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Kurzfassung

In dieser Dissertation werden die Beschrankungen fiir C' P-verletzende Yukawa-Kopplungen im
Rahmen des Standardmodells als effektive Feldtheorie (SMEFT) untersucht. Im Standardmodell
der Teilchenphysik (SM) existieren solche Kopplungen nicht, sind aber durch die Baryon-
Asymmetrie des Universums (BAU) motiviert. Héherdimensionale Operatoren des SMEFT
induzieren Abweichungen von den SM-Yukawa-Wechselwirkungen, deren Beitrige in fithrender
Ordnung zu den fundamentalen elektrischen Dipolmomenten (EDM) der SM-Fermionen und den
effektiven Wechselwirkungen mit dem Higgs-Boson wir hier prasentieren durch die Berechnung
von Wilson-Koeffizienten (WC). Mit dem Programm GAMBIT wird eine umfassende globale
Analyse durchgefiihrt, bei der die Nullergebnisse der EDM-Experimente mit den Daten des
Large Hadron Collider (LHC) kombiniert werden, um die C P-verletzenden Phasen der Yukawa-
Kopplungen sowohl leichter als auch schwerer Fermionen zu bestimmen. Bis zu sechs WCs
werden gleichzeitig gescannt. Fiir die Berechnung der Kollisionsobservablen verwenden wir
HiggsSignals und HiggsBounds, die mit GAMBIT verkniipft sind, wiahrend wir fiir die
Berechnung der Log-Likelihoods fiir die EDMs einen selbst geschriebenen Code verwenden.
Aufgrund der unterschiedlichen Abhingigkeiten der Observablen zu den WCs werden nicht-
triviale Korrelationen zwischen dem EDM und den LHC-Beschrankungen gefunden.

Abstract

This thesis explores the constraints on C'P-violating Yukawa couplings within the framework of
Standard Model Effective Field Theory (SMEFT). In the Standard Model of particle physics (SM)
such couplings do not exist but are motivated by the baryon asymmetry of the universe (BAU).
Higher-dimensional operators of SMEFT induce deviations of the SM Yukawa interactions. We
present their leading-order contributions to the fundamental electric dipole moments (EDM) of
the SM fermions and the effective interactions with the Higgs boson through the derivation of
Wilson coefficients (WC). A comprehensive global analysis is performed with the tool GAMBIT,
combining EDM experimental limits with data from the Large Hadron Collider (LHC) to extract
constraints on the C'P-violating phases of both light and heavy fermion Yukawa couplings.
Up to six WCs are scanned simultaneously. For the calculation of collider observables, we use
HiggsSignals and HiggsBounds interfaced with GAMBI T while we use self-written code
for the calculation of log-likelihoods for the EDMs. Due to the differing dependencies of the
observables on the WCs non-trivial correlations between the EDM and the LHC constraints are
found.
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CHAPTER 1. INTRODUCTION 1

Chapter 1

Introduction

Most cultures, past and present, have sought to understand the origins of the existence and the
fundamental nature of everything around them. In Greek mythology, the word cosmos means
"harmony" or "order", which reflects structure and balance. The Latin term universum conveys
the unity and totality of all existence in a single, ordered entity. Similarly, the German term
Weltall translates to a world, encompassing all existence. In Mandarin (Yuzhou) and Japanese
(Uchu), the same characters represent the vast expanse of space and time. The Sanskrit term
Brahmanda calls the cosmos an egg, symbolising the creation of the universe from a primordial
seed. Each of these terms highlights a different perspective on the structure we humans attempt
to derive coherence of natural phenomena and meaning for ourselves. Despite the different
cultural approaches to answering questions, humanity has been very successful in unravelling
the mysteries of our universe. It is remarkable that a species shaped primarily by survival
has evolved the capacity to describe phenomena far removed from our everyday spatial and
temporal experiences. To the author, this is the most astonishing aspect of the cosmos: that it is
knowable, governed by principles and logic that allow us to predict and comprehend events
beyond our immediate perceptions. Not everything is chaotic, even if at times it may seem so
in our individual lives.

Over the past few centuries, the field of (particle) physics has evolved into a highly formalised
and predictive framework. Central to this progression is the construction of the Standard Model
of particle physics (SM), which is built on the foundational principles of quantum mechanics
and special relativity. These provided the theoretical groundwork to describe the fundamental
particles and develop coherent formulations for their interactions. This effort culminated in the
groundbreaking discovery of the Higgs boson [1] with the completion of the particle content of
the SM. One example of its predictive powers is the anomalous magnetic moment of the electron,
where the theoretical prediction [2] and the experimentally measured value [3] align to around
13 significant digits. However, despite its achievements, the SM remains incomplete. Several

significant gaps are left. The observed masses of neutrinos are inconsistent with massless



neutrinos in the SM [4, 5]. Gravity, as described by general relativity, is entirely absent from it.
In addition, other mysteries present challenges, likely rooted in physics beyond the SM. Dark
matter and dark energy, which together account for the majority of the mass-energy content of
the universe, are not a part of it [6]. Some challenges are more theoretical, like the unification of
the electroweak with the strong interaction in a Grand Unified Theory, as well as with quantum

gravity in frameworks like string theory or M-theory.

One phenomenon the SM fails to explain is baryogenesis, the observed asymmetry between
matter and antimatter in the universe [7]. The underlying assumption is that the initial state
of the universe was highly symmetric, including an equal treatment of matter and antimatter.
This C P-symmetry (Charge and Parity symmetry) would imply that they were initially created
in equal amounts. But if this symmetry had persisted, structures like galaxies would not
have formed due to frequent particle-antiparticle annihilation. To resolve this inconsistency,
baryogenesis is invoked, a process that introduces a mechanism to generate the excess of
matter of antimatter during the early stages of the universe. Several theoretical frameworks
are developed to explain it. Three prominent approaches are leptogenesis, GUT-baryogenesis
and electroweak baryogenesis [8, 9]. Leptogenesis relies on the existence of very massive
sterile neutrinos, which are predicted by seesaw models [10]. GUT baryogenesis predicts heavy
bosonic particles that decay asymmetrically into baryons and leptons and thus introduce the
baryon asymmetry [8]. Electroweak baryogenesis (EWBG) assumes that a significant amount of
C P-symmetry violation arises from new Yukawa interactions involving the Higgs boson [11, 12].
During the electroweak phase transition, as the universe cooled, bubbles of the asymmetric
vacuum connected to the Higgs field formed within the symmetric phase. Near their walls
the symmetry-violating effects occur. Sphaleron processes, which violate the conservation of
baryon number, converted the C' P asymmetry into a net baryon asymmetry. This asymmetry

effectively froze after the phase transition was completed and remains until today.

Electroweak baryogenesis implies contributions to certain measurable observables such as
the electric dipole moments (EDMs) of fundamental fermions and the production and decay
processes of the Higgs boson at colliders. Both the null measurements of EDMs [13] and
the collider data, see e.g., [14], put constraints on the parameter space of the C P-violating
interactions. One simple and frequently employed framework to probe this parameter space
is the so-called x-framework [14]. In this approach, the SM Yukawa couplings are rescaled
by an overall factor and a complex phase, introducing C'P-violating interactions. The &-
framework is particularly effective for the exploration of C'P-violation associated with the
heavier SM fermions. However, when applied to the lighter fermions, such as the electron,
some contributions lead to unphysical results. A more consistent approach is the SM Effective
Field Theory (SMEFT) [15]. It extends the SM by incorporating higher-dimensional effective

operators encoding effects of new physics at higher energy scales. The inclusion of these
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operators is necessary to create physical results, which, however, are divergent with the high
new physics scale. The purpose of these studies is to provide quantified bounds on the C'P-
violating interactions so that models beyond the SM entailing C' P-violating processes can be
more easily constrained.

This thesis is organised as follows. In Chapter 2, the theoretical background is established,
covering quantum field theoretical concepts, C' P-violation, and a review of the components of
the SM relevant to this thesis. Regularisation and renormalisation techniques are introduced in
the context of quantum chromodynamics (QCD) and the methodology of effective field theories
(EFTs) is explored, including matching conditions and the renormalisation group running of
effective couplings, i.e., Wilson coefficients (WCs). Chapter 3 focuses on the setup of the two
EFTs and the constraining observables. Global analysis as a method for scanning large parameter
spaces for multiple observables and inferring predictions is presented. In Chapter 4, the -
framework is applied to compute WCs of the EDM and chromo-EDM (CEDM) operators for
light quarks. A technical description of the methodology for calculating integrals of associated
two-loop Feynman diagrams. This chapter is based on our publication [120]. Chapter 5 extends
the analysis by performing a global analysis of multiple Yukawa operators at once within SMEFT.
This includes explicit calculations of the WCs for the (C)EDMs and the Weinberg operator,
alongside their renormalisation group evolution down to the hadronic scale. Constraints on WCs
of up to three fermions simultaneously are provided. This chapter is based on our publication

[137]. Finally, in Chapter 6, we conclude this thesis.
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Chapter 2

Theoretical Background

2.1 Scattering and Quantum Field Theory

As theoretical models attempt to explain physical phenomena, we begin our discussion by
introducing the mathematical framework that describes the physically measurable effects. More

details can be found in [16-20].

Scattering Theory

The measurable quantities relevant for this thesis are probabilities for the transition of one
quantum mechanical state to another. These states represent vectors in a Hilbert space. To
compute the probabilities, we define the S-matrix as the transition amplitude from the initial

’in” state U into the final ‘out’ state Wy as
Sga = <\Ifg‘\11j;> (2.1)

with «, 5 a collection of labels like four-momentum, spin z-component, etc. The operation (-|-)
denotes the inner product of the Hilbert space. Taking the absolute square of the S-matrix is
then a measure of the likelihood for the transition to occur. We introduce the time-dependent
Hamilton operator H () being split into a free part Hy and an interaction part Hjy. The former
describes the non-interacting propagation of free eigenstates ®,, with an energy F,, while the
full operator has eigenstates U with the same eigenvalue. These eigenstates can be expressed
by the free states through the Lippmann-Schwinger equations. Another definition of the S-
matrix with the free fields reads as Sg, = (®g ‘ S ‘ ®,, ) with the unitary S-operator transferring

a state over time and can be expressed by a time evolution operator

to

U(t1,t2) =T exp —i/ dt Hine (1) (2.2)

t1
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as § = U(—o0,+00). T orders the operators by their actions with time. We use natural
units where the reduced Planck constant and the speed of light are 4 = ¢ = 1. To obtain the
probability for the transition P(a — () we consider a finite macroscopic volume V" and a finite
time 7" in which the whole system resides. Further, we define the final-state interval dg so
that the total number of states therein is dA\j ~ VN8 dB. The conservation of momentum
and energy in the S-matrix is ensured by two J-distributions, which, when squared, deliver a

factor of the volume and the interaction time. We find for large V and T’
dP (o — B) ~ V=T | Mpal*6% (ps — po) B, (2.3)

with Mg, as the non-trivial part of the S-matrix, i.e., So5 = (8 — @) — 27i5*(ps — Pa) Mpa-

The differential transition rate is the probability of transition during the interaction time 7" as
dl(a — B) ~ VN | Mg, | 6% (ps — pa) dB. (2.4)

On the left-hand side is a measurable quantity, and on the right-hand side is the matrix element
Mg, which we compute with quantum field theory (QFT) describing the interactions among

particles.

Quantum Field Representations

To enforce the invariance of the S-operator under transformations A of the proper Lorentz group
SO™(1,3) we make the ansatz that the Hamilton operator in Eq. (2.2) is a spatial integral over
a Hamilton density #(x, ¢) which itself transforms as a scalar under Lorentz transformations.
The elements of the Lie algebra to the Lorentz group can be expressed by a basis change through
elements of the direct sum of two Lie algebras of SU(2), i.e., s0(1,3) = su(2) @ su(2). With
the representations of su(2) (labelled by j = 0,1/2, 1, ... and dimension 2j + 1) we can denote
representations of the Lorentz algebra as D(A) = (j1, j2) and dimension (21 + 1)(2j2 + 1).
More on group and representation theory, see Sec. 2.2. Particles with integer spin are called
bosons; ones with half-integer spin are fermions. The time ordering also is Lorentz invariant
if the evaluations of H(z) and H(z') at spacetime points x and 2’ commute, i.e., they cannot
causally interfere with each other. To have such a Lorentz invariant ‘H also fulfilling the causality

condition, we build it out of the field operators. Examples relevant for us are [21]

d3
- i) s
Z/ o) 3/2 QD) (ul(p,a)a(p,o)e_i’m Jrvl(p,U)aCT(p,U)eim) , (2.6)

# = d3p 1 H —ipx ok c ipz
A (x)—; | Gt (¢ o oe < o (ool (po)e) @)
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The field ¢(x) transforms as the scalar representation of the Lorentz group D(A) = (0,0),
the operator a(p) is an annihilation operator that annihilates a particle with momentum
p = VEZ — m?2 upon acting on a state, while acT(p) creates one with opposite quantum
numbers (' represents the Hermitian conjugation). The massive field A*(x) transforms as a
Lorentz vector D(A) = (1/2,1/2) where the Greek indices ;1 = 0, 1, 2, 3 label the four spacetime
dimensions. The label o denotes the spin z-component, which runs in integer steps from —j to
j (the spin quantum number) and three polarisation vectors e/ (* denotes complex conjugation).
The massless version differs in that the longitudinal polarisation vector €”(p, 0) is absent as it
would diverge, and it only transforms as a Lorentz vector up to a gauge transformation [22]. It
rather transforms as a 2-tensor that is represented by a direct sum D(A) = (1,0) @ (0,1) and
expressed as F* = gt AV — 0¥ A* with the partial derivative 0" = 9/oz,.. In cases where the
group governing the gauge transformation is non-abelian, the 2-tensor obtains an additional
term, an example of which is presented in section 2.2. Lastly, 1;(x) transforms as a massive
spin-1/2 particle as a direct sum of two Weyl-spinor representations. D(A) = (1/2,0) & (0,1/2),
the 4-dimensional Dirac spinor representation. This is further examined by an infinitesimal
Lorentz transformation A", = §", + w", with the symmetric Kronecker delta 6", and w", a
real, antisymmetric parameter. Its representation is D(A) = 1+ iw,,,, 0" where the summation
over repeated indices is used !. The object c#” is defined by the elements of the Clifford algebra
CL1 3(C). Their irreducible representations are 4 x 4 matrices , fulfilling the anticommutation

relation
{97} =AY+ A =20, (2.8)

with the Minkowski metric represented in our convention as n = diag(1, —1, —1, —1). This
can also be derived by using the Weyl-spinor representations, where the generators of the
Lorentz group, rotations and boosts, are expressed by the two-dimensional representations of
the SU(2) generators, the Pauli matrices. Apart from the Lorentz vector, the other elements
of the Clifford algebra are the trivial Lorentz scalar 1, the pseudoscalar 5 = ﬁe’“’ PN VYo Yo

—e0123 — 1 as well as the

with the totally antisymmetric tensor ¢, in our convention €123 =
axial vector 775 and the aforementioned tensor o = 1[y#, "] = I (¥4 — 4¥4*). Lastly,
u and v are spinors being elements of the Spin(1, 3) representations with a spinor-index /. The
plane wave expressions given above are solutions to the following equations of motion in the

non-interacting theory [22],

(0"0,, — m*)¢(x) = 0, (2.9)

'That is only if the respective index appears exactly twice. Phoenician indices are not summed over.
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(i — m)y(x)
(0,0 N — 00y + mPny ) AF(z) =

0, (2.10)
0, (2.11)

with @ := y#0,.

Path Integral

We mentioned that the Hamiltonian is built out of field operators where the operator structure
resides in their creation and annihilation operators. The initial and final states for our process
are the respective amount of these operators acting on the particle-free ground state |(2) at

asymptotic times ¢, thus

(DL <o Pl [P e D) ~
lim (Q/Ta(pa,t) .a(pr, al (b}, 1) . al(pl,, —DIQ).  (212)

t—+o00

Using the fact that annihilation operators acting on the ground state yield zero and the algebraic

relation
i/ d*zy eip’“x’“ICkQS(:ck) ~ a(pg,00) — a(pg, —0), (2.13)

with the Klein-Gordon operator K}, = (a/a;c;;)2 +m? gives us the reduction formula by Lehmann-

Symanzik-Zimmermann (LSZ) [23]

(p1, -y DE|SIPL - D) =

kK n
1111 [i / d4xie_ip§$§ICi] [i / d4xjeipjfj/cj} (2.14)

i=1j=1

X (QUT ¢(1) ... d(a7,)|2).
We define the Green functions in coordinate and momentum space as

Gl1, nly) = (QUTG(1) . (a)|2), (2.15)

G(p1,.-n D)) :/ Ad*zy ... d*2 Gz, ..., o), )elPi®i—Pizi) (2.16)

The LSZ formula holds for any local field ¢(x) also with non-vanishing spin. However, for
massless particles, it does not [22]. In the massless case, it takes infinitesimally small energies
to create any number of particles, which then gives a probability of zero to find a state with a
specific amount of them.

Now, we want to calculate Green functions. One approach is the functional path integral
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framework in which all possible paths with the initial and final states as boundary conditions
are summed up and weighted with the action S [24]. The path gets divided into small time steps
where the transitions are operated by the time evolution operator (2.2) and the momenta get
integrated over. For theories which are at most quadratic in the momenta and the interacting
part thereof not at all, the Hamiltonian can then be related to the Lagrangian L by a Legendre

transformation. Taking the continuous limit gives us the path integral [25]

_ ngZﬁ(CL‘) ¢($1)...¢(x%)eis[¢vau¢]'

G(x1,...,xh) = Do) a5165. (2.17)

ey T,
Here, S[¢,0,¢] = [ dtL[$,0,¢] = [ d*xL[p,0,¢] with L the Lagrangian density. The
denominator is a normalisation factor, so that (©2|Q2) = 1. Contributions from any unattached
paths, i.e, vacuum bubbles, cancel in this fraction [22]. One again splits up the Lagrangian in a
free part Ly which is directly solvable in the path integral and an interacting part £; for which
that is not the case. We assume that the interaction is a small perturbation of the free theory
with some coupling constant g small enough to yield an asymptotic series and therefore expand
in

[e.9]

-k k
eS80l — Z% </ d4$£1[g,¢]> e/ d'wLold0ud], (2.18)

k=0

An equivalent description for the path integral is the use of the generating functional Z[.J] with
some auxiliary source function J creating excitations of the field that corresponds to sources

and sinks of particles,

ZlJ]) = /D¢ exp <1/ d*azLy + Lo+ J(:L“)qb(:z:))

(2.19)
1

= [Doess (i [ atets — Lotaota) + Swyoto)

— ol [ daLi(Phsi@) o5 [ dy Az (y)K (z—y)J(2) (2.20)
The functional derivative with respect to J, (9/5.7), reproduces Eq. (2.17) as
p n 1 " Z[J]

= (- . 2.21
Glars o tn) = (50" Zr ST 5o o (221)

After expanding Z[J] in couplings g and in the source functions, we can organise the remaining
terms in Feynman diagrams up to a desired order in g and neglect higher order contributions if

the Taylor series is asymptotic. The object =1 (2 — y) is the propagator for a field from z to .
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For Lorentz scalars, it reads

dip e iple—y)
Gz,y) =K Yz —y) = 2.22
@) =K =) = [ G R 222)
with an infinitesimal € which emerges from the time ordering in the two-point Green function.
For massless vector fields, K has no inverse. This is a reflection of the redundant degrees of
freedom which have to be gauged and will be further examined when gauge symmetries are

discussed in section 2.2.

2.2 Standard Model and CP violation

The Standard Model of elementary particle physics is a combination of a multitude of quantum
fields that have a set of transformation rules resulting from the invariance of the Lagrangian
with respect to several symmetry groups. Invariance means that two equivalent observers find
the same probabilities for an outcome of an experiment. We begin with itemising the here
relevant symmetries, the discrete spacetime symmetries and the gauge symmetries associated

with Quantum Chromodynamics (QCD) and electroweak (EW) theory. See [17, 26] for details.

Discrete Spacetime Symmetries

A Group G is a set of elements with group operations (-) that assigns one element to any ordered
pair of elements. If the set contains a finite amount of elements, G is finite; otherwise it is
infinite [27-29]. Its elements are mapped by a representation D onto a set of linear operators
in the respective space they act on, such as a Hilbert space. An infinite group is discrete if there
is a neighborhood for each element which only contains that element. It is called topological if
the group operations are continuous in that there are neighbourhoods of two group elements
g, h € G which are subsets of any neighbourhood of the element g - h. Consider an element
g € G that is represented by an operator U on a Hilbert space. If U leaves the inner product of
two quantum mechanical states unchanged, we call it a symmetry transformation, and if this
holds for all elements in G, we call it a symmetry group. The operator U is then either unitary

and linear or antiunitary and antilinear.

