Ag saturating the unitarity bound). Therefore, if each spurion ¢; in Eq. is weighted
by D~2%:, any occurrence of D in the Hilbert series will be associated with a derivative. Let
us finally note that generically the Hilbert series cannot be computed in full but only as an
expansion following a given grading. A common grading is to use the mass dimension [¢;] of
the operators, i.e. we rescale the spurions ¢; — €l®lg;, D — €D and expand the Hilbert series
in powers of €

H(D,{¢i}ie) = > " Hn(D,{¢:}). (11.55)

n

Explicit expressions for P(D,z) and for the conformal and gauge characters and the integration
measures, which will be relevant in the following, can be found in Appendix [[II.C]

We wish to note at this point that the Hilbert series systematically counts the operators at
a given order in fields and derivatives, yet it does not explicitly construct them. While knowing
the number of operators is exceedingly useful for the latter task, algorithms to directly construct
the operators are being developed in the context of the S-matrix [3441345].
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11.5.3 Example: generalized Euler-Heisenberg Lagrangian

Let us end this section with the discussion of a simple and instructive example, the generalization
of the well-known Fuler-Heisenberg Lagrangian, i.e. we construct the most general EFT for an
abelian gauge ﬁeldﬂ The basic building block is the gauge invariant abelian field strength F),,,
which satisfies the free EOM

o " =0. (11.56)

From the Bianchi identity J),F),,; = 0 it also follows that
O*F,, =0. (11.57)

Therefore, the single particle module contains only symmetric and traceless combinations of
derivatives of the field strength tensor [23]

F,
s Fuyo

fr = D1 Oua Friyo

(11.58)

The field strength transforms in the reducible (1,0) @ (0, 1) representation of the Lorentz group.
We will therefore work with the combinations F,f,,’R = $(Fu £ iF),,) of the field strength and
its dual F,w = %GWWF P7 which live in the (1,0) and (0, 1) representations, respectively. The
conformal character associated with F#L,}R is the sum of the characters for the Lorentz repre-
sentations of the elements in the single particle module in Eq. , weighted by the scaling
dimension (Af, , = 2), i.e. for F/fl,

X(2:(1,0)(D; 2) = D? P(D, ) (x(1,0)(%) — X(1/2,1/2)(x) D + D?) , (11.59)

and the same with x(; g)(2) replaced by x(g,1)(x) for Fﬁ,. The first term in the parenthesis is
the Lorentz representation of the conformal primary, i.e. the field strength, with a tower of sym-
metrized derivatives generated by P(D, x). The second term subtracts all the descendants where
one derivative is contracted with the field strength, corresponding to the Lorentz representation
OuFLm ~ (3,2)®4 (1,0) = (1,1). However, this means that also the term 9,0, F# ~ (0,0)
and derivatives thereof are being subtracted, even though they vanish due to the antisymmetry
of the field strength and thus were never there from the beginning. For this reason they are
added back in the form of the third term in the parenthesis. The structure of Eq. can also
be understood directly in terms of conformal representations [342]. Since abelian field strengths
are gauge invariant, the full group characters are xr, = X[2;(1,0](D; ) and Xy = X2;(0,1)](D; 7)
and the integral over the gauge group is trivial [ dpgauge = [ dpyr(1y = 1. The Hilbert series in
the mass dimension grading scheme, i.e. Fj, g — € Fr r and D — €D, is thus given by

1 Fr; F
%0(D>FL7FR;€) = /dﬂLorentz(x)P(er) [Dg,DZ]

= &(Ff+ FFh+ Fp) + O(F} + F}Fp + FF} + FLFp + F3)D? + ...

(11.60)

Eq. (11.60) gives the structure and multiplicity of the operator basis at mass dimension 5 and
higher, but it does not reveal how the Lorentz (and gauge) indices of the field strengths and

9The original Euler-Heisenberg Lagrangian [346| is the EFT for QED at energies much below the electron
mass. The CP symmetry of QED forbids CP breaking terms in the Euler-Heisenberg Lagrangian; here we extend
it by including CP violating operators.
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derivatives are contracted. However, if the field content of an operator is known, it is usually
straightforward to build Lorentz and gauge invariants. This is especially true if the multiplicity
of a given structure is one, since then any non-vanishing contraction can be used as a basis
element. The operator basis implied by the Hilbert series in Eq. can be expressed in
terms of F),, and F, wv- At mass dimension 8 this is, explicitly,

C1

£:A4

(B F¥ Y4 2 (B P 4 S (B P (Epp PP 4 (1161)
where the first two terms also appear in the Euler-Heisenberg Lagrangian. The operator pro-
portional to c3 is CP violating and therefore constitutes an extension of the Euler-Heisenberg
Lagrangian. Finally, we note that this method automatically takes algebraic identities, such as
F,, = —F,, in this simple case, into account. This is because the Hilbert series directly uses
group representations to build the invariants, instead of explicitly contracting indices.
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Chapter 12

One-loop matching of a singlet scalar

As we have argued in Section [II1.3] it is natural to view the renormalizable SM Lagrangian as
merely the leading order contribution of an EFT, the so-called SMEFT. The EFT framework,
which we introduced in Chapter provides a well-defined and model-independent way to
characterize and constrain heavy new physics. However, a completely unbiased approach is
hardly feasible: already at mass dimension six there are 2499 independent baryon number
conserving operators [22,23]. In order to reduce this number to a manageable amount, one
has to make assumptions about the UV theory, such as for instance flavor symmetries. In order
to justify such assumptions it is of utmost importance to build a dictionary of possible UV
complete theories and the SMEFT Wilson coefficients, which are generated when integrating
out the heavy physics. This information is not only useful to estimate the expected size of
Wilson coefficients, but will be crucial to identify the nature of new physics when a deviation
from the SM prediction is found in an observable.

Such a dictionary for tree-level matching of UV theories with general scalar, spinor and
vector field content and arbitrary interactions has been presented in [347]. One-loop matching
calculations are, however, only available for a small set of specific models, but there is an ongoing
effort to unify the computation of one-loop matching contributions in the so-called universal one-
loop effective action (UOLEA) approach [318] that generalises methods based on a covariant
derivative expansion [317] (see also the discussion in Section [11.1)).

The arguably simplest renormalizable extension of the SM is the addition of a real singlet
scalar ¢, which we will call SSM in the following. The corresponding Lagrangian can be written
as

1 1 1 1 1
Lssm = Lo + B (0,0)* — §M2¢2 — AlHP¢ - §/€|H\2¢2 - §M¢>3 - E)\¢¢4, (12.1)

where we have ignored a potential tadpole contribution, meaning that the field ¢ in Eq.
corresponds to the excitation around a possible non-zero vacuum expectation value. The pa-
rameters M2, A, k, u and A appearing in Eq. are treated as independent in what follows.

Due to its simplicity the SSM is a perfect benchmark scenario for studies within the SMEFT.
However, its importance extends far beyond the use as a benchmark scenario. Many well-
motivated BSM theories contain singlet scalars which couple to the Higgs. They appear e.g. in
the context of electroweak baryogenesis [208], as scalar top partners in neutral naturalness [209,
210] and in scalar DM models. A particularly interesting scenario concerns pNGB DM, which
can be realized in simple scalar extensions of the SM (see e.g. [129}/131] and the discussion in
Section [3.3). In order to arrive at the pPNGB DM Lagrangian, which we discussed at length
in Chapter (3| a heavy radial mode with couplings to the SM Higgs as in Eq. has to be
integrated out. This does not only generate the derivative Higgs portal but also pure SMEFT
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operators. The knowledge of these effective operators is crucial when one wants to explore one-
loop probes of the pNGB DM in SM processes, such as for instance off-shell Higgs production,
employing an EFT for the SM plus the DM candidate. This will be studied in an upcoming
publication [306], for which the matching calculation in this chapter is an important ingredient.

For all of the above applications a precise matching calculation to the SMEFT Lagrangian
is required. The first one-loop matching corrections at dimension-six for the SSM have been
obtained in [21], using a combination of the UOLEA master formulae of [20] and Feynman
calculus. In this chapter, we repeat the calculation of [21] from scratch, relying entirely on the
use of Feynman diagrams. With the help of our independent computation we are able to identify
terms that have been missed in the existing calculations [20,[21] — small discrepancies in the
latter publications have already been noted in the presentation [348]. We want to stress that
these discrepancies are due to oversights, and not due to structural limitations of the UOLEA
approach. See Appendix [[T[.A] for further explanations.

In Section we set the notation for our computation, before we perform the one-loop
matching in Section These results were previously published in [33]|I| from where all Figures
and parts of the text are taken.

12.1 Setup and notation

In order to set up our notation and conventions, let us first define the EW part of the SM.
Before spontaneous EW symmetry breaking the tree-level EW SM Lagrangian takes the following
familiar form,

1 1 1
Lont = (DuH) (D H) 4+ g |HI? = SN HI = By B — S We, W

) _ _ (12.2)
+ Y fipf- (yuqHu + yaGHd + yelHe + h.c.) .
f=qu,d/le

Here H denotes the SM Higgs doublet and the shorthand notation f[z = €;;(H;)* with €;; totally
antisymmetric and €19 = 1 has been used. The covariant derivative is defined as

. .o
D, =0, —1i¢:1Y B, —ig2 ?Wﬁ , (12.3)

with g1 and g2 the U(1)y and SU(2)L gauge coupling, respectively, and B, and W (B
and Wl‘fy) the corresponding gauge fields (field strength tensors). The hypercharge operator is
denoted by Y with eigenvalues {Yy,Y,,Y,, Yy, Yy, Yo} ={1/2,1/6,2/3,-1/3,—1/2,—1} and o“
are the Pauli matrices. The Yukawa couplings v, ¥4 and y. are matrices in flavour space and a
sum over flavour indices is implicit in Eq. . Finally, the symbols g and ¢ denote left-handed
quark and lepton doublets, while u, d and e are right-handed fermion singlets.

As stated before, the goal of this chapter is to calculate the complete matching corrections
up to one-loop order that arise in the SSM. At the renormalizable level, Lorentz and gauge
invariance allow a real singlet scalar to couple to the SM exclusively through |H|?. The resulting

Lagrangian is shown in Eq. (12.1]).

! |33): U. Haisch, M. Ruhdorfer, E. Salvioni, E. Venturini and A. Weiler, Singlet night in Feynman-ville:
one-loop matching of a real scalar.
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12.2 Matching calculation

By integrating out the field ¢ that appears in the SSM Lagrangian Eq. (12.1)) one can determine
the Wilson coefficients C}, that multiply the operators @y in the SMEFT

Lsvierr = Y ChQx (12.4)
K

order by order in perturbation theory by performing a loop expansion C, = C ,E:O)—i—C,gl) /(4m)2+. ..
(cf. Eq. ) This notation will also be used when expanding other quantities of interest.
The full set of dimension-six SMEFT operators has been presented in the so-called Warsaw
basis in [326]. Up to the one-loop level, it turns out that matching the theory described by
the Lagrangian Eq to the SMEFT Lagrangian Eq. generates non-zero Wilson
coeflicients for the following set of 18 effective operators:

Quo = [HI’O|H|?, QHu = (HT@D H)(uv"u),
Qu = |H|®, Qua = (H%D H)(d"d),
Qup = (H'D,H)*(H'D"H), Qrua = ((H'D,H)(in"d)
Qup = |H|*B,,B" Qe = (HTZD#H)(éfy“e) ,
Quw = [HEPWE, W, Q) = (D, H)(ar"q) (12.5)
Quws = (H'o"H)W, B, Q) = (HYiDEH)(g7"0q)
Qui = |H[*(qHu) QYY) = (HD, H)(("0).
Qun = [H*(gHd), QW) = (HYiDEH) Ty 1),
Qerr = |H|*(CHe) Q2y = |Gyuue’ + dylq' +eyle]*.

Here O = 0,0, HTiBMH = iHT (Du — BM)H and HTlB;H =Mt (J“DM — BMJ“)H. For the
operators Qupu with ¢ = u,d,e, as well as for Qpyq, the sum of the hermitian conjugate in
Eq. is understood.

The matching of Eq. onto Eq. (12.4)) can be performed using either Feynman diagrams
or functional methods. In fact, the work [20] employed the UOLEA approach to calculate the
heavy (i.e. only ¢ loops) and the heavy-light (i.e. loops with both ¢ and Higgs exchange) one-
loop matching corrections for the Wilson coefficients C'yg and C. Based on the results of that
article, the paper [21] then presented the complete one-loop matching corrections in the model
described by Eq. (| -, computing the missing heavy-light contributions involving a ¢ scalar
and a gauge boson or a fermion, by means of traditional Feynman diagram techmquesﬂ

In contrast to [20,21] our calculation of the Wilson coefficients C’,i ) and C’,g ) relies on Feyn-
man diagrams only, and therefore represents an independent cross-check of the results obtained
earlier. To allow for a direct comparison with the expressions given in the publications [20421],
we regularize UV divergences using dimensional regularization (DR) in d = 4 — 2¢ dimensions
and renormalize the results in the MS scheme supplemented by the renormalization scale pp.
IR divergences have also been regularized dimensionally. The matching corrections can there-
fore be found by simply Taylor expanding the corresponding scattering amplitudes in powers

2The correction to the operator Qg was not given in [21]. It was also missed in previous versions of [33].
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Figure 12.1: Example diagrams that contribute to the tree-level matching coefficients )\20)

and CS)D (left) and CJ(L?) (right), respectively. Double-dashed lines represent virtual exchange
of the heavy real singlet scalar field ¢, while single-dashed lines stand for H or HT fields. This
Figure was adopted from [33].

of external momenta squared divided by M? before performing any loop integration (see dis-
cussion in Section [11.1.1.B)). On the other hand, SMEFT loop graphs do not contribute to the
matching, because after Taylor expansion of the integrands they involve only scaleless integrals
which vanish in DR — see e.g. [349,350] for further technical details. The actual generation and
computation of the off-shell amplitudes made use of the Mathematica packages FeynArts [351],
FeynRules [164], FormCalc [352] and Package-X [353], and part of the one-loop matching cor-
rections obtained by computer were also verified with pen and paper.

12.2.1 Tree-level results

In the SM extension Eq. |i only the Higgs quartic | H|* (cf. Eq. 1’ and the two effective
operators Qg and Qg (see Eq. 1) receive a non-zero matching correction at tree level.

The corresponding Feynman diagrams are shown in Figure [12.1} For the additive shift )\20) of

the quartic Higgs coupling, i.e. A\, = A= A\ + /\20), in agreement with [21] we find

A2

0) _
N = ViR (12.6)
while in the case of the Wilson coefficients we obtain
AZ
0
c® = —oi (12.7)
3 2
o  A’n A%k
C' = Gif6 ~ mapi- (12.8)

The results Eq. (12.7) and Eq. (12.8) are well-known and agree with the analytic expressions
reported for instance in the works [21,[317,347].

12.2.2 One-loop results

In order to determine the one-loop matching corrections C,gl) to the Wilson coefficients of the
dimension-six SMEFT operators @y as given in Eq. , we consider only Feynman diagrams
that are one-particle-irreducible in the light fields, i.e. we work in the so-called Green’s basis
defined in [21], subsequently projecting our off-shell results onto the Warsaw basis using the
operator identities given in Appendix A of the latter paper.
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Figure 12.2: Examples of heavy contributions to the one-loop matching correction C’g)]. The
line styles and their meanings resemble those of Figure This Figure is taken from [33].

The one-loop matching corrections of the tree-level operators Qg and QQp receive contri-
butions from three sources that we describe in the following. The first two types encode the
threshold effects at a matching scale s around M. The first kind of threshold corrections
arise from heavy loops. For the case of CS)D, the relevant graphs are shown in Figure
Notice that diagrams with ¢ tadpoles in general contribute to this type of corrections, hence the
analytic expressions for the heavy contributions to the Wilson coefficients CE)D and Cl(ql) depend
on how the tadpole contributions are fixed. In our diagrammatic calculation, as well as in the
UOLEA approach described in Appendix [IIL.A] we renormalize ¢ tadpoles minimally [354}355]
and Egs. (12.10)), (12.12)), (ITL.A.8) and (IIL.A.9) therefore correspond to the MS scheme. Notice
that in the MS scheme the effective one-loop scalar potential contains a term linear in the ¢
field, which by definition would be absent in the on-shell scheme where the tadpole counterterm
is fixed such that all tadpole diagrams vanish [356] — see also [357-359] for excellent discussions
of the different treatments of tadpoles.

The second type of threshold corrections to CS)D and C’g) stem from heavy-light loop di-
agrams involving either a H or a B, (W};) field. Universal effects related to the wave func-
tion renormalization of the Higgs field belong to this class. In fact, after the field redefinition
H — (1- Zg) /(4m)?)H the Wilson coefficients Cyry and Cy receive a one-loop contribu-

tion proportional to C’I(L?)D and Cg]), respectively. The relevant wave function renormalization

constant Zg) is determined by calculating the one-loop corrections to the Higgs kinetic term
(D, H )I(D*H) that arises from the graph displayed on the left in Figure In agreement
with [21] we obtain

Z\) = (12.9)

4M?

In addition to the wave function renormalization contributions, non-universal heavy-light cor-
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Figure 12.3: Higgs wave function renormalization effects. Left: heavy-light contribution to

ZS) in . Right: gauge-boson and fermionic contributions to the anomalous dimensions of
the SSM parameters A and k in Eq. and Eq. . The wiggly line corresponds
to a By, or Wy field, the solid straight lines represent fermion fields, while the rest of the line
styles and their meanings are identical to those employed in Figure This Figure is taken
from [33].
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Figure 12.4: Examples of heavy-light scalar contributions to the one-loop matching correc-
tion CE)D. Diagrams with loops that contain only H fields are not shown, since they evaluate to
zero in DR if the H fields are taken to be massless before Taylor expanding the corresponding
loop integrals. The line styles and their meanings resemble those of Figure [12.1} This Figure
has been adopted from [33].

rections arise. The corresponding scalar and gauge-boson contributions to CS)D are displayed in

Figure and Figure respectively. Notice that when IR divergences are regulated dimen-
sionally, SSM diagrams involving only light particles in the loop do not need to be considered,
because such graphs result in scaleless integrals after Taylor expanding the associated off-shell
amplitudes in powers of external momenta squared divided by M?2. This should be contrasted
to methods that use small external momenta or small light-field masses as IR regulators (cf. for
instance [360-362]). In these cases, SSM diagrams with only light particles in the loop give non-
zero IR divergent corrections but their contributions are exactly cancelled by the corresponding
SMEFT graphs. As a result, the one-loop matching corrections CS)D and C’g) turn out to be
independent of the procedure that is used to regulate IR divergences (as they should), and in
our calculation we have employed DR to regulate both UV and IR divergences simply because
it is technically the easiest method to implement.

The third type of corrections to C’S)D and C’g) arise instead from the renormalization of the
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Figure 12.5: Example of a heavy-light gauge-boson contribution to the one-loop matching

correction C](ql?]. Graphs with loops of only H and By, or H and W}; fields are not displayed,
because such diagrams do not contribute if IR divergences are regulated dimensionally. The line

styles and their meanings mirror those in Figure This Figure is taken from [33].
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Figure 12.6: One-loop contributions to the propagator of the real singlet scalar. In the MS
scheme the UV poles of the first and second diagram cancel against each other. The line styles
and their meanings are identical to those employed in Figure This Figure has been adopted
from [33].

SSM parameters that enter the tree-level Wilson coefficients (see e.g. [312] for a pedagogical
discussion). These contributions are, therefore, purely logarithmic in the MS scheme. The
logarithmic terms proportional to the SM couplings generate a RG flow that extends below the
matching scale, providing one of the contributions to the anomalous dimensions of the SMEFT
Wilson coefficients. These effects, coming from light loops, give the same corrections to both the
SSM and SMEFT amplitudes. On the other hand, the RG-flow contributions proportional to
UV SSM parameters appear only above z37. The anomalous dimension of M? is obtained from
the Feynman diagrams shown in Figure while Figure Figure and Figure [12.9
display example graphs of contributions to the running of A, x and u, respectively. Notice
that the anomalous dimensions that describe the RG flow of the SSM parameters A and x also
contain pieces arising from the light contributions to the Higgs wave function displayed on the
right-hand side in Figure [12.3] since the corresponding operators contain two powers of the H
field. See Appendix for further details and explanations.

In the case of the dimension-six SMEFT operator o, we find after combining the three
different types of contributions described above the following result for the one-loop matching
correction:

K2 25A%k — 6A%Ny — DAku  38A% — 2643 + 11422

o _
HO oan? 12M4 24 M6 (12.10)
1A% (g7 +343) | . ©0) 1. MM ‘
- 720M* +yH0H0 Oy In 0
Here A
oo = 12X = 3 (97 + 393) + 4y, (12.11)
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Figure 12.7: FExamples of one-loop contributions to the renormalization of the coupling A.
The UV poles of the first and second graph cancel against each other in the MS scheme. The
line styles and their meanings are analogue to those of Figure This Figure has been taken
from [33].

with A denoting the quartic Higgs coupling that includes the tree-level shift of Eq. (12.6) and

the objects C}?l)j and g9 defined in Eq. (12.7) and Eq. , respectively. Notice that all
mass and coupling parameters in Eq. (12.10)), Eq. as well as in the tree-level expression
Eq. are renormalized at the scale M. Also note that we use a different normalization of
the anomalous dimension as in Section We define d/(dInu) C(p) = J¢/(47?) and mark
the anomalous dimensions according to this definition with a tilde to differentiate them from
the definition in Section [I1.2]

A couple of comments concerning our result Eq. seem to be in order. The ratio-
nal terms in Eq. receive contributions from the Higgs wave function renormalization
constant Eq. and heavy and heavy-light diagrams (see Figure m Figure and Fig-
ure , while the logarithmic terms result from the combination of heavy and heavy-light
graphs as well as the renormalization of M? and A according to Eq. and Eq. .
In fact, the logarithmic pieces proportional to SM couplings combine to give the anomalous
dimension yyn go, whereas the remaining terms cancel, because they do not run below the
matching scale (see Appendix for further details). The anomalous dimension describes
the self-mixing of the dimension-six operator g, and our expression Eq. agrees with
the results of the direct calculation of ¥y go presented in [24-26] — the found agreement
constitutes a non-trivial cross-check of our computation. We add that the logarithmic correc-
tions in Eq. are scheme-independent, while the rational terms in CS)D depend on the
choice of renormalization scheme, including the specific treatment of ¢ tadpoles. Notice that
the cancellation in Eq. of logarithms that are not proportional to SM couplings is crucial
to achieve the correct factorisation of short-distance and long-distance effects. In fact, in the
SMEFT only the combination of SSM parameters that forms a Wilson coefficient has a non-
trivial RG flow, together with the SM couplings A, g1, g2 and y¢. Thus, the correct description
of long-distance physics has to be formulated in terms of the SM couplings and the Wilson
coefficient C'y evaluated at the low-energy scale. Let us finally mention that Eq. differs

from the expression for C’g)m given in both |20] and [21]. The disagreement has two sources.
First, as shown in Appendix[[I.A] the latter calculations miss certain heavy-loop contributions,
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Figure 12.8: Examples of one-loop contributions to the renormalization of the coupling k.
The line styles and their meanings are analogue to those of Figure This Figure has been
adopted from [33].
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Figure 12.9: Examples of one-loop contributions to the renormalization of the coupling u.
The line styles and their meanings resemble those of Figure This Figure has been taken
from [33].

and second, RG effects associated to the running of SSM parameters have not been explicitly
included in the existing computations.