Now, we cover instances of discrete symmetry transformations. The full (inhomogeneous)
Lorentz group O(1, 3) contains two elements that cannot be continuously reached from the
identity element, as they have a negative determinant. These are called parity P and time-
reversal T'. Parity flips the sign of the spatial coordinates of the vector it acts on, whereas
time-reversal flips the sign of the time coordinate. Their respective representations in Minkowski
space may take the form D(P) =: P = diag(1,—1, —1,—1) and D(T") =: T = —P. We obtain
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the following parity transformations for the different quantum fields !

P¢(z) P! = npo(Px) To(z)TV = nré(—Px) (2.23)
PAM(z)PT = —(pPH AY (Px) TAM)TT = (PR AY(—Pz)  (2.24)
Pi(z) PV = £py Oy (Pa) Tp(x)TT = Eryinap(—Px)  (2.25)

with phase factors np 1, (p7, {p [21]. The negative sign in the parity relation for the vector
field results from P",e#(0,0) = —€”(0, o). The respective combinations of v matrices in the
fermionic field follow from the requirement that the creation (annihilation) operators transform
as Pa()(p, o) Pt = £pal®) (—p, o) and Ta') (p, o) TT = &p(—=1)/27a() (—p, —0).
Another discrete symmetry transformation is charge conjugation C, associated with the
exchange of particles and antiparticles. It leaves space-time quantities invariant and only

flips the signs of discrete quantum numbers such as the electric charge (). Its transformation

properties w.r.t. the particle fields are

Co(x)CT = neo'(2), (2.26)
CAMz)CT = Cc AT (1), (2.27)
C(a)CT = —ige (P(x)7°4?)T (2.28)

with phase factors ¢, (¢, £ and ) = 1/JT')/0.

In contrast to parity transformation and charge conjugation, time reversal is an antiunitary
operation, which implies TiH = —iHT. Thinking of this transition as inverting the rotation of
a system, the odd nature of the angular momentum operator becomes apparent TTJT = —J.
Acting on a one-particle state ¥, , with rotational symmetry, we have T'V,, , = (7(0)VUp, .
We apply T’ to the equation for the raising and lowering angular momentum operator (J+ =

Ji £ iJs)[16]

TJ 0, =T\ (i F0)jEto+1)Tyou (2.29)
—J=(r(0)¥pp o =/ (F0)(j L0+ 1)(r(c £ )¥pp o1 (2.30)
—(r(o) =¢(o£1) (2.31)

to which one solution is

TVpo = (r(0)¥pp—o = (=17 Upy . (2.32)

'In some textbooks [30] these transformations are performed by mapping a contravariant spacetime vector onto
a covariant one. Only the metric can do that, even though the respective representations of P and T are proportional
to the Minkowski metric.
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The inclusion of the total angular momentum quantum number j ensures that the phase factor
(r does not become imaginary when fermions are considered [16]. In general, a phase { only
depending on the particle species could be included, but as the one-particle states ¥,, , can be
redefined by a change of phase, this { bears no physical relevance. While 7' is antilinear and

therefore not an observable, T2 is observable and acts as
TV, , = T(=1)T0Up, , = (=1YT7(=1)770,, = (-1)¥¥,, (2.33)

yielding for both massive and massless non-interacting particles an eigenvalue of +1 for bosons
and —1 for (an odd number of) fermions. There is an implication in the fermionic case when
we consider a time-reversal-symmetric Hamiltonian H with an eigenstate i); with energy
E. Another state T; = 12 would also be an eigenstate since Hiyo = HTY; = THy =
TEY, = Ets [21]. Supposing that these two states are the same, i.e, TY; = (Y1 = 1
(complex ¢ with |¢|? = 1) we find T2ty = T¢y = (*Tapy = |¢|*f1 = +11 in contradiction
with the premise that 72¢; = —1. So, 1/; builds a two-fold degenerated energy eigenstate
with 9 (Kramers degeneracy [31]) while being orthogonal to each other

(halihr) = (T |Toha) = (1h2|T?h1) = —(ta|th1). (2.34)

The first equality stems from the antiunitarity of 7". In a rotationally invariant environment,
this degeneracy is straightforward, as a total angular momentum j that is half-integer results
in 25 + 1 degenerate states. The remarkable implication is that this degeneracy persists even
when the rotational invariance is broken by external influences, such as electrostatic fields,
provided these fields respect time-reversal symmetry [16, 29, 30]. Importantly, if a particle
possessed an electric dipole moment, this degeneracy among its spin states would be entirely
lifted in a static electric field. Such dipole moments are therefore prohibited by the requirement
of T-invariance. Conversely, the detection of such dipole moments would signal T-violation

and hence C P-violation.

We can further build combinations of the aforementioned operations. Most notable is the
combination of C' and P, say C'P, as it is one key ingredient to a successful baryogenesis
discussed in section 3.2.3. As mentioned in the title of this thesis, violation of a combination of
charge conjugation and parity transformations (CP) on Yukawa interactions will be of interest.

Such an interaction

Hint = ¥y (a + bys)bags + hee. a,beC (2.35)
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transforms under CP as
(CP)Hint(CP)" = keptha(a — bys)ihidh + hec. (2.36)

with ko p a product of complex phases. This interaction term can only be invariant under C' P if
either a and b are both purely real, imaginary, or arbitrary but identical, or one of them vanishes.
In these cases, a ko p can be chosen appropriately. Incidentally, C'is conserved if either a € R
and b € [ or vice versa, or one is zero. Parity is only conserved if either a or b is not present. If
neither is the case, this interaction violates the C'P-symmetry. In Sec. 4.1 the interaction we

consider is identified with @ € R, b € I and thus violates C' P and P but respects C'-symmetry.

Gauge Symmetries

Topological groups have continuous operations. If these operations are also smooth in that
they are infinitely many times differentiable w.r.t. a finite set of real parameters o = {ay},
we call the group a Lie group. The identity element is e = g(«) ‘a:O from which we can go
infinitesimal steps da to reach group elements in its neighbourhood represented by a Taylor

expansion [17, 26]
D(do) =1+ida,T, +--- (2.37)

with the T's being called generators of the group and the assumption that they are independent
hermitian operators to form unitary representations. Due to the smoothness of the group
operations, the expansion as in Eq. (2.37) can be exercised as a combination of many generators

yielding the central commutator algebra they form, namely
[Ta, Ty] = ifabeTe- (2.38)

This operation is called a Lie bracket, which, together with a vector space V, is named a Lie
algebra g. ! It can be conceived as the tangent space to the identity element on the manifold
of the corresponding Lie group G. Central to the Lie algebra are the structure constants fup.
which are real in case the group has at least one unitary group representation but otherwise
independent of representations [26, 27]. If they are all zero, the Lie group is abelian, i.e., all
Lie algebra elements commute with each other. Our discussion will revolve mostly around the
special unitary group SU (IN), the group of unitary N x N (NN a positive integer) dimensional

matrices with determinant det U = 1. Its Lie algebra su(NN) contains N? — 1 elements for

!common representations of the bases for N € {2, 3} are the Pauli- and Gell-Mann matrices ¢,. Our representa-
tion is related by T, = 1/2t,.



14 2.2. STANDARD MODEL AND CP VIOLATION

which
1 1 .
TaTb = ﬁ&szN + §(lfabc + dabc)Tc (2'39)

and constants dp. symmetric in all indices. Both are calculated by

dape = 2Tr ({10, Ty }T¢) , (2.40)
fabe = 21Tr ([To, Tp|T) - (2.41)

with the normalisation of the generators in the fundamental representation
1
Tr(TaTb) = 55(11). (2.42)

Consider the product Cy := T, T, called the quadratic Casimir operator that commutes with

all su(N)-elements
(ToTa, To] = To[To, Ty) + [Ta, To) T = ifape(ToTe + TeTo) = 0 (2.43)
and by Schur’s lemma [32] it must be proportional to the identity element with a scalar Cr
Crly =T,T,. (2.44)

Tracing both sides and using Eq. (2.42) with d,, = N? — 1 yields

N2 -1
Cpr =
F IN y

(2.45)

again for the fundamental representation. Having established the concept of gauge symmetries
and Lie groups, we can now move on to the covariant derivative, an essential tool in gauge
theory. The covariant derivative allows us to extend the notion of differentiation to spaces
with gauge symmetries, ensuring that the derivative of a field transforms covariantly under
local gauge transformations. In gauge theories, the fields and their derivatives must transform
consistently under local gauge transformations. Let’s consider a field ¢ (z)1(x) that transforms

under a local gauge transformation U (z) € G, as

P(x) = Y(x) = Ur)p(z). (2.46)

A standard derivative 0,,1)(x) does not transform covariantly under this transformation. Instead,

we introduce the covariant derivative gauge transformation of the field. The covariant derivative
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is defined as
Dyp(z) = (O + 1A% (2)T )¢ (), (2.47)
where A, () is the gauge field, which itself transforms under the gauge group as [21]
Au(z) = Al (z) = U(z)Au(x)UT () — i(8,U (2))UT (). (2.48)

In order to see the effect of the covariant derivative, let’s apply it to a field ¢)(x). First, consider

the transformation of the field under a small gauge transformation parameterised by a(z)
U(x) = exp (ia®(x)T?) . (2.49)
When we consider a field ¢ which transforms non-trivially under SU(N), i.e.,
o(x) = e g(z) = U(x)p(a), (2.50)

the comparison of its values at two spacetime points x and y is not invariant under this
transformation as arbitrary phases a, () can be set [26]. However, a connection can be made

by introducing a field W (x, y) which transforms as [16]
W (a,y) = U@)W (z,5)U" (y) (251)

with which W (z,y)¢(y) — ¢(x) is now independent of the phases. Expanding W (x, y) with
y = x + 0z around dx = 0,

W (x,x + 6z) = Iy — igA¥(2)Tydx, + O(627), (2.52)

where the gauge fields are A% (x) and g € R. As the comparison term is independent of the

phases we can determine the covariant derivative to be

Dié(z) = lim W (z,z + 6x)p(z + dz) — ¢(2)

= 0! —igAhT,. 2.53
6xp,—0 61'# 19ata ( )

With DF¢(z) — U(x)DH¢p(x) we can derive the transformation of the gauge fields as
1
Afi(w) = Ali(w) + 2 ucta(@) = fapcon(w) AL + O(a?). (2.54)
The corresponding 2-tensor,

F, = é[D’” D], (2.55)
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contains an interaction term among the gauge fields in non-abelian gauge theories and, hence,
by itself, is not gauge invariant. Calculating the propagator of the massless gauge field A*
the redundant degrees of freedom have to be gauged, which is done by employing the De
Witt-Faddeev-Popov procedure [33]. The measure of the path integral over a gauge field gets
multiplied by 1 = [ Dg(z)d(f(Ag))A(Ay), where f(Ay) = 9,44 — o, with an arbitrary
function o and A(A,) = det(9/59f(Ag)) is the Fadeev-Popov determinant. Further, A is the
four-vector transformed with some gauge function g(z) which leaves the action invariant.
The insertion of the multiplicative factor then yields a functional integral over the gauge field
restricted to physically inequivalent field configurations and a divergent integral over g(z) that
cancels out in the Green function. As this procedure does not depend on o, we integrate over
it with a Gaussian weight exp (—i [ d*zo?/(2¢)) with ¢ being a constant gauge parameter.
Together with §(f(A)) this yields the gauge fixing term in the Lagrangian

Lgr = — (0,47 /(2¢) (2.56)

Physical results are independent of this parameter. If the gauge transformation results from a
non-abelian symmetry group, the Fadeev-Popov determinant is not independent of the gauge
field. The determinant is represented as a functional integral over a set of anticommuting
fields c, ¢ transforming as Lorentz scalars. They are called Faddeev-Popov (anti-)ghosts as their
Green’s function always vanishes. When adding the gauge fixing term Ly to the theory, gauge

invariance is explicitly broken. For this choice of gauge fixing, the inclusion of
Eghost = EaauDqu (2.57)

the invariance is restored. For general gauge fixing terms, the Lagrangian still exhibits in-
variance under BRST transformations being preserved at loop-order. Invariance under this
transformation, parameterised by an infinitesimal Grassmann constant that commutes with the

(anti-)ghost fields, means the theory remains renormalisable.

Quantum Chromodynamics

The gauge symmetry group of the SM in the unbroken phase is
Gsn = SU(3)e x SU2)1 x U(L)y, (2.58)

with SU(3)¢ describing Quantum Chromodynamics (QCD) and SU (2), x U (1)y describing the
electroweak (EW) interaction [17]. The SU (3)¢ (C stands for colour) gauge symmetry describes
the strong interaction. The corresponding Lie algebra contains 8 elements representing the gauge

fields G}}, the gluons [26]. While they transform as octets in the fundamental representation,
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the quarks q of some flavour f transform as triplets [21]. The covariant derivative (Eq. (2.53))
contains the QCD coupling constant gs. As SU(3)¢ is a non-abelian group, the 2-tensor (Eq.
(2.55)) G, implies a self-interaction term for gluon fields, and, as discussed in the previous
paragraph, a gauge-fixing term and ghost terms are also present in the fundamental QCD

Lagrangian, written as [22]

1 1
£QCD = ——G* GV — —

2, . * b, b
P2 2 (8“GZ) + qflquf + X" DX (2.59)

One term that upholds the gauge symmetry but is not present in the Lagrangian is the f-term
which captures the possibility of C'P violation in the strong interaction [34]

2
S

o g
Lo =6 3272

G, GO, (2.60)

where G@HV .= 1/p¢h” P7 Gy, is the dual field strength tensor and 6 is a dimensionless parameter
that quantifies the strength of C' P violation. The operator is C'P violating because it conserves
C (G}, — —Gj) but violates P (G, — —Gy, G’% — ij) It is not identically zero even

though it is a total derivative of the Chern-Simons current

G, G = 9, K", (2.61)

KW = elPoTy <GV8PG,, - gigsGuGPGa> (2.62)

and hence does not contribute to the equations of motion [34]. However, it encodes the
topological structure of the gauge field configurations, which include non-trivial vacua labelled
by winding numbers n. The f-term contributes a phase factor exp(ifn) to the path integral,
determining the relative weight of vacuum sectors of different n, meaning that it explicitly
distinguishes between these configurations related by CP symmetry [35]. However, particle
masses are not yet introduced, and with this absence of masses, the QCD Lagrangian possesses
an axial U(1) 4 symmetry. The anomaly of which relates the divergence of the axial current to

the topological structure of the gauge field

2

_ g ~a
0u(@"1549) = 3525 Gl G- (2.63)

Chirally rotating the quark fields ¢ — exp(iays)q changes the measure of the path integral
proportional to the #-term and consequently shifts it. In the massless case, the phase can be
chosen as a = —0/(2N) such that # would become unobservable. This changes, however, in
the massive case, where it cannot be eliminated and as such remains a source of C'P violation.
A physical observable to which it contributes is the neutron electric dipole moment [36], which

puts a limit on |[#] < 107!%, the unnatural smallness of which is the so-called strong CP
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problem. One proposed solution to it is the Peccei-Quinn mechanism, which introduces a new

pseudoscalar field, the axion, that dynamically drives 6 to zero [37].

Electroweak Theory

In contrast to QCD, the electroweak (EW) sector is based on two gauge groups, the SU(2),
which corresponds to weak isospin, and the U(1)y, which corresponds to weak hypercharge.
The Lie algebra su(2) contains 3 elements, corresponding to the three gauge bosons W2, while
the u(1)y is one-dimensional and represents the gauge boson B, [26]. In the SM only the left-
handed fermions carry weak isospin coupled with the coupling constant g, while the B-boson
couples to the weak hypercharge carried by both chiralities with the coupling constant ¢’ [21].
The full Lagrangian is written as [17]

1 1 1 2 1 2
Lew =— -WO, W _ ZB  B" — — (9"W*)* — — (0"B
EW 4 K 4 2 2§W ( M) 2§B ( IJ) (264)

1 piDvr L + Y g0+ g Y B s R + X 0" DY,

where 9; 1, is a left-handed weak isospin doublet containing the left-handed fermion fields of
the SM fermions and ¢ ¢ g is the right-handed weak isospin singlet containing the right-handed
fermion field of some flavour f. As before, analogous to the QCD 6-term one for the electroweak
sector could be written with the W boson fields, which would lead to C'P violation. However,
even after the introduction of masses in the next paragraph, it can be rotated away due to the
chiral nature of the interactions [38, 39]. As the W bosons only couple to left-handed fermions,
simultaneous chiral rotations of left- and right-handed fermions are allowed, eliminating 657 (2).-
This freedom does not exist in QCD, where the gluons couple equally to both left- and right-
handed quarks. The chiral rotations necessary to remove the 8-term would introduce complex

phases to the quark masses, which itself entails C'P-violation.

Spontaneous Symmetry Breaking

The inclusion of mass terms for gauge bosons and fermions would explicitly break gauge
invariance [40]. One concept to introduce mass terms without violating gauge invariance is the
Higgs mechanism [41] in which a new complex scalar field, the Higgs field, is coupled to the

massive gauge bosons and fermions as

Lisges =(DyH)' (DuH) = (~pH'H + X(H'H)?)

o » A o (2.65)
—ylQLHUY, — y QL HD] — y; L, HE] + he..

The covariant derivative is the same as in the electroweak Lagrangian, coupling the weak gauge

bosons to the Higgs field H, a weak isospin doublet. The fermions are coupled to the Higgs

field via the Yukawa couplings (4, Y4, ¥e) being three-dimensional matrices in generation space
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[17]. Since these Yukawa terms are not hermitian, their conjugate (h.c.) has to be added. There
is no term with a right-handed neutrino vp here. Although it is experimentally established
that neutrinos have non-vanishing masses, the exact process or processes of their emergence
is not established yet [42-44]. The last term in the first line is the Higgs potential with scalar
parameters ;1 and A. In the unbroken phase, the content of the physical fields is compiled in
Tab. 2.1. If 42 > 0 and A > 0, it exhibits a minimum for a non-zero Higgs field configuration at
HTH = 1*2) := v’ /2 with the vacuum expectation value (H) = v [45]. This spontaneously
breaks the original electroweak group symmetry to the subgroup U (1) in the vacuum but does
not affect the underlying gauge symmetry [46]. This is the Higgs mechanism. The subgroup
is identified as the electromagnetic U (1)em with the generator @) := T3 + Y /2 where T3 is the

third generator of the SU(2), and Y is the weak hypercharge.

Spontaneous breaking of a continuous symmetry leads to the appearance of massless scalar
excitations called Goldstone bosons, as stated by the Goldstone theorem [47]. Spontaneous
breaking means that ([J¢, H]) # 0 with J¢ denoting the broken generators of the symmetry.
For each broken generator, a Goldstone boson is predicted. The Higgs field can be parametrised

to explicitly include these Goldstone bosons in a standard representation as [21]

(2.66)

1 V2GT(x)
H)= V2 (U + h(z) + iGO(x),>

with GT (GY) are the charged (neutral) Goldstone bosons and the physical Higgs boson h.
Evaluating the interaction terms with the covariant derivative in Eq. (2.65) at vacuum introduces
the mass terms for the gauge bosons. Diagonalisation into physical fields yields the Z,, and the
WMi bosons and the photon with masses My, = €v/2sy,, My = Mw /¢y, and M 4 = 0 with the

fermions Gsm bosons Gsm
quarks 2-tensors

QY (1/3,2,3) || B (0,1,1)

U}é (4/3,1,3) wea (0,3,1)

Dj712 (—2/3,1,3) | G* (0,1,8)
leptons scalars

Kt -2,1,1

ke LDy
LZL (_1a 27 ]-)

Table 2.1: The particle fields of the SM in the unbroken phase with the full gauge symmetry
Gsm = U(1)y x SU(2)r, x SU(3)¢c. The numbers in the round brackets denote the represen-
tations of the respective field under the symmetry groups. For the U(1)y symmetry, the charge
is denoted. The upper index ¢ of the fermion fields denotes the generation.
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electrical charge e and the sine (cosine) of the Weinberg angle sy (cy) that rotates the neutral
Wj’ and B-boson into the physical Z,, and the photon. The longitudinal polarisations of the
massive gauge bosons originate from the Goldstone bosons, modifying their gauge fixing and

ghost terms.

Fermion masses emerge through the Yukawa interaction with the Higgs field [46]. To write
a mass term for each fermion, the respective Yukawa matrices have to be diagonalised. For the
quarks, these are the unitary matrices U,, with V,, (U; with V;) for the up-type (down-type)
quarks, respectively. However, they cannot be diagonalised independently because the left-
handed up-type and down-type quark get transformed together. This mismatch between the

diagonalisation of the Yukawa matrices is encoded in the CKM matrix [48]
Vexm = UUs. (2.67)

With three generations, this is a three-dimensional unitary matrix. Considering the parameters
of a unitary n X n matrix that are physical, i.e., not absorbed by redefining phases of the fermion
fields, there are (n — 1)2 parameters. For n = 3, three parameters denote mixing angles and one
a complex phase 0. This complex phase is responsible for the C'P violation in the electroweak

sector [21].

Accidental Symmetries

In addition to the spacetime and the gauge, the SM exhibits accidental global symmetries
that are not explicitly imposed but emerge due to the constraints of gauge invariance and
renormalisability. Among these symmetries are the baryon number B conservation, lepton
number L conservation, and the combination of B — L [49]. Although they are not fundamental
principles of the SM, they are conserved because the renormalisable operators allowed by the SM
do not violate it. However, higher-dimensional operators may enable the symmetry violation
[50]. In the SM, baryon number is defined as a global U (1) g symmetry under which (anti-)quarks
carry +1/3 (—1/3) while leptons and gauge bosons are neutral. Similarly, lepton symmetry is
defined such that (anti-)leptons carry charge +1 (—1). One example of a higher-dimensional
operator that violates both B and L but conserves B — L is [50]

1 i
Ogqal = 12€ M (qriqry) (Quele,) (2.68)

with A being an energy scale higher than the vacuum expectation value of the Higgs potential.
Grand Unified Theories (GUTs) and supersymmetry theories (SUSY) predict such B-violating
processes, e.g. [51-54] . Such a violation is essential for explaining the baryon asymmetry of

the universe (BAU) which will be discussed further in Sec. 3.2.3.



CHAPTER 2. THEORETICAL BACKGROUND 21

2.3 Renormalisation

Renormalisation is a procedure in QFTs that addresses the ultraviolet (UV) divergences appear-
ing in perturbative calculations of observables. The divergences arise from loop corrections
to Green functions. The main concept of renormalisation is that measurable quantities are
not the bare parameters of the Lagrangian but have the effects of quantum loop corrections
incorporated. Renormalisation absorbs systematically the divergences by introducing a reg-
ularisation scheme that explicitly parametrises and subsequently cancels them. We employ
dimensional regularisation (DimReg) [55, 56] because it preserves the symmetries of the QFT,
linearity, scaling, and the translation invariance of the integral and the MS [57] renormalisation
scheme, which absorbs the infinite terms into renormalisation constants order by order in the

quantities. See [58] for details.

Dimensional Regularisation

When calculating corrections to the tree-level amplitudes, loop diagrams imply the integration
over internal momenta q. In four-dimensional spacetime, the integral generally does not
converge, with degrees of divergence being logarithmic or higher [21]. DimReg changes the
spacetime dimension to d = 4 — 2¢ with € > 0 effectively reducing the degree of divergence.
The integral | d?pf(p) is then rendered finite with some function f, defined on an infinite-
dimensional vector space. During the evaluation of the integral in d-dimensional spherical

coordinates, Euler gamma functions arise [58]

2yn F(n+d/2)I'(m —n—d/2)
qdy_ P7) _ _(d/2), (d+2n—2m) 560
[ e = raerm Y
with n, m € R, defined as I'(z) := [; dtt* e~ which converges for Re(z) > 0. Arguments

with negative real part are extended through the recurrence relation I'(z — 1) = I'(2) /(2 — 1).
However, I'(—2) has single poles for z € Ny, requiring an expansion near these singularities

which can be expressed as

I‘(—z—l—e):l“(e)H(e—k)* 1exp< e”) H(e—k

k=1 =
:(_1)2 - =7+ —= (67 + 7 )+i (—7%2—273+4§(3)) +(’)(63)
2! 12 12 (2.70)
n z—1— ZJ 2] 1
x |1+ Z €’ H Z R —
n=1 k=1 i5=0 = ijl tj

for € < 1. This expansion highlights the emergence of e-poles which are isolated and renor-

malised later. A significant property of d-dimensional integrals is that scaleless integrals vanish
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[ d%gq® = 0 as they do not contain an inherent scale to regularise them [58]. Additionally, the

metric tensor satisfies "', = d, which extends to Dirac matrices, implying

1
=5 0wk = =d. (2.71)

The treatment of v5 in DimReg presents subtle challenges. The issue arises because the transition
of 5 from d — 4 is not meromorphic. The common anticommutation relation {y*,v5} = 0
conflicts with the extension of trace operations involving 75 in d-dimensions. Using the cyclicity

property of the trace and Eq. (2.71) we find that

(4 — d)Tr(V57u Y0 VpY0) = 0, (2.72)

which results in the trace being zero for arbitrary dimensions. However, for d = 4, we have
Tr(V5Yu Yo VpYe) = 4i€upo. To resolve this inconsistency, one either refrains from using
DimReg when treating traces in fermion loops [59, 60] or from the naive anticommutation
relation [56, 61] where we present the latter. This is called the Breitenloher-Maison-’t Hooft-
Veltman scheme. The expedient is to split the Dirac matrices into a four-dimensional and a

(d — 4)-dimensional part, i.e.,
Y=+ (2.73)

where 4# spans the four-dimensional subspace and 4* the (d — 4)-dimensional complement.

The commutation relations are then

{@”775} = 07 [’7#”75] =0, f]ﬁ = 4,
(2.74)
{,AYP«’,YV} = O) {7#775} = 2757“, 775 =d—4.
Non-vanishing results may occur for [62]
Tr (ys4HL .. AH2m AL LAY (2.75)

in all d if m,n € N and m > 2. The common trace identities with 5 in 4 dimensions can
be used, and the projection of the (d — 4)-dimensional on the metric employed. Contracted
with particle momenta 5? = 1/d(d — 4)p? can be used. These traces typically occur in triangle

anomaly Feynman diagrams [63].

Renormalisation Group Equations

Consider Eq. (2.59) with all fields and parameters interpreted as “bare” quantities (with subscript

0). These do not reflect the physical values such as coupling constants or masses, as they obtain
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divergent contributions from e.g., self-energy diagrams. To obtain a renormalised Lagrangian we
relate them to their renormalised equivalent by the aforementioned renormalisation constants
Z. They are infinite too, so that they cancel the divergences of the bare quantities. Insisting
that the quantum action [ d?zL remains dimensionless, the mass dimension of the coupling
constants becomes non-zero [56]. We compensate for this by introducing a mass scale p [64]

with an appropriate power

1
G4, = zlal, @ = Z,q, Xo = 2%,
9o = Zgu‘y, §o = Z¢&, mo = Zmm.

The renormalised Lagrangian then only contains the renormalised quantities and the renormal-
isation constants. These constants are determined by the singularities in the Green’s functions.
In the MS scheme, the renormalised coupling constants and masses depend on the renormalisa-
tion scale p11. The observables measured in an experiment are dominated by effects potentially
at some other scale py. To constrain the renormalised parameters with the measurements,
they have to be related to po. Since the bare quantities are p-independent, we find for the

renormalised coupling constant (o = ¢2/(47), Z, = Zg2) and mass

do 1 dZ,

- -9 = e — — 2.
Tlog i Be, @) ea+ B(w) eQ 7. dlogp (2.76)
dm ()ym = _ 1 _d%m m (2.77)
dlogp 7  Zy dlogp '

We call these differential equations the renormalisation group equations (RGEs) [64]. Further,
B(c) and y(«v) are called the S-function and the anomalous dimension matrix (ADM) [17, 65, 66],

respectively, and expand as

Bla) = -2 iﬁn—Q (%)n (2.78)
n=2
¥(a) = 727(”_1) (%)n (2.79)

The ;1 dependence of the renormalisation constants in Egs. (2.76) and (2.77) is encoded in

a = «(p) that we use to express them in the expansion

Zp =1+ Zl <%)m 3 E%Zém’”). (2.80)

Cutting after o' denotes leading order (LO) while further terms (~ ') then refer to next-to-

next-to-...-leading order (N'LO). These constants are used to cancel out the divergences in the
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q1

a(p) a(p)

Figure 2.1: One-loop QCD Feynman diagram for the quark self-energy to calculate the mass
renormalisation constant Z,,. The quark has an external momentum p and the internal mo-
mentum is q;.

parameters of the bare Lagrangian, organised in the counterterm Lagrangian.

One illustrative example is an exercise from [67] wherein the mass renormalisation constant
Zm and the mass anomalous dimension 7, are computed in one-loop QCD. We consider now

only the third line of the not yet renormalised QCD Lagrangian
Locep C Qo (i@ - gs,oTAGf},o - mq) q0, (2.81)

containing a generic quark field g. It gets renormalised by adding the counterterm Lagrangian

(58]
Lot = Q[i(Zq - 1)& - (Zqu - l)mq]q (2.82)

where we left out the renormalisation constants for the gauge field and the coupling constant, as
they are not needed here. To obtain ~,, we have to calculate the Feynman diagram depicted in
Fig. 2.1 once with the insertion of the mass operator and with the quark propagation operator,

respectively. The loop integral with the mass operator insertion is

dlq1 a4 g ott
: €\2 A B
to = o [ Giut G T E @59

We set m, < q as the singularity stems from the high momentum region [58]. The integral is

solved with Feynman parameters to

1 -p*\ 3 4C
I, = %40qu ( — log (p) + > s qu + finite. (2.84)
a7 € I 2 ar €

This result is typical for this sort of calculation. The divergence and the logarithm result
from the expansion for small € of the Euler Gamma function, Eq. (2.70) and the p¢ factor,
respectively. Their coefficients are equal. With the divergent part of the integral, we can infer
the renormalisation constant Z;Z,, to be

Qs

Zqlm =1 —
4 47

14CF. (2.85)
€



CHAPTER 2. THEORETICAL BACKGROUND 25

Now, similarly to before, we calculate the one-loop contribution to the quark propagator with

the loop integral

A 4 P4 B gt oAb
I, = —i(gsp€ 2/ T L~ T (2.86)
o =) | o T g
with the solution
Qg 1 —p2 Qg CF .

Again, the divergent part gets cancelled by the counterterm ¢Z,pq with the renormalisation

constant

as 1
Zy=1——-Cp. 2.88
4 4T € F ( )

We can now use Egs. (2.85) and (2.88) to obtain
os 1 9
Zm=1——=-3CF + O(a3). (2.89)
41 €

To relate Z,, to the ADM, we first transform Eq. (2.77)

1 4z, 1 dZ, daos 1 dZn

(@) = — - =_— o 2.90
Mml@s) = T logp ~ Zn das dlogi  Zy da, &%) (2.90)

which we can evaluate to the desired order in «; with Eqgs. (2.76), (2.78) and (2.80). Expanding in
€ to zeroth order and requiring finiteness of y(a) we obtain the first two terms of the expansion

in Eq. (2.79) as

A0 = _g70LD) (2.91)
A = 4730 4 970 7(10) 4 9700 7Y 4 95, 7(1.0), (2.92)

Due to the vanishing of the divergent terms, relations among the renormalisation constants

such as
9722 _ z(LY 7(1L1) _ g, 7(1.1) _ . (2.93)

Note that we treat the renormalisation constants as non-commutative, as they can be matrices
in the context of operator mixing discussed in Sec. 2.4. To complete the exercise, we take our

result for the renormalisation constant Z,,, in Eq. (2.89) and utilise the relation in Eq. (2.91) to
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mn 471

The calculation of the mass anomalous dimension illustrates how renormalisation impacts the
scale dependence of physical quantities [17]. It shows that the quark mass evolves logarithmically
with the renormalisation scale . This evolution encapsulates the effect of high-energy quantum
fluctuations on low-energy observables, which is particularly significant in effective field

theories, where massive degrees of freedom are systematically integrated out.

2.4 Effective Field Theory

In many physical systems, it is unnecessary to include every degree of freedom in the complete
theory in order to accurately estimate a matrix element. At energies well below a certain mass
scale p, particles with larger masses are not observable in experiments and can be considered
as propagators starting and ending in the same spacetime point. If the symmetries of the full
theory allow for couplings between the lower-mass particles and the heavier ones, the effect of
the heavy particles can still be observed in the coupling strengths of interactions among the
lighter particles. To capture this low-energy effect while keeping the more massive degrees
of freedom stationary, a formalism called "effective field theory" (EFT) is used. See [68-70]
for more details. The term "full theory" simply implies that the heavy particles are treated as
dynamical degrees of freedom, but there may be even heavier particles that are not included in
the model. The EFT approach has proven to be a powerful tool for understanding the behaviour

of physical systems at low energies.

Matching conditions

An EFT Lagrangian is expressed as an expansion in operators of increasing mass dimension

1 n n
EEFT = ﬁren + Z Z An_4 C]E )(,U/>O]E: )(/,L) (295)

n>5 k

The Wilson coefficients C'(u) (WCs) [71] are scalar quantities, which contain properties of the
heavy particles. They are divided by some appropriate power of a mass scale A below which the
EFT is valid. This keeps the action S dimensionless. The scale y is arbitrary but chosen such
that the calculation is simplest, often at the order of momentum transfer in an interaction. The
operators O(p) are local compositions of particle fields with small masses w.r.t. the mass scale
1 and their derivatives constrained by the symmetries of the EFT. A critical step in constructing
an EFT is the matching condition, where it is defined to reproduce the amplitude of the full

theory at a matching scale pg, usually chosen at the scale of the heavy degrees of freedom not
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present in the EFT, i.e., Ag = Aeg with

Al = [Z (%;)nAE") (0¥ (2.96)
n=0
Acir = Cilpo) |0ij + Y <a5i£0)> rg.l)] (0,)©). (2.97)
n=1

The higher-order matrix elements are expressed in terms of the tree-level matrix element (O;)(®)
using the coefficients r being matrices encoding the higher-order corrections. This ensures that
the observables are consistent between the two theories. Here we only consider expansion in
the strong coupling, but, in principle, the other coupling constants and their mixtures could
also be included. The matching process determines the initial conditions of the WCs in the EFT,

order by order as

n n k
Cilpo) = (%L/:o)) S (=1kal > ITr5™. (299

n=0 k=0 ai1+ag+-+ap=n—k m=1

)

The calculation of the amplitudes AZ(»n and the renormalisation coefficients T‘Z(;»l) ) =1)
involves evaluating Feynman diagrams at the respective order in perturbation theory. For
example, A1) is determined by calculating one-loop diagrams in the full theory involving a
gluon exchange between quarks, as in Fig. 2.1. This result is then projected onto the EFT by
equating it with the Feynman rules of the effective operators at tree-level. They are derived
with the path integral formalism (Eq. (2.21)) by conducting the functional derivatives w.r.t. the
sources of all fields therein. The renormalisation coefficients describe the mixing of effective
operators under renormalisation at fixed-order perturbation theory. They differ conceptually
from the anomalous dimension 7, as they are the expansion coefficients of the renormalisation
constants Z;; but are related, similar to Eq. (2.91).

In Sec. 4.1 we calculate 3-point Feynman diagrams at 2-loop order in the electroweak interac-
tions. To match the results with the EFT below its scale, they have to be projected completely
onto the effective operators, for which an appropriate operator basis is required. Complete
bases consisting of SM fields in the unbroken phase (SMEFT) have been constructed for mass

dimensions up ton = 9 [72].

RG improved perturbation theory

As in the last section, the renormalisation group equations (RGE) for the WCs are used to
connect their values at different renormalisation scales and refine predictions of the EFT by
summing large logarithmic corrections that arise due to scale separations. The differential

equation describing the evolution between scales is derived by the scale independence of the
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bare WCs as [58]

dC(u)

=~ 2.99

where 7 is a matrix with the dimension of the operator basis. One solution to this differential

equation is [17]

C(:u) = U(/")MO)C(MO)v (2.100)

with a scale-dependent operator that encodes the cumulative effect of the anomalous dimension

between the scales g and u, constructed as [73]

as () T
U(p, o) = exp / 2;(0/) dol | . (2.101)
as(wo)

Note that the integral is ordered in the coupling constants, such that they increase from right to
left. This is necessary because the anomalous dimension matrices do not necessarily commute
with each other. The evolution matrix can be evaluated perturbatively by expanding it in the

coupling constants as

U(p, o) = Y (ai:))” U™ (1, o). (2.102)

n=0

The leading log (LL) term sums the terms proportional to («slog)”, where log = log #/u0, to
all orders in the strong coupling constant. The next (N) higher-order terms then sum terms
proportional to o' (aslog)™ as N"LL. Expanding the WCs similarly to the evolution matrix

and using Eq. (2.100) the individual contributions to the WCs can be found as [74]
Cl ) =" FUD (, 10) T (o), (2.103)
k=0

where 7 := «a(p0)/as(p). To obtain an explicit perturbative description for the evolution

matrix, it can be expressed by the leading order term as
U(p, o) = K(n)U QK (o), (2.104)

where K is expanded in the strong coupling as [74]

K(p)=1+Y_ <azgf)>” g, (2.105)
n=1
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The leading order term of the evolution matrix can be derived from the leading order RGE of

the strong coupling to
U = yytieel@y -1, (2.106)

where the matrix V' diagonalises the leading order ADM and the magic numbers a; determined

by the entries of the diagonalised leading order ADM as
(v—H(O)TV) — 2Boacdes. (2.107)
<4
A¢ The J-matrices are calculated with [74]

J =y My -1 (2.108)

of which the leading order term reads

W _ P 1 (1)
gl = 2L Os el (2.109)
(28 77 2+ -4
and
G = y-1,Ty, (2.110)

Putting all Eqgs. (2.98), (2.103), (2.104) and (2.105) together yields the result for the WC. Note
that in case a threshold in the RGE is reached from higher scales to lower, the evolution matrix

has to be recalculated with the respective degrees of freedom integrated out.

Unphysical operators

During intermediate steps of computations, unphysical operators appear but do not contribute
directly to physical observables. Two primary classes of unphysical operators are those elimi-
nated by the equations of motion (EOM) and evanescent operators. The EOM can be used to
simplify the operator basis by removing redundant operators, using the fact that any operator
proportional to the classical EOM of the considered fields vanishes in on-shell matrix elements.
For example, consider a scalar field with its EOM (8,0* + m?)¢ = 0. Any operator containing
a term proportional to it can be rewritten in terms of other operators in the EFT basis. However,
they are necessary to fully project the full theory onto the EFT.

Evanescent operators arise specifically in the context of dimensional regularisation. They
vanish identically in d = 4 but mix with physical operators under renormalisation, leading to
corrections of order € to the WCs, particularly at two-loop and higher-order calculations. See

[74-76] for details. They emerge during the reduction of Dirac structures in loop diagrams, like
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Y4 ¥P7, v, to vP and in the renormalisation of four-fermion operators. Terms proportional to
¢ emerge and multiplied by 1/¢? singularities in two-loop diagrams, they contribute to the 1/¢
poles relevant for renormalisation. These contributions are dependent on the renormalisation

scheme and on the definition of the evanescent operators.
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Chapter 3

Setup - EFTs and Observables

After introducing the key theoretical concepts that are required for this work, we now detail the
specific setup of our analysis. This includes the EFTs, namely the s framework and the Standard
Model Effective Field Theory (SMEFT), as well as the experimental observables relevant for
constraining the Wilson coefficients. The focus is on the EDMs and collider observables in
particular, while constraints from EWBG are discussed in context but will not be included in
the subsequent analyses. Finally, an overview of the statistics of global analyses is presented at

the end.

3.1 Standard Model Effective Field Theory and the x Framework

The s framework

One minimalistic extension of the SM Yukawa interactions is the so-called x-framework [14],

enabling the inclusion of explicit C' P-violating effects by the addition of a pseudo-scalar term

SM
Yy o
Lngq = —7\% Kqq (cos g + ivssingg) g h, (3.1)

where h denotes the SM Higgs field in the broken phase and ¢ the SM quark fields. Moreover,
ySM = emyg/ (v/258, Myy) is the SM Yukawa, with e the positron charge, s, the sine of the
weak mixing angle, and My, the W-boson mass, respectively. The mass of the light quark ¢ is
denoted by m,. The real parameters x, > 0 parameterise modifications to the absolute value
of the SM Yukawa couplings, while the phases ¢, € [0, 27) parameterise CP violation and the
sign of the Yukawa. This parameterisation is motivated by 6-dimensional Yukawa operators in
the SMEFT studied in chapter 5. However, only the four-dimensional Yukawa coupling gets
modified. The SM value is obtained in the limit x, = 1 and ¢, = 0. In other descriptions,
the two terms are parameterised by a C P-conserving x and a C'P-violating i [14]. There,

Kksin ¢ — K and Kk cos ¢ — k.