In the case of the operator Q g, we have calculated the H — H, HHH — HHH, HH' — Wi
and HH — HH W;}W},’ scattering amplitudes to find the following expression for the one-loop
correction to the Wilson coefficient Cy:

K2 6A%KkAg + 16242k — 66A%K% — 164A%X2 + 3AK2p

o _ _ _
H 1202 1204
N 8TAY — 6A% Ny — T2A%N — 60A3ku + 443Ny + T8A3 N + 6 A%k 2
12M° (12.12)
| 8AS 4214 — 12A%2 + 24%°  31A%\g3
128 1804
+ ('7H,HD C}?)D + 8.1 C}?)) In MHM .

The anomalous dimensions entering Eq. (12.12) read

20\g3
Amo = —40A2 + ng : (12.13)
N 9
e =54\ = 3 (97 + 393) + 6ys, (12.14)

while Egs. (]12.7[), (]12.8[) and (]HI.B.SI) contain the explicit expressions for Cg])m C’g)) and yo. All
mass and coupling parameters that appear in Egs. (12.12)) to (12.14)) as well as in the tree-level
expressions Eq. and Eq. are renormalized at the scale M.

Like in the case of Eq. , one observes that the logarithmic corrections in Eq.
involve only anomalous dimensions that depend on SM couplings, but not on SSM parameters.
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Figure 12.10: Examples of one-loop heavy-light scalar diagrams that need to be considered
to extract the one-loop matching corrections of the bosonic dimension-six SMEFT operators in
Eq. that do not receive a tree-level Wilson coefficient. The line styles and their meanings
resemble those of Figure m This Figure has been adopted from [33].

In fact, our expressions Eq. and Eq. for Yy po and Y, agree with the results
obtained in [24-26]. The source of the difference between the first four terms in Eq. (12.12)) and
the rational terms of Cg) as quoted in [20}21] is unraveled in Appendix M In addition, the
existing calculations do not explicitly include effects stemming from the renormalization of SSM
parameters — cf. Eqs. (III.B.2) to ([II.B.5) — and therefore the logarithmic corrections given
in Eq. differ from the corresponding terms specified in [20,21] as well.

In the case of the 16 dimension-six SMEFT operators in Eq. that do not receive a tree-
level Wilson coefficient, only heavy-light Feynman diagrams contribute to the one-loop matching.
To extract the relevant one-loop corrections of the bosonic operators, we have calculated the off-
shell amplitudes for HH — HH, HH' — V, and HH' — V, V] scattering with V" = B, W?.
See Figure for the processes with external gauge bosons. We obtain

n _  31A%¢ | | (0) 1AM
Cyp = T +Yup,no0 Chyy In A (12.15)
2.2
m _ A9
Cb = 1on71° (12.16)
1 A%g3
Cittv = 1331 (12.17)
A2
1 9192
c) = SR (12.18)
Here )
~ 20
Frppn = (12.19)

and the expression for the tree-level Wilson coefficient CJ(L?)D has already been given in Eq. .
We emphasise that our results Eqgs. (12.15)) to (12.18]) agree with Eqs. (A.20) to (A.23) of [21]
and that the anomalous dimension Eq. (12.19) matches that calculated in [26]. Notice that
in contrast to CS%), the Wilson coefficients C’}{g, Cl(ql‘),[, and Cg‘),[, g do not receive logarithmic
corrections. This feature is expected, because the tree-level operators Qo and Qg do not mix
into Qup, Quw and Quwp at the one-loop level [24-26].

In order to determine the one-loop matching corrections of the fermionic dimension-six
SMEFT operators appearing in Eq. , we have computed the heavy-light scalar contri-
butions to the HH' — ff and HH — Hff off-shell amplitudes with f = q,u,d, (, e, as well as
to HH — ud. Examples of the corresponding diagrams are shown in Figure We find

Azyw
3604

9Apu
M2

+31g35 — 45ng¢> + Yy an Co) In “ﬁM . (12.20)

cly = (27/-; — 87\ —
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Figure 12.11: Examples of one-loop heavy-light scalar diagrams that need to be considered
to extract the one-loop matching corrections of the fermionic dimension-six SMEFT operators
in Eq. . The line styles and their meanings duplicate those of Figure m This Figure
has been taken from [33].

2
(1) _ A 2 ~ 0) 1. UM
Clin = —51errr (3497 = 135lya ) + A Cighy m EL (12.21)
2
o _ A 2 1 ~ (0) ;. MM
Cha = 1604 (1791 - 135ydyd) +YHd,a0 Cypy In A (12.22)
5A? .
CEZM =TI Z/Lyd + YHud,HO CS)D In MWM ) (12.23)
1) _ A? 2 1 ~ (0) | KM
Che = oW (1791 - 45yeye) + YHe,gn Oy In N (12.24)
1 A? ~ 0 |27
Cég(l) =~ 1300 [17g% + 135 (yuyi - ydyflﬂ + Yrq HO Cé,)D In N (12.25)
1 A® ~ 0 M
C;_I;(:w = Tl [1793 —45 (yuyL + ydﬂjz)] + VH¢®), HO Cl(q)g In SV (12.26)
1 A? . 0) ;. KM
= e (179% + 45yey1> + Apge g Caply In = (12.27)
2
1 A ~ 0 1234
CEJ;(:» = T 1440 (1793 - 45yeyl) + Ve 5O C}{)D In BV (12.28)
1 A?
o) = R (12.29)
The one-loop anomalous dimensions appearing in the above expressions are
YpH,HO = —Yy | 2A — — + 6y, v | (12.30)
- 297
YHu,HO = % — vl (12.31)
92 i
YHd,HO = —51 + Yg¥d (12.32)
YHud,HO = 293 Yd » (12.33)
g2
e, HT = =3 + YlYe (12.34)
2
- g 1
THqW HO = é T3 (yuyl - ydyﬁ) ; (12.35)
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2

- 1

VYHe® ,HO = 2 5 Yuly, +ydyd) ) (12.36)

2

g 1

Vrew o = gl 5 Ve RN (12.37)
2

- g 1

Yae® go = EQ - 2%3/;[- (12.38)

A sum over flavour indices is implicit in the above equations and the index 1 in Eqs. (12.20
to can take the values ¢ = u,d,e. Our results Eqgs. (12.20) to (12.22)) and Egs. (12.24
to for the one-loop matching corrections of the fermionic dimension-six SMEFT operators
agree with Egs. (A.24) to (A.34) as given in [21]. On the other hand, the correction in Eq. (12.23
was missed in [21]. In addition, the anomalous dimension expressions Eqgs. (12.30) to (12.38
fulfill the one-loop SMEFT RG equations collected in [24-26]. Finally, note that the operator Q2,
is a linear combination of several four-fermion operators in the Warsaw basis [363]. The Wilson
coefficient Cy, does not receive a logarithmic correction, since the (purely bosonic) tree-level
operators Qg and Qg obviously cannot mix into four-fermion operators at one loop.
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Chapter 13

Effective theory of gravity to all
orders

According to the EFT paradigm one should include all low-energy degrees of freedom (DOF) in
the construction of an EFT. In the previous chapters of this part, and Chapter [12]in particular,
we worked in an EFT for the SM particles only. However, the SM particles are not the full
spectrum of low-energy DOF. Gravity, the fourth of the fundamental interactions, is mediated
by a massless helicity two particle, the graviton, which is not included in the SM. Its leading
order interactions are described by Einstein’s theory of GR and just as for the SM, deviations
due to heavy new physics can be systematically encoded in higher dimensional operators. Thus
the true most general parameterization of all physically distinct low-energy deviations from the
established description of all known fundamental interactions, i.e. the SM Lagrangian and the
Einstein-Hilbert action, must be an EFT of all low-energy DOF, including gravity. In this
chapter we develop a method, based on Hilbert series techniques (see Section [11.5)), to construct
the EFT of GR coupled to the SM, which we call GRSMEFT, to all orders in the EFT expansion.

We start this chapter with a short introduction to the Einstein-Hilbert action of GR, the
leading contribution of the EFT of gravity [364-366], in Section [13.1] In contrast to the SM,
GR is manifestly non-renormalizable, which makes an EFT interpretation unavoidable. In Sec-
tion we identify the independent building blocks for constructing gravitational effective
operators and show that the Hilbert series methods from Section [I1.5] can be directly applied.
With these ingredients we construct a non-redundant operator basis for several EFTs with grav-
ity: the EFT of gravity in vacuum in Section the EFT of a shift-symmetric scalar coupled
to gravity in Section and the EFT of the SM coupled to gravity in Section[13.5] Finally we
demonstrate in Section how our method is straightforwardly extended to d > 4 spacetime
dimensions and explicitly construct the EFT for gravity in vacuum in d = 5 dimensions.

In the following we adopt the metric and curvature conventions of [366|,367]. This chapter
is based on [30][] from where parts of the text are taken.

1 [30]: M. Ruhdorfer, J. Serra and A. Weiler, Effective Field Theory of Grawity to All Orders.
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CHAPTER 13. EFFECTIVE THEORY OF GRAVITY TO ALL ORDERS

13.1 General Relativity as an EFT

GR as a classical theory provides an excellent description of gravitational phenomena at large
distances. However, once the Einstein-Hilbert actionE] is quantized

M2
Spi = —2pl/d4x\/—gR, (13.1)

where M, = (87G)~1/2 is the reduced Planck mass and R the Ricci scalar, it becomes clear
that this can only be the leading term in a low-energy EFT. GR as a quantum field theory is
non-renormalizable and quantum corrections induce higher-dimensional operators with higher
powers of the Riemann tensor [368-370] (the same conclusion is reached when quantum effects
from matter fields are considered [368,/369,3714373]). According to the EFT paradigm, all
operators invariant under general coordinate transformations, the gauge symmetry of GR, should
be included in a systematic expansion in derivatives over a cutoff scale A, i.e.
4 M]%l 2 v vpo € . 3

Seff = /d x@[—2R+aR +b Ry R" +c Ry po RMP —}—dDR—i—pRlem +...|, (13.2)
where Riem?® stands for terms with three Riemann tensors and [ = V,V# is the contraction
of two covariant derivatives. As we have discussed in Section not all invariants one can
write are independent. Operators proportional to the free EOM can be removed by means of

field redefinitions. The EOM for GR are the Einstein equations, which can be written in their
trace-reversed form as

1 1
Ry =—Tw—:T9w), (13.3)

M5 2
where we included a possible contribution from matter fields through the energy momentum
tensor THY = %%, with its trace T' = ¢g"”T},,,. The free EOM, i.e. the Einstein equations

in vacuum (7}, = 0), have the simple solution
R, =0. (13.4)

This implies that any higher-dimensional operator containing R, or R = g""R,,,, can be elimi-
nated by performing a perturbative field redefinition of the metric

2
Juv = Guv + depzx ) (13.5)
pl

which to leading order in dg,, modifies the Einstein-Hilbert action by

1
dSEH = /d4x\/—g[R”” — iRg‘“’] 09w = /d4x\/—gR“”5gW, (13.6)
where we introduced the trace-reversed metric perturbation
_ 1
5g;w = 5g;w - 59/11/ 49, (137)

with 0g = ¢"dg,,. From Eq. (13.6) it is clear that by choosing an appropriate 0g,.,, any
operator including R, can indeed be removed. Coming back to the effective action in Eq. (13.2)),
several redundant operators can now be identified (see also [365]). Furthermore, we can drop

2In the following discussion we will always implicitly assume that the cosmological constant is set to zero.
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13.1. GENERAL RELATIVITY AS AN EFT

v—90R = 0,(v/—g V*R), since it is a total derivative. The term proportional to R, ,c R***°
can be expressed in terms of R,, RF” and R? because the Gauss-Bonnet term Lop = R? —
4R, R + R0 RFYPY is a total derivative in four dimensions; this shifts the Wilson coefficients
a—a=a—candb— b=>b+4c. Finally, performing the metric redefinition in Eq. with
0Guw = —l;R,W — aRguw, gets rid of all the operators with two Riemann structures. The first
non-trivial contribution to the gravity EFT appears only at dimension 6 with three Riemann
tensors.

In the presence of matter fields, a redefinition of the metric such as Eq. also affects
the matter action

1

14 1 v —
ez (T = 5T9")| 6y - (13.8)
1%

5SEH + 5Smatter - /d41}\/ -9 |:RMV -

We can still use this redefinition to remove any pure gravity terms involving R, or R, but this
will in general introduce mixed curvature-matter operators, such as R,,T"”. These however
usually have a higher mass dimension than the removed operators and can therefore be further
removed by an independent redefinition. More care has to be taken when a massive scalar field
¢ is involved, since its energy-momentum tensor at leading order in fields and derivatives is
T = %mQQngW + ..., thus one always introduces new mixed curvature-scalar operators with
the same mass dimension as the removed ones. This is in fact not an issue, since the redefinition
of the metric can be generalized to include matter fields. To make this clear, consider again the
field transformation with dg,, = —lN)RW — aRg,,, which removes the aR? + lN)Rm,RW terms in
Eq. , now in the presence of a massive scalar field ¢. The change of the action is

2
- > v me = -
6SEH+5Smatter:/d4x\ﬁ—g[—aR2—bRwR“ “oar (b+4a)p*R+ ... |, (13.9)
1%

where we dropped higher-dimensional operators. The last term in Eq. is a non-minimal
coupling of the scalar field to gravity, which could in fact have been there from the beginning.
As anticipated, this term can be removed by a further metric redefinition with 6g,, o qbZQW.
This is a Weyl transformation which takes us to the Einstein frame, where the leading order
EOM of the scalar field and gravity are decoupled.

The recipe above lets us, order-by-order in mass dimension, remove any occurrence of R,
and R in the Lagrangianﬁ This implies that the only non-redundant gravitational operators
are those built out of the traceless components of the Riemann tensor R, .. Still, even such
operators might not all be independent, due to algebraic identities. The Riemann tensor is cyclic

Ryvpo + Rupov + Ryuovp = 0 (13.10)
and it satisfies the Bianchi identity
VaRpra + VpR,uua'oz + Vng,yap =0. (1311)

Additionally, there are the so-called dimensionally dependent tensor identities, which are ob-
tained by antisymmetrizing tensor indices [379], and can be used to simplify tensor contractions.

3 Another comment in this regard is that the same procedure also holds in the presence of classical (gravita-
tional) sources and one is interested in how gravity affects their dynamics; once operators with R, and R are
removed, one should properly include contact terms between the sources [365]. Besides, we note that in these sit-
uations it might be more convenient to work with a non-covariant EFT on the corresponding background metric,
as for example in [374H378].
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CHAPTER 13. EFFECTIVE THEORY OF GRAVITY TO ALL ORDERS

Once all the redundancies in the gravitational sector are removed, it is clear that field redefini-
tions of the matter fields can be used to simplify the matter Lagrangian, just as in flat spacetime.

Let us finally briefly comment on spacetimes with torsion. If one is not restricted to a torsion-
free spacetime, coupling fermions to gravity will in general induce a non-vanishing torsion tensor
T, ?. However, even if we chose to include the torsion tensor explicitly as a building block of the
EFT, torsion vanishes in vacuum, i.e. in the free theory, and at the lowest order in derivatives,
i.e. from the leading EOM. Therefore, we conclude that in the presence of matter one can use
field redefinitions and work with a torsion-free theory, with shifted coefficients in the matter
action [3804381]. In other words, no generality is lost in our EFT by considering a torsion-free
spacetime.

13.2 Building blocks for the gravity EFT

The Riemann tensor does not transform in an irreducible representation of the Lorentz group.
It can be decomposed as

Ryuvpe ~ (1,1) & (2,0) @ (0,2) & (0,0), (13.12)

where the (1,1) is a symmetric rank-two traceless tensor, identified with the traceless part of
the Ricci tensor R, the singlet (0,0) is the Ricci scalar R, and the component transforming
as (2,0) @ (0,2) is the Weyl or conformal tensor C,,,». The Weyl tensor is the traceless part of
the Riemann tensor and is given by

1
Cuypa = R,u,upa - (gu[pRU}z/ - gu[pRa},u) + gg,u[pga}yR7 (1313)
where the brackets denote index antisymmetrization, e.g. Ay, = %(AW — A,,) for arbitrary

tensors A. It possesses the same symmetries as the Riemann tensor and satisfies the cyclicity
and Bianchi identity of Eqgs. and up to terms involving R, and R. As discussed
in the previous section, any occurrence of R, and R can always be eliminated by an appropriate
field redefinition. This leaves the Weyl tensor as the only independent object for constructing
gravitational EFT operators. The Einstein equations do not directly constrain the traceless
components of the Riemann tensor, but the contracted Bianchi identities imply an EOM for the
Weyl tensor, which can be expressed in terms of the Ricci tensor and scalar,

VHCpvpe = VR + égy[pVU]R. (13.14)

For the free theory, i.e. in vacuum, this simplifies to
VHECpe =0, (13.15)
in analogy to the EOM for the field strength tensor of gauge fields in Eq. . Addition-

ally, the Bianchi identity in combination with the EOM implies that also V?C,,,, is not an
independent object, since in vacuum

V2Chpo = —2C* 1paCrio * = 2C 1paCune & — C* 6poCrun (13.16)

plus terms that can be removed due to the EOM. Consequently, the EOM redundancy is taken
care of if we consider, similarly to the case of the spin-1 field strength, C),,,» and symmetric
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traceless combinations of covariant derivatives acting on C),,p» as the basic building blocks for
EFT operators. This implies that the single particle module is of the form

C/u/pa
Vi Cuyvpo

Fo = Vi Vi Cuyvpo

(13.17)

We consider only symmetric combinations of the covariant derivatives, since antisymmetric
combinations are related to the Riemann tensor via [V,,V,|V? = R,,-”V?. An operator
containing an antisymmetric combination of covariant derivatives is therefore always equivalent
to the tensor product of the Weyl tensor with a descendant that contains fewer derivatives.
Analogously to the gauge field strength, we can identify the irreducible representations of the
Lorentz group with

O = ;(0“”90 +i C*WP") : (13.18)
where we introduced the dual Weyl tensor CHP7 = ehvaB Cag?/ 2 Cr/r transform in the
(2,0) and (0, 2) representations of the Lorentz group, respectively. Note that the single particle
modules R¢, ,r cannot be identified with unitary conformal representations in four dimensions.
The mass dimension of the Weyl tensor is [C}, / r] = 2, which violates the unitarity bound for
the scaling dimension A > A9y = Ag2) = 3 in Eq. . However, since our aim is only
to enumerate and construct operators, we can formally assign a conformal scaling dimension of
Ac, p =3 to the spurion representing the Weyl tensor|’| When expanding the Hilbert series we
can choose a grading in which the spurion for the Weyl tensor is assigned a weight according
to the Weyl tensor’s actual mass dimension in four dimensions. The conformal representations
[3; (2,0)] and [3;(0,2)] saturate the unitarity bound and therefore are representations with all
descendants proportional to the free EOM V#C),,,c = 0 (as well as VQCWM) being absent. This
is exactly of the form of the single particle module in Eq. . The corresponding conformal
character is

X207 (D;z) = D* P(D, 2) (x(2,0)(2) — X(3/2,1/2)(2) D + X (1,0 () D?), (13.19)

and equivalently for [3;(0,2)]. Note that here and in the following the spurion D denotes
covariant derivatives V. The structure of Eq. is completely analogous to that of the
conformal character for a gauge field strength, Eq. (11.59)). Using this character, in the next
section we will construct the operator basis for EFTs which involve gravity. Note that similarly to
the example in Section the Hilbert series method automatically factors in redundancies
due to Bianchi identities, cyclicity of indices or dimensionally dependent identities, since we
do not construct index contractions but work directly with group representations and form
invariants. At the end of this chapter in Section we generalize Eq. to d spacetime
dimensions, pointing out the main difference with respect to the derivation for d = 4, namely
that the single particle module for the Weyl tensor, R¢ in Eq. , cannot be embedded for
d > 4 in a free field unitary conformal representation. We count and identify as well the basis
of effective operators for pure gravity in d = 5.

“The normalization of the Levi-Civita tensor is such that €"'?* = 1/,/=g.

5Besides, note that Eq. for the construction of the Hilbert series also holds for single particle modules
that are not conformal representations [23]. The advantage of promoting the Weyl tensor to be formally a unitary
conformal representation is that in this case there is a closed form expression for AH in Eq. .
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With the help of the formalism outlined in this section we are in a position to use Hilbert series
techniques to first enumerate and subsequently construct operator bases for EFTs involving
gravity. In Section [13.3| we verify and extend the operator basis for gravity in vacuum as given
in e.g. [382]. Next in Section as a first step towards including matter fields, we build the
EFT for a shift-symmetric scalar coupled to gravity and point out redundancies in the operator
basis of [383]. Finally, we list for the first time the complete basis of the SM coupled to gravity
in Section

13.3 Gravity in vacuum

In vacuum the only independent operators that do not vanish on-shell are the Weyl tensor and
its dual, which can be used to form the chiral combinations C"L‘%’;, as shown in Eq. 1} The
building blocks are therefore their corresponding single particle modules, which can be embedded
into conformal representations if we formally assign to C7/r a conformal scaling dimension of
Ac, /R = 3. Hence, their group characters are

xc, (D5 x) = xi3,2,07(D; 1), Xcr(D; ) = X[3,0,2)(D; 2) (13.20)

with the explicit form of the conformal characters given in Eq. (13.19) and Appendix [[II.C
Grading the spurions according to their actual mass dimension, i.e. Cr /g — eCy, /r and D —
€ D, the Hilbert series can be computed as an expansion in mass dimension using Eq. 11.5OE|

1 C C
H(D7 Cr,Cr; 6) = /dMLorentz(x)P(e,D l’) |:€,DL37 6;3

e (CL+CR) + 8 (CL+C) + € (CL+ CiCR+ Ch) (13.21)
+¢'%(C} + C3C + CLC + O + CLD? + C1CED? + CED?) + ... .

} + AH(D,Cp, Cr;e)

The terms at O(e*) correspond to the operators CWWC’WW and C,,0C*P?. Both can be
dropped, since the first is a total derivative and the second can be related to R,,RF” and
R? because the Gauss-Bonnet term is a total derivative in four dimensions (see Section .
These operators were misidentified as being non-redundant, since they are in fact related to
gravitational topological terms. That topological terms are misidentified by our method was
already realized in [23], being a consequence of working with covariant field strengths instead
of gauge fields. The operators C'WpUCN’“”p" and Cl,,0CHP7 give rise, respectively, to the four-
dimensional Pontryagin and Euler densities |384]. The other terms in Eq. indicate the
structure and multiplicity of the basis of operators for the most general gravity Lagrangian in
vacuum up to mass dimension 10. In terms of the Weyl tensor and its dual the basis can be
written as

M? - d dy - ds -
_ 4 pl C1 C2 1,2 2 3 52
€1 €2 = €3 5 €4 575 €5 €6 ~5 €7 =5
+ FIC—I-EIC—FFIC+EIC+FFC+E}'C+F}"C+... ,
with the basic invariants
Z=Cu’CMChpy, Z=CuC"C s, , (13.23)

5For unitary conformal representations, as it is the case here, A% can be evaluated explicitly |23] and yields
—e*D*, which cancels the +¢*D* that one obtains from evaluating the integral over the group measure.
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C = CpypoeCH*7 C = ClypoCHP7 (13.24)
F = (VaClupo ) (VECH?7) | F = (VaClupo ) (VECHP7) . (13.25)

The first line of Eq. is equivalent to the effective action in Eq. (1.1) of [382][| The second
line of Eq. shows for the first time the basis of gravitational operators at dimension 10.
We used the Invar package [385] to explicitly construct and classify the (CP even) operators
and to check that they are indeed independent. We note that in general the basis of operators
without derivatives corresponds to the most general polynomial of the invariants C, C, T and
7, these being the four scalar quantities that completely determine the spacetime curvature in
four dimensions (see e.g. the discussion in [386]). This fact is further verified by computing
the Hilbert series for the left- and right-handed Weyl tensors Cp,/r without derivatives, which
according to the Molien-Weyl formula Eq. yields

1
1-CHA-CRA-CHA-CR)

H(CL,CRr) = (13.26)

Therefore all operators without derivatives are generated by the four basic invariants C%, C’}Qz,
C% and C3, corresponding to the invariants in Eqs. (13.23) and (13.24)).

It is straightforward to compute even higher order contributions to the Hilbert series with
this formalism. Finding the explicit form for the corresponding basis of operators can be more
involved. However, since we know how many independent operators appear in each category,
one does not need to classify all invariants. It is sufficient to find as many operators as the
multiplicity in the Hilbert series predicts and check that they are independent.

Let us finally comment on some important aspect of the gravity EFT in vacuum. At one loop
GR is finite [369], a fact that from the EFT perspective follows from NDA and the absence of
non-redundant operators at O(e*). At two loops the Einstein-Hilbert term induces RG evolution
of the CP preserving cubic curvature term in Eq. , with running coefficient [370,,387,388]

2
,L‘;Cl S (13.27)
po 120 M3 (4m)t

Heavy matter fields (scalars, fermions or vectors) contribute at one loop to the gravity EFT [389,
390], giving rise to a finite contribution to ¢;, which for e.g. a Dirac fermion of mass A reads
c = —%60(1 /4m)?, as well as to contributions to several other operators that are not present
in our basis being dependent on R, Rﬁ Gravitational UV completions, such as (super-)string
theories, generate as well a specific pattern of Wilson coefficients below the string scale, see
e.g. [391]. In a generic gravity effective Lagrangian, the Wilson coefficients are arbitrary O(1)
numbers. To be more precise, the size of the coefficient can be estimated following NDA as

m R Vv le
Lofr=—L 22 “£)_ _PpR 13.28
eff gz ( mz ) m. 9 ) ( )

where m, and g, broadly characterize, respectively, the typical mass scale and coupling of the UV
resonances that have been integrated out. We have explicitly included a “fundamental” Einstein-
Hilbert term, to distinguish between a bona fide completion of GR. such as string theory, which
would correspond to My ~ Mpl ~ my/g«, and the case where the graviton can be considered

"In [382] the operator basis is given in terms of the Riemann tensor, which after the decomposition in Eq.
coincides with the operators we found in Eq. modulo terms with R,, and R, which can be removed by
field redefinitions as explained in Section

8Matter fields also contribute to the RG running of My and the cosmological constant.
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external, i.e. “elementary”, to the dynamics giving rise to L, e.g. loops of N matter particles of
mass M., for which g, ~ 47/ V/N. The simple power counting of Eq. implies then ¢; =
O(1) for A ~ g.m,, and similarly for the rest of Wilson coefficients. Interestingly, several works
have derived constraints on the sign and size of such coefficients based on causality, unitarity
and analyticity. For instance, positivity of the coefficients of the CP even dimension 8 operators,
i.e. di,ds > 0, has been derived based on causality of graviton propagation [392], or unitarity and
analyticity of graviton scattering amplitudes [393/394], while [382] extended the former causality
analysis to the CP odd operator, concluding do < dids. We should recall however that these
arguments are delicate when applied to gravitational interactions, in particular [393,394] neglect
the universal ¢t-channel singularity due to graviton exchange, a fact that could be justified by
e.g. the rationale presented in [395]. Besides, [396] argues that in a weakly coupled theory of
gravity, with g, ~ m./M, < 1, avoiding causality violation originating from cubic curvature
terms (Z and 7 in Eq. , with coefficients ¢; and co effectively of tree-level size), requires
an infinite tower of higher-spin states to appear at or near the EFT cutoff m,, regardless of the
coefficients sign. Instead, for other types of UV completions where the graviton is elementary,
with My > m. /g« such as from loops of matter particles [390], acausality lies beyond the
validity of the EFT.

13.4 Shift-symmetric scalar coupled to gravity

As a second application of our method we consider a shift-symmetric scalar ¢ coupled to gravity.
The shift symmetry ¢ — ¢ 4+ « implies that the scalar can only couple derivatively, i.e. it will
always appear with at least one derivative acting on it. The scalar can be thought of as the
massless Nambu-Goldstone boson of a spontaneously broken U(1) symmetry. Because of this
interpretation, it is no surprise that the single particle module for the shift-symmetric scalar has
the same form as for non-linear field realizations as given in |23]E|

V¢
ViV
Ryy = v{u1vu2vu}¢ . (13.29)

In Eq. (13.29) we already imposed the scalar’s EOM V,V#¢ = 0. Therefore, the weighted
character for the single particle module is identical to the one for non-linear realizations [23]

Xdo(D;x) = D[(1 — D*)P(D;z) — 1] . (13.30)

Note that this single particle module is not a conformal representation since the primary field
is a total derivative. However, we can still use Eq. to construct the Hilbert series for
higher-dimensional operators, which are the ones we are interested in. To obtain the full Hilbert
series, i.e. including also operators of dimension 4 and lower, we have to rely on the results
of [23] for non-linear realizations. A basis for the CP even operators, up to 6 derivatives, was
constructed in [383]. We compute the Hilbert series for operators with 6 and 8 derivatives and
compare our basis to their results. The Hilbert series as an expansion in derivatives can be

? 23] used the decomposition of the Maurer-Cartan form U~ '9,U = u!, X" +v3T" = u, + v, into components
along broken generators X' and unbroken generators T to obtain a linearly transforming building block u, from
the non-linearly transforming Goldstone matrix U = exp(i¢'X*/f4). For a spontaneously broken U(1) symmetry
Uy, x Op¢. Here the only difference is in the mass dimension, [V, ¢] = 2 whereas [u,] = 1.
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obtained by rescaling the spurions Cr /g — eCy, /Ry D — €D and d¢ — ed¢ and expanding in €

1 c, C d
HO(D, CL,CR,d¢; 6) = /d#LorentZ(x)/P(ED x)PE[eDLS’ 653, 6g2:| = Zean (1331)

The 6-derivative Hilbert series is
He = C} + C3 + dp>CrD + dp3CrD + d¢p*C% + dp*C% + d¢® + dp*D?. (13.32)

If we restrict to CP even operators, the EFT operator basis at the 6-derivative level can be
written as

Ol = [(vu¢)2]3 ) 02 = (v,u(ls)2(vpva¢)2 ) 03 = C,uu pGC“yaﬂCaﬁpoy
04 - (Caﬁpﬂ)z(vu¢)2 I 05 = Cuupa(vu¢)(vp¢)(vyvg¢) . (1333)

Note that [383] lists two additional operators in their operator basis (written in terms of
the Riemann instead of the Weyl tensor), (VaRuwpo)? and Ry,as(VAV29)(VYVFP¢). Both
of these operators are redundant: the first is related to Oz, whereas the second to Oy (see Ap-
pendix . Therefore, the correct CP even operator basis for the 6-derivative Lagrangian is
that in Eq. . At 8 derivatives we find 26 independent operators, with the structures as
given in the Hilbert series

Hy =C} + C2C% + Ch + do® + 2d¢OD? + dp>D? + dp*D* + dp>DCy, + dp>DCr
+ d¢*CLCR + dp*D*CL, + d¢*C3 + dp*D*Cr + dé*C% + 2d¢>DC? (13.34)
+ 2d¢>DC% + dp*D*CLCR + 2d¢*D*C? + dp>C3 + 2d¢p*D*C% + do*C3, .

Finally, we note that there are two operators that respect the shift symmetry that cannot be
found by our method (and are missing in [383]):

(bCHVPUCquU ’ ¢C“Vpacvul/p0' . (1335)

Not surprisingly, these operators are related to (gravitational) topological terms.

13.5 Standard Model coupled to gravity

Let us now construct the complete EFT for the SM, i.e. all operators including SM fields and
gravity. Operators including gravity are usually omitted in the SMEFT, even though gravity is
part of the SM. We work with one generation of fermions and introduce them in the left-handed
(,0) representation of the Euclidean Lorentz group SO(4) ~ SU(2);, x SU(2)g along with
their right-handed conjugatesm In the following we adopt the notation of [22] and denote the
spurion fields as

{(Zsa} = {H7 HT7 BL7 BR7 WL7 WR7 GLJ GR7 CL7 CR; Q? QTa u, UT7 d? dTv L7 LTv €, eT} ) (1336)

with their representation under the Lorentz and SM gauge group SU(3)c x SU(2)w x U(1)y
given in Table We can write the Hilbert series as

H({da}; D) = /dugauge(y)/dmoremz(x) P(;; :U)PEH zana H , (13.37)

10This means we work with the charge conjugated fields of the standard SM right-handed fermions, i.e. u¢, d¢, .
In the following we will drop the superscript c.
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SU2)L xSUQ2)r  SU(3)c SU2)w U(l)y
H (0,0) 1 2 1/2
By, (1,0) 1 1 0
Wy, (1,0) 1 3 0
Gr, (1,0) 8 1 0
CL (2,0) 1 1 0
Q (3,0) 3 2 1/6
U (1,0 3 1 -2/3
. (,0) 3 1 1/3
L (3,0) 1 2 —1/2
ec (3,0) 1 1 1

Table 13.1: Representations of the spurions under the Lorentz and SM gauge groups.

with the integral over the gauge groups given by

/ ditgonge(y) = / Ay, (0) / djasu (W) / dpsuae (21, 22) (13.38)

with y = {v,w, 21, 22} being the variables that parameterize the SU(3)c x SU(2)w x U(1)y
gauge group. The characters y, for the single particle modules of the spurions are a composition
of the characters for the conformal and gauge group representation R of the spurions,

Xa(D3 2, y) = Xiaw 1 (D7) Xa, " (0) - xi, " () Xgo O (21, 22) (13.39)

a

The explicit form of the group measures and characters is given in Appendix [[II.C] Note that
in order to fully describe the flavor structure of the SM we would have to work with three
independent instances of each fermion to implement the three fermion generations. This would
increase the number of terms in the generating function at each order exponentially. However,
we can still get some information about the number of invariants with Ny flavors by simply
suppressing the flavor indices and adding the same fermion spurion Ny times, i.e. we can write

the complete PE as
N-nelfalmelis)”. oo

rE|{ oo

where the index b runs over all bosons and f over all fermions. Next we expand the Hilbert series
according to the mass dimension of the operators. We will neglect all pure SM contributions to
the Hilbert series, which are given in [22]. The first gravity operators appear at dimension 6,
the Hilbert series being

He = C3 +C3+B2CL+B4Cr+HC? HI + HCRH +CLG? +CrGH+CLWE+CrW3 . (13.41)

This includes the pure gravity contributions discussed in Section plus mixed SM-gravity
terms. Note that at this mass dimension, the latter operators only contain SM bosons. An
explicit operator basis is given by
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13.5. STANDARD MODEL COUPLED TO GRAVITY

Ly = pC L PTCHOB L, + AQC L PTCHeBC o
+ A2H HC,ype CHP7 + PHT HCWPC,CWP"
+ X@ B B Clyyppy + 112 B™ B €l + A2 GG Chupe + 3 4 GGG,
+ EW“”W”"CWW + A2 DWW Clpe - (13.42)

There are no new gravity operators at mass dimension 7. However, there is a multitude of
terms in the Hilbert series at mass dimension 8. This is the first order where operators with SM
fermions appear. For one flavor, i.e. Ny = 1, the part of the Hilbert series that involves gravity
reads

My = Ci+HHICS + H? (HT>2 C2 +2B2C?% + BLC? + C%C2 + 2G2C2 + GL02 + 2W2C2
+WEC? + HQuC? + HD?*H'C? + eLH'C? + dQH'C? + He'LTC? + HA'QC?
+H'Q™u'C? + dew®Cr + HH'B2C, + HH'G2C, + BLG2C + HH'W?2C,,

+ BLW2CL + dQ*uCy, + HQD*uC'r, + eLQuCr, + e LD*H'Cy, + dQD*H'C,

+ HQuBLCL, + dDd'B1.C, + eDe' BLCr, + HD*H'BCr, + eLH'B;.C, + dQH'BLCL,
+ LDL'B.CL, + QDQ'B,CL, + Duu! BLCy, + HQuG O, + dDd'G.C, + dQHTGLC],
+QDQ'GLCL + Duu'GLCL + HQuWCr, + HD*H'WCr, + eLH'W..Cy,
+dQH"WLCL + LDL'WCL + QDQ'WC, + HH'BLWCp, + Ch + HH'C3,

2
+ 12 (HT) C% + BIC% + 2B%CY + HQuC% + HD*HIC% + eLH'C% + dQH'C%
+ He'LIC% + HA'QTC% + H'QTWC% + C3G2 + 2C%G% + HH'CrG% + BRCRrG%
2
+O2WE 4+ 205W3 + HHICRW2 + BRORW2 + diel (UT) Cr+ HH'BLCR
2
+ HD2% LTCR + HD?dTQTCR + df (QT ) WtCr + D2HIQN CR + T LT QW Op
+dDd'BrCR + eDe' BRCr + HD*H'BrCr + LDL'BRrCr + He' L' BRCr
+QDQ'BrCr + HA'Q'BRrCr + Duu' BrCr + H'Q'u BRCR + dDA'CrGr
+QDQ'CrGRr + HA'Q'CrGR + Dun/CrGr + H' QW CrGRr + HD*HTCrWh

+ LDLTCrWgr + Hel L'CrWg + QDQTCrWg + HA'QTCrWgr + HIQTu CrWr
+ HH'BRCrWig. (13.43)

A classification of the dimension 8 operators of our basis is given in Table while an explicit
form for all 103 of them for Ny = 1 can be found in Tables ILF.1|and |[I11.F.2|of Appendix [[IL.F}''|

13.5.1 Comments on the GRSMEFT operator basis

Let us comment on some interesting aspects of the GRSMEFT operator basis.
Matching what can be derived based on little group covariance and locality of on-shell mass-
less 3-particle amplitudes (see e.g. [397]), we find in our basis the corresponding EFT operators

1 As a curiosity, we find a single dimension-8 operator, Qyueqc in Table [IILF.2| that violates baryon and lepton
numbers, by AB = AL = 1.
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Structure Ny Ny=1N; =3 Representative Operator
c* 3 3 3 (Clippe CHVP7)?

C3H?2 2 2 2 HTH(C\ PP CHBCpp0)
c?g* 2 2 2 (HTH)?(Clpe CHP)
c?x? 18 18 18 By, BPPCHBC g,
CH?X? 8 8 8 HVH(CHeow e, W)
cx? 4 4 4 Ccrreeyae W B,
C2Hy)? 12N7 12 108 QrLHAR(CpypsCHP7)
CHX1? 16N7 16 144 Coupo(Qrotdr)T®H W P°
Cop* Né(l?]\ff2 + 3Ny —2) 6 480 ejkC’WpU(Q%a“”uR)(E’EJ”"@R)
CXy?D 20N]% 20 180 Clupo (QLHToNVY QL)W e
C?H?*D? 2 2 2 (VuH)(VFH)(ClppeCHP7)
CH?XD? 4 4 4 Cupoe(VFH) I TU(VYH)YW S PO
CHy?*D? 6N7 6 54 Covpo(Qrot*NPdR)V°H
Total (43 + NT’%(NN]% + 3Ny +160) 103 1009

Table 13.2: Classification of dimension-8 operators containing gravity interactions. C' denotes
the Weyl tensor, whereas H, v, X and D stand for the Higgs, fermions, gauge fields and
derivatives respectively. We show the number of operators in each class for Ny fermion flavors
and give one exemplary operator for each class.

(~) (~)
modifying gravitational trilinear vertices: C,,, P7CH*P C appo (3 gravitons), X Xr? C 50 (1

graviton and 2 gauge bosons), and HT HC* p"<C’) wpo (2 gravitons and 1 scalar, once the Higgs
gets a vacuum expectation value). This one-to-one correspondence follows from the fact that
our basis does not include terms that vanish on the free EOMs.

Similar to the EFT of pure gravity in vacuum, the leading dimension-4 Lagrangian induces,
at one loop, RG evolution for some of the operators in the GRSMEFT, although in our basis
all such operators involve SM fields only [368,369,371-373]. In this regard, the absence of (one-
loop) divergences associated with mixed SM-gravity operators, such as X* X??C\, s, can be
understood, in the particular case of gravity coupled to a U(1) gauge field, by the invariance
of the leading Einstein-Maxwell Lagrangian under vector field duality transformation [398], or
from supersymmetry in the case of the Einstein-Yang-Mills system [399]. In Chapter we
rederive these non-renormalization results from helicity selection rules similar to [27]. Heavy
(charged) matter fields give finite contributions [400-402] to the operators of the GRSMEFT,
e.g. a Dirac fermion of unit hypercharge and mass A generates c3 = —%(g’/llﬂ')Z, as well as
contributions to several other operators in the SMEFT. In this regard, one should note that the
latter operators, for instance (BWB“”)Q, receive direct contributions from the heavy dynamics,
of O(g"*/A%), as well as contributions from operators with R,,, R, which when rewritten in
our basis are relatively suppressed by powers of A/g'Mp. We note in passing that we have
not found in the literature the corresponding calculation for the coefficients of the dimension-6
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Higgs-gravity operators in Eq. .

One can power-count, as in Eq. for the pure gravity EFT, the size of the Wilson co-
efficients in a generic GRSMEFT. Focussing for simplicity on the subclass of operators involving
gauge fields and gravity

4 72
m R V, eX M3 1
Lopf=—L 22 £ ) __PRp_ X, XM, 13.44
eff g2 < mZ " m,’ m?2 2 462" ( )

where we introduced a “fundamental” kinetic term for the gauge field, with coupling § < g,
€ parametrizes the (multipole) charge of the heavy states that have been integrated out, and
V. = 0, + iw, + i€ X,, with ¢ parametrizing the (monopole) charge of the particles, if any,
that remain in the EFT, fixing then the low-energy gauge coupling to g = €¢ [128]. From
Eq. (13.44) one can conclude that there could be situations in which gravitational operators
such as X X??C),,,, are enhanced compared to non-gravitational ones like (X, X**)?, e.g. if
€ < €, a pattern that arises for instance from milli-charged particles — an axion would belong to
this category. This however does not appear as an optimal (phenomenological) scenario, since
the light charged SM particles that remain in the spectrum below m,, e.g. the electron, would
dominate the new EFT coefficients (since €’ > €) after being themselves integrated out at even
lower energies. This is unless there exists no charged particle below my, i.e. my, < me, for which,
while € < 1, € = 0 — for the GRSMEFT, this would mean a very low new physics scale, yet
with an interesting and unexplored parameter space in terms of mixed SM-gravity effects. In
scenarios where € > € # 0, the non-gravitational operators are instead comparatively enhanced.
We also note that from a purely low-energy point of view, there seems to be nothing wrong with
taking mixed SM-gravity operators, such as X" X*?C),, 0, of size O(g?/g?m?), as the leading
deformation in the EFT, in the sense that quantum corrections within the EFT do not point
towards large non-gravitational operators as long as the cutoff, which saturates the loops in
the UV, satisfies m, < 47m(g«/g)Mp1, and this even for g, < g, although such a condition goes
against NDAE

Regardless of these facts, there always remains the obstacle that to probe operators intrinsi-
cally sensitive to gravitational physics, by which we mean those that do not depend on R, R
and therefore do not contribute to the SMEFT, one needs to overcome the My, suppression that
comes with gravitational interactions. This is of course the reason why experimental constraints
on the SMEFT are much more stringent than those on the rest of the GRSMEFT. The question
of how to test gravitational EFT operators has been partly investigated before, e.g. in [401] for
the Einstein-Maxwell system after integrating out the electron, or more recently in [404] for more
general situations yet concentrating still on photon propagation around non-trivial gravitational
backgrounds. For purely gravitational operators, [382] studied their effects on the gravitational
waves from merging black holes. In all these situations, the conclusion is that for the effects
of the higher-dimensional operators to be observable, the typical size (e.g. the Schwarzschild
radius) and distance from the gravitational source should be of the order of the (inverse) cutoff
of the EFT. Leaving aside our preconceptions on the expected size of the mixed SM-gravity
operators with respect to non-gravitational ones, one should consider probing the former at
high-energy colliders.Finally, we think it is worthwhile to further investigate and extend the
theoretical constraints based on causality, unitarity and analyticity to the full set of operators

in Eq. (13.42).

2However, at least for the mixed SM-gravity operator X** X*°C,,,,» with X, associated with a U(1) gauge
field, this possibility seems to be in tension with arguments related to the weak gravity conjecture [395//403].
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13.6 Gravity EFT in d > 4 spacetime dimensions

All the discussion so far implicitly assumed that we work in four spacetime dimensions. However,
our results are more general and it is straightforward to extend them to d > 4 spacetime
dimensions. The independent building blocks for the EFT of gravity, i.e. the graviton single
particle module R, which we identified in Section for d = 4 spacetime dimensions, trivially
extends to d > 4@ The derivation of the graviton single particle module only made use of
the Einstein equations and Bianchi identities, which have the same form in any dimension.
Consequently, also R¢ in Eq. is valid in dimensions larger than 4.

In this section we will shortly outline how to obtain the character for the single particle
module x¢ and the corresponding Hilbert series for gravity in vacuum in d > 4 and explicitly
perform the construction for d = 5.

13.6.1 Character for the Single Particle Module

We work in Euclidean space, where the Lorentz group in d dimensions is SO(d). The finite
dimensional representations of SO(d) can be labeled by partitions | = (I1,[2,...,1,) with [; >
cor > 1pg > |ly| for SO(2r) and Iy > -+ > 1, > 0 for SO(2r + 1), where r is the rank of the
group. These representations are in a one-to-one correspondence with Young diagrams, i.e. they
correspond to tensors with |[| = ). l; indices, which are (anti)symmetrized according to the
corresponding Young diagram (in this regard, such a labelling is more convenient than the one we
have used for SO(4) in the main text). In this notation, the fundamental representation is labeled
by I = (1,0,...,0), the antisymmetric tensor with two indices is | = (1,1,0,...,0) and the
completely symmetric, traceless tensor with n indices corresponds to [ = (n,0,...,0). Therefore
the Weyl tensor in d dimensions lives in the representation labeled by I = (2,2,0, ... ,O)E
The single particle module in Eq. consists of the Weyl tensor and symmetric, traceless
combinations of covariant derivatives acting on the Weyl tensor. In the notation we introduced
above, it is clear that Vy, ---V, C,,, transforms in the representation corresponding to
l=(Mm+2,2,0,...,0), which implies that the character of the single particle module is given by

d > n d
X (D z) = py2 +2><En)+27270,__70) (), (13.45)

n=0

where Xl(d) (x) are the SO(d) characters.
Let us specialize to d = 5 dimensions. Eq. (|13.45)) can be evaluated explicitly using the Weyl
character formula for SO(5) characters, which can be found e.g. in Appendix A of [23]

K& (D) = DAPOD:2) [x{3) (0) = Dx{3y @) + X3 (@)
D (o @) + Xy (@) = Dy @]

At this point we want to emphasize that unlike in d = 4, the single particle module R¢ cannot be
identified with a short conformal representation, whose scaling dimension saturates the unitarity
bound, by formally assigning this scaling dimension to the Weyl tensor. The character for the
conformal representation [4;(2,2)] in d = 5 dimensions is given by (see e.g. [405])

(13.46)

(5) N — yAp(B) (. (5) (5) 2. (5)
X[4;(272)](D>x) — D' P! )(Dvx) X(z,g)(fv) - DX(QJ)(':U) +D X(Ll)(w) ) (13.47)
13In d < 4 the Weyl tensor identically vanishes, i.e. the graviton is not dynamical.
! Note that SO(2r) admits chiral representations if I, # 0, which is why in d = 4 the Weyl tensor can be
decomposed into a left-handed and a right-handed part, which belong to the representations labeled by (2,2) and
(2, —2), respectively.
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which clearly differs from Eq. (13.46) even after assigning a scaling dimension of 4 to the Weyl
tensor. The reason for this is that the conformal primary, i.e. the equivalent of the Weyl tensor,

does not satisfy the second Bianchi identity. The corresponding descendent V|, C,,,),,, which
transforms in the representation labeled by | = (2,2), is therefore not subtracted from the

conformal multiplet, as can be explicitly seen in Eq. (13.47]).
Note that there is no known expression for AH in Eq. (11.50) if the single particle modules
cannot be identified with conformal representations. However, Eq. (11.51]) for Hg still holds.