32 3.1. STANDARD MODEL EFFECTIVE FIELD THEORY AND THE « FRAMEWORK

Standard Model Effective Field Theory - SMEFT

In Sec. 2.2 we introduced several aspects of the SM always as a renormalisable QFT. However, it
is very likely that at some scale A significantly above the EW scale, new physics effects have
to be considered. Up to this new physics scale, the SM symmetries are assumed to remain
valid, and the Higgs boson is embedded in a weak doublet field, spontaneously breaking the
electroweak symmetry. Higher-dimensional operators, suppressed by A, are only constructed
out of the unbroken SM field content obeying the gauge symmetries. This is SMEFT [77], see
[15, 78] for details. At dimension six, a consistent basis can be constructed of 2499 baryon
number-preserving operators in the case of three fermion generations. The Higgs potential in

the SMEFT is

g L2\ G (i)
V(H) =X (HH - v ——(HH) : (3.2)
2 A2
yielding the vev shifted v? — v = (1 + 3Cgv?/(8AA?))v? to linear order in Cy [79].
In Ch. 5, we consider the SM augmented with SMEFT operators that induce tree-level modi-
fications to the Yukawa couplings. In the unbroken phase, the relevant part of the Lagrangian

reads [78]

- 1 .
gYukawa = - QLHYUUR + E(HTH)QLHC;HUR
_ 1 _
— QLHYdr + p(HTH)QLlﬁfcngdR (3.3)

_ 1 _
— L HY R + E(HTH)LLHCQHER +hec..

Here, up, dgr, R denote the triplets (in generation space) of right-handed up-, down-, and
charged-lepton fields, while (), and L, are the corresponding left-handed triplets. In accordance,
the Yukawa matrices Yy, Yy, Y; and Wilson coefficients (WCs) C! ;;, C' ;. Cjpy, are generic
complex 3 x 3 matrices. The primes indicate that they are not necessarily couplings in the
mass-eigenstate basis. Phases in the Yukawa couplings and WCs can potentially induce beyond-
the-SM (BSM) CP-violating contributions to Higgs-Yukawa couplings.

Crucial for the correct initial conditions for the UV-sensitive term in the effective operator

basis are the dipole operators in the unbroken phase

Cop - Cup ~ _ Cup ~
ALfLLaWe rHB,, + ALQBQLU% rHB,, + %QLJ‘“’dRHBW

Cew + Cuw - -
o LeT o™ erHW,, + —5-QrT o up HW];, (3.4)

A
Corir —
+ i3 QuTo"drHW, + he..

Ldipole =+

_l’_

At the two-loop electroweak order, the 6-dimensional Yukawa operators in Eq. (3.3) mix into



CHAPTER 3. SETUP - EFTS AND OBSERVABLES 33

the dipole moment operators of the B and W bosons [80]. The matching on the EDM operator
at the electroweak scale creates the leading term for its initial condition. No similar contribution

to the chromo-EDM operator comes from a mixing from the Yukawa operators.

3.2 Constraining Observables

3.2.1 Electric Dipole Moments

An electric dipole moment (EDM) quantifies the charge distribution within a particle. It is an

expectation value of an operator, defined as

d=7) e, (3.5)

i
with position vectors 7; and the charge of the constituent particles e;, see [81-83]. For a fermion,
such as the neutron, the expectation value of the EDM operator is proportional to its spin

angular momentum
(N, sldIN,s) = C(N,s|J|N, s) (3.6)

where C' is a proportionality constant, J is the angular momentum operator, and | N, s) is the
spin state of the neutron. The presence of an EDM implies that d does not vanish, breaking T’

symmetry. Under time reversal, d and J transform as

-

Tdr—'=d, TJT '=-J (3.7)

Their different transformation properties are incompatible with 7T-invariance if C' # 0. More
specifically, T-invariance implies a degeneracy of 2j + 1 states for fermions, see Sec. 2.2, which
is lifted in the case of a non-vanishing EDM. However, for bosons, no such degeneracy is
protected by T-invariance. Hence, no inherent mechanism is present that would violate the
invariance in bosonic systems [29]. The non-relativistic Hamiltonian of the electromagnetic

dipole moment dy of a fermionic system f is
Ha = —dsé - E, (3.8)

where E is the external electric field and & is the Pauli matrix vector representing the spin of
the particle. This operator induces a split of the neutron spin states, analogous to the Zeeman
effect, where the magnetic moment in a magnetic field experiences an energy splitting. This
splitting is the uplifting of Kramers’ degeneracy, discussed in Sec. 2.2.

The relativistic generalisation of interaction between a fermion and the electromagnetic
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fundamental C'P—odd phases
TeV ——F——
partonic ——-—m d, \ Ce, Cyq dy, dg,w, (6)
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Figure 3.1: Energy scale hierarchy depicting the connection between BSM origins of C P-odd
phases and observable EDMs. This figure is an adaptation of [81].

potential is given by this general Lagrangian

_ i 1
L=—1 [')’MFI(QQ) + 5 <a“”Fz(q2) + 26“”“5%,8F3(q2)>

2 (3.9)
1 q 2
+— (q” — 7“) V5 Fu(q )] VAL(q),

2m 2m

with the Dirac form factor F7, the Pauli form factor F5, the EDM form factor F3 and the anapole
moment F [84]. In the non-relativistic limit, the form factor Fj is connected to the electric
dipole moment as —1/2m F3(0) = d. This term can be expressed in a gauge-invariant form in

spatial coordinates as
L I F,
EDM = —§¢U V5 F . (3.10)
It is odd under parity and time-reversal and, hence, violates C'P-symmetry.

The calculation of an observable EDM from underlying C'P-violating interactions involves
renormalisation group evolution over several energy scales, depicted in Fig. 3.1. At the highest
scale, presumed to be at the order of a few TeV, the new physics Lagrangian gives rise to
C P-violating WCs that are evolved to the nuclear scale to be related to the observable EDMs.
These are in general not solely dependent on the EDMs of their partons (Eq. (3.10)) but also

include contributions from C P-odd four-fermion operators and nucleon-nucleon pairs. The



CHAPTER 3. SETUP - EFTS AND OBSERVABLES 35

relevant effective Lagrangian at the nuclear scale is expressed as:
L ear = LepM + Lann + Len, (3.11)
with the C' P-odd pion-nucleon interaction
Lovy = g UNNT N7 4 gl  NN70 4 g2 (NT*N7® — 3NT?N7%)  (3.12)
and the C'P-odd electron-nucleon interaction
Len = Céo)éi’Y5€NN + CI(DO)éeNi'yg,N + C’;O)euyagéa"”e]vaaﬁ]\f (3.13)
plus isospin-dependent terms C'g)c’ p involving the nucleon isospin matrix 73. We consider

three classes of observable EDMs in our analysis in Ch. 5, paramagnetic atoms and molecules,

diamagnetic atoms and the neutron.

Paramagnetic Atoms

Paramagnetic systems contain one or more unpaired electrons. The observable EDM in such
systems primarily arises due to the contributions of the intrinsic electron EDM d. and the scalar

C P-o0dd electron-nucleus interaction described by C'g
dpara = kide + k2057 (3-14)

with system-specific enhancement factors k1, k2. The pseudoscalar C'p and tensor coupling Cr
do not contribute significantly relative to the scalar coupling. The scalar term directly couples
the electron C' P-odd axial spin density to the nucleus scalar charge density. The pseudoscalar
term involves the interaction with the nuclear axial charge density. This is suppressed, as it
does not induce a direct interaction with the electron spin and does not lead to a perturbation
of the atomic electron cloud aligned with the external electric field. A similar argument holds
for the tensor coupling. For heavy atoms and molecules, Cs gets enhanced from relativistic
contraction of inner electron orbitals. This leads to a higher probability of finding the electron

near the nucleus. In contrast, C'p and Cr do not benefit from these effects.

Diamagnetic Atoms

In contrast to paramagnetic systems, diamagnetic atoms are systems in which all electron spins
are paired, which is why they are rather insensitive to C' P-violating effects arising directly
from the electron EDM. The most dominating contribution results from the nuclear Schiff
moment. The Schiff moment is a C' P-violating electric-dipole charge distribution for a nucleus

that results from its finite size, thus breaking the conditions of Schiff’s theorem, which states
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that the net electric field at the nucleus cancels the applied external electric field, rendering
the EDM of the atom zero [85]. The C' P-violating pion-nucleon interactions are a source of
Schiff moments, given in Eq. (3.12). The isoscalar term gfr%  is proportional to dy + dg. This
arises from quark-gluon interactions that affect the up and down quarks symmetrically. The
isovector term gfrljz,  is proportional to d, — dg which is due to the isospin asymmetry in the
charge distribution. The isotensor coupling arises from higher-order corrections from chiral
perturbation theory being suppressed by the difference of the up and down masses. In addition
to the pion-nucleon interactions, contributions from the unpaired protons and neutrons to the
Schiff moment can also be sizeable. The enhancement factors for the neutron s,, and proton
EDMs s, are nuclear structure-dependent and account for their spatial distributions in the

nucleus. The relation of the partonic EDMs to that of the mercury is given by [83]

dyg ap _(0) ai (1) dy, dp de
7 = Ks [QWNN(egﬂNN-FeQWNN +5n?+spz +ae;. (3.15)
Here, kg = —2.8 x 10~* fm~2 denotes the contribution of the Schiff moment to the mercury

EDM, with an error not exceeding 20% [86]. The expression in square brackets is the Schiff
moment for mercury. The CP-odd isoscalar and isovector pion-nucleon interactions are given
by gfr%N = (5£10) x (dy + Jd) fm~1, gSK,N =200 x (dy — Jd) fm~!, obtained from QCD
sum-rule estimates [87], while g,y ~ 13.5 [88, 89] is the CP-even pion-nucleon coupling.
The contribution of these interactions to the Schiff moment is given by the parameters ag =
0.01efm? and a; = 40.02 e fm?. We take these “best values” from Ref. [83]; they have an
intrinsic uncertainty of about an order of magnitude. The contributions of unpaired protons and
neutrons to the Schiff moment has been calculated in Ref. [90], with result s, = 0.20(2) fm?
and s, = 1.895(35) fm?. Finally, the contribution of the electron EDM is subdominant; no
explicit uncertainty is given for the prefactor a. = 1072 [83, 87]; however, different evaluations
lead to different signs [91]. See Ref. [83] for a detailed discussion of all contributions to the
mercury EDM. Employing “central values” for all parameters, we find numerically

dyg —4 7 7 7 7 —4dn

—£ = 3.8 x107*(0.5(dy + dg) £ 4(dy — dg) | — 5.3 x 10 - (3.16)

e

with d,, /e given in Eq. (3.17).

We neglect several contributions in Eq. (3.15). The isotensor coupling contributes in principle
but is expected to be small in comparison to the scalar and vector coupling, as it arises at higher-
order in chiral perturbation theory [83]. Contributions of four-fermion operators are smaller
than the chromo-EDM (CEDM) contributions by two orders of magnitude and are also neglected.
Finally, in our analysis, we neglect the proton EDM contribution that is one order of magnitude

smaller than the neutron EDM contribution, as well as the small electron EDM contribution.
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Neutron

The simplest hadronic system used in our fit is the neutron. Throughout this work, we assume

that the fgcp term has a negligible effect on any EDMs and all effects arise from the Yukawa

SMEFT operators. The dipole moments of the partons then contribute to the neutron EDM as
ds

dn ~ ~ dy, d 74
— = (1.1 £0.55)(dg + 0.5d,,) + (g%e + g%?d + g%e> + 3(1 +0.5)wMeV. (3.17)

The hadronic matrix elements of the CEDMs (d,;) and the Weinberg operator (w) are estimated
using QCD sum rules and chiral techniques [81, 83, 92]. For the matrix elements of the electric
dipole operators (d,;) we use the lattice results g% = —0.204(15), g4 = 0.784(30), g5 =
—0.0027(16) [93]. The sign of the hadronic matrix element of the Weinberg operator is not
known; to be definite, we choose the positive sign in our analysis. Note that in our scenario
the contribution of the Weinberg operator is always subdominant (either suppressed by small
quark masses or numerically small compared to the electron EDM bound), such that the sign

ambiguity does not affect the results of our global fit.

3.2.2 Collider Searches

In addition to the low energy scale EDM observables, we consider constraints from collider
searches, from the Large Hadron Collider (LHC) in particular. Higgs boson signals are charac-
terised by the production cross-section ¢ multiplied by the branching ratio BR for a specific
decay channel. This determines the expected event rate for a given process. The calculation
of a signal depends on the production mechanisms of the Higgs boson. These typically in-
clude QCD and electroweak interactions. Theoretical calculations rely on event generators like
MadGraph5 [94] or POWHEG [95] which provide matrix elements at higher order accuracy in
QCD. See [96—98] for more details. Parton distribution functions such as NNPDF 3. 0 [99] are
incorporated, which describe the momentum distribution of partons within the proton. The
partons undergo parton showering and hadronisation to form stable final-state particles. The
former simulates the soft and collinear emissions of gluons and quarks, performed by programs
like Pythia [100]. Hadronisation converts partons into hadrons, forming jets observable in
detectors [101]. To differentiate the production of a Higgs boson from background processes
like ¢t production with additional jets, the signal has to be isolated. This is done by programs
like Sherpa [102]. Accurate signal extraction requires a realistic simulation of the detector
response. Tools like GEANT4 [103] model the interactions of particles with detector material,

including energy deposits in calorimeters.
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Figure 3.2: Depiction of Electroweak Baryogenesis via the nucleation of bubbles with a broken
phase v # 0. See text for details.

3.2.3 Electroweak Baryogenesis

As a third observable, the baryon asymmetry in the universe (BAU) Yp is introduced. See
[9, 11, 12] for details. One widely considered approach to explain this asymmetry is electroweak
baryogenesis (EWBG). Like any approach for BAU, Sakharov’s conditions [104] have to be

fulfilled simultaneously.

1. In thermal equilibrium, the forward and reverse rates for processes producing baryons
are equal. As a result, the baryon number remains constant because any generated
BAU would be erased by its reverse process. The departure of the thermal equilibrium

introduces irreversibility necessary for BAU to persist.

2. Assuming a state with no BAU after an inflationary phase in the hot universe, it could not
have evolved into a state with BAU without active baryon number violating processes.

Hence, baryon number conservation must be violated, 9,,.J% # 0.

3. To generate a BAU, C' and C P invariance has to be broken. If C' symmetry was conserved,
the production rates for baryons B and antibaryons B by some particle X would be
identical, leading to no net baryon asymmetry AB « I'(X — B) —TI'(X — B). If C
was broken but C'P conserved, the baryon asymmetry generated by X decays would
exactly be cancelled by the asymmetry generated by X decays.

Fig. 3.2 illustrates the initial stage of the first-order electroweak phase transition (EWPT), which
involves the formation of bubbles of the new vacuum v # 0, a process that occurs out of
equilibrium. Inside the bubble with the broken phase, the Higgs field breaks the electroweak
symmetry as discussed in Sec. 2.2. When a lepton approaches the bubble wall from the symmetric

phase outside, it is partially reflected and transmitted due to C P-violating interactions near
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the wall. This introduces a bias, resulting in a net difference between the number densities
of left-handed and right-handed leptons. The left-handed doublets interact with sphalerons!,
which are non-perturbative transitions between topologically distinct vacua of the SU(2) gauge
fields [105]. This interaction is described by the non-conserved baryon number current at the

quantum level

2

g
(47)?

n ~

0utt = 0, > (ary'ar) = ?fTrWl‘fl,Wa’W £ 0, (3.18)
q

where ny = 3 is the number of fermion families. The same holds for the lepton current, so that

B — L is conserved in the SM, but not B + L. These sphaleron transitions change the SU(2)

vacuum, which is related to the baryon number violation as
AB = anNCSa (3.19)

where N¢g is the spatial integral over the time component of the Chern-Simons current K*,
see Eq. (2.62). Depending on the C'P violating phases, the net asymmetry in left-handed lepton
densities creates a preferential production of baryons over antibaryons proportional to the
bias in the chiral density, which is determined by the transport equations for the diffusion and

interactions in front of the bubble wall
ony, — DVQnL = —I'n; + Scp, (3.20)

with the left-handed lepton density ny, the diffusion constant D, the interaction rate I' and
the C'P violating source term Scp at the bubble wall. Due to the expansion of the bubble, the
baryon number produced in the symmetric phase is swept up into the broken phase. Inside the
broken phase, the energy required for the sphaleron transitions is of order Egp, ~ 8mv/g and

its rate,

E, sph

Fsph = T4 exp <—T> 5 (321)

is strongly suppressed compared to the Hubble rate. This suppression is necessary to prevent

the washout of the generated BAU.

The SM fails to meet all of Sakharov’s conditions sufficiently. The departure of the thermal
equilibrium can be achieved through a first-order phase transition. However, for the observed
Higgs boson mass my, ~ 125 GeV, a smooth, continuous transition between the symmetric and

the broken phase is predicted at the critical temperature. The thermal barrier between the vacua

"From the ancient Greek word "opaepds” translated as "likely to make a stumble", maybe due to its geometrical
interpretation as a saddle point of the electroweak potential.
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is defined by the cubic term in the finite-temperature effective potential [106] Veg(H,T') D
—ET ¢3 with E representing contributions from the electroweak gauge bosons and ¢ the radial
part of the Higgs field, proportional to VHTH. This term, however, is too small to create a
barrier [106]. SMEFT introduces operators such as (T H)? enhancing it, see Eq. (3.2). The only
source of C'P violation in the SM is the complex phase in the CKM matrix. While the phase
itself is maximal, its contribution to physical C'P violating observables is highly suppressed due
to the hierarchy of the quark masses, quantified by the Jarlskog invariant of Jegy ~ 1072 [107].
The chiral asymmetry Anj, o« Jegm yielding a BAU generated by SM C'P violation, estimated

to be ten orders of magnitude [108] smaller than the observed value [7]

ng = 2B 10710, (3.22)
S

with the entropy density s. SMEFT introduces new Yukawa operators (Eq. (3.3)) that can generate
additional C'P-asymmetry at the bubble walls. In contrast, no new physics contributions are
required to satisfy the condition of baryon number violation since the sphaleron transitions are

already efficient in front of the bubble wall and inefficient behind it.

Although EWBG may yield considerable constraints on C'P-violating WCs, we do not
include it in our analyses because we do not want to make specific assumptions on the dynamics
of the EWBG. That includes additions to the Higgs potential to achieve sufficient first-order
EWPT, specifying the transport equations and the bubble wall properties. See [109-112] where
EWBG is included in the analyses.