13.6.2 Gravity in vacuum in d =5

The Hilbert series for pure gravity in d = 5 dimensions can be computed using Eq. (11.51) and
the character for the single particle module in Eq. ([13.46]). Grading the spurions according to
their mass dimension, i.e. C — €2C and D — €D, and expanding up to mass dimension ten we

obtain|

1 C
Ho(D,C¢) = /dNSO(S)(iﬁ)]D(E,)(eMPE[DQ]

=eC? + 240+ (TC'D* +50°) + ...,

(13.48)

where we have dropped terms of mass dimension five or lower, since they also receive contri-
butions from AH. Note that the number of independent operators in d = 5 differs from the
number of CP even operators in d = 4, i.e. the operators which can be written without the dual
of the Weyl tensor. This implies that, beyond chirality, there are genuinely new contractions
of Weyl tensors which are linearly dependent or vanish in d = 4. The number of independent
operators without derivatives can be cross-checked with the number of Weyl invariants given
in [406] and we find full agreement.

5The explicit expressions for the SO(5) integration measure and characters can be found e.g. in the Appendix
of [23].
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Chapter 14

(Non-)Renormalization of gravity

In the previous chapter, we developed a method to construct non-redundant operator bases
for gravitational EFTs. As was pointed out in Section [13.1], already GR on its own is non-
renormalizable. Quantum effects radiatively generate higher-order effective operators and induce
mixing among the effective operators. However, at one-loop not all operators which could naively
be generated are actually generated and also not all operators which could naively mix, do
actually mix. The same phenomenon has been observed in the SMEFT, where it manifests itself
as mysterious zeroes in the anomalous dimension matrix at mass dimension six [24-26]. Some
of these zeroes can be explained using supersymmetric non-renormalization theorems [407]. A
more intuitive explanation is provided by helicity selection rules [27,408] and more recently
angular momentum selection rules [307], which combined explain almost all non-trivial zeroes.

The goal of this chapter is to extend the helicity selection rules of [27] to gravitational EFTs
in order to explain the non-renormalization of GRSMEFT operators at one-loop. On the one
hand this is interesting from a purely theoretical point of view. But on the other hand it might
also be useful in more phenomenological applications: the non-zero anomalous dimensions tell
us which operators are generated by RG evolution and are therefore expected to be present at
low energy scales.

In the following we first introduce in Section the basics of well-established amplitude
methods in EFTs. In Section we use these methods to derive for the first time helicity
bounds on tree-level gravitational amplitudes, which we use in Section to formulate helicity
selection rules and non-renormalization theorems at one-loop. In Section we subsequently
compute all non-zero anomalous dimensions in a toy GRSMEFT for all dimension six operators,
which induce three- and four-point amplitudes.

The material in Sections [14.2], [14.3| and [14.4] are original results and are based on work in
progress [34] [T which has not been published yet.

14.1 Amplitude formalism in EFTs

The power of amplitude methods originates from working exclusively with physical quantities,
i.e. on-shell scattering amplitudes. This bypasses the Lagrangian formulation of QFTs, what
requires the introduction of field redundancies in order to describe gauge theories or gravity.
These redundancies are an artifact of describing particles, which are in abstract terms irreducible
representations of the little group SO(3) for massive and I.S0O(2) for massless particles, in terms
of quantum fields in irreducible representations of the full Lorentz group.

! [34): P. Baratella, D. Haslehner, M. Ruhdorfer, J. Serra and A. Weiler, (Non-)Renormalization of Gravity,
in preparation.
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In Section [14.1.1] we first introduce spinor-helicity variables and then discuss the structure
of tree-level amplitudes. Afterwards we point out the relation between EFT operators and
contact amplitudes in Section [14.1.2] Finally in Section [14.1.3| we demonstrate how anomalous
dimensions can be efficiently computed within the amplitude formalism.

14.1.1 Spinor-helicity variables and tree-level amplitudes

An important ingredient of modern amplitude methods are spinor-helicity variables, which have
a well-defined transformation behavior under the little group and make gauge redundancies
obsolete. In this section we introduce massless spinor-helicity variables along the lines of [275,
397, 4097411]E| Our conventions for two-component spinors follow [413], i.e. in particular the
gamma matrices are defined as

W= ((a’?)dﬁ (Uz)aﬂ> ,  with UZB = (5a670a5’) and &t — (5(3‘5,—0'0"5) (14.1)
where o is a vector containing the Pauli matrices. We also work with amplitudes, where all
external particles are taken as incoming.

The (1/2,0) and (0,1/2) spinor representations are the fundamental representations of the
complexified Lorentz group SO(1,3) ~ [SU(2)r, x SU(2)g|/Z>. The LH and RH Weyl spinors
Yo ~ (1/2,0) and 1 ~ (0,1/ 2) are therefore the basic building blocks for finite dimensional
representations. Thus momenta P, ~ (1/2,1/2) are more naturally represented as bispinors
P,s. We can map a four vector into a 2 X 2 matrix with the Pauli matrices

0 _ 3 o1y ;.2
— p-—p° p +ip
Pog = 04 Pu = (pl _ip? po+p3) : (14.2)

Note that det(Pns) = PE = m?, what vanishes for momenta of massless particles and implies
that P,q is not of full rank and therefore can be written as a product of two spinors, i.e.

Pas = Mada, (14.3)

where A% and A% are often called “holomorphic” and “anti-holomorphic” spinors. Note that A
and A are not Grassmann numbers. For complex momenta A\* and A% are independent complex
vectors, whereas for real momenta they satisfy

M = £(a)", (14.4)

where + corresponds to positive energies. Physical quantities can now be expressed in terms of
the spinor variables. It is convenient to introduce a square and angle bracket notation

A=A Aa=|Nar Aa=Na, A¥=|A°. (14.5)

The indices can be raised and lowered with the epsilon tensor, e.g. A\, = eag)\ﬂ. Lorentz invariant
objects can be formed with the epsilon tensor or equivalently by gluing together the brackets,
ie.

(AX) = €apA™x” = A0 = =dax® = —(x \), (14.6)
[/\ X] = Edﬁj\df(g = 5\(1)20.‘ = —S\d)zd = —[)2 5\], (14.7)

“Note that there is a straightforward extension of the formalism to massive particles [412].
3, & = 1,2 denote LH and RH spinor indices, respectively
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14.1. AMPLITUDE FORMALISM IN EFTSs

with the normalization €!? = €l2 = —¢y = —¢i5 = 1 and (A\) = [A)\] = 0. In our convention
undotted indices are always contracted from top to bottom, whereas the reverse holds for dotted
indices. The Mandelstam invariants can now be expressed in terms of angle and square brackets

sij = (pi +pj)* = 2pip; = (i )[4 1]. (14.8)

Spinor products satisfy some additional relations. Momentum conservation, taking all particles
as ingoing, takes the following form in spinor variables » j ML = 0. Sandwiching this inbetween

two additional spinors gives
n

> (i)lik =0. (14.9)
j=1
One obtains additional relations by observing that the spinors live in a two-dimensional vector
space and therefore only two of them can be linearly independent. This implies that we can
express A{ in terms of some A and A, i.e.
(21) 4

L 3>>\“ + (14.10)

M= 1952+ (gt

and similarly for the square brackets. This can be contracted with additional external spinors
to yield the so-called Schouten identities. For four external particles this takes the form

(12)(34) + (13)(42) + (14)(23) =0. (14.11)
Note that Eq. 1' does not fix A and X uniquely. The momentum is left invariant under
P D LD e (14.12)

which corresponds to a little group transformation. For complex momenta A; and \; are inde-
pendent and ¢ can be any complex number. However, for real momenta the spinors satisfy the
reality condition \; = (S\Z)*, s.t. ¢t can only be a phase. In this case one immediately sees that
this rescaling freedom is generated by the U(1) generator of helicity

1 N 0
2;{ AZWJFA ok (14.13)

which indeed generates the little group for massless particles This implies that A and \ carry
helicity weight of —1/2 and +1/2, respectively. Note that we marked the helicity generator with
a hat in order to differentiate it from the total helicity of an amplitude, which we will denote as
h =", h; in the following.

Scattering amplitudes transform under little group transformations as (see e.g. [409])

n
ALy 25y omn,) = [ 672" Ay 2000 - m,) - (14.14)
=1

Thus we can write any scattering amplitude in the form

Alpy,onn,) o< f{si ) [[ AN, Fi—ri =20, (14.15)

“Note that the little group for massless particles is actually 1SO(2), generated by A, B and h. However, in
order to avoid continuous spin representations, one has to choose states with eigenvalue 0 under A and B, which
effectively reduces the little group to U(1) generated by the helicity operator.
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where the spinors have to be contracted in a Lorentz invariant way and f({s;;}) is a scalar
function purely of the kinematic invariants. In any scattering amplitude we can therefore factor
out the full little group scaling of the external particles. Note that while Eq. parame-
terizes all possible scattering amplitudes for a given set of external states, not every possibility
is independent, since there are still redundancies due to momentum conservation and Schouten
identities.

Despite the remaining ambiguities, the little group scaling is already a very powerful tool and
strongly restricts the form of allowed amplitudes. This is especially true for three particle ampli-
tudes, which are completely fixed by their helicity scaling. Momentum conservation requires all
kinematic invariants for on-shell three-point amplitudes to vanish, i.e. s12 = s13 = s14 = 0. Ex-
tending the discussion to complex momenta, where \; and \; are independent, we see that three
particle amplitudes only have support on two kinematic configurations, the anti-holomorphic
configuration with all vanishing angle brackets

(12) =(13)=(14) =0 1ie. A1 X A2 X A3, (14.16)
or the holomorphic configuration with vanishing square brackets

[12] =[13]=[14]=0 ie A oAy xAz. (14.17)
Thus all three particle amplitudes are of the form

12 h3—h1—h2 23 h1—h2—h3 31 hQ—hg—hl , h S 0
A(1py, 20,,305) =g (12) 3 23) 3 (81) B (14.18)
[1 2]h1+h2 h3 [2 3]h2+h3 ha {3 1]h3+h1 ha ’ h>0
where ¢ is a coupling constant. Note that dimensional analysis relates the mass dimension of
the coupling to the total helicity of the amplitude it mediates. Three-point amplitudes in four
dimensions have mass dimension [A3] = 1 and it holds that

[As] =[g] +[n] = [ =1-1d], (14.19)

what implies that relevant couplings, i.e. three scalar interactions, induce h = 0 amplitudes
and marginal couplings, such as gauge couplings, |h| = 1 amplitudes. Higher helicity three-
point amplitudes require irrelevant couplings, i.e. only appear in EFTs. Also note that not all
three point amplitudes are valid and lead to consistent theories, including all non-scalar h = 0
amplitudes. A discussion on consistent three particle amplitudes can be found in [414].

Higher point amplitudes can be obtained from their analyticity properties. It is well-known
that scattering amplitudes are analytic in the kinematic invariants, except for simple poles
and branch cuts on the real axis. The concept of locality implies that these singularities have
the interpretation of particle exchange: poles signify the tree-level exchange of one particle,
whereas branch cuts correspond to multi-particle exchange in loops. If we specialize to tree-
level amplitudes, there are only simple poles and on the poles, i.e. for kinematic configurations on
which the internal particle is on-shell, the amplitude factorizes into lower-point amplitudes. Any
pole must correspond to a factorization channel. This implies that higher-point amplitudes can
be constructed from lower-point amplitudes by requiring consistent factorization in all channels.
For four-point amplitudes this implies that

lim S12 - -’44(]-/1172}12’3]1374}14) = ZA3(1h152h27Ph) A3(7P—h73h3)4h4) ) (1420)
812~>0 N
where P = —(p; + p2) with similar relations for the 13 and 14 channel. The sum goes over

all allowed intermediate particles. In general there are additional contact contributions, which
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14.1. AMPLITUDE FORMALISM IN EFTSs

vanish on the factorization channel and therefore cannot be determined from the factorization
limits. Theories in which these contact terms vanish are called on-shell constructible, since any
n-point amplitude can be constructed iteratively from a set of seed amplitudes. Examples of
on-shell constructible theories are gauge theories and pure gravity [415]. For a nice discussion on
sufficient criteria for a theory to be on-shell constructible we refer the reader to [416]. There are
simple algorithmic recursion relations to efficiently construct amplitudes in on-shell constructible
theories, such as the well-known BCFW relations [417,418| (see e.g. [397] for a more thorough
discussion).

14.1.2 EFT amplitudes and the operator basis

As we have discussed in Section[11.4] a non-redundant operator basis parameterizes all physically
observable independent IR deformations of a leading theory. In terms of on-shell amplitudes this
corresponds to new independent contributions to the amplitude, which cannot be determined
from factorization limits. EFT interactions are therefore in one-to-one correspondence with
non-factorizable contact amplitudes. The relation is especially clear when one works in an
operator basis in which all operators proportional to the free EOM have been removed with
field redefinitions, such as the Warsaw basis [419]. Note that the terms in the Hilbert series,
e.g. in Eq. for the dimension eight GRSMEFT, can be directly matched to amplitudes,
since we work with chiral field strengths and Weyl fermions.

The above discussion implies that instead of constructing the operator basis for an EFT,
one can equivalently construct a basis of contact amplitudes. In order to do so one starts
from Eq. and writes down all allowed amplitude structures for a given set of external
states. One further imposes Bose or Fermi statistics and applies momentum conservation and
the Schouten identities to remove redundancies. These methods have recently been applied to
the SMEFT, the electroweak EFT and gravity [419-H422] with extensions to massive particles
in [423/424]. An alternative approach is the use of momentum twister variables [425], which
trivially staisfy momentum conservation, or the construction of harmonics on the kinematic
manifold of scattering amplitudes [344}345].

14.1.3 Anomalous dimensions from amplitudes

Amplitude methods are not only useful for tree-level computations, but also provide many
simplifications at one-loop. As we will show in this section, the study of the RG is tightly
connected to properties of the theory at tree-level. UV-divergent parts of loop amplitudes
can be related to the product of two tree-level amplitudes with a phase-space integral over
the intermediate particles. This simplicity of dealing with loop computations make amplitude
methods a useful tool for the determination of anomalous dimensions (see [426-430] for recent
work in this direction). In the following we demonstrate how amplitude methods can be used
to efficiently compute anomalous dimensions, following the discussion and notation of [426].

Here we define the anomalous dimension of the Wilson coefficients in an effective Lagrangian
of the form £ =", C;0; asﬂ

_dG o«

where p is the renormalization scale. Using the one-to-one correspondence of effective operators

This agrees with the definition in Section m
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to contact amplitude, we call A; the minimal amplitude induced by C’Z-Oiﬁ The full one-loop
amplitude for the corresponding process is then given by

A= Ai + Atoop - (14.22)

The combination of the renormalization scale dependent loop amplitude and the contact ampli-
tude with a running Wilson coefficient C;(u) is scale independent, s.t.

-Az' _ d Aloop

%a_ dlnp

(14.23)

Note that for non-minimal amplitudes also the beta functions of additional couplings have to be
included. The idea behind obtaining the UV scale dependence of the loop amplitude is based on
the fact that any one-loop amplitude Ay, can be decomposed into a basis of scalar integrals I,

Aoop = YOI+ 5P + 3 1 + R, (14.24)
a b c

where 12(a), Iéb) and [ ic) are bubble, triangle and box integrals, named after their topology with
n = 2,3, 4 propagators in the loop, respectively. Their explicit form is given by

" o4 dPl 1
In=(=1)"u! D/(27T)Du2(z—P1)2(z—P1—PQ)Q..-(Z—Pl—..._ e (1429)

where the P; are combinations of external momenta. The CT(Li) in Eq. are kinematic
dependent coefficients and R is a rational function of kinematic invariants.

UV divergences and therefore contributions to the UV anomalous dimension ~; come exclu-
sively from bubble integrals I, whereas I3 and I can be seen to be UV finite on dimensional
grounds. Consequently the anomalous dimension, which can be determined from the coefficient
of the 1/e divergence in the bubble integrals, is proportional to the sum of bubble coefficients

o »Az 1 a
Vg = —@205 ! (14.26)

where 4; = 7; in the absence of IR divergences. In the presence of IR divergences in Ajyqp, the
coefficient of the 1/e pole in the bubble integrals might not contain the full UV divergence of the
amplitude. Massless bubble integrals vanish in dimensional regularization due to the cancelation
of UV and IR divergences. This implies that 4; in Eq. is a combination of UV and IR

anomalous dimensions
i = Yi — Yi,coll » (14.27)

where we identified the IR divergences from massless bubble integrals as collinear divergences,
encoded in the collinear anomalous dimension ; o11. Collinear divergences are universal at one-
loop and only depend on the external particles, i.e. they can be written as the sum over collinear
anomalous dimensions of the external particles j, i.e. Y con = > ; 'yi coll- We will review a method
to compute collinear anomalous dimensions in Appendix [[IT.]] Further soft IR divergences from

triangle and box integrals do not affect C’éa).

Let us now turn to a simple method for extracting the bubble coefficients C’éa) directly from
unitarity double cuts (two-cuts), which was first reported in [431]. Here we present a slightly

5The minimal amplitude contains only one insertion of (; and no other interaction, i.e. it is non-vanishing in
the limit of a free theory extended by O;.
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modified version which employs a different parameterization of the two-particle phase space.
Performing a two-cut in a channel a of Ajyqp, we obtainﬂ

(a)

a C a C (&
Cuts™ [Ajop] = ozt Cut” {Z eI + 3" el >] . (14.28)
b c

The main ingredient to extract C’éa) from this relation is the fact that two-cuts of massless
triangle and box integrals yield non-rational functions of the kinematic invariants, whereas the
two-cut of bubble integrals is proportional to Céa) and therefore a rational function of the
kinematic quantities. Hence dropping all non-rational contributions in the two-cut projects out
the bubble coefficients and we can write Eq. as

Ai a
Az = R Cuty” [Aop) (14.29)

where the action of the operator R is to pick all rational parts of the two-cut. Analyticity
and unitarity of the scattering amplitude implies that the one-loop amplitude factorizes into a
product of two tree-level amplitudes on the two-cut, s.t.

a 1 o
R Cuts” [Asop] = ~3 2 ounR /dLIPS Ap(o = Oy — 1) Ap(€105...) (14.30)
£y 42

where the sum is over all possible choices of internal legs, the integral is over the phase space
associated with ¢1 and o and oy, ¢, = (—i)7%, where Fy,4, counts the number of fermions in the
list {¢1,f2}. This factor arises from the convention in which | —¢) = i|¢) and | — ¢] = i|¢]. There
is an additional factor of 1/2 if ¢; and ¢y are identical particles. Plugging this into Eq.
we obtain our master formula to compute anomalous dimensions

%‘Al(lczn) = _4771r3 Z O’gngR/dLIPS Ap(... — lo — 01) Ag(6145...) + ’)/COHAtree(l ...n).

cuts
£1,£9

(14.31)
The action of R can be implemented in an algorithmic way in the evaluation of the phase
space integral using Hermite Polynomial Reduction (HPR) (see [431]). In the following we
describe the procedure we use to evaluate Eq. .
For internal momenta ¢; and ¢ satisfying ¢1 +/¢2 = p+q for some massless external momenta,
or combinations of external momenta, p and ¢ with p? = ¢> = 0 we can parameterize the two-
particle phase space by relating |¢1) and |¢2) to |p) and |g)

|01) = cos @ |p) —sinf e®|q), |02) = sinf e"*|p) + cosblq) (14.32)

with the square brackets given by the complex conjugate of this expression. The phase space
integral in this parameterization is given by [432]

27 /2
d
/ dLIPS = = / dé df2sin cosf. (14.33)
2 0 27 0
Substituting z = €’ and t = tan @, we can write Eq. (14.30) as

1 dz [ 2t
R Cutl” :—Rf /‘ﬁ t 14.34
uts [Aloop] 87'('2 =1 270 0 (1 + t2)2 f(za )7 ( )

"Note that in our conventions the two-cut is normalized as Cuta[l2] = —1/(87?).
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where we defined

1 _ _
)=~ > ou ALl — b — 1) Ag(tils...) (14.35)
41,82
with ¢ and ¢y expressed in terms of p and ¢ according to Eq. (14.32)). We first perform the z
integral along the contour |z| = 1 what yields a sum over the residues of all simple poles z;(t)
of f(z,t), which are within the unit circle

f T Ht) = Y O] 1) Res. 0 f(211). (14.36)

|=1 27i

The heaviside step function enforces that the pole z;(¢), whose position is in general a function
of t, lies within the unit circle.

Note that f(z,t) and therefore also Res, ) f(2,t) is a rational function in the kinematic
variables and therefore also ¢, since it is a product of tree-level amplitudes. The primitive of any
rational function has a well defined decomposition into a rational and logarithmic part [433]. In
our case this has the form

/dtQtnReSzi(t)f(Z, t) = pz)(t) + L1y (1) (14.37)
(1+1t2)

where p_, (1) (t) and L., 1) (t) are the a purely rational and purely logarithmic parts of the indefinite

integral in t. p, ;) (t) can be efficiently obtained without having to solve the integral using

HPR [431/433]. A Mathematica implementation of the algorithm can be found at [434]. Plugging

in the correct integration boundaries ty.x and %.,;, which are determined by the Heaviside

function we finally obtain

R CUtga) [Aloop] = Z [pzi(t) (tmax) — Pzi(t) (tmin)} . (1438)

7

14.2 Helicity bounds on gravity amplitudes at tree level

In the remainder of this chapter we will consider amplitudes for massless states with defi-
nite helicity, and use the all-incoming convention. An n-point amplitude will be denoted by
A(1g,,2¢,, - - - ,na, ), where ®; specifies the type of particle, i.e. ¢ for scalars, ¥ and 1) for
respectively helicity +1/2 fermions, V4 and hy for positive and negative helicity gauge bosons
and gravitons, respectively. When some labels are not necessary, we will suppress them for
simplicity, and will often specify amplitudes according to just their number of legs, as A,,.

As we have discussed in the previous sections, the advantages that come from organizing
amplitudes according to the helicity of the external states are enormous. Primarily, it allows
to systematically take into account the constraints coming from the little group. Another very
fruitful observation is that, in a marginal theory (in particular, where no 3-point scalar cou-
plings are present), almost all 4-point amplitudes A(®P1, P2, P3, P4) that are non-zero satisfy the
following condition [27]

hi4+hs+hs+hs =0, (14.39)

where h; is the helicity of ®;. The only exception to the above rule are the four fermion amplitude
A(, 1,1, 1) and its complex conjugate A (&, P, 1, 1]))7 whose total helicity h = ), h; is —2 and
2 respectively. These amplitudes can be zero under some group theoretic condition but are in
general present (e.g. in the SM). The fact expressed by Eq. is highly non-trivial, as we
are now going to explain. In a marginal theory all n > 4 point amplitudes, with the exception
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of four scalar amplitudes, are on-shell constructible from lower point amplitudesﬁ and therefore
their total helicity satisfies
h(Ayn) = h(An) + R(An—m+2) , (14.40)

where A, and A,,_,,12 represent any pair of lower point amplitudes to which A, factorizes.
The fundamental building blocks in this recursive relation are the 3-point amplitudes which
are completely fixed by the little-group scaling of the external particles. As we already saw
in Eq. dimensional analysis additionally relates the total helicity h(.A3) to the mass
dimension of the coupling constant gs

|h(As)] =1 —[g3], (14.41)

implying that 3-point amplitudes in a marginal theory have total helicity |h(A3)| = 1. The
helicity composition rule in Eq. therefore fixes the helicity of 4-point amplitudes to be
|h(A4)] = 0,2 but does not explain the vanishing of most |h(A4)| = 2 amplitudes. An expla-
nation requires either direct computation or the use of further tools, such as Supersymmetric
Ward identities [435].

Taking |h(A4)| = 0 as an input, and using that |h(A3)| = 1 in a marginal theory, Eq.
yields a non-trivial bound on the helicity of all n-point amplitudes which do not contain the
exceptional four fermion amplitude in a factorization channel

h(An)| <1 —4 (n>4). (14.42)

This tree-level helicity bound in marginal theories was successfully employed in [27] to derive
powerful non-renormalization theorems for effective field theories (especially the SM EFT). In
the following, we are going to provide a very natural generalization of these results —bound on
|h(A;)| and non-renormalization theorem— to theories involving gravitons and possibly gravitinos
as well.

14.2.1 Gravity minimally coupled to marginal theories

Including a minimal coupling of gravity to an otherwise marginal theory changes the above
picture. Gravity comes with a dimensionful coupling constant, the inverse Planck mass 1/Mpy,
which introduces a new set of 3-point amplitudes with [h(A5™)| = 2 (see Figure [14.1)). Thus
a general 4-point amplitude might now have total helicity |h(A4)| = 0,1,2,3,4: |h| = 0,2 if it
factorizes into two marginal amplitudes, |h| = 1, 3 in case it factorizes into one marginal and one
gravitational amplitude and |h| = 0,4 if the factorization is into two gravitational amplitudesﬂ

8n-point amplitudes have mass dimension [A,] = 4 —n. In a theory with only marginal couplings the negative
mass dimension for n > 4 has to be supplied by kinematic invariants. Locality implies that configurations in
which these kinematic invariants vanish and the amplitude becomes singular must correspond to a factorization
channel of the amplitude into lower point amplitudes. Therefore all n > 4 amplitudes are on-shell constructible.
At n = 4 the only dimensionless amplitude which does not factorize is a constant, corresponding to a four scalar
amplitude. From a field theory point of view this can be phrased as the fact that, with the exception of a four
scalar operator, there are no marginal local operators comprised of n > 4 fields which could generate a contact
amplitude.

9Tree-level minimally coupled gravitational amplitudes with at least one external graviton [415} 1436] or
|h(An)| > 2, n > 4 |416] are on-shell constructible, implying that Eq. (14.40) is valid and one can proceed
as in the marginal scenario when these conditions are met. Note, however, that on-shell constructibility is not
needed to infer the possible range of helicities of an n-point amplitude. If it is not a pure contact amplitude, what
corresponds to an effective operator in the Lagrangian language, it has to factorize into lower point amplitudes
on its poles and the helicity composition rule Eq. still holds. Assuming minimal coupling of gravity to a
marginal theory, pure contact amplitudes are absent for n > 4, with the exception of the four scalar amplitude.
Hence Eq. can be used to bound the helicity in terms of lower point amplitudes.
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Dy, by, +2
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Figure 14.1: Three point amplitudes in a marginal theory minimally coupled to gravity. Am-
plitudes exclusively among the matter particles — here collectively denoted as ® —, which can
be scalars ¢, fermions v or vectors V', carry total helicity h = +1. Gravitational amplitudes in
contrast have helicity h = +2, the sign being determined by the graviton helicities only. Char-
acterized in terms of a modified helicity h=h-— %hg , all 3-point amplitudes are on the same
footing.

This seems to suggest that a non-trivial bound on the helicity requires a detailed knowledge of
all factorization channels and in particular how many of them contain gravitational amplitudes.

A remedy of this shortcoming of the traditional helicity counting approach requires the
characterization of amplitudes according to a quantity which treats gravitational and marginal
amplitudes on the same footing. Such a quantity can be found by noticing that, due to the
parity conserving nature of minimally coupled gravity, all 3-point amplitudes are of the form
.A(l<1>h1 ) 25%1 ,3n.) with the total helicity being completely determined by the helicity of the
graviton 3, . Taking only half of the graviton’s helicity would put it on the same footing as an
amplitude with gauge bosons (that are always parity preserving and with h = +1). Motivated
by this observation, we define a modified helicity i which for all particles with |h| <1 coincides
with the regular helicity 4 = h but under which gravitons carry h = +1. For an arbitrary
n-point amplitude the modified helicity can be defined as

h(An) = h(Ay) = $h9(Ay) (14.43)

where h9(Ay) is the sum of all external graviton helicities in A,. As is shown in Figure [14.1]
the modified helicity puts all 3-point amplitudes on the same footing, s.t.

|h(A3)] =1 for all three point amplitudes (14.44)

in a minimally coupled marginal theory. The benefits of the modified helicity are not limited to
3-point amplitudes: h is additive with respect to factorization in the same way as the regular
helicity (cf. Eq. (14.40)). Thus all 4-point amplitudes, including gravitational ones, can only

come with |h| = 0,2. As previously discussed all 4-point amplitudes containing exclusively
marginal couplings have h = 0, with the exception of the four-fermion amplitude. The non-
trivial vanishing of |h| = 2 amplitudes surprisingly extends to gravitational ones. Through

direct calculation, or more elegantly from Supersymmetric Ward identities (see Appendix [[I1.G])
one indeed finds that

0=A(hy,hy hy ho) = A(hy hy, é,¢) = Alhy, hy, Vi, Vo) = A(hy, hay 4, 4)

_ _ 14.45
:‘A(thaVJraV%ﬂV*) :A(h+7V+7¢a¢) :A(h+a¢,¢,¢) ZA(h+7V+>¢7¢)), ( )
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and the same for the complex conjugated amplitudes, that is those where particles and anti-
particles are exchanged. Hence

h(Ay) =0 for all four point amplitudes, (14.46)

modulo the exceptional one, in a marginal theory minimally coupled to gravity. Recursively con-
structing n-point amplitudes from their factorization into lower point amplitudes, it is straight-
forward to generalize Eq. (14.42) to gravitational amplitudes

|h(Ap)| <n—4 (n>4). (14.47)

This will allow us to formulate unified non-renormalization theorems in the spirit of |27] for
EFTs including gravity and in particular the GRSMEFT [30].

Before ending this section let us make a few comments about the modified helicity. The
strength of the selection rule in Eq. is its generality. It applies to both gravitational
and marginal theories and automatically reduces to the selection rule for the regular helicity
Eq. in the absence of gravity. However, this generality comes with a price: some ampli-
tudes which are allowed by Eq. are actually forbidden by regular helicity composition
rules. One such example is the graviton-gauge boson amplitude A(hy,hy, V-, V_), which has
h = 0 and therefore seems to be allowed by the selection rule, but whose actual helicity h = 2
is not consistent with the fact that it has to factorize into two gravitational 3-point amplitudes
(allowing only |h| = 0,4 as discussed previously). The reason for this shortcoming is the fact
that gravitons are effectively treated as helicity-one particles. If they appear in amplitudes to-
gether with actual helicity-one vectors, an additional piece of information is required to tell if
the amplitude is allowed or not. Such information can be provided by h9, the total helicity in
gravitons that the amplitude carries. At four points |h9(A4)| < 2 and it can at most increase
by two units for each additional external state, implying that

|W9(An)| < 2(n—3). (14.48)

This additional information forbids the A(h4, hy, V-, V_) amplitude. Hence Eq. should
be seen as a conservative bound which in some cases can be refined by Eq. or an explicit
study of the factorization channels.

The idea of using a modified helicity to study gravitational amplitudes has some resemblance
with the famous KLT relations [437] and the double copy structure of gravity (see [438] for a
review), which relate gravity amplitudes to products of two gauge-theory amplitudes. If one
of the gauge-theory amplitudes vanishes due to helicity selection rules then so does the gravity
amplitude. It seems natural to interpret the modified helicity selection rules in a similar fashion.
The modified helicity effectively treats the graviton as a helicity-one particle and preserves the
helicity of the remaining matter, what in the double copy language corresponds to a factorization
of gravitons into two vectors and each matter particle into a same helicity state and a scalar,
similar to the KLT construction in [439]. This is schematically shown in Figure for the
A(hy, 0,1, ¢) amplitude The first factor is a gauge amplitude with total helicity A, which
is only non-vanishing for |h| < n — 4 according to the selection rules for marginal theories.
This exactly coincides with the modified helicity selection rule. In an explicit KLT construction
we would also get an helicity bound from the second factor. However, since the second gauge
theory must contain three-scalar couplings, the four-point amplitude can have helicity |h| = 0, 1

0Note that here we do not try to construct explicit KLT relations for such a factorization of gauge theories.
The aim of this discussion is merely to highlight the structural similarity of the modified helicity to double copy
constructions.
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h(A8) _ ﬁ(Agrav) + %hg(AgraV)

Figure 14.2: Interpretation of the modified helicity selection rules for the A(hy, 1,1, ¢) ampli-
tude in terms of double copy relations. The modified helicity treats the graviton as a helicity-one
particle and preserves the helicity of |h| < 1 matter. Thus splitting the helicity as h = h+ %hg
implies a factorization of the amplitude into a helicity h gauge amplitude A including all matter
particles and a helicity %hg gauge amplitude A with the matter particles replaced by scalars.
The modified helicity selection rule W < n—4 corresponds in this picture to the helicity selection
rule for marginal theories applied to A.

resulting in a generally weaker bound of |h| < n — 3. Note that after we identify h = %hg this
additional bound coincides with Eq. (14.48]).

It is important to point out that, while the modified helicity selection rules are consistent
with KLT and double copy constructions and might have an interpretation in terms of such
relations, the derivation of the selection rules does not depend on them.

Let us finally mention that it is straightforward to extend the definition of the modified
helicity to massless helicity-3/2 particles ¢, that is gravitinos. Note, however, that a consistent
theory with massless gravitinos requires superpartners for all matter particles [414], i.e. the
theory must be fully supersymmetric. The leading gravitino three-point amplitudes all have
total helicity |h| = 2 and are of the form A(hy,(y,C), A(Ct, Vi, ©), A((—,1, ¢). These have
the same helicity structure as matter amplitudes in a marginal theory if we treat the gravitino
as a helicity-1/2 particle, i.e. if we assign to it the modified helicity h=1 /2. With this the
definition the modified helicity of any amplitude A, is given by

h(An) = h(An) = 5h9(An) = §h¢(An), (14.49)

where h¢(A,) is the sum of external gravitino helicities. At tree-level any four point amplitude

satisfies iL(A4) = 0 (see Appendix III.G implying that the bound in Eq. (14.43) also holds

for gravitino amplitudes.

14.2.2 Beyond minimal coupling

So far we have been focusing on amplitudes which are constructed from either marginal inter-
actions or minimal coupling with gravity. Following an EFT point of view, we are now going
to include all the interactions that are allowed by the symmetries of the low-energy theory.
These new interactions are in one to one correspondence with higher dimensional operators in
an effective Lagrangian description.

HNote that there is no exception to this rule, since the ‘FL| = 2 four-fermion amplitude requires non-holomorphic
Yukawa couplings to be non-vanishing. However, in a supersymmetric theory such couplings are absent.
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Figure 14.3: Classes of independent dimension six operators in the GRSMEFT labeled ac-
cording to the modified helicity and number of external particles of the minimal amplitude they
induce. F stands for the RH gauge field strength and C for the RH Weyl tensor. The black
operators represent the pure SMEFT basis whereas red operators contain graviton fields. Note
that we only show the h > 0 amplitudes. In order to get the full set one should reflect the
diagram around the n axis.

In our approach, “higher dimensional amplitudes” A; are defined through their expression
in terms of spinor-helicity variables (in an all incoming configuration), and come with a dimen-
sionless coupling C; that corresponds to a Wilson coefficient in the operator approach. Being
new building blocks of the theory, they are not tied to lower point amplitudes by factorization,
i.e. they are contact amplitudes.

Similarly as in the operator approach, higher-dimensional amplitudes can be classified ac-
cording to the inverse power of some UV-theory scale A that they carry. Notice that, when
involving gravitons as external states, higher dimensional contact amplitudes are also expected
to carry a factor M&l for each graviton. This is motivated by the Lagrangian formalism, where
gravitons only appear in the Weyl tensor as C' ~ 82h/Mp1 + .... Beyond the A-scaling, as
hinted by the previous analysis, we also find it very convenient to characterize amplitudes by
their number of legs n and their modified helicity h. In Figure we organize accordingly all
amplitudes at A~? including those with gravitons.

As an example of our method, we list here all contact amplitudes at A~' and A~2 that
include at least one graviton. We only list the h > 0 amplitudes. In a CP invariant theory,
which we will assume in the following, the corresponding negative helicity amplitude can be
obtained by complex conjugation. If the theory contains a real scalar, there is one amplitude at
order A~!

[12]*
Ah2¢(1h+,2h+73¢) - Ch2¢A7]\4§l7 (1450)
withn =3 and h = 2, what corresponds to the dimension five effective operator
C
L8 5 5520 Cunpo O (14.51)
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At A2 we have

12]2[13]?
Anp2(In,,2rs,3p) = ChF25ab[Al][\/[1] ; (14.52)
p.
12]2[23]%[13]?
Ah3(1h+a 2h+7 3h+) = ChJW ) (14‘53)
1%

with n = 3 and h = 3, the second amplitude being constructed with only gravitons. Finally, we
have
[12]*

OTR (14.54)

Ah2¢2(1h+)2h+73¢74¢) Ch2q52

that has n = 4 and h = 2. These are equivalent to the dimension six effective operators

© 5 Chpe A pape . Cn2e? Chs
L. 2A2 oAz Cupo FHVFEP7 + AN2 7 po Cuvpo 6 A2
It is straightforward to extend this to complex scalars or abelian gauge fields. Notice that contact
amplitudes suppressed by powers of A typically do not respect the h bounds in Eq. (14.47]).
The Wilson coefficients C; of higher dimensional amplitudes acquire a scale dependence when
loop corrections are included.

,ul/pad) + C,ul/pacpa 'y(SCAIJHV . (1455)

14.3 Helicity selection rules at one-loop

According to Eq. the anomalous dimension can be determined from unitarity cuts, which
correspond to singular kinematic configurations where the loop amplitude factorizes into two on-
shell tree-level amplitudes. Neglecting collinear divergences, which will not affect the selection
rules, this is schematically of the form

Ai(L,2,. .., o
%(O”)_ » ZUMQ/dLIPS AL —lay 1) Ap(ly, 6oy, (14.56)

cuts /y,0

The advantages that come from using Eq. instead of doing a blind loop computation
are huge. Primarily, Eq. inherits all the transparency and compactness of the on-shell
formalism, these qualities being especially manifest when dealing with massless particles with
helicity 1 or 2, that in an ordinary Lagrangian approach require the introduction of some degree
of gauge redundancy. Second, also partly connected to the on-shellness of the various amplitudes
entering the formula, Eq. allows to see how properties of Ay, and Ag are inherited by the
“counterterm” A;, or conversely to constrain the form of relevant amplitudes Ay, g once some
a priori knowledge on the form of A; is available. Examples of this include “modified helicity”
selection rules, as we now explain and will come back to with explicit examples in Section
This implies that in order for Aj;, and Ag to enter the renormalization of A; such a factorization
channel must exists. A necessary condition for this is that the total modified helicity and the
number and species of external legs of A; has to match the ones of the combination of A; and
ARg. A first, simple but powerful condition coming from Eq. is that

w; = Wy, + WR - (14.57)

where w; is the total power in dimensional scales or couplings that is carried by A;, i.e. A; x
1/ AkMsf_k in the case of a marginal theory coupled to gravity. A similar yet physically much

richer condition holds for the modified helicity h, which is additive on the cut and imposes

hi=hr+hg. (14.58)
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Its simplicity is key to a couple of very powerful results that we are going to present here and
will use in Section The first statement is that, when both A; and Apr are amplitudes
constructed out of marginal and minimal gravity couplings, we can combine Eq. (14.58]) with

Eq. (14.47)) to get
il = 1B, + hl < | + [l < (m —4) + [(n—m+4) — 4] =n — 4, (14.59)

where in the second step we have used the triangular inequality and in the third step we have
used Eq. twice, for Ay p with respectively m and (n —m+4) legs. Thus all divergences
in marginal theories minimally coupled to GR must be proportional to operators, which induce
contact amplitudes with |}~Lz| < n — 4. Notice that this remarkable fact is valid at any order in
M;ll. We have in particular that

hitoor) — (n = 4) (14.60)

in any minimally coupled model without trilinear scalar coupling and no exceptional four fermion
amplitude.

So far this only includes the renormalization due to the leading theory, i.e. a marginal
theory minimally coupled to GR. However, it is straightforward to obtain a similar rule for
operator mixing or equivalently renormalization due to contact amplitudes. In this case we
assume without loss of generality that A; = .,le, i.e. that A contains an insertion of the
operator O;. If flj = A;, i.e. Ay is the minimal amplitude induced by O;, the modified helicity
hr, coincides with the one according to which we classify the operator hr = ﬁj. Otherwise we

can use Egs. (14.40) and (14.44)) to find that

~

|h(Aj) = byl < 7y —ny, (14.61)

where n; and n; are the number of external legs of A; and /lj, respectively. This result simply
states that each additional external leg can change the total modified helicity by only one unit.
Ap is an amplitude from the leading theory, which satisfies

\hr| < ng—4=(n; —ny), (14.62)

with the exception of the four fermion amplitude, Which we will ignore in the following. In

Eq. ( we used that n; = ng+ng—4. Combining Eq. (14.58) with Eqs. (14.61)) and (14.62) E,

we obtaln the range of possible h;, which can be reached from .A with h

hi = h(A;) + hg > hy — (A —nj) — (n; — = (ni —ny),
< B+ (A —ng) + (ng — ) = by + (g — ).

N—
Il
>
o

(14.63)

This implies that a contact amplitude A; can be renormalized by a contact amplitude A; if

with An;; = n;—n; and Afzij = iLi—iLj. As an additional requirement we obtain from Eq.
that w; > w;. This also implies that the mixing at the same order in 1/A, i.e. at the same
order in mass dimension in the Lagrangian language, can only increase the number of external
gravitons, i.e. Ang > 0.

Let us make a few remarks before moving on. In the case of purely matter external states
the selection rule in Eq. trivially reduces to the selection rule of marginal theories, which
was found in [27].
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In terms of the operator or amplitude classification according to (n, ﬁ), as it is shown in
Figure operators can only renormalize other operator within the same (n, iL) group or
operators in the adjacent groups (n + 1, {}~1 -1, il,il + 1}) with the above mentioned caveat
that Anfj > 0. This implies that e.g. the amplitude corresponding to F3 can enter in the
renormalization of the one corresponding to C'F2, but the reverse is not possible.

Another important aspect concerns the power counting. Since gravity has a dimensionful
coupling, we can make up missing powers of 1/A with powers of 1/M,, i.e. an amplitude
corresponding to a dimension five operator with scaling 1/A can renormalize a dimension six
operator with scaling 1/A? if Ag is a gravitational amplitude containing one factor of 1 /M.
However, for A < My, these mixing effects are subleading. The leading mixing is always among
operators which have the same scaling in 1/A.

14.4 Dimension six anomalous dimensions in toy GRSMEFT

Having analyzed the general properties of Eq. , and with the aim of showing its enormous
effectiveness, we now move on and focus on a specific problem. Our purpose in this section is to
study the one loop structure of a gauge theory, with scalars and fermions transforming under the
gauge group and interacting among themselves through a Yukawa, which is minimally coupled
to gravity. This is structurally a close relative of the world we live in. Since the world is
quantum, due to the presence of the negative dimensional coupling M I;I we expect at one loop
to generate new interactions that are not present at the minimal coupling level. What is the
amplitude/operator spectrum that is required by consistency of the theory at one loop? This is
the question we are going to address in the following.

Even though — as the reader should keep in mind — most of the qualitative results do not
depend on the details of the model, we are now going to specify it for definiteness. The gauge
group is SU(N), with scalars ¢’ in the fundamental (i = 1,..., N) and negative-helicity fermions
¢ and x* in respectively the singlet and fundamental representations. Gauge bosons will be
denoted by V¢ (with a = 1,..., N? — 1), the gauge coupling by g. Gravitons will be dubbed h-..
The field content allows for a Yukawa coupling of the form A(1y,2y,33) = y(12) at any N, but
only for N > 3 this is the only possible Yukawa. We will however set to zero all other Yukawas
that can be there at N = 2,3. Positive helicity fermions, as well as anti-scalars, come with a
bar. The action of the theory takes the following form

2 1 o UV a a v 7: — i —
S = [ a7 - FR = 1 ER s + 99,0 (V.0) + 5010 0+ 10D
A
-5 (@'0)* —uxTou’ + h.c.] : (14.65)
where w?,ﬂp = IV, — (V). Fg, is the SU(N) field strength tensor and V, are
the covariant derivatives w.r.t. both general coordinate and SU(N) gauge transformations.

ot gH = eha®, el 5 with the vierbein field e and 0% = (1,0%)7,5% = (1, —0%)T. The covariant
derivatives are defined as

V.= (au - z‘jitav;)(p, (14.66)
VX = (a“ - i\%t“Vj - ;wl’f”c}mn) X (14.67)
Vi = <au - ;wﬁ"amn)¢, (14.68)
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where ™" = L(g™5" — 0"6™) and ™" = L(6™0o™ — 5"0™). Note that in the second order
formalism wj" is not an independent quantity but has to be determined from the vierbein
field. Also note that we use the standard normalization of the gauge coupling in the amplitudes
context, which differs from the typical normalization in the Lagrangian language by a factor
of 1/4/2. In Appendix we give all three-point and four-point amplitudes for the theory
specified in Eq. . Note that the toy model with the above particle content is anomalous.
However, the anomaly does not affect any of our one-loop results. Canceling the anomaly simply
requires the addition of an additional LH fermion in the anti-fundamental representation. Such
an addition does not significantly change the results, which is why we chose to present this
simpler but nonetheless incomplete model.

In the following we will analyze the one-loop renormalization of this theory up to O(A~2), i.e.
operator dimension six. Our focus will be renormalization due to gravity, i.e. we will not consider
mixing between pure matter operators. The amplitude or operator spectrum at mass dimension
six is shown in Figure Figure also summarizes the one-loop divergence structure of the
theory. Structures in green can be generated by the leading marginal theory coupled to gravity
according to the selection rule in Eq. . The arrows show the operator mixings among
the dimension six operators, which actually occur. The selection rule in Eq. allows more
mixings, but these are either forbidden by power counting arguments or there are simply no
diagrams. Note that the selection rules are exact for the toy model, since same sign helicity
four-fermion amplitudes vanish. For simplicity we will concentrate on the n = 3,4 amplitudes,
what is sufficient to present our method.

Note that we have checked all results in this section against a Feynman diagrammatic
calculation using FeynArts [351] and FeynCalc [440,441] with a model file generated with
FeynRules [164].

14.4.1 Renormalization from minimal coupling

We present here our results for the renormalization of minimally coupled gravity at 1-loop,
n = 4 and O(A~?). These are the first effects when going beyond the renormalizable levelE
Let us again stress that these contributions to the anomalous dimension are subleading if there
is also mixing among dimension six operators. However, the result is still interesting since it
is independent of the operators in a specific EFT and will always appear. So to speak the
operators, which get generated in this way will be generated in any marginal theory minimally
coupled to gravity.