3.3 Global Analysis and Statistics

When constructing a model with a set of parameters {6}, which predicts a set of observables
{Ofred}, its validity is assessed by comparison to experimental measurements {O; " }. The
index 7 represents a the different observables. In a global analysis, the model parameter space
©, spanned by {6}, is explored to identify regions that maximise the likelihood function, i.e.,
minimise the negative log-likelihood function [113, 114]
pred exp 9
~log L(9) = Y O; (gi; O _ X? (3.23)

1 (2

with the standard deviation o and the y2-value. There is a multitude of sampling procedures
to scan the parameter space, like grid scanning, where the parameters are varied with regular
incremental steps within defined bounds, and stochastic methods. This sampling results in a

configuration of 6 that results in the smallest log-likelihood value Lyes; := supgcqL(6). All
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other configurations can be normalised to it as the likelihood ratio
AR := exp Alog L = exp(— log Lpest + log L), (3.24)

which lies between 0 and 1. To assess the statistical significance of a parameter configuration,

the p-value is defined and related to x? and the degrees of freedom v as

Xj

p(x%,u) = —/X2(x,u) dx, (3.25)
0

with the x7 being the boundary value for a confidence limit b and the x? probability density
function

’(x,v) = 2P e "Rz e RT. (3.26)

v v
27T (3)
To examine the significance of the parameter configurations, a set of relevant parameters is
fixed, while the remainder is profiled such that the likelihood ratio gets maximised. For display
reasons, usually one or two parameters are kept free. The boundary x? then is related to the

p-value for one or two degrees of freedom as

2
X 2
p(X%, 1) =1—Erf ?b , p(xg,Q) =e Xb/2, (3.27)

which results in xgg,, ~ 0.99(2.28) and X3, ~ 3.84(5.99) for v = 1(2). These values
denote the differences between the best fit value and a point in parameter space for which the
significance level is reached. The likelihood ratios corresponding to these boundary values for

v = 2 are then calculated as
2
ALR,p = €Xp <—X2b> . (3.28)
In general, they can be calculated as [115]

ALrj = exp (P*l (g p)) (3.29)

with the inverse to the regularised lower incomplete gamma function

T

_ 1 a—1_—t
P(a,z) = ) /t e " dt. (3.30)
0
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Model parameter configurations within these likelihood ratio bounds are not considered to

result in the rejection of the null hypothesis at the given confidence level.
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Chapter 4

CP Violating Light Quark Yukawas in

The ~ Framework

We turn to the exploration of one of two frameworks where CP violation is introduced into the
Higgs-Yukawa coupling of the electrically charged SM fermions. This first approach considers
a simple modification by adding a C'P-violating phase, which is often referred to as the x-
framework, where the interaction is parameterised by a C'P-conserving part x and a C'P-
violating part . A C'P-violation in the top Yukawa coupling is a key driver of electroweak
baryogenesis (EWBG) in many models. However, as discussed in Sec. 3.2.1, such phases also
induce electric dipole moments (EDMs) in various elementary particles and hadronic systems
that impose stringent constraints on these phases, often excluding numerous EWBG models.
As pointed out in Ref. [116], while phases in the top Yukawa are the most relevant for EWBG,
phases in other Yukawa couplings can substantially influence EDM constraints. This motivates
a detailed study of CP-violating contributions to all Yukawa couplings. Previous studies have
concentrated on the electron [117] and third-generation fermions [14, 118]. Here, we focus
on the light-quark Yukawa couplings - specifically, those of the up, down, and strange quarks.
Constraints on these couplings were studied in Ref. [119] in the context of effective dimension-
six Higgs—quark interactions. In this chapter, we provide a comprehensive calculation of the
full set of contributing two-loop diagrams induced by C'P-violating phases in the light-quark
Yukawas. Notably, our results reveal that bosonic contributions dominate over those from
top-loops.

We start by motivating and outlining the model with our choice of an operator basis, focusing on
CPV phases in the couplings with {u, d, s} in Sec. 4.1. Afterwards, we go through the method
of calculating the initial expressions for these operators at the scale of electroweak interactions
in Sec. 4.2 and present the results in Feynman gauge in Sec. 4.3. Up to here, the content is
mainly based on our publication [120]. Finally, we conclude with the implications of choosing

such a gauge in Sec. 4.4.
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4.1 Model and Operator Basis for Light Quarks

In Sec. 3.2.3 we saw that baryogenesis requires CP-violation and in Sec. 2.2 we discussed its
sources within the SM. These alone fall short by orders of magnitude to satisfy the requirements
for EWBG as their leading contribution is a loop process and thus highly suppressed. Also, the
EDM experiments are not sensitive enough, as their upper limits range orders of magnitude

above the SM predictions.

As pointed out in Ref. [116] the light fermion contributions to EWBG are small compared to
the one of the top quark. But as several EDMs constrain the phase in the top Yukawa, the
inclusion of more phases in the light Yukawa couplings substantially lifts these bounds. EDM
constraints on the electron Yukawa were studied in Ref. [117]. In this work we are interested
in constraining the phases of the light-quark Yukawas, ¢ = u, d, s, via their contributions to
hadronic EDMs. In Sec. 3.2.1 we gave their expressions and their relations with the partonic
EDMs induced by the low-energy effective Lagrangian [83] valid at energy scales of the order
of thad = 2 GeV which we repeat here

Lo = —dy % Gt v5q Fuy — dg % gt T 59 G, (4.1)
We calculate the contributions to this Lagrangian induced by the modified Yukawa couplings in

Eq. (3.1) by first matching the modified SM to the effective Lagrangian,

Leg=—V2Gp Y ClOI+..., (4.2)

q

obtained by integrating out the heavy gauge bosons, the top quark, and the Higgs boson at the
weak scale fiey, ~ My = 125.18 GeV. Here, the sum runs over all active quark fields below the

weak scale (¢ = u,d, s, c,b), G is the Fermi constant and the operators are defined as

ieQq

_ 1 _
mq @0 v5q Fu 03 = —5 gsmgqot T Gy, . (4.3)

04 =
1 2

There are many more effective operators being generated by the matching procedure, such as
C P-violating four-fermion operators. But for the hadronic EDMs their contribution, if any, is
small compared to the ones expressed here. So they are denoted by the ellipsis in Eq. (5.11).

Apart from the four-fermion operators, a noteworthy example is the Weinberg operator
(WBO) [121]

_ 1

0
’ 39s

Fobe Ga, Gl e (4.4)

that also receives a contribution from modified quark couplings (see Fig. 4.1). However, as
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Figure 4.1: The contributions to the Weinberg operator are suppressed with respect to the dipole
contributions by an additional power of a light-quark Yukawa and are neglected. Here and in
the following, the CP-violating Higgs coupling (~ ~5) to the light quarks ¢ = u, d, s is denoted

by a red square.
g
W G 4 ‘ 4
, W . “ ‘*h
> -+ > I
q
h / g é
/ g g

Figure 4.2: Sample two-loop Feynman diagrams inducing a chromoelectric dipole moment for
the light quark ¢ = u, d, s through a CP-violating Higgs-Yukawa coupling. Six diagrams exist
for the top-loop Barr-Zee (left), four for the W -kite (middle) and six for the Z-kite (right) The
label ¢’ denotes a quark with opposite weak isospin with respect to q.

we are only interested in the light-quark Yukawa couplings here, its contributions are further
suppressed by an additional factor of a small Yukawa coupling, so that the WBO is also small
with respect to the dipole operators (Eq. (4.3)). Furthermore, the dipole operators do not mix
into the Weinberg operator, hence, it plays no role in our calculation.

We perform the matching at the weak scale by calculating appropriate off-shell Green’s functions
with light external quarks, photons, and gluons. As pointed out in Ref. [122], the leading
contributions arise from two-loop diagrams in the modified SM (see Fig. 4.2-4.4). In order
to project all our results, we need to include one unphysical operator that vanishes by the

equations of motion (e.0.m.) of the light-quark fields. It can be chosen as

Ny = mq @D Pivsq, (4.5)
where the covariant derivative acting on quarks is defined as

Dy =0, —igsT*G), +ieQq Ay (4.6)
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W,G,u

h ., ’Y/Z

Figure 4.3: Sample two-loop Feynman diagrams inducing an electric dipole moment for the light
quark ¢ = u, d, s. The loop in the Barr-Zee (left) is depicted with a vector boson line, however,
it can be swapped for one containing a Goldstone boson or a Fadeev-Popov ghost. There are 32
diagrams with a loop related to the weak gauge bosons. Middle: The photon can couple to the
isospin partner of the external quark, giving rise to two additional diagrams compared to the
leptonic case, six in total. For the Z-kite topology (right) the situation is identical to the former
gluonic case.

with the quark electric charge (). The corresponding effective Feynman rule for the interaction

with an external photon is derived as described in Sec. 2.4 to

¥ (p1)

u ,
~  ieQy (%7“ + 2pYf ) Y5 (47)

7(ps)
b (p2)
Many contributions to the initial conditions can be obtained, in principle, by rescaling the
results for the electron EDM [117] (see also Ref. [123]). There are, however, new diagrams that
appear only in the case of light-quark EDMs, since the photon does not couple to the neutrino in
the case of the contributions to the electron EDM (see Fig. 4.3, middle panel). Note that the set
of additional “non-Barr-Zee” diagrams with an internal top-quark line (see Fig. 4.4, right panel)
are suppressed by the CKM factor |Vj4|? ~ 7 x 107 and are neglected in our calculation. The
corresponding diagrams with external strange quarks are suppressed by |V;s|? ~ 1.5 x 1073

and are also neglected.

In order to display our analytic results, we decompose the Wilson coefficients (WCs) as

Cf = P + P + PV + CfE 1 0P 4 077

. - p (4.8)
C3=C39+CP" +C97.

The terms labelled by tv, tZ, and tg denote the contributions from Barr-Zee-type diagrams
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Y t
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t h 7 ’Y,Z ;A\PA/\/L%
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h// W,Z q ~ \\\-/// t
— h

Figure 4.4: Sample two-loop Feynman diagrams with internal top quarks, inducing an electric
dipole moment for the light quark ¢ = u, d, s. Left panel: The classic “Barr-Zee” diagrams. The
diagrams with an internal Z boson give a substantial contribution for external down quarks.
The sum of diagrams of the form shown in the middle panel vanishes (the same is true for the
corresponding bosonic diagrams). Right panel: This class of diagrams with an internal top-quark
line is parametrically suppressed by small CKM matrix elements and has been neglected in our
calculation.

containing top-quark loops and an internal photon, Z boson, or gluon, respectively (see Fig. 4.2
and Fig. 4.4, left panels); the terms labelled by W~ and W Z denote corresponding bosonic
diagrams (see Fig. 4.3, left panel). The terms labelled W and Z denote “non-Barr-Zee” type
diagrams with internal W or Z bosons, respectively (see Fig. 4.2 and Fig. 4.3, middle and right

panels).

4.2 Method of Calculation

The calculation of the WCs is illustrated using one generic three-point Feynman diagram with
an open fermion line and an external photon. The LO amplitude for a light quark flavour

f € {u,d, s} can be expressed as

44 d%gs — Tr(1; %
A0 :K/(2ﬂ_§;/(2W§Z¢f(p2)r¢f(pl) r(DD)HGu(Ps) (4.9)

where we introduce
« the prefactor K containing all remaining numerical constants,
« the external momenta p1, p2 and p3 = p1 — po,

« the Dirac-structure of the open light fermion line I' containing exactly one modified

Yukawa coupling,

« the numerators of the vector propagators 1I in Feynman-gauge (£ = 1),

the trace of the Dirac tensor T, if a fermion loop is present in the diagram,
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« the denominator D, which is the product of the denominators of the internal particle

propagators in the diagram and

« the polarisation vector of the outgoing photon or gluon contracted with the appropriate

Lorentz tensor.

Simplifications

The amplitude is evaluated by expanding Eq. (4.9) in the external momenta around zero.
Light quark masses are set to zero. This is valid in our case since we do not find infrared
divergences. In the general case, an artificial mass mgy is introduced in an approach called
infrared rearrangement to recursively decompose propagators of potentially vanishing mass
[124]. This mass regularises spurious infrared divergences and has to vanish in the final
expression as the decomposition is exact. The first-order expansion in the external momenta is
sufficient for matching onto the (C)EDM operator 0{72 (Eq. (5.18)) and the unphysical operator
N{. An expansion up to third order is required to match onto the Weinberg operator Os. The

Taylor expansion to some power n for the propagators can be expressed as

n
2pugt + p?
o (e ) (.10)

1
(p+q)? —m?

p=0

where terms of higher order than n in the external momenta are discarded.

Evaluating the Dirac trace in d dimensions takes some special treatment, particularly when an
odd number of 75 is present (see Sec. 2.3). This situation arises if we impose a C' P-violating
top-Yukawa, i.e., ¢ # 0, 7. In the LO analysis, the considered Feynman diagrams contain
fermion loops with one vector, one scalar, and one (axial-)vector coupling. Hence, the Dirac
structure in the trace is not rich enough to yield traces beyond those calculable using the
standard d = 4 results. Without ~s, the traces can be computed easily using the Clifford algebra
(Eq. (2.8)) recursively.

From the expansion in the external momenta and the vector boson propagators, the internal

momenta generate a tensor structure that can be expressed as

Te2.-a . — H/ dqu H qm“m (4.11)

where ay, labels the power of the internal momenta gi. By exploiting Lorentz invariance, the
momentum integrals can be reduced to combinations of the Minkowski metric and Lorentz
scalars built of the momenta [125]. This leads to

Sp

Teiaz...ar _ ZAkn(mt/z . nuzr—luzr)7 (4.12)
k
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where the sum runs over all even, non-identical permutations of the metric tensors signified
by the parentheses in the exponent. Here, s, = (2)!/r12" counts the number of permutations
with r = 1/2 Zﬁﬁ aj. Only an even amount of internal momenta yields non-trivial results. If
r is odd, the integral vanishes due to the odd nature of the integrand. The A}, are functions
of Lorentz scalars depending only on the internal momenta. To determine the coefficients Ay,
the tensor 7" in Egs. (4.11) and (4.12) is contracted with s, permutations, yielding a matrix
equation I, = M,,; - Ak, where I,,, are scalar products of the internal momenta, some of
which may be identical due to the symmetries in the tensor indices. The elements of the matrix
M are monomials in d and the functions A are obtained by inverting this matrix. The easiest

non-trivial example is

T2 — / ddqquq’f = A, (4.13)

Contracting with the Minkowski metric yields
1 d 2
Ay = d d“q1qy. (4.14)
A slightly more complex example is
T* = / d?qr dqaql af ahaS = AP 0P + AP + Asnnf”. (4.15)

Contracting both sides, each with the permutations of 1(#*1??) gives

I > 2d Ay
= , (4.16)
I d d+d) \As
where I} = ¢3¢ and I, = I3 = (p1p2)2. Using 01, = d the coefficients A; and Ay = As

are expressed by inserting the matrix as

. 11(1 —|—d) — 215

A —I) +dI>
YT @2+ d—2)

Azzd(d2+d—2)'

(4.17)
For tensors with higher values of 7, the inversion of M becomes more complicated. To simplify

calculations, we set d = 4 — 2¢ and expand the matrix in € to the required order.

In the next step, the Lorentz scalars [; in the numerator are eliminated by systematically
cancelling the scalar products with the denominators. This reduction is achieved at the 2-loop
order through identities such as

; ; G, + Gy T M

m 24k, Qk
k1 4k and et — 14 AL (4.18)
Dy, Dy, Dy ey Dy, 1,
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with Dy, = ql% - mz Dio iy = (@ — kab)Q - mzmkb and m representing generic particle

masses. Through this procedure, terms without Dy, 1, can be present, splitting up the integral
into 2 one-loop integrals. If any Dy, is missing but an appropriate Dy, 1, is present, a shift such
as qr, — qk, — qk can be applied, converting Dy, ;.. into a term involving Dy, with the mass of
the former. If no suitable denominator exists to facilitate this shift, the integral over ¢ vanishes
as a scaleless integral. Terms involving odd powers of (g, gi,) are odd under the integration
and vanish. For even powers, the two-dimensional integral becomes two one-dimensional ones

n (2n)! n n
/ddqh A%y Gk, Ghy ) _4””!(d/2)/ ddqh(qil) /dqu2(qi2) (4.19)

with the Pochhammer symbol (a), := I'(a + n)/I'(a). These steps are repeated until no
internal momenta gy, are left in the numerator. Additionally, products of propagators with

distinct masses are separated using the partial fraction decomposition

1 I | ( 1 1 > .20)
¢?—mig®—m3i mi-mi\¢®—mi ¢*-mj)’ '

reducing the power of momenta in the denominator per term.

Evaluation

Following through with these steps, we arrive at the main two-loop integral

diq; ddgo
(g7 —m?})a(qf —m3)%=[(q1 — q2)> — m3]%s

I(ay, az, az, my, ma, m3) =/ (4.21)

For specific cases such as m; = my = m and m3 = 0 or mg = mg = 0, closed-form solutions

can be given directly via Feynman parameterisation

(2 - 6)—113(1 + €)n1+n3—3(1 + 6)n2+n3—3
(n1 — Dl (n2 — 1)I(n1 +no +n3 — 4+ 2€),
(1 + 26)n) 4nytn5—5(1 + )nytng—3(1 — €)1-ny (1 = €)1-n4
(n1 — Dl(ng — D)(ng — D1 — €)(1 — 13m2€2 + O(€?)

(4.22)

I(a17a2>a3>m7m70) =C

I(a17a27a37m7070) =C

(4.23)

with the prefactor C' = (—1)@1te2tastlpi-—2e—a1—az—azpd=2¢P2(] 1 ) For the cases of non-
vanishing m; # mg and m3 = 0 or with no vanishing masses, recurrence relations are derived,
reducing the general two-loop integral in Eq. (4.21) into the form of I(1,1,1,mq, mga, m3)

[126, 127]. Two frequently occurring cases are

A

[(1,1,1,m,m,M)=m

(4.24)
. (—;a +22) 4~ (42log(4)) — 22log(42) + 2(1 — z)@(z)) :
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where m; = mo = m # M = mgand z = M?/(4m?) and

1

I(]-a 17 17m17m270) = 2(1 _ 6)(1 _ 26)

1+2 2 1 (4.25)
X <— 5— + —rlogr + (1 —2x) log? z + 2(1 — z)Liy <1 — x>> + O(e),
€ €
with = m3/m?. Further for 2 < 1,
_A(_% \1/2 L 1)2
d(z) = 4(1 ) /“Cly(2arcsin(z'/?)) ,
-z
0 (4.26)
Cly(9) = —/dxlog |2sin(z/2)|.

0

From 0 < 2arcsin(z'/2) < 7 follows 2sin(z/2) > 0 for the considered values. So, the modulus
in the integrand of Clausens function Cls is trivial. Up to second order around z = 0 it can be

approximated by

0
2 63
Cly(0) ~ / % —logz dx = = +6(1 —logh) (4.27)
0

with a small error at the percent level at most. For z > 1, ®(z) takes the form

2
D(z) = ()" { ~ 4Lia(€) + 210g? € ~ log”(42) + T}
(4.28)
1— (z—l ) 1/2
{=—7—"
2 )
where Liz(z) = — [ du In(1 — u)/u is the dilogarithm. These two-loop calculations involve

divergences up to 1/e2. While the final expressions only contain divergences to this order,
intermediate steps may yield terms of 1/¢3, encountered when the Gamma functions in the
numerator and the denominator are expanded successively. This is the case for m; = may,
mg = 0 and a; = ay = ag = 1 (see Eq. (4.22)). Therefore, the Taylor series in € must be

expanded to at least O(€?).

Matching

This amplitude in the full theory is now matched onto the effective theory operators. Since it
represents the leading order contribution, all poles in ¢, arising from dimensional regularisation,
must cancel in the final expression. Any remaining divergences would signal incomplete

renormalisation or inconsistencies in the effective field theory. The matched amplitude depends
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on the external momenta and takes the general form
A0 — <A1 pg'y“ + Ao pif + As pg) 756:1, (4.29)

where the A; are coefficients determined by the steps outlined in this section. The Feynman
rules for the (C)EDM and the EOM operators are given in Egs. (5.18) and (4.7), respectively.
These provide the EFT structures against which the full-theory amplitude is matched. This
yields the relations C’lq’2 = A) — Ay/2 and Cy = ay/2. Terms proportional to structures other
than those corresponding to the effective operators should not remain after matching. If such

terms persist, it indicates that the current operator basis is insufficient and must be extended.

4.3 Results

By explicit calculation, we find

q,ty _
Lth

120;3 Kq /@t{ sin(¢q) cos(dr) Tep, [(2%}1 -1 ( ) —2(2+ log )
(4.30)

— cos(gbg) sin(¢r) zin® (4;“) b

where x4, = m?/M ,3 There are contributions from six diagrams in total. For the top-loop

diagrams with internal Z bosons we obtain!