The eight operators at n = 4 and h = 0 contribute to six different amplitudes. A basis for
these is given by

1 . . ‘ .
Ag(Lgi, 25,35, 4g) = 2 [Cqs (5125}5ilc + 513525” + (8135;‘52 + 8125255'” , o (14.69)

A 25,35, 4a0) = 25 U] (CunE5 1) + 0381 (1470
Aypg(Ly, 25,35, 441) = %ﬂlmlﬂ 5! (14.71)
ALy, 25, 350 dt) = %<14>[23] (5;152 + 5,@6§-) , (14.72)

Ap(14,25,35,49) = <2 014)[23], (14.73)

12There are no contact amplitudes involving gravitons at (’)(Afl) for the particle content of the toy model and
effects of internal gravitons do not appear before O(A™2).
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Figure 14.4: Classes of independent dimension six operators, or equivalently contact ampli-
tudes, for the toy model field content labeled according to the modified helicity and number
of external particles of the minimal amplitude they induce, limited to h > 0. For this Figure
we took the gauge group to be SU(4) and explicitly show the multiplicity of each structure
obtained from a Hilbert series analysis (see Section . According to the modified helicity
selection rule in Eq. only the green operators are allowed to receive divergent one-loop
contributions from the minimal coupling to gravity. The arrows show the non-zero operator
mixings, which involve gravitational operators. The selection rule in Eq. allows more
mixings, but these are either forbidden by power counting arguments or there are simply no
valid factorization channels.

Cy ‘
Al 25,535, 45) = L (1)[23] 6 (14.74)
where the first two amplitudes contain two tensor structures each, but for the remaining ones the
group structures are completely fixed. The kinematic invariants are defined as s;; = (p; + pj)Q.
Together these give a total of eight independent coefficients that can get a running. In the
Lagrangian language the above amplitude basis corresponds to an operator basis of

i C A
£~ = 2A2<¢*¢> (610) = 15(6'D,0)" (61 D6) = 35 (61 D o)l

561 Doty CIMS (61D wo)uiary + SX i) (1475)

2A2 A2 >

Wi ) + 2 Ode (),
Red Rd

where ¢1i D ¢ = ig'(D, — D,)g, ¢1i D26 = igt (19D, — D,t%)¢ and (¥iyh), (1) are short
forms for (Yfyh) = wgedﬁw};, (1)) = Y¥¥,p1"°. Note that this is only one basis, which repro-
duces the above on-shell amplitudes. Equivalent bases can be obtained via field redefinitions
and IBP relations.

The anomalous dimensions for the C; can now be computed with the help of Eq. (14.31]),
where Ay, and Ag are amplitudes of the toy model as defined in Eq. (14.65)). The corresponding
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Figure 14.5: Relevant factorization channels of Ay (14i, 25,235, 441) to determine the anoma-
lous dimensions for Cy and C;). We only show the s- and w-channel. The t-channel cut is
identical to the s-channel after the replacement s1o <+ s13 and j < k.

amplitudes are collected in Appendix [[ILH| and the required collinear anomalous dimensions,
which also enter Eq. , are computed in Appendix

Let us now explicitly demonstrate the computation for the renormalization of Cy and CJ.
In order to determine the anomalous dimensions according to Eq. we have to find all
valid factorization channels, which contribute to Ag(14, 25, 35,1 44) at order 1 /Mgl. These are
shown for the s- and u-channel in Figure[14.5] The ¢-channel contribution can be obtained from
the s-channel by replacing s19 <> s13 and j < k.

Note that there are two Wilson coefficients, i.e. Cy and C</;>v which contribute to the amplitude
Ag (14, 2@,3@,4@). For this reason we have to split Ay = Ac, + .AC; into the two pieces
proportional to Cp and Céﬁ' In Eq. we consequently have to take the sum of both
contributions

‘AC¢(1¢“2@’3$;€74¢1) N Acé(l¢i,2$j,3q§k,4¢l)

tree ) _ _
ve, . ey, e — Yoot A7 (141, 25,35, ,441) Iy
1 _ _
=-13 Z aelg2R/dLlPS Ap(... — by — 01) Ap(£10s...)
£1,2
(14.76)

where the contribution from the collinear anomalous dimension is proportional to the 1 /]\431

part of the tree-level amplitude in Eq. (II11.H.10).
The u-channel contribution to the RHS of Eq. (14.79) contains only one factorization channel

and is given by

11
_WQR/dLIPS A(1¢i,4¢l,—£2d’)m,—El(%n)A(£1¢n7€2¢m72q§j’3&)k)
ANS14 L ey 9(Ca—=1)(Ca—20p)s14 55 g | il
= _ Sist 4 5ist 040y, + 07.0%
(47T)2M§1(]k+ k])+ (47r)2M51 (]k+ k])a
(14.77)

where the 1/2 is due to the indistinguishable particles in the cut and C4 = N and Cp = (N 2
1)/(2N) are the Casimirs of the adjoint and fundamental representation of SU(N), respectively.
In the above we only kept the terms proportional to 1 /Mgl.

231



CHAPTER 14. (NON-)RENORMALIZATION OF GRAVITY

For the s-channel we similarly obtain

1
_R Z J@lng/dLIPS A(1¢i,2¢gj,—€2 _61)-’4(€1;€273(§k,4¢l)

cuts

01,62
2A512 i ol il 2y2 ) , i,
= —W(G 5k;6j - (CA — 5)5]5k> + W(Sm + 6519514 + 6514)5j5k
20y —20 |
pl

— 2512((7CA + 3)s12 + 14CA514)6,’;5§ ,
(14.78)
where the sum goes over the factorization channels shown in Figure Note that the result
contains poles. However, these will be canceled in the full result by the collinear anomalous

dimensions. The t-channel can be straightforwardly obtained from this Eq. (14.78|).
Summing ovel all channels and taking into account the collinear anomalous dimension .o =

47?011 = —Crg?/(27?) + y?/(47?%) we indeed obtain a local result
AC¢(1¢i,2q§j73¢_)k74¢l) N Acé)<1¢i,2¢;j,3¢;k,4¢z)
2M(Ca+1) il i <l 2y il il
= ﬁ(leé‘j&k + 8136k5j) + AN (8135k5j + 8125j5k)
3 (i”) M 3 (4m)* My (14.79)
9-(Ca—2CF) 2 ; 5l
— = 1(20(C4 — 2)512 + (SCA +40C 4 — 23)813 0705
6 (4m)> M2 ( )30,
+ ((3C% +40C 4 — 23)s12 + 20(Ca — 2)313)5315;] .
From this it is straightforward to obtain the anomalous dimensions
2y 2 A1 ) 2\ A2
=|= —(14+C4)——5 —=(40C4 +3C% —23)(Cy — 2C — (14.80
6= (3 e + 510+ O g~ 5040 Ca 368 ~29)Ca =20 o ) Sy (1450
10 g> A?
Yor = —(Ca —2)(Cy —2CF) —. (14.81)
¢ 3 (4m)? Mgl

The computation of the remaining anomalous dimensions proceeds along similar lines and we
obtain

21 ¢ A?
— 2 14.82
1o = 7 (Wm)2 MZ (14.82)
7 y2 A2
, =1 14.
1% T T2 a2 M (14.83)
7 y? A2
s T, 14.84
10w = Ty am2 M7 (14.84)
55 g A2
16, = 5(Ca = D(Ca ~2Cr) gy (14.85)
p
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=0, (14.86)
YOy = 0. (14.87)
These contain additional zeroes, which cannot be explained by the modified helicity selection

rules. However, some of these zeroes can be justified with the help angular momentum consid-
erations. We will comment on this in the final publication [34].

14.4.2 Operator mixing at dimension six

Let us finally compute the anomalous dimensions from operator mixing or self-renormalization,
which are already shown in Figure m For these we need the amplitudes induced by F3, CF?
and C%¢¢. The gravitational amplitudes can be taken from Section Here we repeat them
for convenience and adjust them to complex scalars

iC abe
Apa(Lve, 2, 3vp) = 3 f12023)013] (14.88)
p
C
Anr2(Lny 2vs:3y2) = gy 127137, (14:89)
ChZ 2 i
Apzge(1n. 20,35, 441) = A2]\;’2 si[12)t. (14.90)

These amplitudes are induced by the following effective operators
Cps
3vV2 A2

Let us now go through all possible mixings.

ChFZ

C 242
S Clarpa FOPVE7 O CrnpeCMP . (14.91)

6
Egﬁ) fabc a,uuFSchp i + 51

CF? = C2d
AF3(1Vﬁ7 2V£,3Vf_) cannot directly enter our master formula Eq. , since this would lead
to a scaleless bubble integral, which vanishes in dimensional regularization. The three-vector
amplitude therefore has to be embedded into a four-point amplitude which contributes to
Ahz¢2(1h+2h+,3¢ ;44i) at one-loop. As can be seen in Figure 6| CF? enters through the

amplitude Ah r2(1p, 2V$, 3 ¢j,4¢z) in the ¢t- and u- channel. This amphtude takes the form

Chr2g ()i (127 [13][1]ka3)

Appz(1n, 2ve, 35, d4i) = AZMy, I 512

(14.92)

With these ingredients, it is straightforward to apply Eq. (14.31]) to compute the operator mixing.
Using that there are no collinear divergences for non-diagonal mixings, we obtain

Ah2¢2(1h+2h+73$]-74¢i) . 1 QChF2g2CF

= 8i[12]*, 14.93
Yh242 Ch2¢2 (4m)? A2M§1 jl: ] ( )
s.t. the anomalous dimension can be identified as
2
9°CF
ThF25h2¢? = "o 5 (14.94)
where vy, p2_,p242 actually means vy, p2 p242 as in
dCh2 42
dan Z’yh2¢2 : ")/h2¢2 hFZChFQ +. (1495)
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Figure 14.6: Factorization channels of Ap242 (15, 2h+,3q;j,4¢i), which contain an insertion of

C) 2 through Ah r2(1p +2V$73<;3jv4¢i)' The blue labels mark the side of the unitarity cut on
which the amplitude with the insertion of C) 2 appears.

F3 - CF?

The mixing between operators which induce three-point amplitudes cannot be directly computed
via unitarity cuts since, as we have mentioned before, on-shell three-point kinematics lead to
massless and therefore vanishing bubble integrals. However, we can still determine the mixing
indirectly by embedding the operator for which we want to compute the running, i.e. CEF? in
our case, into a four-point amplitude. From the contribution of F? to the divergence of this new
four point amplitude we can infer the operator mixing F — C'F?. In the following we consider
/lhpz(lh +2Vﬁ,3¢_)j,4¢i) which we have already computed in Eq. . The amplitude is a
function of the gauge coupling g and the Wilson coefficient C),p2, i.e. Appe = App2(g, Chp2).
Using that the full amplitude, i.e. the combination of tree and one-loop, is independent of the
renormalization scale we can obtain an equation for the anomalous dimension

(a)
__% toopy _ 44 () I}
0= d 1HM(“4hF2 (9, Cpr2) + A ) = 7 lnuAth (9, Chp2) + ; Cy dinp (14.96)
= 0 91 (o) 15"
= ('YhF2 9Cy — Yeoll T Bg 8g>AhF2 (9,Chp2) + ; C, dng (14.97)

where we used in the second step that A ~1°°P can be expanded in the Passarino-Veltman basis,
where only the bubble integrals Is depend on the renormalization scale. In the third step we
used that the dependence on the renormalization scale due to the loop amplitude has to be
compensated by the running of the Wilson coefficient and gauge coupling.

In order to find the yps_,; 2 component of the anomalous dimension matrix it is sufficient to
consider the O(Cps) part of A!~1°9P(1,, +2ve, 3(£j,4¢i). This also has the advantage that we do
not have to worry about 3, and the collinear IR divergences since both would be proportional
to the tree amplitude AhFQ(lh +2va, 3(£j,4¢i) x Cpp2. Thus the anomalous dimension can be
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* veolovk T o vt Fm AN
’ - SRR K PP "
‘\ (Z_ﬁm V—f ¢"" V—E "'l “I
2ya V. Vi ' 4_4,1 “ " : 4¢1
2Vf 4¢i 2Vf
s — channel t — channel u — channel

Figure 14.7: Factorization channels of /thz(lh N +2Vf,3$j,4¢i), which contains exactly one
insertion of C'ps through /lFs(lvﬁ, 2V+b,3qgj,4¢¢). The blue labels mark the side of the unitarity
cut on which the amplitude with the insertion of Cs appears.

determined from
CFB 2
VF3—h @AhFQ (Lny2ve,35,,441)

1 -
= —4—71_3 Z O'gIEQR /dLIPS AL( - 62 *El)AR(Zlfg...)’O(CFS) (1498)

cuts
£1,£2

_ 20 Ca 0 2P
(4m)2 A2My - Y 512 ’
where we summed over all possible cuts of the one-loop amplitude with one insertion of Cps,

which are shown in Figure In the computation of the cuts we used the four point amplitude
Aps(lya,2y6,35.,44 ) which contains one insertion of Crs
+ V+ d)J ¢

1 CF3 abeyeni [ S14 1 2
AF3(1V_ﬁa 2V_ﬁ’ 3%,4@') = —g A2 f (t )j g + 5 [12] . (14.99)
Comparing Eq. (14.98) to Eq. (14.92)), we can identify the anomalous dimension
gCa
YF3—hF2 = 8? . (14100)

CF? - CF?

In order to compute the self-renormalization CEF? — CF? we again embed the three point
amplitude into /lh r2(1n, 2Vﬁ, 3¢;j,4¢i). Since this is a diagonal mixing, we now have to include
the collinear anomalous dimension and the beta function of the gauge coupling in Eq. .
The anomalous dimension is thus given by

0 .
(7hp2—>hp2 — Yeol+5g 89) Appz(1n, 2ve, 35, 440)

1 _ _
=5 > ouuR /dLIPS ApL(eo = b = ) Ap(tite ) o, )

cuts

£1,€2
Chrr29(Ca — 2CF) 2 2 2\ [pa\i [12]3<2|k3|1]
= 2 —12)—-12 it BN
6 (4r)2A7IL, (g (26C3 + 3C4 ) Cay )(t ) - ,
(14.101)
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Figure 14.8: Factorization channels of fth 2 (1n, +2Vﬁ,3q;j,4¢i), which contain exactly one
insertion of Cj,p2. The blue labels mark the side of the unitarity cut on which the amplitude
with the insertion of C} g2 appears.

where we have summed over all factorization channels of the one-loop amplitude, which contain
one insertion of Cj,p2. These are shown in Figure In order to extract the UV anomalous
dimension we have to subtract the beta function due to the running of the gauge coupling and
also have to correct for collinear divergences on the external legs with the collinear anomalous
dimensions Yoy = 73{)11 + 2 73)0“. The beta function §, is known and given by

3 3
g, =Y (110A_W_%>__ g (110A_1), (14.102)

3272 3 3 6 3272 3 2

where ny and ng are the number of Weyl fermions and scalars charged under the gauge group.
Note that 3, is smaller by a factor of 2 compared to the textbook result due to our non-standard
normalization of the gauge coupling. Using this in combination with the collinear anomalous
dimensions in Appendix we find

3+14C4)g?

C?¢p — C?¢¢

Finally we compute the self-renormalization of C?¢¢. This can be determined from the divergent
one-loop contribution to A(1j,, 25 +,3¢3j,4¢i) proportional to Cp242. This implies we have to
consider all unitarity cuts which contain Apz242 (15, , 25, 3(5j,4¢¢). In this particular case there
is only a contribution in the s-channel, since the t- and u-channel would require gravitons in the
loop, which would in turn contribute to higher dimensional operators. The only contribution is
thus

(7h2¢2—>h2¢2 - ’YCOH)Ah2¢2(]-h+a 2h+’3¢_)j’4¢i)
1 .
= —RR /dLIPSAh2¢2(1h++’2h++7_£2¢n7_€1¢m)"4(£1¢m7£2¢n73¢j74¢i)

20
ho¢2 <CF92 +(Ca+ 1)>\> 2],

T (4m2A2MY
(14.104)
with vyeon = 27?011. Plugging in the explicit expression for ’ycd)ou we find
2 2
Yy 3Crg (Ca+1)A
’7h2¢2~>h2¢2 = W — 167r2 87(’2 . (14105)
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III.A UOLEA results

In this appendix we apply functional methods to perform the one-loop matching and point out
some pieces which were missed in the previous calculation [20]. Once these missing parts are
accounted for, the results obtained in the UOLEA framework agree with the expressions of our
diagrammatic calculation described in Section We demonstrate this agreement explicitly
for the contribution from heavy-particle loops to the one-loop matching corrections to the Wilson
coefficients C'yg and Cp. Our discussion follows the general line of reasoning presented in the
articles [20,317,318] and we refer to the works [319,320,442] for CDE and UOLEA formulations
including heavy-light loops.

Starting from the Lagrangian Eq. one can obtain the low-energy effective action by
performing the functional integral over the ¢ field. The part originating from heavy particle
loops is given by

i 528
Seﬁ[H]ﬁs[H»ﬂsc]*gmn(_ W¢¢,> (ITL.A.1)

~ S[H, ] + %T&"ln (—P2+ M?+U,) .

Here ¢. = ¢.[H] is the solution of the classical equation of motion of ¢, i.e. 53/(5¢|¢:¢ =0,
P, =10, and Uy in the case of Eq. (12.1)) takes the form

82£¢
Uy = D2

1
= w|H|? + pe + §A¢¢§ : (II1.A.2)

P=dc

In order to find an expression for ¢. we perturbatively solve the equation of motion of ¢, which
explicitly reads

A
(O+ M2+ k|H|?) ¢ = —A|H|* - gqbz - gqﬁi" . (ITL.A.3)

Making the ansatz ¢. = §°) + (Z)El) + (;59 + ... with ¢£’“> = O(NZAZ) and k = [+ n it is
straightforward to obtain

1

0) — _ 2

¢c O+ M2+ H|H|2 A|H| 5 (HI.A.4)
1 A

= — B 032 4 29 (4(00)3

Y O 5 M2 + /]2 <2 (¢”)" + 5 (@”) ) , (IILA.5)
1 A

(2) = _ (0) 4(1) 1 20 (4(0))2 (1)
e D+M2+H|H|2 </L¢)C ¢’ + 9 (¢c ) be ) . (IIIAG)
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Expanding ¢. up to four Higgs fields and two derivatives or six Higgs fields and no derivative,
we then find the following expression

A 9 Ak A% s A 9
b=yt + (3~ g )1+ 50
A Ay AR? A3y +9A%kp  A3? (HLAT)
2 ¢ 6
<M6 a )’H| DIH - <M6 - 638 * 2M10>’H’ ‘

Comparing the above result for ¢, to Eq. (4.2) of [20] one observes that while the first three
terms of Eq. agree with the |H|?, |H|* and OJH|? contributions given in the latter
work, the |H|?0|H|? and |H|® contain additional pieces, all of which vanish in the limit u — 0.

These additional terms affect the matching contributions from heavy loops to the one-loop
Wilson coefficients CE)D and C’(l), which consequently differ from the results presented in the
work [20]. Considering the full solution of the classical equation of motion, we find that the

heavy-loop contribution to CS)D is given by

C(l) _ AQ)\gs + Ak _ A2\ -
HO heavy N 2M6 2M8
Akp A?p?Y\ K2 _ Arp A2\ -
+ <M4 Y >f4 + ( 5~z T ot ) I (IILA.8)

K2 6A2)\¢ + 5AkKu 11A2 2 AQ)\¢ In 1o

2402 1204 24 M6 M4 M’

where to obtain the final result we have inserted the expressions for the universal coefficients fN
reported in Appendix B of [20]. Notice that only the prefactor of fQ in Eq. differs from
the result Eq. (4.10) presented in the article [20]. Diagrammatically the observed difference of
A%p? (14 2Inppy /M) /(2M9) is due to propagator-type tadpole contributions — see the last
diagram in Figure [12.2] — that have effectively been missed in the latter calculation.

In the case of the heavy one-loop matching contributions to the Wilson coefficient of the

operator Qg (cf. Eq. 1D and Eq. ), we instead obtain the following expression

oW _ A%k + ARPp B 4A3 UMy + 9A K p? A3 3 i
H heavy 2M6 12M8 4M10 2
A%kNy + 2AK% 1 B A3y + 3A% K’ A3 3 7,
2M4 2M6 2M8
K3 3AR*u  3A%ku? AR\ =
— - - IT1.A.9
+<2 YRV 2M6>f8 ( )
o K3 B 2A%k\g + ARl N 2A3 0N + 3A%kp? B A3p3
o 12M2 4M4 6M6 60M8
_ A2/€)\¢ _ A3,u/\¢ lnM—M
2M4 606 M-

Apart from the prefactor of fo, the latter result agrees with Eq. (4.9) of [20]. The resulting differ-
ence of A%p? (Ap — 2M?k) (14 21n pupg /M) /(4M®) can again be traced back to propagator-type
tadpole contributions that have not been correctly included in the latter article. Our formula
Eq. is in accord with the preliminary results presented in the talk [348], where small
(1)

discrepancies with the formula for C'};” given in [20] were already observed.
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The heavy-light contributions to the one-loop matching corrections to the dimension-six
SMEFT operators Qg and Qg are not affected by the additional terms in Eq. . In
fact, the operators generated by heavy-light loops that are proportional to ¢. appear with at
least two additional Higgs fields compared to Qg and Qg. As a result the missing terms only
affect the one-loop matching of operators with a mass dimension of eight or higher. However,
when trying to reproduce the results in |20 we discovered an unrelated typo in the heavy-light
contribution to Cg) that appears in the prefactor of fi4 in (4.8) of that work. We find that the

actual contribution of the universal coefficient f4 4 to the Wilson coefficient Cg) should read

B 3A%K? B A3k
foa  M* MS

Once the additional terms in Eq. ([II.A.7) and the correction Eq. ([II.A.10) are taken into

account we recover the diagrammatic results for CS)D and C’g) originating from heavy and
heavy-light pure scalar loops, meaning that our UOLEA calculation reproduced the terms in
the first two lines of Eq. as well as the terms in the first three lines of Eq. (12.12)). Note
that the above mistakes and typos are also present in Eq. (3.1) and Eq. (3.2) of |21], which
employed the UOLEA master formulas of [20] to obtain the aforementioned results.

oty

(IT1.A.10)

III.B RG evolution of SSM parameters

We define the one-loop anomalous dimensions 7, that enter the RG evolution of the parameters
x by
o _ a (IIL.B.1)
dinpr  (4m)2° o

Renormalizing all UV poles including those arising from ¢ tadpoles in the MS scheme, the
anomalous dimensions of the parameters M2, A, s, u, Ay and Aj, read

Appz = M2Ag + 442 (IIL.B.2)
_ 3
Aa=A (4/-{ + 6 — 5 (97 +393) + 2y2> : (IILB.3)
~ 3 2 2
Yo =k | 4K+ Ap + 6, — 3 (97 +393) +2y2 |, (II1.B.4)
Y = 2pAp + 124K, (IIL.B.5)
Yo, = 1267 4+ 303, (IT1.B.6)
N 3
T = K7 1200 = 3 (97 +393) + 7 (91 + 20192 + 362) + 4hny2 — 4y, (IIL.B.7)
with
= Tr (3ylyu + 3ylya + v} (II1.B.8)
Y2 YuYu Ya¥d T YeYe ) »
ys = Tr (3ylyuylyu + Bylyaylya + ylyeylye) : (IIL.B.9)

Examples of Feynman graphs that contribute to the anomalous dimensions 2, ¥4, ¥« and 7,
are shown on the right of Figure [12.3| as well as in Figure to Figure We add that
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the results for 7, and 7, are not needed in the context of this work, but we provide them for
completeness.

In Section [12.2.2| we have presented our final results Eq. (12.10)) and Eq. (12.12)) for the one-

loop matching corrections CS)D and C’g). In both cases we have observed that the logarithmic
corrections to the Wilson coefficients involve only anomalous dimensions that depend only on
SM couplings but not on SSM parameters. Below we explicitly show how this feature arises.
The given formulae should also facilitate a comparison to the existing computations [20,[21] as
well as to the preliminary results presented in the talk [348].

In order to derive the logarithmic terms that arise from the renormalization of the SSM
parameters, we first notice that if the tree-level Wilson coefficients C,io)
the SSM parameters x one has

are expressed through

dln,uR Z 83: dlnuR 47r22 8 ’Ym: (IT1.B.10)

where the sum over z includes M2, A, &, pu, Ay and Ap, and in the last step we have used
the definition Eq. (III.B.1)). Integrating Eq. ([II.B.10) from pps to M then gives rise to the
logarithmic corrections that are associated to the renormalization of the SSM parameters.

Applying the master formula Eq. ([II.B.10) to the case of the Wilson coefficient CS)D, we
find the following logarithmic terms

_ 4A%5 — A%\, N 24 5A% (g7 +3¢3) | A%z Ada
In 401 M4 M6 604 M6 M4

4, , ) A?
= <12)\ -3 (97 +393) + 4y2> (—2M4> .
The first three terms in the first line of Eq. result from the heavy and heavy-light loop
diagrams shown in Figure to Figure The terms proportional to 4,,2 and 74 instead
arise from the renormalization of the parameters M? and A that enter the tree-level Wilson
coefficient Eq. . In the second line of Eq. we can manifestly see that there is
a cancellation of logarithmic terms involving the combinations of SSM parameters that do not
form a SMEFT Wilson coefficient, yielding the logarithmic correction quoted in Eq. as

final result.
In the case of the Wilson coefficient C’g) using Eq. ([I1.B.10)) instead leads to

A?ENg + 36A%KN — 124257 — 40A%\?

(II1.B.11)

Hoyym = 2M4
N 18AYK — 1243k p + A3 Xy + 36 A3Au B Adp B 1042 \g3
6M6 M? 3M1
A%k A% Ar  A%p) A%, A3y,

" <MG - 2M8) sz <M4 ) 2MG> Aot Tens  (HLB1Y

20)\g2 A?
= —40x? 2) (-

(-0 552) (o)
9 5 9 Ay A%k

+ 54A—§(gl+3g2)+6y2 aare o)

The first two lines of the above expression correspond to the contributions from heavy and
heavy-light graphs, while the terms proportional to the anomalous dimensions 7,2, ¥4, ¥, and
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Yu are the counterterm contributions that are associated to the renormalization of the relevant

SSM parameters appearing in the tree-level Wilson coefficient C’I(L?). Notice that the final result
in Eq. agrees with the logarithmic correction that we have obtained in Eq. ,
and that these terms have the correct form to allow for a resummation of large logarithms using
the RG equations of the dimension-six SMEFT operators Qo and Qg derived in [24-26].

III.C Group characters

In this appendix we summarize the Haar integration measures and group characters, taken
from [340], that were used to derive our main results in Chapter
III.C.1 Integration measures

The Haar integration measures over the SM gauge groups can be written as contour integrals
in the complex plane of the variables parametrizing the groups

/ Ay, (v) = —— 7{ do. (ITL.C.1)

21 oj=1 VU
1 dw
/dMSU() (w) = 27”%1” 1?(1_ w?), (III.C.2)

dz1 d 2 2
/dﬂsvu (21, 22) = ]{ 7{ 020 am)(1-2)(1-2). @res)
271’7, |z1]=1 J|z2|=1 zZ1 22 Z92 21

Note that these expressions differ from the ones in [22], since the Haar measures that we use
involve only the positive roots and therefore have no Weyl group normalization. This simplified
measure can be used when integrating over class functions, i.e. functions f(g) which satisfy
f(hgh™) = f(g) for h,g € G, since they are invariant under the Weyl group. Note that all
characters are class functions. For the integration measure over the euclidean Lorentz group
SO(4) ~ SU(2), ® SU(2)r we use

d$1 d.%’g 2 2
/duLoremZ(x) N /d'uSU( 2,650 (" 2m 7|{ |= 1j{ =1 L1 22 17%)(1 7%)’
1 T2

(IIL.C.4)
where © = {z1,z2}.

II1.C.2 Characters for SM gauge representations

The characters for all gauge group representations appearing in the SM are given by

Xg(l)y(v) =9, (ITI.C.5)
SU(2 SU(2 1 SU(2 1

STOW () = e W (1) = w + =, Xadj( W (w) =w? + 1+ — (II1.C.6)

z 1 z 1

Xa' D€, z0) =1+ 24—, X5 D, z0) =t
21 22 22 Z1
2 2

SUB)c _ S G ] S 71 I1.C.7
adj (21, 22) = 2122 + 21 * 29 Tt z% T2 Zl 2+ 2129 (IT1.C.7)

Characters for the Lorentz group are products of SU(2) characters
SU(2 SU(2
X @) =iy O () - P ). (I1L.C.8)
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with
1 ) 1
X1/2(x):$+;7 X1($):ZL' +1+ﬁ7
() =2+ o+~ + — () =o'+ 414 = 4L (IT1.C.9)
Xr) =2 X — — r)=x X -y — . RUA
X3/2 PR X2 22 A

ITI.C.3 Conformal characters

The characters for all unitary conformal representations we use in this work are given by [22,
23,1342]

00)(D;x) = D P(D;2)(1 — D?), (I11.C.10)

X[3/2,(1/2,0)] (D;x) = D% P(D; x)(X(1/2,0) (z) — DX(O 1/2) (55)) ) (IIL.C.11)
X[3/2 (0,1/2) ](D7 T) = D% P(D; x)(X(O,l/Z) (z) DX(l/Q,O) (33)) ) (IIL.C.12)
1,0)(D;z) = D’ P(D,CU)(X(LO) () = Dxqy2.1/2)(x) +D ) (IIL.C.13)

0.1))(D; ) = D? P(D; x) (x(0,1) (%) — D X(1/2,1/2) () + D7), (IIL.C.14)

2,0)(D;z) = D’ P(D; w)(X(Q,O) () = Dx(3/2,1/2) (@) + D’ X(1,0) (96)) (IIL.C.15)

02)(D; x) = D° P(D; ) (x(0.2) (%) = D X(1/2,3/2) () + D*x(0,1) (@) , (IIL.C.16)

with the momentum generating function P(D;x) [22]
1
P(D;z) = (III.C.17)

(1 — Dxlxg)(l — D/(mlxg))(l — D$1/$2)(1 — ng/arl) .

III.D Operator redundancies

In Section we identified two redundant operators in the basis of [383] for a shift-symmetric
scalar coupled to gravity. Here we show how these can be related to the operator basis in
Eq. (13.33)). Dropping freely all terms proportional to the free EOM, i.e. any terms containing
R, R or VFC,,s, the first operator can be rewritten as

(vaRyz/po) (VaR;u/po) — _C/,u/pcrv2clwﬂa _ C,uupa (4 C)\Vpacfu A o o+ C)xapcrc/u/ )\a)
3C,, 7O Ch5,, =303, (IIL.D.1)

where we used IBP in the first step and Eq. in the second. Since there is only one
independent CP even Riemann invariant with three Riemann tensors in four dimensions [406],
it is clear that the first line is proportional to O3. To find the exact relation one has to use
dimensionally dependent identities, which can be conveniently implemented with the Invar pack-
age |385]. Again throwing away all terms that vanish due to the free EOM, the second operator
can be rewritten as

Rlll’aﬁ(vuvaé)(vuvﬂqﬁ) = _praﬂ(va(b)(vuvyvﬁ(ﬁ)

_ _% was(VEO) ({VF, V") + [V, V) VP )
1

- _5 Muﬂacwjﬁa(vaqb)(vgd))
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= 1 (CappeP(Vu8)* =301, (LD 2)
In the first step we used IBP and wrote the covariant derivatives in the last parenthesis as the
sum of its commutator and anti-commutator. The term with the anti-commutator vanishes,
since it is contracted with C),,g, which is antisymmetric under p <+ v. The commutator yields
a Riemann tensor, which after removing the R, and R components coincides with the Weyl
tensor. In the last step we made use of the identity [379)

1
ChuvpaCMP , = ZgaaCuwgC’“‘”'y‘s. (IIL.D.3)

III.E Plethystic exponential

In Section we introduced the (fermionic) PE as the generating function for the characters
of (anti-)symmetric tensor products [337-339]. In the following we give a sketchy derivation to
justify the form of the PE which we use here. Readers looking for mathematical rigour should
refer to commutative algebra textbooks, such as [3351336].

III.E.1 Bosonic plethystic exponential

We want to compute the sum over the characters of all symmetric tensor products of a repre-
sentation R weighted by a spurion g, i.e.

> 4" Xsymary (9) - (IILE.1)
d=0

For g € G, let Ry (g) € GL(V) be the linear action of the group element g on a n-dimensional
vector space V', i.e. R is a n dimensional group representation. Now let us assume that Ry (g)
can be diagonalized. We take its set of eigenvectors, i.e. {e1,...,e,} with Ry(g)e; = A,
as a basis for V. In this basis the group character is given by the sum over the eigenvalues
xr(9) =Tr(Rv(g9)) = .7, Ai. The symmetric tensor product Sym?(R) is the action of the
group element g on the symmetric tensor product of the vector space V, i.e. Sym%(V). We

denote this linear map by R?jmd(‘/) (9) € GL(Symd(V)) A simple basis for Sym?(V) is
{% Zaesd €igy ® - @ eia(d)ll < < ... <ig < n}, where Sy is the symmetric group. As an

explicit example let us write down the basis for Sym?(V') and dim(V) = 3
{e1®e1,e2®ey,e3®e3, %(61@624—62@61) , %(61 ®eszt+es®er), %(62@634—63@62)}. (IIL.E.2)

XSym?(R) (g) is obtained by summing over the eigenvalues corresponding to these basis elements

Xsym?(R)(9) = TT(ngzmz(V) (9)) = AT+ A3+ A3+ MAz + Ads + Aods = 3(xr(9)” + xr(97)) |
(IIL.E.3)
where the trace is a regular matrix trace. In Eq. ([I1.E.3]) we also verified the symmetric square

formula for characters that we already found in the explicit example for the Hilbert Series in
Eq. (11.43). For general n and d the character can be written as

Xsymiry(9) = Tr(RGE 4 (@) = D APAZ AT, (IILE.4)
il +12++1n:d

13This map is the tensor product representation ®”R. acting on Sym?(V).
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where the sum is over all partitions {iy,i2,...,4,} with i; +i2 + ... + i, = d. The i indicate
the number of times e appears in the corresponding basis element and therefore also the power
of A\ in its eigenvalue. Each partition corresponds to a basis element of Symd(V). This is easily
seen in our example with d = 2 and n = 3 with the partitions being 2 =24+04+0=0+240=
0+04+2=14140=14+04+1=0+1+ 1. Summing over d in Eq. yields the

generating function

D Xegmim(@)a' = D gt DL AR Ay = <Z(A1q)“> ( ZWQ)%)
d=0 d=0 i1+io+...+in=d i1=0 i, =0

1 1 1
[TZi(1=Xig) — det(L—Ry(g)q) detr(1—gq)’
where we used the geometric series. Using the matrix identity log(det(A)) = Tr(log(A4)) and the

(IILE.5)

logarithmic series log(1 —z) = —> 722, x¥ /k, we obtain the plethystic exponential
oo o0 1
D Xsyme(m) (9)4” = exp [ > TTR(gk)] . (IILE.6)
d=0 k=1

II1.E.2 Fermionic plethystic exponential

In the case of fermionic spurions we have to consider the antisymmetric tensor product, i.e. we
want to compute

> " xairl9) (IILE.7)
d=0

where A stands for the antisymmetric tensor product. We again pick the system of eigenvectors

of Ry (g) as basis for V' and write R%}V(g) € GL(AYV) for the action of the group element

g on the vector space formed by the antisymmetric tensor product AYV. A basis for A"V is
{% desd (o) €y ® - ® 6i0<d)|1 <1 < ... < ig < n}, where €(o) returns the sign of the

permutation. Coming back to the example with d = 2 and n = 3, the basis for A%V is
{e1Neg,e1Nes, eaNegt = {%(61@62—62@61), %(61 ®e3—ez®eq), %(62@63—63@62)}, (ITL.E.8)
with the group character x 2r(g) given by
xner(9) = Te(RTZ 1 (9)) = Ade + Mg + deds = 5(xr(9)” — xr(9%)- (IILE.9)

For general d and n each basis element of AV contains d different basis elements ej. This
implies that if d > n then A%V is an empty space. The group character is the sum over the
eigenvalues
Xar(9) =Te(RE(9) = D Aiyoo- Ay (IIL.E.10)
1<i1 <...<ig<n

Summing over d we obtain the fermionic plethystic exponential

> 't xpmyle) = ¢ > Ay =[]+ Aig) = det(1+ Ry(g) q)
d=0 d=0 1<i1<...<ig<n i=1
0 -1 k+1
= detr(1+gq) = exp[z (;q’“ TrR(gk)] : (IILE.11)
k=1

where we again used the matrix identity log(det(A)) = Tr(log(A)) and the logarithmic series
log(1 + ) = Y2, (=1)*12*/k in the last line.
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III.F Dimension 8 GRSMEFT basis

We compile in Tables [[IL.F.1] and [[TL.F.2| the explicit operator basis for the GRSMEFT at mass
dimension 8.

We recall that we constructed the Hilbert series in terms of the chiral components of the
gauge field strengths (X r) and the Weyl tensor (Cp,p), which are related to the standard
field strengths and their duals by

Xy = ; (X0 wixm), cpne = % (crwem s icmer) (ITLF.1)
with X = %e’“’afBXOé,g. For the dual of the Weyl tensor we can define a left- and a right-
dual tensor *CHYP? = %6‘“"16 Cop?’ and CHP7* = %epmﬁ CH o3, however one can show that
*CHVPo — CHrP7 * and therefore we can define without ambiguity CH/P7 = %e“" af Cop??. Useful
relations to trade chiral components for the standard field strength and its dual are

v 1 ) -
CrirupeClyy = 3 <CWPUC“””"izCngC“”"") : (IILF.2)
1 )
XrrpoCLig = 5 (XPGC“”””iz‘ngCWW) . (IILF.3)

We also use that €;, _;, e/l=Jn = n'df ' (5”‘ to rewrite pairs of building blocks that both include
a dual field strength in terms of contractlons without the Levi-Civita tensor.

III.G Selection rules from Supersymmetry

A crucial ingredient for the tree-level modified helicity selection rules in Secion is the

fact that all |h| = 2 four-point amplitudes, with the exception of the four fermion amplitude

A(1;1,2,1,3,1,4,1), vanish on-shell. This non-trivial statement has been shown with a com-
2 2 2 2

bination of direct computation, supersymmetric Ward identities (SWI) and KLT relations to
hold for marginal theories [27,435|, pure gravity [443,444] and minimally coupled gravity with
two external gravitons [445]. Here we complete the proof along the lines of [435] using SWIs
and show that all |ﬁ| = 2 four-point amplitudes with one external graviton vanish, i.e

0=AMLTVIVIVT) = ATV Tes") = AWy yte) = ATV T TyT). (I11.G.1)

The proof is based on the observation that a marginal theory minimally coupled to gravity
with holomorphic Yukawa couplings can be embedded in a N' = 1 supergravity theory with R-
parity. For the SM this is the case if either all up-type or down-type Yukawa couplings vanish.
Amplitudes in the supersymmetric theory that have only particles of the original marginal theory
and gravitons as external states, which are even under R-parity, coincide with amplitudes of the
marginal theory minimally coupled to gravity, since the R-parity prevents superpartners to
appear in internal lines at tree level. However, global invariance under supersymmetry (SUSY)
transformations yields non-trivial relations between amplitudes via SWIs (see e.g. [410,446,447]).

Consider a composite operator O = @, - - - ®,, containing a product of arbitrary fields ®; and
define Q(&) = £*Q,, as the supercharge multiplied by a Grassmann spinor parameter £. Then
the SWI for O takes the form

0= (0][Q(), 01[0) = > (0]D1 -+ [Q(&), Dy] - - Dy 0) . (IIL.G.2)

i

M Note that in order to ease the notation, in this Appendix the helicity of a particle is shown as a superscript
instead of a subscript as in Chapter @
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The SUSY transformations of the fields in the normalization of [435] are given by

[Q), ¢" (k)] = —6 (k) ¥ (k) , [Q(E), v~ (k)] = 0 (¢k) p(k), (IIL.G.3)
[Q(E), AT (k)] = =0 (k) VT (k), [Q(€), V™ (k)] = 0 (Ek) A~ (k) (II1.G.4)
[Q(E), (T (k)] = —0 (k) hT (k) [Q€), ™ (k)] = 0 (k) ¢ (k) (IIL.G.5)

where particle pairs in the same chiral or vector supermultiplet are denoted by ¢, and A,V
respectively. ¢ and h are the gravitino and graviton. We also split the Grassmann spinor
parameter £ = 0 £ into a Grassmann parameter 6 and a spinor variable £%, corresponding
to an arbitrary massless vector £. The commutators for the remaining fields are obtained by
inverting the helicities, i.e. £ — F or ¢ <+ ¢f, and substituting (¢k) — —[¢k].

In order to prove Eq. , we consider the two operators O = th;)\;V[ and Oy =
hiAS ¢3¢L The SWI for the first operator yields

0= — [Ek1]A(GT VR AT Vy) — [Ska A(hT AT AL VYD)

I11.G.6
(ks ATV V) + ek AR Vi ATAT) (ILG-6)

In a supersymmetrized version of a marginal theory minimally coupled to gravity, there are two
classes of three-point amplitudes: graviton and gravitino three-point amplitudes with |h(As3)| =
2 (see e.g. [414]), and marginal three-point amplitudes with |h(A3)] = 1. This implies that
the first two amplitudes in Eq. , which have total helicity A = 2, do not factorize into
three-point amplitudes and can only be contact amplitudes, corresponding to a Lorentz invariant
higher dimensional effective operator. However, as we assume minimal coupling of gravity to
a marginal theory, there are no higher dimensional operators which could give rise to these
amplitudes. Hence they must vanish. If we now choose £ = k3 and & = k4 we obtain

ARV VTV ) =0, ATVEPASAL) = 0. (IILG.7)
Similarly the Ward identity for Oo

0= — k1] A(GAS d30)) — (Eka) AR V' d30))

(I11.G..8)
+ [Ek3) AR A Y3 o)) — (Eka) A(RT NS ds0])

contains two amplitudes with h = 2, i.e. A(Cf){gf)ggﬁl) and A(hf)\;wgqbl), which trivially
vanish since there are no interactions that mediate it. Taking £ = kg and £ = k4 we find that
also the other two amplitudes vanish

ATV gsel) =0, AT AT ¢sv)) =0. (IIL.G.9)

In order to complete the proof we note that helicity amplitudes factorize into color and Lorentz
structure. This in combination with the fact that gauge groups commute with the SUSY algebra

implies that Eqs. ([I1I.G.7)) and (II1I.G.9)) do not only hold for gauginos in the adjoint or matter

fermions in the fundamental representation, but for fermions in general representations [435].

This completes the proof that all amplitudes in Eq. (III.G.1|) vanish.

Gravitino Amplitudes

In Section [14.2.1] we commented on the definition of a modified helicity in the presence of grav-
itinos. If we define h = h— %hg — %hg all three-point amplitufies satisfy |h(As)| = 1, allowing for
|h(A4)| = 0,2. In the previous discussion we showed that |h(A4)| = 2 amplitudes with matter
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or graviton external states vanish on shell. The same is true for |h(A4)| = 2 amplitudes with
external gravitinos, s.t. |[h(A4)| = 0 for arbitrary amplitudes A simple proof uses SWI to
relate |h(A4)| = 2 gravitino amplitudes to vanishing graviton amplitudes.

As an explicit example consider the following class of amplitudes A( fr XoY3Zy) with XY, Z
being scalars, fermions or vectors with a combined helicity of A(XY Z) = 4+3/2. This amplitude
could naively be constructed but but does not satisfy |h(A4)| = 0. Using the operator O =
thngZ4 one obtains the Ward identity

0= —[Ek1) A X2Y3Z) + ..., (II1.G.10)

where the ellipsis stand for amplitudes of the form A(hf ---) with one graviton and three
matter particles with combined helicity A(---) = {1,2}, s.t. the helicities of the full amplitudes
are h = {2,3}, which we have shown to vanish in the previous discussion. Thus Eq. (III.G.10)
implies that amplitudes of the form A((;f X2Y37,) with h(XY Z) = +3/2 vanish on-shell. The
remaining |h(A4)| = 2 amplitudes with additional external gravitinos can be shown to vanish in
a similar fashion.

III.H Toy model amplitudes

In this Appendix we collect the three-point and four-point amplitudes, which are induced by

the toy model in Eq. (14.65]).

III.H.1 Three-point amplitudes

ALy, 24,35) =y6/(12) ,  A(ly,,24,34) = y 05[12] (IIL.H.1)
A(lye,24,35) = —g (ta);i“?;;?” L A(lve,25,.35) = —g (1] [1[22]5]3} (ITLH.2)
A(lye, 2,i,3x,) = g (1); <<1223>>2 . Allve,2g,,30) = g ()] [[122?5 (IIL.H.3)
A(lve, 2y, 3ve) = ig f““% o A(lvg, 2ys,3ve) = —ig f° [2[;]2[]133] (ITL.H.4)
Al 240,35) = — ]\;pl 5 <12<>223<>123>2 A(n, . 25.34) = — A;pl 5 [12[]223[}123]2 (ITLH.5)
ALy, 2,,35,) = ]\;pl 5! <12;§;3> . AL, 25, 3y) = J\;pl 55[1[22]33523] (IILH.6)
A(ln24,3;) = A;l “?g;g?’) A(lh,,25,3y) = ]épl [1[22]33%5’] (ITLH.7)
ALy 2ve,3y) = Mi abg;ii LAl 2va,3y0) = ]\;pl “bggi (ITLH.8)
A 203 ) = - 2%, o )= - )

M, (23)2(13)2 M, [23]%[13)?