M7 = Ok (852 — 3) (4Qus%, T 1) — L
1 384Qq7r3s%,6% Kkt ( Sw ) ( QqSw F ) Tth — Ttz
1
x { sin(¢g) cos(dy) [ (1 — 2z4,) @ <4xth>

(4.31)

1
—2logxny — (1 —2x47) @ <433tz> ]

+eosasin(on[e () = ()]},

4$th 4.’L'tZ

where 7,7 = m? /M2 and z,7 = M ,3 /M?%. Here and in the following, the upper sign corre-
sponds to the up quark (¢ = ) and the lower sign to the down-type quarks (¢ = d, s). Moreover,
in the remainder of this chapter, we assume the SM values x; = 1 and ¢; = 0 for the top-quark

couplings. The corresponding diagrams with gluons instead of photons (see Fig. 4.2, left panel)

'Note that, in the case of top-quark CP violation, the off-shell Green’s function is finite only after inclusion of
an appropriate counterterm to cancel the divergence in the one-loop mixing of the Higgs and the Z boson. The
divergent part of the amplitude projects entirely on the e.o.m.-vanishing operator (4.5), so that the physical WC
(o *7 s still renormalisation-scheme independent.
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give a contribution to the initial condition of the chromoelectric dipole operator; we find

Cq = - Kq ke sin(dq) cos(¢r) T [(2$th -1 <1> —2(2+ log )

3273 4z, (4.32)
. 1 '
— cos(¢q) sin(¢y) P <4$th) } .
For the bosonic Barr-Zee-type diagrams, we find
«@ .
C%W'Y :6471'3 Kq Sln((bq) [ (1 =+ 6$Wh) (2 + log HJW}L)
1 (4.33)
7T—6 o
+ (7 = 6zwn) Twh <4$Wh> ]
where zywp, = M3, /M?, and
1
WZ . —
CPt =— 5127852 sin(gg)(xzn — 1)~ (455, F aq)
X [[3 —2zwhn + 202 (GSUWh - 7)}%‘2]1(1) L
w 41’Wh
(4.34)

1
+ [1 + 18.%'Wh — 26121}(1 + 6$Wh) — 4.%'Zh]¢’ <402>
w

1
+ (67 +2x7p, — 2(1 + 6aw)) log xzn] |

w

where zz7;, = M% /M }% The contributions to the electric and chromoelectric dipoles of diagrams

with internal Z bosons are equal; we find

7Z 7Z a 3
cye =0cd :m K Sin(og) ), 2(1F 4Q 52 + SQgsi})

X (24-ThZ - 695}%2 - (4 + 3$hz)ﬂ'2

X
+ (24zpy + 622, — 323 ,)® (%)

+ (24 + 18z — 67} 4 ) Lis(1 — zp)

— (24xhz + 6:E;21Z) log xhz) (4.35)

122 (2025 Q)

x (6 — (4zpz — 22,)72 + (24 — 18347 + 322 ,) D (%)

4

+ (12 — 48z, + 1227 ;) Lis(1 — zp2)

+ 12log xpy — (12whz — 333%2) log2 mhz)] .
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Note the corrected sign in the 27 , coefficient of the Lis(1 — z7) term with respect to Ref.

[120]. The corresponding contributions with internal W loops are

o

oW o=t
1 230473Q 452,

Kq Sin(dq)Thw

X [:l: Qq (241"2/[/h — 6xWh) — 18zwn F Qq (3%12/[/h + 4.%'%4/h)7r2

1
+ (18(36Wh — 2yp) — 9 £ 3Qq (827, + 2xwn — 1))@ (4xWh> (4.36)

v (18 +3Q, (1 — 4ad,, — 3x%Vh)) <2Li2(1 — aywn) + log? xWh)
+ (1833Wh + Qq (GHJW}L + 24.%'%/‘/%)) log HJW}L]
and

W _
&5

« .
= 2304n3s2, "0 (G0

x [(24ady,), — 6aws) — 3z, + 4y, )™

1
+ 3(8xfy), + 22wy, — 1)@ <4x ) (4.37)
Wh

+ 3(1 — 495'%/[/}1 — Sx%‘,h) <2Lig(1 — zwp) + log2 xWh)
+ (6:1:Wh + 243:12/%) log :L‘Wh] ,

where i = M ,% /M&V Note the corrections of the global factor of v/2 for the bosonic WCs
C’%WV, C’i]’WZ, C’f’gv and C’f’QZ with respect to Ref. [120]. In Egs. (4.36) and (4.37) we suppressed
the explicit dependence on the CKM factors. For ¢ = u, these two results should be multiplied
by [Vual® + [Vus|* 4 |Vas|?, for ¢ = d, by [Via|® + [Vea|?, and for ¢ = s, by [Vys|* + [Ves|. In

all cases, the squared CKM matrix elements sum to unity to a very good approximation. Note

that we neglected the tiny contributions of diagrams with internal top quarks. To simplify the
above expressions, we defined ¢,, = My /My and s,, = m The actual calculation was
performed in two independent setups, both based on self-written FORM [128] routines. The
amplitudes were generated using QGRAF [129] and FeynArts [130], respectively, using the
Feynman rules in background-field gauge from Ref. [131]. Both setups implement the two-loop
recursion presented in Refs. [132, 133]. Needless to say, the two calculations yield identical

results.
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4.4 Gauge invariance

The listed expressions for the WCs are calculated in Feynman gauge (¢ = 1). Employing
the calculation in ¢ gauge, keeping £ undetermined, shows that the complete result is not
gauge independent, i.e., ¢ does not drop out of the final result. This is the case in particular
for Feynman diagrams with the external photon coupling to the W-bosons or its associated
Goldstone bosons and Faddeev-Popov ghosts. When it couples to a fermion, either the open
light quark line or the closed top-loop, the amplitude is independent of the gauge parameter.
Similarly, all terms contributing to the CEDM WC are gauge invariant as the gluon does not
couple to the weak bosons.
Remaining dependence on £ suggests that the calculations in the s framework in which only
the dimension-four Higgs couplings are modified are not complete. The framework resembles
closely the Higgs Effective Field Theory (HEFT) [134]. In HEFT, the dimension-four couplings
are complemented by the interactions of higher-dimensional couplings involving additional
Higgs bosons to facilitate gauge-independent results. Although the electroweak gauge group is
a symmetry of the theory, the Goldstone bosons associated with the spontaneous symmetry
breaking are treated as independent fields rather than components of the SU(2)-doublet.
They are typically introduced through a non-linear realisation [135]. The Higgs boson is an
independent singlet and its interactions with the Goldstone bosons are not restricted, limiting
the predictive power of the theory [136].

We turn to the framework of Standard Model Effective Field Theory in Ch. 5 to perform
these calculations, however. Its operator basis, e.g., the Warsaw basis [78], is widely used. This
simplifies the implementation in generic ¢ gauge and the comparability with other results

from the literature.
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Chapter 5

Global Constraints on Yukawa
Operators in SMEFT

5.1 Introduction

Charge-Parity violating contributions to Higgs—fermion couplings are a well-motivated possi-
bility of physics beyond the SM that might help address the problem of baryogenesis with new
dynamics at the electroweak scale. Any such contributions are strongly constrained by null mea-
surements of EDMs, and less strongly by Higgs production and decay data from colliders. The
presence of several C' P-violating phases can lead to cancellations and thus weaker bounds [116].
The interplay of EDM and collider constraints, in the presence of several C' P-violating Higgs
couplings to fermions simultaneously, is less well-known. In Ref. [119] constraints in the pres-
ence of two C'P-violating parameters have been studied in detail. In this work, we scan over up
to six different such parameters. This chapter is based on Ref. [137].

Frequently, model-independent bounds on such interactions are obtained in the so-called
“k framework” by rescaling the SM Yukawa coupling by an overall factor and a complex phase.
See Chs. 3 and 4 and, e.g., Refs. [138-140] for analyses of LHC data. In Ref. [14], bounds on
these factors are obtained by studying contributions to EDMs through Barr-Zee diagrams
with internal fermion loops. In Refs. [117, 120] it is shown by explicit calculation within the
framework that bosonic two-loop diagrams have a large impact on the EDM bounds for light
quarks. However, it is pointed out that the way these bosonic contributions are computed, it
leads to a gauge-dependent result [141]. This is related to the fact that the naive implementation
of the k framework, in which only the dimension-four Higgs couplings are modified, is not a
consistent quantum field theory.

Another consistent way of obtaining model-independent bounds for C'P-violating Higgs-
fermion interactions is the use of the SM effective field theory (SMEFT) [77]; see Refs. [119, 142-
144] for work in this direction. We take the same approach in this chapter.
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For the purpose of this work, we assume that the contributions to the EDMs of the SM
fermions arise from physics at a scale A that is sufficiently higher than the electroweak scale.
This permits us to parameterise deviations from the SM in terms of operators in SMEFT. We
assume that any of the operators of the form (H'H)Fy, fr H may have non-zero coefficients.
Here, H is the complex Higgs doublet field, F, a left-handed doublet fermion field, fr a right-
handed singlet fermion field, and we have suppressed flavour indices. The reason for focusing
on this class of operators is that they are the only dimension-six operators that induce tree-level
modifications to Higgs—fermion couplings. See Sec. 5.2 for a discussion. These operators will
contribute to leptonic and hadronic dipole moments via a series of matching and renormalisation-
group (RG) evolution. Our analysis takes into account the leading effects that arise at two-loop
order in the electroweak interactions, as well as leading-logarithmic QCD corrections below
the electroweak scale. We neglect any effects of C'P-odd, flavour off-diagonal operators. The

study of these effects is relegated to future work.

To understand the complex interplay between the considered operators, multiple Wilson
coefficients (WCs) need to be varied simultaneously. To explore this computationally challenging
multidimensional parameter space, we make use of the GAMBIT [145] global fitting framework,
to which we have added a new module that allows for calculations of EDMs in the SMEFT,
as well as the corresponding experimental likelihoods. We have also expanded the existing
ColliderBit [146] module to be able to determine constraints on the WCs from measured

properties of the Higgs boson at the LHC.

This work contains several new aspects and presents nontrivial results. We perform a
multi-parameter fit to both LHC and EDM data. This corresponds to a more realistic scenario
than single-parameter fits, as in a UV-complete model several CP phases are expected to be
present. Moreover, we complement and correct some of the analytic expressions in the literature.
In addition to updating existing constraints on either individual C'P-odd Yukawa couplings
(Figs. 5.5 and 5.6), or two C'P-odd Yukawa couplings as in Ref. [119] (Fig. 5.7), we scan over
up to six C'P-even / C P-odd Yukawa couplings simultaneously for the first time (Figs. 5.8 -
5.12). While this still represents only a subset of all Yukawa operators, we argue that with
current experimental results, including more parameters will not lead to additional significant
constraints. For instance, allowing for any C'P-odd contribution to the Yukawa of a light fermion
(electron or up- and down-quark) would allow to fully cancel the corresponding EDM constraint,
thus leaving only the LHC bounds in a trivial way. However, we find several nontrivial effects.
Focusing on the heavier fermions, we find an intricate interplay between LHC and precision
constraints that weakens the EDM bounds without lifting them fully. Not even by allowing for
six independent parameters can we cancel all EDM constraints among the third-generation
fermions, and nontrivial EDM bounds remain. A detailed discussion of these issues is found in

Sec. 5.6.
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In our analysis, we do not take into account perturbative and hadronic uncertainties. The
effects of hadronic uncertainties on EDM bounds are studied in detail in Ref. [119] (see also
Ref. [147]), and are not repeated here. They are relevant mainly for bounds on C P-violating
Higgs couplings to the light quarks that arise from hadronic EDMs, as collider bounds are nearly
absent. When allowing for the presence of several WCs at the same time, EDM bounds tend to
get cancelled, and only collider bounds remain, so hadronic uncertainties are less relevant. Note
also that bounds from arising from the electron EDM have no hadronic uncertainty. However,
there is a large, previously overlooked perturbative uncertainty regarding the bottom and
charm couplings, as discussed in Sec. 5.3. This uncertainty is analogous to the case discussed
in Ref. [118], and is studied in detail in [148]. As not all relevant higher-order corrections are

currently known, they are neglected in this analysis.

This chapter is organised as follows. In Section 5.2 we specify the operators that we want
to constrain; namely, those that modify the SM Yukawa couplings at tree level. We then derive
the modified Higgs—fermion couplings in the broken electroweak phase. In Sec. 5.3 we discuss
the effective theory valid below the electroweak scale. The analytic contributions of the SMEFT
operators for the partonic EDM of leptons and quarks are collected in Sec. 5.4. Most of these
results are taken from the literature. In Sec. 5.5 we summarise the contributions of the partonic
EDMs to the EDM of the physical systems that are actually constrained by experiment. It also
describes the collider constraints on the SMEFT operators and contains a short discussion of the
expected contribution of operators with mass dimension eight. The setup we use for GAMBIT
is shown in detail in Sec. Ref. 5.6. Our main results are contained in Sec. 5.7. We conclude
in Sec. 5.8. App. A contains the full generic R¢-gauge Lagrangian in the broken phase. In
App. B, we discuss the alternative flavour basis in the electroweak broken phase that is used in

Ref, [149].

5.2 Effective theory above the electroweak scale - SMEFT

The relevant part of the SMEFT Lagrangian including the 6-dimensional Yukawa operators is
given in Eq. (3.3) coming with complex WCs C} p for each fermion species f. As is well-known,
not all these complex parameters are physical due to the freedom of choosing the phases of the
left- and right-handed fermion fields. To isolate the physical BSM parameters, we express as
many parameters as possible in terms of observed quantities, e.g., the fermion masses and CKM
matrix elements. To this end, we rewrite the Lagrangian in Eq. (3.3) in the broken phase using

the linear decomposition of the Higgs field as

G+
= (\}E(v—l—h—FiGO)) ' G
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The terms that induce the fermion masses are

v o< ’U2
»Cmass = - Z EfL <Yf - WC}H> fR +he.. (5-2)
f=u,dl

In analogy to the SM, we diagonalise the complete matrix in parentheses by biunitary transfor-

mations, parameterised by the field redefinitions

fL_>UffL7 fR_>WffR7 (53)

with f = u,d,/, and Uy, Wy complex 3 x 3 matrices chosen such that after this rotation, the

mass Lagrangian is

v =
Lmass = - Z 7fLyJSfoR +he.. (5-4)
f=u,d,l \/ﬁ

Here, the yfcM are real and diagonal matrices with entries that correspond to the observed

fermion masses, i.e., my = %y]ScM. In other words, the conditions on Uy, Wy read

’U2

yM = Ul (Yf - 5x2 C}H> Wy (5.5)

The kinetic terms of the fermions are also affected by the transformation in Eq. (5.3), which
leads to the appearance of the CKM matrix Vexm = U:[Wd in the charged gauge interactions of
the left-handed quarks, in complete analogy to the SM.

The interaction terms of the fermions with a single Higgs field from Eq. (3.3) after performing

the transformation in Eq. (5.3) are given by
t 302,

I A

f=u,d,L

where we defined Cry = U } C’} 1 Wy. We see that, in the most general case, we can parameterise
any deviation with respect to the SM by the rotated WCs C'yf7. For later convenience, we split

these coefficients into their real and imaginary parts,
Crrij = Re[Crais) +iIm[Craij) = Cprij +iCrn—jij - (5.7)

with Cy4 ;; real. This implies that the operator combinations proportional to the diagonal

terms Cyp+ 4; are self-adjoint.

In the current work we consider the effect of the flavour-diagonal contributions, C'yf s,
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for the case that they contain additional sources of CP violation. This implies, as we shall see,
that C'yp_ ;; is non-zero. Note, however, that in the absence of any type of flavour alignment
with the SM Yukawas these operators also induce flavour violation beyond the SM, which we
do not consider in this work. In a concrete model, we thus expect additional constraints from
such flavour off-diagonal contributions of C'tf; (see Refs. [109, 150] for a recent discussion).
It is, however, possible to obtain both C'P-even and C'P-odd modifications in the flavour-
diagonal Yukawas without any flavour-violation beyond the SM. This corresponds to a UV
scenario in which the unitary transformations in Eqs. (5.5) and (5.3) that rotate to the mass
eigenstates simultaneously diagonalise the coefficients C} - In this setup, C'yfr is diagonal but

not necessarily real, meaning that CP violation beyond the SM is still possible.

In unitarity gauge, all BSM effects in our setup are contained in the Yukawa Lagrangian in

the mass-eigenstate basis

h v3 h hZ K3 —
Bkawa = ) K""f —miy F oy (% tat )) 1

! 3 2 3 (5:8)
v h h h2\ -
- (2= o) F
+2\@AQCfH ( U+3v2+vs)fw5f]

Here, the sum runs over all charged fermion fields, f = u,d, s, ¢, b,t, e, u, 7, and we have
traded the generation indices on the WCs in favour of the flavour label, f, since we focus on the
flavour-diagonal case. We will use this more compact notation in the remainder of this work. In
App. A we present the corresponding Lagrangian for the generic ¢ gauge. A different basis
has been used in Ref. [149] to present the bounds on the WCs, see App. B.

As long dimension-six SMEFT is a good approximation, and the h? and h? interactions in
Eq. (5.8) do not affect the observables considered, the bounds on C'yp74 directly translate to

bounds on the x-framework parameters, discussed in Sec. 3.1, via

2 2

(% v v v
5 Cru—. (5.9)

21— —=Crus, Singy = ———————
IifCOquf \/ﬁmf A2 fH+ Iﬁfbln(ﬁf ﬁmfA

This is actually the case for the observables and the precision that we consider. A possible

exception is the top contribution to the LHC observables, see the discussion in Sec. 5.5.

Using the Lagrangian in Eq. (5.8), we will be able to set constraints on the C'y 4 couplings
from LHC measurements. Low-energy probes of C'P violation, however, also place significant
constraints on these couplings. Our aim is to capture the numerically leading effects. To this end
we work with a tower of effective theories. Apart from a few exceptions that we discuss below,
the RG evolution from A to piey, within SMFET can be neglected, as (most) Yukawa operators do
not mix into the C'P-violating dipoles for the electron and light-quarks, relevant for EDMs. In

this case, the leading effects are obtained at the electroweak scale by matching to the effective
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theory in which the heavy degrees of the SM are integrated out, and by subsequently running to
the hadronic scale. In contrast, the few contributions that are induced from (two-loop) mixing

within SMEFT will come with a UV-sensitive logarithm, log M}, /A.

5.3 Effective theory below the electroweak scale

We will extract constraints on the coefficients in Eq. (5.8) from the experimental bounds on
the electron, neutron, and mercury EDMs. We will make the assumption that these EDMs are
induced solely by the electron and partonic C' P-violating electric (EDM) and chromoelectric
dipole operators (CEDM), and the purely gluonic C'P-violating Weinberg operator [121] with
coefficients d., d, ch, and w, respectively. Therefore, we neglect (subleading) contributions
from the matrix elements of four-fermion operators. Here, ¢ collectively denotes light quarks, u,
d, s. The charm-quark is typically not included since presently there are no lattice computations
for the hadronic matrix elements of its operators. The above coefficients are traditionally defined

via the effective, C'P-odd Lagrangian valid at hadronic energies pp.g ~ 2 GeV [83],

i i _
Legg = — deiea!W')%eF,uu - dqiqawj')@unu (5.10)
. .1
5 10s _ L ab bo

— quSanT“%qGZV + gwf“ ‘GGG
Here, o+ = L[y# 4], T* are the generators of SU(n,) in the fundamental representation
normalised as Tr[T%,T%] = §%/2, n. = 3 is the number of colours, and we collect our
conventions for the field strength and its dual below. The contributions from the Weinberg
operator turn out to be subdominant because of its small nuclear matrix elements [81, 83], but

we keep them for completeness.

The partonic dipole moments d,; and ciq as well as the coefficient w are obtained from
the SMEFT WCs in Eq. (5.8) via a sequence of matching at the weak scale, and the bottom-
and charm-flavour thresholds, as well as the RG evolution between each scale, as outlined in
Refs. [14, 80, 118, 151, 152]. The resummation of logarithms is phenomenologically relevant
for the hadronic dipole operators that mix under QCD. In the current analysis, we work at the
leading-logarithmic order for quark operators. QCD corrections are also large for the bottom-
and charm-quark contributions to the electron EDM. They are calculated here [148] but are

not included in our analysis.

To perform the sequence of matching and RG evolution connecting the electroweak-scale
Lagrangian, Eq. (5.8), with the hadronic-scale one, Eq. (5.10), requires the full flavour-conserving,

C'P-odd effective Lagrangian below the electroweak scale up to mass dimension six. In the
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conventions and basis of Ref. [118], adapted from Ref. [152], it reads:

L= —V2Gp (Z [ S oo + % > ng/ogq/]

atq “i=12 i=3,4

+Y Y CIO? + CyOu +20304>

q i=1,...,4

(5.11)

where the sums run over all active quarks with masses below the weak scale, e.g., ¢,¢ =

u,d, s, ¢, b in the five-flavour theory. The linearly independent operators are'

Of" = (q9) (7' ivsq') , 03" = (qT%q) (7 irsT%q"), (5.12)
/ 1 » _ _ , 1 y _ _
05" = 5" (qoq) (Topod),  OfF = 5" (G0,uT"q) ({00 Tq),  (5:13)
N 1 _
Of = (qq) (7ivs9) 03 = 5€"7(40,09) (10p04) (5.14)
eQqm, 1m
0 = - goqF, 01 = —— —2L Goh T G° 5.15
3 9 gs q oz 4 9 gs q uv o ( )
04 = eg‘ T Lot st Op=—5— f“bc G, Ghogen . (5.16)

The powers of e and g5 in the operator definitions above are fixed such that all WCs have the

same h dimension, thus making the calculation of operator mixing more transparent.

Cy as well as some of the anomalous dimensions that control operator mixing depend on
the conventions for the covariant derivatives for quarks and leptons, the field strength tensor,

and the dual tensors. Our conventions (same as in Ref. [118]) read

DY = 9, — ig, TGS + ieQq A, D =9, +ieQAy (5.17)

PR

~ 1 ~
Gl = 0uGy = 0,Gl, + 9o [ GGy, GV = DGy PN = -

DN | =

with €g123 = —e0123 — 1.