15A consistent theory with gravitinos must be completely supersymmetric. This forbids non-holomorphic
Yukawa couplings, s.t. there is no exceptional four-fermion amplitude which does not respect the helicity se-
lection rule.
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III.H.2 Four-point amplitudes

, . s s 1 ;
A(Lgi,25,,35,4g) = A (5;5@ +610)) + ¢ <[ =+ ] (1) () + [14 + 2} (t a)z(ta)g>

S13
S14 [ S14 i o1 S14 ¢ ¢l
2 < 050, + 515 01,05

s + (812 00}, + 513 6};65-) (ITL.H.10)
12

pl pl
c/
M2 (3125k5 +81351(5k> ,
B _2¢ l< > a\i (4a 513 <1|p3‘2]
A(1Xi72>zj’3¢k’4¢l) =Yy 6k‘6j <2 > <g (t ) (t )k + M2 5]616) 519
1 7 7 <l
37 (1|ps|2] (cwé 0k + 4 016! ) (IILH.11)
14) 1
14,27.32 .4 _“< — & pslo) [ 22— II1.H.12
ALy, 25,35, 449) & o4y T M3 &; (1|ps| ](812 Cqu) ( )
)5 m), ()} sia [ 050 040
1oi,2v..3<. . 4.) = (14)[23] | ¢* - J J
A( X" X5 OXk xl) < >[ ][g ( 512 + 513 M§1 12 + 513
+ M2 (14)[32] (5’5k + o 51) (LILH.13)
ALy, 25,35, 4y) = ———(14)[23] <814—|—814—c > (ITLH.14)
¥ S 9y Ty Mgl S12 813 v o
A(1,i, 25,35, 4y) = 251@——5%14)[23] SEC (II1.H.15)
X1 EXg0 O S 7(23) Mz s;g XY o
S0 s14(t4°)] + s13(t71%)]
Tye, 20,37, 4,) = (1|ps|2]? 2 i U II1.H.16
A(lve, VPO o) = (1lps|2] [M21512+g 512513514 7 ( )
<13><14>
lya, i i) = yg(t*)] II1.H.1
6ab5j 9514 (tatb) + Slg(tbta)
lya,2u6, 35 = —(14)[23](1|p3|2 i II1.H.18
A(Lye v 9% 4ys) (14)[23](1|ps3|2] [Mglm + 512513514 ; ( )
1 (14)[23](1|ps|2]
lya,2u0,37,4p) = ——=0, , II1.H.19
A(lve, 2y, 35, 4p) TR ( )
1 dabOcd . 0acObd
1ya, 2 ¢ 4yrq) = ——=(14)2[23)% [ 2222 4 “acbd
Aty 2ug, B ) = = (47280 (P 2
abe rcde ace rbde
+92<14>2[23}2<f LA e > (IT1.H.20)
512514 513514
1
A(Lp_,25,,35,440) = _M—plsl A(25,,35:44i) » (ITL.H.21)
1
A(lh_,2ve, 35, 44) = _1\751 A2ve,35,,44) (I11.H.22)
A(lh_,2ve, 3y, 4ys) = 15 A2ve,3g,,4,) (II1.H.23)
P
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A(lh_s2ve, 3yn, dve) = _]\;m‘glA@Vf’ Byb,dve), (I11.H.24)
A(Lh_,2h,,35,,44) = ]\/}51 5 3<112|]3)f?|,2]11 ; (IT1.H.25)
A, 2,35, 44) = — ]\;31 &7 <14>5[1223;$£ z’mg (I11.H.26)

Al 20,35, 4p) = — ]\;31 <14>s[1223jf;l]; jms : (ITLH.27)

A(Ln_, 2, ,3ve, dy) = — ]\% Sab <14>28[12:j§f sf2° (IIL.H.28)

A1, 20,30, 40 ) = L (47281 (I11.H.29)

Y
M§1 512513514

With a Feynman diagram computation, one finds ¢, = c:ﬁ =1, ¢y = Cep = Cpp = —1/2 and
Ao = Ceg = 05 ¢y = ce = =3/4; ¢y = —3/2; cy¢ = cyyp = cgp = —3/4. Another interesting
possibility is ¢y = 5/6, that arises when the scalar is conformally coupled to gravity.

For amplitudes involving one graviton, we have used
1 . .. .1 1 . 2 .. 2 .1 2
(aliglgl) _ (1i)7[ig]"{51) ’ (I11.H.30)
[15](j4)[41] 512513514

&1

with 4,7 = 2,3,4 and i # j (its value does not depend on the choice of i and j). When
multiplying two matrices, it is important to respect the order as follows

MFN] = (MN)! # (NM)!. (IIL.H.31)

We also have
3 — 00 = 4 fabege (IT1.H.32)

ITII.I Collinear Anomalous Dimensions

The computation of UV anomalous dimensions along the lines of Eq. , which was also
thoroughly discussed in Section [14.1.3] is insensitive to soft IR divergences. However, collinear
IR divergences originate from massless bubble integrals and have to be subtracted by hand.
Fortunately collinear divergences are universal and only depend on the external particles of an
amplitude. They can be parameterized in terms of a process independent collinear anomalous
dimension 'ygon for each external particle j. In this Appendix we present a method developed
in [432] to compute the collinear anomalous dimensions in a physically transparent way.

The authors of [432] determine anomalous dimensions for operators O via form factors, i.e.
the matrix element between an operator and on-shell states (0|O|p1,...,pn). It can be shown
(see [432] for details) that at one-loop order the anomalous dimension for a minimal form factoﬂ
in our conventions is given by

1
(%6 = M) 0[Ol -, pa) @ = =010 & Mipa,....pa) (IILL1)

16The minimal form factor of an operator @ is non-vanishing in the free theory. Considering minimal form
factors allows us to neglect the contribution from beta functions to the scale dependence of the form factor.
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where the superscript shows the order at which the quantities are evaluated, (0) and (1) being
tree-level and one-loop, respectively. O ® M denotes an integration over an intermediate two-
particle phase space, i.e.

00 & Mlpy,...,pn) @ =" [ dLIPS (0|00, )0 (01, Lo Mpy, ..., ), (IIL1.2)
01,02

with an additional factor of 1/2 if ¢; and ¢y are identical particles. Thanks to momentum
conservation in the second matrix element, ¢; and ¢ are related to the external momenta
l1+45 =p1+...+pp, s.t. the phase space integration can be parameterized in a similar manner
as in Eq. and Eq. . Projecting out the rational part of Eq. gives the
UV and collinear anomalous dimension. Note that gravitational interactions produce only soft,
but no collinear divergences [448] and are therefore irrelevant for the computation of collinear
anomalous dimensions.

Since the collinear anomalous dimensions are universal they are identical for any form factor
with matching external states. Thus they can be easily determined by considering the form factor
of an operator which has vanishing UV divergence. A possible choice is the energy-momentum
tensor T, or T*%48 in spinor notation, such that the collinear anomalous dimensions are given
by [432] .

1 RO @ M|p1, p2) )
473 <0|Taﬁ,d3 Ip1, p2)(©

The relevant form factors of the energy-momentum tensor for scalars, fermions and vectors,
converted to our notation, are of the form [432]

Veor T Veon = (IILL.3)

01T 14:,25.) = 265 (D" +p3°p5” —piops” —psopl” —pips® —plp3”), (ILL4)

= 30
afB,af 1 iy Jaih « 187 a Jayh ayayf

O[T*P|1 1, 24.) = 50 (FNTAENS + AEATAIAG — ASATAGAS — MIASAGAS) (IIL.15)

(O[T |Lya, 20) = ~26PAGATAGNS (IILL6)

where pf‘d = plf Uz‘d‘. With the explicit expression for the form factors it is straightforward to

obtain the collinear anomalous dimensions for the toy model particles from Eq. (II1.1.3). Let us
demonstrate this for the singlet Weyl fermion . There are non-vanishing marginal four-point
amplitudes of ¥ with xx and ¢¢, s.t. the numerator in Eq. ([I1.1.3) takes the form

&f A\ (0) B,ap 8,4
R <0|Ta[3 ab M1y, 2¢>( ) =R /dLIPS |:TZ¢i022¢jM1w2w~)f1¢iZ2¢j + Tgxioz%j/\/hw%aélxi lay,

C%yZW av\Biayp « 187 « Jaip ayaip
= (% ADAAT + ANTNIAG — AEAIRGAS — AU ASAGAT)

2 .
= AV sy, 25)0),

(LILLT)
where we defined Tgﬂ’dﬁ = (O]T“ﬁﬁdg\pi,pj) and used that
Mplpzﬁp:sm = <p33p4|M|plap2> = in3p4 <O’M| - p47 _p3)plap2> = in3p4A(_p4’ _p3ap17p2) )
(IILL8)

where we used crossing symmetry and denoted the anti-particle of p; by p;. The factor ifrsea,
where F),,p, counts the number of fermions in the set {p3, ps4}, is required when using the spinor
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convention | — p),| — p] = i(|p),|p]). Plugging Eq. (IIL.I.7) into Eq. (IIL.I.3) we immediately
obtain ’Yiu = O4y?/(3272). The collinear anomalous dimensions of the remaining particles in
the toy model can be determined through a similar computation. In summary this yields

6 CFQ2 y2 v C’Ay2 x 3C’Fg2 y2 v o (3—22C'A)g2
Teoll = 77972 T g2 Teoll T 3gn2 0 Jeol T TTgopa Tgopee Jeoll T g9
(ITLL9)
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X2H?C

Ocuc| (HTH)(GA"WGAPClppe) |Ogpa| (HIH)(GAWGAP7Cluppo)
Ownc| (HTH)Y (W WO r) Oy el (HIH) (WA WP C )

Opuc| (HTH)(B*BChps) |Oppye|  (HIH)(B*BPClypo)
Owpc| (HIT"H) (B W Cypo) Oy pa| (HITOH) (B W Clyypo)
H?C*D? X H2CD?

Owcp |(VaH) (VEH)(Clupe CHP7) | Owep|(VEH) T4V HYW 27 C

Oep (Vo) (VEH) (Clipoe CHP7) | Oy i | (VHH) I8V HYW 07 C

Opep| (VEH)Y(VYH)BPClppn
(VEH)! (VY H) B Copu,

OBC’D

Table II1.F.1: Bosonic dimension-8 operators of the GRSMEFT including gravitational inter-
actions.
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V2HC? V2XHC
Ouric | (QLHUR)(CopeCH??) || Ouce (Qro* TAur)HGA*7 O\ py
Oune | (QLHUR)(CrvpeCHP7) || Ouwe (Qro*ur)T* HW 7 C\yypr
Oarc | (QLHAR)(ChvpeCH*7) || Oupc (Qro"ur)HB? Cuypo
Oy | (QrHAR)(CupoC™*7) || Ouce (Qro*T4dr)HG?7 Cypo
Octic | (LrLHer)(CuvpeCH?7) || Oawe (QrLodr)T*HW P Clyypr
O,y (I_/LHGR)(CMVPJC“ Py OaBC (QLU“”dR)HBWCNVpU
Oawe (Lo er)T*HW 7 Clyppr
OeBC (Lo er)HB C\ypo
Y2 HCD? PrC
Oucp [(Qro"VPur)(VoH)Cpypo | Ouac €ij(QL o uR)(Q} o dR) Cruwpo
Odcp | (Qrot*Vrdr) (VI H)Crups | Ouec €ij(QL o uR) (L} 07 er) Chupo
Ocer | (Lo NPer) (Vo H)Cuvpo | Ouedc [€P7[(d%) T Cotvul] [(u}) T Cor?er]Crmpo
W2XCD
Oqaep QL' TAVYQL)GAP7 Cypo Oocep (QLY'TAVYQL)GA?7 Cripor
Oucep | @RV TAV ur) G2 Crvpo || O i (@rY*TAV uR) G4 Cpor
Oucep | (dr'TAVYdR)GAP Crvpo | Oycom (dry*TAVYdR)GAP7 Cypo
Oqwen|(QLy* TV QL)W Crvps | Oy e QLYY QL)W P Cliy o
Orwep| (Lo TV L)W Crvpo |Opwen (LA VY L)W Cupo
Ogpen| (QLy*V"QrL)B Cuvps | Oppep (QLy*V' QL) B Chuvpo
Oubcp| (@pY*VYur)B*Cuvpe || Oypép (ary*V uR) B Ciypo
Ougep|  (dry"VYdR)B*Chvpo || Oypen (dry*VYdR) B Coupo
Orpep| (Liy"VYLe)B” Cuvpe | Oppep (Ley*NY L) B Crupo
Ocsep|  (ErV*VYeR)B* Cuvpr || O pep (erY*VYeRr) B Cupo

Table III.F.2: Dimension-8 operators of the GRSMEFT including gravitational interactions
and fermions for Ny = 1. We do not show explicitly the h.c. of non self-conjugate operators.
H; = €;;H; and C'is the charge conjugation matrix.
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Conclusions

Despite conclusive evidence that the SM is incomplete, BSM physics has so far evaded detection.
The absence of a signal in combination with an increasing experimental sensitivity puts consider-
able stress on well-motivated models, such as supersymmetry and Composite Higgs models, and
pushes them into a more and more fine-tuned region of parameter space. This requires a careful
re-evaluation of the models, which have been the focus of investigation, and the development
of new ideas to test the predictions of the SM. In this thesis we have contributed to this effort
in several ways: we studied DM in well-motivated models, in particular composite pNGB DM
in CH models and the QCD axion, and re-evaluated some of their properties. Additionally we
considered EFTs of the SM and gravity and for the first time constructed the EFT of the SM
coupled to GR, the GRSMEFT.

In Part [I| of the thesis we studied composite pNGB DM, a WIMP candidate which naturally
arises in the CH framework. In this class of models both the Higgs and DM are pNGBs of a spon-
taneously broken symmetry of a new strong sector. We started our study with an EFT approach
in Chapter 3] where we considered the most general effective Lagrangian of a complex scalar DM
X coupled to the SM with a CH inspired power counting (see Section . This allowed us to
identify the derivative Higgs portal cqd,|H |*0"|x|?/f?, where f is the symmetry breaking scale
of the strong sector, as the characteristic feature of composite pNGB DM. This coupling alone
defines a viable and appealing DM scenario: it is strong enough in DM annihilations to produce
the observed relic abundance for weak scale DM m, ~ my and f ~ TeV, but at the same time
highly suppressed at low-energy scattering on nuclei, thus explaining the null results in direct
detection experiments. A scenario, where the derivative Higgs portal is the leading coupling
to the SM can be seen as the “Goldstone limit”, since the coupling preserves the Goldstone
symmetry of the DM and Higgs. However, in realistic models this simple picture can be signifi-
cantly changed, since the generation of a mass for the DM requires an explicit breaking of the x
Goldstone shift symmetry. This introduces in general further model-dependent, non-derivative
interactions, such as the marginal Higgs portal coupling A|H |?|x|?, which is strongly constrained
by direct detection experiments. The viability of the model therefore crucially depends on how
closely the “Goldstone limit” can be realized.

After this general discussion on composite pNGB DM, the focus of Chapter [4 was on an
explicit realization in a fully realistic CH model based on the symmetry breaking structure
SO(7)/SO(6). This symmetry breaking structure gives rise to six GBs, the Higgs doublet
H and a complex DM candidate xy. This model has the additional appealing feature that
the stability of the DM is guaranteed by a global symmetry U(1)py C SO(6) of the strong
sector. We identified three qualitatively different sources for the explicit breaking of the DM
shift symmetry: shift symmetry breaking by the couplings to the top quark (Section , shift
symmetry breaking by the couplings to the bottom quark (Section and shift symmetry
breaking by gauging U(1)pm (Section [4.5]). All three scenarios successfully implement EWSB
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and lead to qualitatively different DM phenomenologies. Let us briefly summarize the main
results of these model realizations.

The model where the leading breaking of the DM shift symmetry is due to the top quark
couplings does not realize the “Goldstone limit”. It predicts a marginal Higgs portal coupling,
whose natural size is related to the Higgs quartic by A < A,/2 ~ 0.065. We find that a
moderately tuned version of the model with a symmetry breaking scale of f = 1.4 TeV, a DM
mass of 200 GeV < m, < 400 GeV and a portal coupling of 0.01 < A < 0.04 is still viable
although in mild tension with recent XENONI1T results. XENONIT in its full lifetime will
probe the entire remaining parameter space of the model.

If the couplings of the bottom quark are the leading breaking of the DM shift symmetry, the
“Goldstone limit” is realized to a large extent. The marginal Higgs portal coupling is strongly
suppressed A < 1073, s.t. it is irrelevant for DM phenomenology, and the DM is heavy enough
with m, ~ 100 GeV for the relic abundance to be produced via annihilations through the
derivative Higgs portal. However, in contrast to the pure “Goldstone limit”, this model is not
completely invisible in direct detection experiments. The shift symmetry breaking by the bottom
quark generates a contact interaction of the form y,q, Hbr|x|?/f? with O(1) coefficient, leading
to a small but observable direct detection signal, which will be probed in future experiments
such as LZ and XENONnT.

The cleanest realization of the “Goldstone limit” is reached if all fermion couplings respect
the DM shift symmetry and the DM mass arises purely from gauging the stabilizing U(1)pm
symmetry. This does not generate any non-derivative contact interactions to the SM at one
loop. Thus the direct detection signal is extremely suppressed and out of reach even at future
experiments. However, the dark sector consisting of the DM y and dark photon «p can be
tested at colliders and in cosmology and astroparticle experiments. Important probes for a
massless or approximately massless dark photon with m.,, ~ 0 are the number of relativistic
degrees of freedom ANgg, which will be sensitive to this scenario in the next generation of
CMB measurements, and probes of the long-range DM self-interactions. Heavier dark photons
My, 2, My result in an interesting two-component dark matter scenario, which can only be
tested in DM indirect detection.

Composite pPNGB DM, which realizes the “Goldstone limit”, is practically invisible in direct
detection experiments. For this reason collider probes, which can fully exploit the energy growth
of the derivative couplings, are a crucial ingredient to test pNGB DM. In Chapter 5| we studied
both the derivative and marginal Higgs portal in the Higgs off-shell region m, 2 my /2 in the
weak-boson fusion production channel at current and future lepton and hadron colliders. While
the derivative Higgs portal allows for a better separation of signal from background than the
marginal Higgs portal, due to harder kinematic distributions, a high-energy hadron collider such
as FCC-100 or a high-energy muon collider is needed to truly test the region of parameter space,
which is relevant for pNGB DM.

In summary, pNGB DM remains an appealing and well-motivated DM candidate, which,
especially in the “Goldstone limit”, is challenging to probe. For this reason it is important to
devise new tests of this scenario. An interesting idea is to look for indirect effects of pNGB DM
in precisely measured SM processes. This was done e.g. in [449] for the marginal Higgs portal
by considering contributions of DM loops to the gg — ZZ(— 4/) process in the off-shell Higgs
mediated region. We plan to perform a similar study for the derivative Higgs portal [306].

The focus of Part [lI| was the QCD axion, another well-motivated DM candidate. We investi-

gated the robustness of the conventional axion mass prediction, which can be phrased purely in
terms of IR observables myg f, ~ my fr. This implicitly assumes that the dominant contribution
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to the axion mass originates from large instantons, where QCD is strongly coupled. However, in
a recent publication by Agrawal and Howe it was pointed out that for a particular type of UV
completion based on product groups, small instantons could provide the dominant contribution
to the axion mass even if the UV theory remains weakly coupled (and hence fully calculable).
The goal of our work was to identify the origin of this enhancement of small instantons.

In Chapter [9] we studied small instanton contributions to the axion mass in partially broken
gauge groups and identified the non-trivial index of embedding of QCD into a high-energy
gauge group G as the source for the enhancement of small instantons. The index of embedding
k characterizes the matching of instantons in the high-energy theory to QCD instantons. This
can be written in the form (Ag/M)k% = (Aqcp/M)%ecP, where M is the symmetry breaking
scale and Ag, Aqep and bg, bqep are the dynamic scales and beta function coefficients of the
gauge coupling in the high-energy gauge group G and QCD, respectively. This implies that a
one instanton solution in QCD corresponds to a k instanton solution of the UV theory. Besides
there are certain small instantons, which live entirely in the broken part of the group G and are
therefore not matched to QCD instantons. From the low-energy point of view these scale as 1/k
fractional instantons and are therefore enhanced compared to regular small QCD instantons.
The enhancement increases with a larger index of embedding. In Chapter [0] we additionally
performed a full one-instanton calculation for the axion mass and found that in product group
models the enhancement with two group factors is numerically not significant, however, already
three factors can provide a large enhancement of the axion mass compared to the standard QCD
prediction.

In product gauge groups, each of the group factors has in general its own strong CP problem
and requires an independent axion. A linear combination of these then playes the role of the
QCD axion at low energies. Now that we have identified the index of embedding as the param-
eter which governs the enhancement of UV instantons, it would be interesting to construct a
model with a single simple UV gauge group, which only needs a single axion to solve the strong
CP problem. This would provide a proof of principle that this mechanism could also enhance
the axion mass in the simplest phenomenological models.

The overarching topic of Part [[TI] is EFTs of the SM and gravity. We started our journey
with one of the simplest renormalizable extension of the SM, a heavy singlet scalar coupled
to the SM via the Higgs. In Chapter we performed the one-loop matching of this simple
toy UV completion onto the dimension six SMEFT Lagrangian. We exclusively used Feynman
diagrammatic methods and found contributions, which were missed in previous studies based
on a mixture of diagrammatic and functional methods [20,[21]. With our results the one-loop
matching of this simple benchmark scenario is finally complete.

The remainder of Part[[TI]is devoted to the study of EFTs with gravity. In Chapter[I3|we used
Hilbert series methods to construct non-redundant operator bases for EFTSs, which can include
matter and gravity. As a first step we identified the Weyl tensor C,,,c and symmetric traceless
covariant derivatives acting on the Weyl tensor Vi, -+ V, C /1,0, which can be combined into
the so-called single particle module R¢, as the independent building blocks for the gravitational
degrees of freedom. All other structures, such as the Ricci tensor R, or Ricci scalar R, are
redundant and can be removed with field redefinitions. Using this result we constructed the
operator basis for the EFT of gravity in vacuum (Section , a shift-symmetric scalar coupled
to gravity (Section and the SM coupled to gravity (Section . The EFT of the SM
coupled to gravity, which we call GRSMEFT, is the low-energy description of all fundamental
interaction we have observed so far. Finally we extend our results to d > 4 spacetime dimension
in Section [13.6] This extension is straightforward, since the independent degrees of freedom are
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the same as in four dimensions, i.e. the single-particle module R¢.

It is well-known that a theory of matter minimally coupled to GR is non-renormalizable, i.e.
quantum effects generate higher-dimensional operators. However, not all operators which could
naively be generated at one-loop are actually generated. A similar phenomenon appears in the
SMEFT: there are many non-trivial zeroes in the dimension six anomalous dimension matrix.
These can be understood in terms of helicity selection rules [27].

In Chapter [I4] we examined the one-loop structure of the GRSMEFT using on-shell amplitude
methods and spinor-helicity variables with the goal of generalizing the selection rules of [27] to
gravitational EFTs. In order to achieve this goal we defined a modified helicity h=h-1 /2 hY,
where £ is the regular helicity and h? the helicity carried by gravitons. h is identical to the
regular helicity h = h for matter particles but assigns a modified helicity of \h\ =1 to gravitons.
We found that if we classify gravitational amplitudes according to the modified helicity we
can treat them on the same footing as SM amplitudes. In particular the helicity of a n > 4
point amplitude of a marginal theory minimally coupled to gravity satisfies the same helicity
bound for the modified helicity |h(A,)| < n — 4 as purely marginal theories for the regular
helicity. Using this result we derived in Section [I4.3| non-renormalization theorems for operators
in the GRSMEFT. Marginal theories minimally coupled to gravity can renormalize effective
operators O, if the modified helicity of Ao, the minimal amplitude induced by O, satisfies
|h(Ao)| < no — 4, where np is the number of external legs of Ap. Operator mixing of the
form ©® — O is possible if nG —no > \h(A ) — (Ao)\ Similar to [27] these results hold with
the exception of loop amplitudes, which contain a |h| = 2 four-fermion amplitude in a unitarity
cut. Finally in Section [14.4] we apply amplitude methods to compute a selection of anomalous
dimensions in a toy SM coupled to gravity at dimension six. The set of operators with non-zero
anomalous dimensions must be present in any consistent EFT with gravity, no matter if there
is non-gravitational NP or not.

The anomalous dimensions in the toy GRSMEFT contain many zeroes, which cannot be
explained with the helicity selection rules alone. In an upcoming publication [34] we will make
sense of these results using angular momentum selection rules. Additionally we will comment
on the renormalization of dimension eight operators from matter minimally coupled to gravity.
These are of particular interest, since there are positivity bounds on dimension eight matter
operators. It will be interesting to compare these constraints with the sign of the anomalous
dimension induced by gravity.
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