For the correct projections onto the (C)EDM operators, their effective Feynman rules are
obtained by adding source terms ¢ + ¢n + J " A, to the exponential on the right-hand side
of Eq. (2.19). Applying Eq. (2.21) with the source functions 7, 77 and J* we obtain the Green’s

"The definition of the qul, OZq/ operators in terms of the e-tensor is convenient when going beyond the leading-
logarithmic approximation, as they remain self-adjoint also in d = 4 — 2¢ dimensions. It is thus convenient to also
define OF and the dipoles O and O in an analogous manner. To express the operators in the more conventional
io"¥~5 notation, one can use the d = 4 relation

d=4] 1
. v [__ nvpo
107 V5 = 56 Opo

60123

where €g103 = — = 1. For details concerning the next-to-leading-logarithmic analysis, see Ref. [118].
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function for the vertex of a photon, a fermion, and an antifermion. Omitting the external fields

yields the Feynman rule for the EDM in momentum space

¥(p1)

Os

8 ~ ieQy (pgv“ - pfof) o (5.18)

v(ps)

b(p2)
with p; = pa + p3. If the external boson is a gluon, the e() y gets swapped for a QCD generator
gsﬂ‘? with gluon index A and the colour indices i and j for the incoming and outgoing quarks,
respectively.
The comparison of Eqs. (5.10) and (5.11) gives the relation between d., dq, Jq, w and the
WCs of the three-flavour EFT evaluated at the hadronic scale pip,q = 2 GeV:

de = V2Gr LQeme Cs,
dro
_ \/> qu q
dg(pmad) = V2GFp e C4(tthad) »

(5.19)

1
dg(pmad) = —V2Gp pm—— C{ (Hhad) ,

1
w(pnad) = V2GF 0 Cuw(fthad) -

Note that C¥ is scale independent with regard to the strong interaction, i.e., C§ (fthad) = C% (ftew)
with fiew 2~ 100 GeV. The procedure to calculate C§, C (fthad ), C§ (fthad)> and Cy(fhad) depends
on the flavour quantum numbers of the SMEFT operators. In the following section, we describe

the different cases and present the corresponding results.

5.4 Electroweak matching and RG evolution to the hadronic

scale

In this section, we discuss how to obtain the WCs of the EFT below the electroweak scale as a
function of the Yukawa SMEFT WCs. Since all operators in Eq. (5.11) are CP odd, all contributions
are proportional to the C'P-odd couplings C'y7—. The final results for the required initial
conditions Ci]q/(,uew), Cl(ttew)s Cuw(ttew)s CF(ptew)s C(tew), and C (pew) are collected below
in Egs. (5.20), (5.21), (5.22), (5.23), and (5.24), respectively. These are all the initial conditions
required for the leading-log QCD analysis.

We begin the discussion with contributions that are UV sensitive, i.e., proportional to
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log(ftew/A). There are two equivalent ways of obtaining them. One way is to identify those
SMEFT Yukawa operators O that mix into the SMEFT dipole operators Oy, Ofp and Oyg.
The mixing induces dipole WCt proportional to the leading UV logarithm log jiew /A, and the
subsequent tree-level matching onto the Lagrangian Eq. (5.11) potentially induces non-zero
coefficients C§(ptew), C4 (ftew), and Cf (pew). In fact, only the cases occur in which the six-
dimensional Yukawa operators in Eq. (3.3) mix into their respective six-dimensional dipole
operators in Eq. (3.4) Here, we consider only mixing into dipole operators with light fermions.

The two-loop mixing has been calculated for the electron case in Ref. [80].

An alternative way of obtaining these log few/A terms is to directly perform the two-
loop electroweak matching calculation to extract C'?{ (tew), for the light-fermion flavours f =
e, u,d, s (see representative diagrams in the lower panels in Fig. 5.2). For these coefficients,
the contributions to the matching proportional to the SMEFT coefficients C'yz;_ are divergent
and thus include a term proportional to the UV-sensitive logarithm log M}, /A. We perform the
matching calculation explicitly and find that only the contributions to Cg (tew) are UV sensitive,
while the matching for C(jiew) is UV finite. To obtain gauge-independent results in this
calculation, it was necessary [141] to include the dimension-five vertices in the Lagrangian in
the broken phase (see App. A) that were missed in Ref. [117]. The UV-divergent contributions are
a direct consequence of including these dimension-five vertices. The corresponding logarithmic
terms in our results for C'S(iteyw ) are in agreement with the anomalous dimension presented in
Ref. [80]. The UV-sensitive logarithms for the quark case are presented here in our publication

[137] for the first time.

When electroweak UV logarithms are induced, the electroweak non-logarithmic terms in
the matching at p.y that accompany them are scheme dependent and formally part of the
next-to-leading-logarithmic (NLL) approximation. They should not be included in the analysis,

and we thus disregard them.

For those contributions that are not UV sensitive, we directly perform the matching of the
SMEFT Lagrangian Eq. (5.8) onto the effective Lagrangian Eq. (5.11), integrating out the heavy
degrees of the SM (top-quark, Higgs, and the W and Z bosons). In all calculations, we employ
a general ?¢ gauge for all gauge bosons and have verified the independence of our results from
the gauge-fixing parameters. All calculations were performed using self-written FORM [128]
routines, implementing when necessary the two-loop recursion presented in Refs. [132, 133].

The amplitudes were generated using QGRAF [129] and FeynArts [130].

At tree level and leading order in the 1/A expansion, integrating out the Higgs induces the

following non-zero initial conditions for four-quark operators (see first two diagrams in Fig. 5.1)

2 m2 v 1)2
S Cuney Cpew) = —2—— " Cy_ ., (5.20)
M2 \2my A2 ! M2 2y A2

/ MaMg [ v
CY? (tew) = S
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Figure 5.1: Sample Feynman diagrams contributing to the tree-level matching of four-quark
operators (first two diagrams) and the two-loop matching inducing the Weinberg operator (third
diagram). The red square vertex indicates a C'P-violating Higgs Yukawa, C'p_.

with ¢, ¢ = u,d, s, ¢,b. In principle, also the analogous operators with leptons are induced
(qqlt, £'¢'0r). However, since we will rely on a fixed-order computation to predict d, o C5 (see
below), these operators do not enter our analysis.

The matching at the electroweak scale also induces the Weinberg and dipole operators, but
only at the two-loop level. The Weinberg operator obtains a two-loop initial condition at fiey

only from the top-quark operator (see third diagram in Fig. 5.1):

2 2

al v ow Tip, 9
—Cigo————=4¢3—-14 8
(@n)2 \/am, A2 2(1—4xth)3{ i ¥ ST

1
+ 6245 (1 — 2y, + 2:1}?,1)@ <4$> + (2 + 102y, — 12:ct2h) log a:th} ,
th

(5.21)

Cw(pew) =

with ®(z) defined in Eq. (5.38). This result agrees with Ref. [14], but is, as far as we are aware,
presented here in our publication [137] for the first time in a non-parametric form.

The electron photon dipole (O5), and light-quark photon and gluon dipoles (04, Of with
q = u,d, s) all receive two-loop initial conditions by integrating out the top-quark and the
Higgs, W, and Z bosons:

O (tew) = -2 U G A% (5.22)
3\Mew) = 77 <o A9 Y f'H—- ) .
(47‘-)2 '=e,pu,T,b,c,t \/imfl A?
2
oo voow
C(ftew) = 75 — Cpu- A[f1], (5.23)
(177 | 2= Vomgs B2
CY (Jtew) = Z o] Bq[']—i—&Bq[] Lic (5.24)
4 MCW - (47_[_)2 s q (47_[_)2 ew q \/imq/ A2 q’H— ) .

q'=q,t

with the precise decomposition of the coefficient functions AT, B? and B, discussed below.

A few clarifications regarding Eqs. (5.22)—(5.24) are in order. We calculate the electroweak
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Figure 5.2: Representative Barr-Zee-type Feynman diagrams contributing to the two-loop
matching of dipole operators at the electroweak scale. The label under the diagrams indicates
the loop function (L; and L2) to which the corresponding diagram contributes. The red square
vertex indicates a C'P-violating Higgs Yukawa, C'yr_. Electroweak diagrams like those in the
second row are responsible for the UV sensitivity of contributions proportional to Ce— and
Cqm— for the electron and light-quark EDM operators, respectively. Diagrams with dimension-
five couplings (lower right) are required to obtain a gauge-invariant result. See main text for
details.

matching in fixed-order perturbation theory whenever there are no QCD corrections that are
enhanced by large logarithms related to light fermion masses. This is the case for all diagrams
with top-quark loops, and the diagrams with lepton loops contributing to the electron dipole,
i.e., the contributions C§(pew) that are proportional to Cyp—. (We also neglect the running of
the electromagnetic coupling constant.) Therefore, the coefficients Cg / 4(flew) do not receive
threshold contributions from virtual quarks other than the top quark, since those are properly

included via the RG-mixing of the four-quark operators (Eq. (5.20)) into C?,, see below. In

3/4°
principle, also the contributions to C§(few) of all quarks other than the top should be obtained
from the RG evolution; however, the corresponding mixed QED-QCD RG evolution is currently
unknown'. Thus, we temporarily include the contribution of bottom and charm quarks to

C%(ftew) with a fixed-order calculation, with the understanding that corrections to these results

"The QCD corrections to the bottom and charm contributions are naively estimated to be large (factor of a few
in C%) but require a more complex calculation [148].
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q,¢
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Figure 5.3: Representative Barr-Zee-type Feynman diagrams contributing to the two-loop
matching of dipole operators at the electroweak scale. The label under the diagrams indicates
the loop function (L3 — L7) to which the corresponding diagram contributes. The red square

vertex indicates a C'P-violating Higgs Yukawa, C'r7_. Here, f denotes fermions and ¢’ quarks.

The electroweak contributions to the CEDM operator from diagrams like the ones in the second
row are UV finite, as opposed to the ones in Fig. 5.2. See main text for details.

may be large. On the other hand, we do not include the corresponding fixed-order results for
the light-quark (u, d, s) contributions to C%(ftew). In addition to the issue of the large unknown
QCD corrections, these contributions are suppressed by the light-quark masses. Therefore,
it is not C§ but the C /4 coeflicients that provide the numerically leading constraints on the
Cqu— couplings for light quarks. Similarly, we do not include the contributions of the electron
and muon to CY (uew). The appearance of their masses (which are much smaller than the
lowest scale, upad, where these operators can be meaningfully defined) in the logarithms would
spuriously enhance the corresponding bounds by large factors. These contributions should
be taken into account properly by using the RG. The tau, on the other hand, has a mass large
enough to justify a fixed-order calculation as an estimate and is thus included. Note, however,
that numerically the strongest bounds on the coefficients of all three leptons by far arise from
the electron EDM, and their contributions to the hadronic EDMs do not play a role in our

analysis, given current experimental data. The decomposition of the coefficients Al B and

q,¢
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B, in Egs. (5.22)—(5.24) are

4Qs + 2T M2
2 -1 f 3 h
4nCQt Ll + 4anth 'UZf’UZtLQ - W log F for f = f/
ty—Barr-Z —Barr— ~
Af[f /] = T 14 ~Barr-Zee ew UV sensitivity
nc[f1QH Ly +4n.[f'QpQ; vzrvzp Ly for f # f'
f'~v—Barr-Zee f'Z—Barr-Zee
(5.25)
264 forq = ¢
~~
Bg [ql] — tg—Barr-Zee (526)
2L: for =1t
3 qa#4q
tg—Barr-Zee
q 2 2 2 2 1
Bew[q] = ('UZq — an)LE) + ('UZq + CLZq)L6 +572L7 (527)
ew-finite qZ‘rcontribution Hu’}_/

ew-finite ¢WW contribution

with n.[t] = n.[q] = n. and n.[¢] = 1. The vector and axial-vector coupling of the Z boson

to a fermion are U]% = 255% (T3f — 2Q¢s?) and a? = ng, respectively. In Fig. 5.2 and

Fig. 5.3, we show representative diagrams contributing to L—L~7. They can be inferred from

the expressions in Egs. (4.30) to (4.37) without the gauge-dependent bosonic EDM coefficients.
As discussed, only A¢[e] and A9[q] contain UV-sensitive electroweak contributions proportional
to log M? /A2. The individual contributions coming from ~, W= and Z coupling to the open

fermion line in the lower right Feynman diagram in Fig. 5.2 are

A{JV—sensitive[f] = A']; + AIJEV + AJ; (5.28)
o (2 — $2)(2T] — 4Qs2 M2
- (—SQf + 523 _{ )(62 532 I50) log <A§> . (5.29)

All other scheme-dependent finite electroweak threshold corrections have been dropped in
A¢le] and A?[q]. We have, however, kept the terms from top-quarks loops (proportional to
L, and Ly) as they depend on the top-quark Yukawa and as such, are independent of the

scheme-dependent electroweak corrections. The loop functions (L;) read

1
Ly =2z, (2 + logxen) + zen (1 — 224p,) @ () , (5.30)
dxep
1 1
Ly = ZtZ%th [(1 — 2u,,)® <> —2logang — (1 — 21,7)® < > ] . (531)
Ttz — Tth dzp driz

1 Ty <K1 2

L3 = xf/h@[) f}Z Tfrp 10g2 Ty + T , (5.32)
4$f’h 3
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!’ / 1 1
L, = "2t [cb( )—@( >] (5.33)
Tfrz — Tfrp 4xf’Z 4a:f/h

xf/z7:fjlh<<1 [Ef/fo/h (

log? Ty — log? acf/z) , (5.34)
xf’Z — [Ef/h

x
L; = [(33322 — 181, + 24wy z)® (ﬂ) + 6217 (14 2log zhz)

4
+ (12}, — 4827 , + 122p,2)Lis (1 — 212)

Wl

+ (JZ%Z — 41‘%Z)772 + (szz — 12:0%2) log2 xhz} , (5.35)

2 x
L = 5ol [(33322 — 6o}, — 2anz) @ (22)

+ (624, + 24wpz) logzpy + (627, — 24a42)

+ (62}, — 18747 — 24)Lis(1 — ap2) + (3zpz + 4)7r2] , (5.36)

1
L7 = E:L‘hw |:(3 — 637Wh - 24:13%[/;1)(1) (thW> + (le%Vh + 458%Vh)7'('2
- (GJ}Wh + 24:512/%) log zwn + (6:13Wh - 2430%/(/}1)

+ (1236%% + 9z, — 3) (2Lig(1 — zwp) + log? mWh)] , (5.37)

where we defined the mass ratios z;; = MZ2 /M ]2 For the case of small fermion masses, i.e.,
when = < 1, we have expanded for convenience the ®(z) function. Our loop functions L3,
Lg, Ly correct a global factor of v/2 with respect to the corresponding ones in Ref. [120] and a
typographical sign mistake in the @} , coefficient of Liz(1 — x57) in L5 in the same reference.
The loop function L9 implicitly corrects an error in Eq. (A.5) of Ref. [80], where two logarithms
seem to have been incorrectly added. The function ®(z) in the results above is presented before

in Eqgs. (4.26) and (4.28) and repeated here by [132]

4,/7%Cly(2arcsin(y/z)) for0<z<1,
B(z) = 1 (5.38)

% (—4L12(%) + 2log?(152) — log?(42) + %2> forz>1.

Having computed the initial conditions at the electroweak scale, we perform the QCD RGE
evolution from ey to the hadronic scale ppg = 2 GeV (see Refs. [14, 118] for details). For
operators with quarks, the RGE evolution resums large QCD logarithms and accounts for
mixing among different operators. In the case of light-quark SMEFT operators, the tree-level
induced four-quark operators (O(llq, and Of) mix at one-loop under QCD into the quark dipoles.
Nevertheless, the contributions to C4 (ftew) and C (ftew) of two-loop diagrams with top-quark

and Z-boson loops provide the numerically dominant effect [121] as the four-fermion operators
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Figure 5.4: Feynman diagrams contributing to the operator mixing among the (C)EDM operators
at the 1-loop order in a. The black square vertex indicates a (C)EDM operator.

are additionally suppressed by an extra light-quark mass (see Eq. (5.20)). In Fig. 5.4 the relevant
Feynman diagrams for the operator mixing among O3 and O, at leading order in c; are shown.
Their calculation only differs in the arrangement of the SU(3) generators and can be related
through

TATETA =7ATATP — 74 (14, 78] = <CF + iNC> T, (5.39)
The contributions from bottom- and charm-quark SMEFT operators are different. Here the
leading contribution to partonic dipoles (d,, ch) and the Weinberg operator (w) are induced
by mixing during the RG evolution. The main reason is that the nuclear matrix elements of
bottom and charm dipole operators are tiny. Therefore, diagrams like the ones in Fig. 5.2 do
not contribute, i.e., bottom and charm quarks only enter as virtual particles in loop diagrams.
At the same time, their mass is significantly below the electroweak scale. For this reason, a
tree-level matching at the electroweak scale and the subsequent one-loop RG evolution [152],
which must include the mixing of four-fermion operators into dipole and Weinberg operators,
is sufficient (and necessary) to obtain the leading-logarithmic result. The two-loop calculation
has been performed in Ref. [118] but is not used in this work, as perturbative uncertainties and

higher-order corrections are generally neglected in our analysis (see the discussion in Sec. 5.7.3).

5.5 Experimental constraints
Electric dipole moments

Non-zero coefficients of the higher dimension operators in Eq. (5.8) induce in general EDMs
in nucleons, atoms, and molecular systems via contributions to the hadronic Lagrangian in
Eq. (5.10). Here, we summarise the status of the induced dipole moments for the systems used
in our fit, namely, the electron, neutron, and mercury EDMs.

In addition to these EDMs there are also constraints from the experimental measurement of
the muon EDM [153], as well as other systems with a hadronic component. The direct constraint

from the current muon EDM measurement leads to constraints that are about six orders of
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magnitude weaker than the one obtained via virtual muon contributions to the electron EDM,
and will thus not be used. Concerning other hadronic EDMs, we have checked that within our
setting the experimental bounds on the radium [154] and xenon [155] EDMs are not competitive

with the neutron and mercury bounds and we do not include them in the fit either.

Electron

The most recent experimental bound on the electron EDM from HfF is [13], 4.1x1072%¢ cm@ 90%
CL, improving the former upper limit by a factor of 2.7 referenced in [156]

|de| < 1.1 x 107 ecm @ 90% confidence level (CL), (5.40)

which we use here. This value was obtained using ThO molecules, neglecting any C P-violating
electron-nucleon couplings. Bounds on the electron EDM have also been obtained using
YbF [157].

Neutron

The simplest hadronic system used in our fit is the neutron. The most recent experimental

bound on the neutron EDM is [36]
d,| <1.8x107%eecm @ 90% CL. (5.41)

The future projections estimate an improvement of the limit to |d,,| < 10727 e cm [36]. Through-
out this work, we assume that the fgcp term has a negligible effect on any EDMs and all effects

arise from the Yukawa SMEFT operators.

Mercury

Significant constraints in our fit also arise from the mercury EDM. The experimental bound
is [158]
|dpg| < 7.4 x107%%cm @ 95% CL. (5.42)

In addition to these EDMs there are also constraints from the experimental measurement of the
muon EDM [153], as well as other systems with a hadronic component. The direct constraint
from the current muon EDM measurement leads to constraints that are about six orders of
magnitude weaker than the one obtained via virtual muon contributions to the electron EDM,
and will thus not be used. Concerning other hadronic EDMs, we have checked that within our
setting the experimental bounds on the radium [154] and xenon [155] EDMs are not competitive

with the neutron and mercury bounds and we do not include them in the fit either.
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Collider observables

The SMEFT couplings in the Lagrangian in Eq. (5.8) do not only induce EDMs, but also affect
the production cross sections and decay branching ratios of the Higgs boson. In this section
we give an overview of the most important effects; the actual numerical implementation of
the LHC constraints is discussed in Sec. 5.6. The main effects are captured by considering
modifications of the gluon fusion production cross section (gg — h) and the h — ~ branching
ratio (both are one-loop induced both in the SM and in our setup), as well as of the branching
ratios to fermions observed by ATLAS and CMS (h — bb, h — cé, h — 77, h — ), and the
total decay width of the Higgs. The strongest constraints on the 7 WCs are obtained from the
angular distribution analysis of the h — 77 measurement by CMS [159]. It is convenient to

parameterise these modifications in terms of the parameters

v 'U2

rip = ———=C . 5.43
ft Vam; A2 FH+ (5.43)

Using Eq. (5.9), we can readily translate 7 4+ to the x-framework parameters, i.e., Ky cos ¢y =

l1—rsyandkysingy = —ry_.

The deviation from the SM gluon fusion cross section or the decay to gluon-induced light

jets can be effectively captured by (see Ref. [14] for details)

2

)

2
RQQ ’

Om = <‘ Zq: (1= 7q4)Alrg)| + ’% Zq:T%—B(Tq)‘Q)/‘ ;A(Tq)

(5.44)

where we have defined 7, = 4mg /M? — ie, the sum runs over all quark flavours ¢ =

u,d, s, ¢, b, t, and the fermionic one-loop functions are given by

_ 3T
2

1
A(T) (1 + (1 — 7) arctan® ) , B(1) = 7 arctan®

1
V-1 V-1

Similarly, the modification of the Higgs decays into two photons with respect to the SM reads

(5.45)

L(h — vy)
L'(h — v7)sm

Jaw o E S @D (- ) AGp[ [T @)y Bly)

A+ 4 X @ne(£)Alry)| |

R’Y’Y

2 (5.46)

where the sums run over all charged fermions f with n.(f) = 3 for quarks and n.(f) = 1 for
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leptons, and the bosonic contribution is given by

1 1
Aw = —= (2431w + 37w (2 — Tw) arctan® —— | | (5.47)
8 w — 1
with Ty = 4M3E, /M? — ic. We keep the modifications of the Higgs coupling to WW and ZZ
bosons unmodified, as the contributions from Yukawa operators are loop induced compared to
the tree-level contributions already present at the dimension-four level. Moreover, h — Z~ is

omitted as its decay width is suppressed by a smaller coupling compared to h — 7.

The signal strengths of searches for Higgs decays to fermions are also affected by the

corresponding modifications of the partial widths, namely:

_ =11 _
Ryp = ST (L—rp ) +75 . (5.48)

As of now, the ATLAS and CMS collaborations have observed Higgs decays into f = b, ¢, T, .

However, the modifications of the partial widths to any fermion affect the total width of the

Higgs via
Ptot _
[ior = 1+ Z(Rff —1)Br(h — ff)sm + Z (Rx — 1)Br(h — X)sm, (5.49)
SM f X=g9:7v

which in turn affects all its branching ratios, i.e., all the signal strength for Higgs searches. The
SM branching ratios for the light flavors are estimated by BR(h — @q)sm = BR(h — bb)sy™: /m2
for ¢ = u,d and BR(h — eée)sy = BR(h — fipe)sm™: fm,. 2.

We conclude this section with some remarks concerning the convergence of the SMEFT
expansion and the potential impact of dimension-eight operators. The issue arises because
the squared amplitude enters the expression (5.48), leading to terms proportional to 1/A* in
Ry that we keep in our numerics. What would be the impact of including dimension-eight
Yukawa operators (of the generic form Q® ~ (H'H)?QpH Cyrqr) in the amplitude? While
this question is hard to answer quantitatively without actually performing the analysis, the
following arguments suggest that the impact would result only in minimal changes on the

bounds of the dimension-six coeflicients.

First, note that this issue concerns only the real parts of the WCs. As there is no interference
with the SM in the C'P-odd part of the amplitude, such dimension-eight terms would be of
order 1/ A8, The first term on the right side of Eq. (5.48), on the other hand, would be changed

to

1-rr)?=1-200_" ﬁ+(c<ﬁ>)2if—c<8> ! f+o(A—6). (5.50)
I V2m; A2 2m% A4 V2m;y A1
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Here, C%) and C®) denote generic dimension-six and dimension-eight WCs, respectively. We
see that the additional last term in Eq. (5.50) is parameterically suppressed with respect to the
linear dimension-six term by a factor of v2 /A2, and with respect to the quadratic dimension-six
term by a factor of m ¢ /v. A potential problem arises if the term quadratic in C (6) dominates the
fit. A direct comparison between the last two terms in Eq. (5.50), under the “EFT assumption”
C) ~ C®), shows that the dimension-eight contribution will be subleading as long as C'(6) >
V2m #/v. We will see in Fig. 5.5 that this condition is clearly satisfied for all fermions apart
from the top-quark. While this is only a rough estimate, we interpret this as an indication that
the impact of the dimension-eight terms on the fit would be tiny. By contrast, Fig. 5.6 shows
that for the top-quark Cizr, < 3, which is larger than v/2m; /v ~ 1, such that for values of
C®) ~ 9 the dimension-eight term would contribute significantly to the fit. While this required
value of C® is close to the perturbativity limit, we conclude that the EFT expansion in the
collider observables might not work as well for the top-quark as it does for all other fermions.
C P-odd contributions, on the other hand, are not expected to receive large corrections from

dimension-eight operators for any of the fermions, as discussed above.

5.6 Global Analyses with GAMBIT

Having obtained in the previous sections the expressions for the relevant observables, EDMs,
Higgs production cross sections (¢), and branching ratios (BR) decay widths, we now combine
the constraints on the considered WCs in a global analysis. For this purpose we use the GAMBIT
(Global and Modular BSM Inference Tool) global fitting framework [145] to calculate a combined
likelihood based on these two sets of constraints. As the name suggests, GAMBIT consists of
a suite of independent modules that are connected via a central database, allowing users to
easily mix and match different components as needed. It includes a range of statistical and
computational tools for performing global fits of theoretical models to experimental data, such
as several sampling algorithms and likelihood calculations. A big variety of external programs
for performing computations of observables is included as well.

In this section, we will go through the setup used in this chapter in some detail. As an
example, we will only consider the electron WCs for simplicity. Extending to quarks requires
the inclusion of the RGE and the effective ggh-coupling. The odeint library within Boost
project, the gs1_integration module of the GNU Scientific Library [160] and the Eigen
library [161] can be used for the implementations. To create a new model, it has to be registered

in the central model data file

config/models.dat (yaml)

CPVYukawas:

Comments on the model can be made after the vertical bar. The model parameters are defined
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in a new header file as

Models/include/gambit/Models/CPVYukawas.hpp (c++)

#define MODEL CPVYukawas

START _MODEL

DEFINEPARS (CeHm, CeHp, ...) // add all 18 parameters
#undef MODEL

Note that in newer versions, a model machine GUM was implemented to generate GAMBIT
from Lagrangian-Level definitions [162]. However, we use version 1.4.3. The theoretical model
descriptions and the respective experimental data are stored in the modules also named "Bits".
For the collider observables, we make use of the preexisting Col1iderBit module [146] while
we create the new LowEBit module! to include EDMs. A parameter YAML file is called with
GAMBIT in which the user initialises model constants or specifies ranges for varied parameters.

Also, observables, their calculation description and the sampling method are declared there.

LowEBit module

In [145], details on the creation of a new module and usage of GAMBIT in general are presented.
When setting up a module, two header files are required to define the variables of the model, the
types header and the rollcall header. The former defines classes for the WCs of the C' P-violating
operators and (C)EDMs.

LowEBit/include/gambit/LowEBit/LowEBit_types.hpp (c++)

class CPV_WC_1{
CPV_WC_1();
double Ce, Cmu, Ctau;};
class dI{
dil();

double e, mu, tau;};

The result variables used to scan over the parameter space are necessarily floating point num-
bers. The rollcall header defines and organises the model capabilities. They are the quantities

calculated by module or backend functions.

LowEBit/include/gambit/LowEBit/LowEBit_rollcall.hpp (c++)

#include gambit/LowEBit/LowEBit_types.hpp
#define MODULE LowEBit
#define CAPABILITY CPV_Wilson_coeff 1
START _CAPABILITY
#define FUNCTION CPV_Wilson 1
START _FUNCTION (CPV_WC_1)
ALLOW_MODELS (CPVYukawas)
#undef FUNCTION
#undef CAPABILITY

"The LowEB1t module is, however, not accessible through the publicly released GAMBIT versions.
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#define CAPABILITY EDM para
START _CAPABILITY
#define FUNCTION EDM_ThO
START _FUNCTION (double)
DEPENDENCY (d1)
ALLOW_MODELS (CPVYukawas)
#undef FUNCTION
#undef CAPABILITY
#define CAPABILITY 1nlL_EDM para
START_CAPABILITY
#define FUNCTION 1nL_ EDM_ThO
START FUNCTION (double)
DEPENDENCY (EDM_para, double)
#undef FUNCTION
#undef CAPABILITY
#undef MODULE

GAMBIT makes a lot of use of macros to simplify and standardise the declaration and registration
of capabilities and functions. This enhances code efficiency by minimising repetitive code. The
EDM_ThO function uses the WC values calculated in the CPV_Wilson_l function which is why
the CPVYukawas model needs to be linked. The calculation of the log-likelihood only requires
its result. Interfaces with backends are declared in the rollcall header but are only relevant for
us in the ColliderBit since we calculate the likelihoods from EDMs directly. Similar to the
model, these capabilities are registered in a capabilities data file

config/capabilities.dat (yaml)

CPV_Wilson_coeff 1:

EDM _para:

InI,_EDM para:

Again, comments can be made after the vertical bar. The actual function declarations are given
in source files. They contain the initial conditions (5.22)-(5.24), the log-likelihood calculations
(5.51) and in the hadronic case, also the renormalisation group evolution. Diamagnetic EDMs
other than that of mercury, 2*Xe, 2!'Rn and ??°Ra, are also included but consistently give

weaker constraints.

LowEBit/src/LowEBit.cpp

#include "gambit/LowEBit/LowEBit_rollcall.hpp"
//load the numerical values for masses, BRs, etc.
#include "gambit/LowEBit/input.h"

//declare the L1-L7 functions (see Egs. (5.33)-(5.40)
#include "gambit/LowEBit/LoopFunctions.h"

static double Ce3[9]; //contains the WCs at Mh for the charged SM fermions
// set the WC initial values at the EW scale

void initialise(double muH, double Lambda) {
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static bool first = true;
// calculate once as loop functions do not change
1f(first) {

LoopFunctions 1;

for(int 1 = 0; 1<9; ++1) {
int c[9] = {0};
cs[i] = 1;

Ce3[i]=1.C3e(’'e’,muH, Lambda, cs) ; }
first = false;}

// calculate contributions to the WC from all fermions
void CPV_Wilson_ 1(CPV_WC_1 &result) {

using namespace Pipes::CPV_Wilson_ 1;

double Lambda = 1000.0;

initialise (Mh, Lambda) ;

double CI1H[9] = {(*xParam["CeHm"]), ..., (xParam["CtHm"]) };

for(int i = 0; 1i<9; i++) {

result.Ce = result.Ce + Ce3[1]xClH[1];

}}
// compute electron EDM from the thorium-oxide EDM
void EDM _ThO(double &result) {

using namespace Pipes::EDM _ThO;

CPV_WC_1 ¢ = xDep::CPV_Wilson_ Coeff_ 1;

result = sqgrt(2.)xgf*(-1.)xmexc.CexgevZcm; }
// compute log-likelihood assuming gaussian distribution
void 1nIL_EDM ThO _gaussianStep (double &result) {

using namespace Pipes::1nlL_ EDM ThO;

double mu = 0, sig = 4.0E-30;

result = -1./2*pow( (abs(xDep::EDM_1) - mu)/(sig),2);}

In each function part of registered capabilities the usage of the safe Pipes pointer is nec-
essary to exchange information between other functions and backends. We use an auxiliary
initialise function that calculates the renormalisation group evolution for a given new
physics scale only once at the beginning of the sampling procedure with a static boolean. To
compute a likelihood from the EDM measurements, we assume their experimental uncertainties

Oexp to be Gaussian distributed, yielding the likelihoods (log £)

(dx(2GeV) — dg®)”

Xk = —2logLx = , (5.51)

2
Ukap

with X = n, e, Hg. The uncertainties o x ¢, are obtained from the upper limits given in
exp

Egs. (5.40), (5.41), and (5.42) by assuming zero central values for d*.
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ColliderBit module

In this module, a set of files similar to the LowEBit module is dedicated to Higgs physics. The
collider likelihoods are taken from the HiggsSignals_2.5.0 and HiggsBounds_5.8.0
codes [163, 164], written in Fortran, interfaced with the ColliderBit module [146] of
GAMBIT.

Backends/include/gambit/Backends/frontends/HiggsSignals_ 2 5 _0.hpp

BE_FUNCTION(HiggsSignals LHC_Runl_combination, void, (doubleg,...),
"run_higgssignals_lhc_runl_combination_",
"run_HiggsSignals_LHC_Runl_combination")

BE_FUNCTION(HiggsSignals STXS, void, (doubles&,...),
"run_higgssignals_stxs_", "run_HiggsSignals_STXS")

BE_FUNCTION (HiggsBounds_neutral_input_properties_HS, void,

(doublex*, doublex*, double*), "higgsbounds_neutral_ input_properties_",
"HiggsBounds_neutral_input_properties_HS")

BE_FUNCTION (HiggsBounds_neutral_input_effC_HS, void, (doublex,...),
"higgsbounds_neutral_input_effC_", "HiggsBounds_neutral_input_effC_HS")

BE_ALLOW_MODELS (CPVYukawas)

The backend function macro has five parameters. A custom function name, void as a function
type, the types of the function parameters which need to match the types in the backend module,
the exact symbol name as in the backend module and a custom capability name. Currently,
GAMBIT can communicate with backends written in ¢ c++ and Fortran. The translation
of the latter is done by a parsing script written in Python. This works for most simple data
types, but differences arise, for example with arrays. In GAMBIT, a class Farray, also present
in ColliderBit is included.

HiggsSignals comprises three modules that utilize Higgs measurement from the LHC to
calculate likelihoods. Each module calls HiggsBounds to determine the production cross
sections and branching ratios within our SMEFT model, and to obtain the signal strengths
implemented in the modules. Specifically, a backend function, designed for a setup with modified
effective couplings, is employed.

The first module HiggsSignals_LHC_Runl_combination calculates a likelihood for
Run 1 Higgs measurements using a set of signal strengths provided by the ATLAS and CMS

combination of Run 1 data [165]. In this module, the signal strengths are “pure channels”
f

i =

(o0;BRT)/ (ai,SMBRgM) with ¢ and f indicating different production modes (ggh, VBF, Wh, Zh,

wherein one decay channel is combined with one specific production channel, i.e., p

tth) and decay channels (ZZ, WW, vy 7, bb), respectively. Run 1 data are sensitive to 20 such
signal strengths. The (log)likelihood is then obtained from

X2 = (b — 1) Oy (1 — %), (5.52)
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where p are the vectors containing the 20 signal strengths computed as a function of the
SMEFT WCs, P are the corresponding experimental combinations, and the superscript “T"”
denotes transposition. The matrix C¢oy is the signal-strength covariance matrix describing the
uncertainties of and correlations among the signal strengths.

For Run 2 measurements, HiggsSignals provides two modules to compute a likelihood, one
that uses the simplified template cross section measurements (STXS) HiggsSignals_STXS
[166] and another that uses the peak-centreed method. In our analysis, we primarily use the
former, as the peak-centreed is considerably slower in computation time by almost an order of
magnitude and has also less constraining power, as we have checked explicitly. However, we
make the exception in which we do use the peak-centreed-method module for the two h — pu
analyses, which contain a total of 34 peak measurements [167, 168]. Each signal strength
is a combination of various production modes, which are weighted by the corresponding

experimental efficiency (¢;) accounting for the detector’s ability to identify signal events, i.e.,

>3 (o - BR);e

SN (oS - BRM); SN

(5.53)

In our analysis, we include the signal strengths of 56 measurements originating from experi-
mental searches from June 2021 [169-188]. The corresponding (log)likelihood is then obtained
in an analogous manner as for the Run 1 data in Eq. (5.52). The SM predictions for the cross
sections are obtained through a fit to the predictions from Yellow Report 4 [166].

Similar to the LowEB1it module, the capabilities are registered in the rollcall header. We
compute the log-likelihood within one function. The calculation of the signal strengths and the
x? value is performed by the respective backend functions.

ColliderBit/include/gambit/ColliderBit/ColliderBit_Higgs_rollcall.hpp
#define CAPABILITY LHC_Higgs_LogLike

START _CAPABILITY
#define FUNCTION calc_HS_LHC_LogLike_CPVYukawas
START _FUNCTION (double)
ALLOW_MODELS (CPVYukawas)
BACKEND_REQ(HiggsBounds_neutral_ input_effC_HS, (libhiggssignals), void,
(double, ...)) //a double for each considered effective coupling
BACKEND_REQ (HiggsBounds_neutral_input_properties_HS, (libhiggssignals),
void, (double, double, double))
BACKEND_REQ(run_HiggsSignals_LHC Runl_combination, (libhiggssignals),
void, (double&, double&, double&, inté&, double&))
BACKEND_REQ(run_HiggsSignals_STXS, (libhiggssignals), void, (doubleg,
double&, double&, inté&, double&))
BACKEND_OPTION( (HiggsSignals, 2.5.0), (libhigssignals))
BACKEND_OPTION( (HiggsBounds, 5.8.0), (libhigsbounds))
#undef FUNCTION
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#undef CAPABILITY

We only show the entries relevant for our setup. The implementation of the log-likelihood
function is presented in the following source file. Essentially, the effective couplings, alluding
to the backend function ef £C, are initialised. For the effective hyy and hgg the one-loop
functions for each flavour are calculated once at the beginning to reduce computing time. We
do not show the initialise function here, as it is conceptually the same as in the LowEB1it

module.

ColliderBit/src/gambit/ColliderBit/ColliderBit_Higgs.cpp

#include "gambit/ColliderBit/ColliderBit_rollcall.hpp"

void calc_HS LHC LogLike CPVYukawas (double &result) {

using namespace Pipes::calc HS LHC LogLike_ CPVYukawas;

//calculate the CP even (odd) prefactors in Eqgs. (5.44) and (5.46) once.

initialise();

double ghjee p = —((xParam["CeHm"]) ) xvevxvevvev/Lambda/Lambda/mu/sqrt (2.);

double ghjee_s =
1.-((xParam["CeHp"])) xvevxvev*vev/Lambda/Lambda/mu/sqrt (2.);

// continue for all charged fermions

// compute ghjgaga, ghjgg and GammaTot according to eqrefs by looping over
fermions

BEreq: :HiggsBounds_neutral_input_properties HS(&Mh, &GammaTot[0], O0);

BEreq: :HiggsBounds_neutral_input_effC_HS(&ghjss_s, &ghjss_p, ...,
&ghjgagal0], ...);

double csqgtotl, csqgtot2;

BEreq: :run_HiggsSignals_LHC _Runl_combination(..., csqtotl, ...);
BEreq::run_HiggsSignals STXS(..., csqtot2, ...);
result = -0.5% (csgtotl + csgtot?2);

}

The csgtot1 and csgtot 2 variables are calculated by reference. The other backend function
parameters are not used here. Note the subtle adjustment that has to be made to the default

number of Higgs bosons.

Backends/src/frontends/HiggsSignals_2 5 0.cpp

#include "gambit/Backends/frontends/HiggsSignals_2_5_0.hpp"

int nHneut 1; // number of neutral Higgses

0; // number of charged Higgses

int nHplus

In the public release, three neutral and one charged Higgs are assumed. The STXS and peak-
centreed modules do not yield results in our case if this is not adapted. As a final note, the analysis
using the angular correlation between the decay planes of two taus from Higgs decays [159] is

not included in HiggsSignals; we have implemented it separately in the source file with a
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linear interpolation of the data points. As this angular analysis is not strongly correlated with

any of the other branching ratio measurements, we simply add this one x? value.

ScannerBit module and post-processing

Given interval ranges for n scanned parameters ScannerBit [189] provides routines to
sample the n-dimensional hypercube in three distinct steps. First, a sampler chooses a value in
the unit interval. This can happen randomly or with more sophisticated methods to find best
fit values more efficiently. Our intention in this chapter is not to find the optimal parameter
set minimising the global x? but rather to scan the whole n-dimensional parameter space.
Hence, we use a grid sampler and make use of parallelisation with MPT [190]. Second, the
parameter set is converted using a prior depending on the desired sampling distribution. We
do not prefer specific regions in the parameter space and choose a flat prior type. Third, the
parameters are passed to defining functions calculating the observables, such as signal strengths
or EDMs and the corresponding likelihoods based on experimental data. The total likelihood of a
parameter point is computed from the sum of the x? values from the EDM and LHC likelihoods.
Observables, total and individual likelihoods are printed in a HDF'5 [191] database files due to
its high read and write performance. A configure file in YAML contains the relevant information
and gets directly called with GAMBIT. Here is an example file for a single-flavour electron

simulation.

aml_files/CPVYuk_eThOHS.yaml

Parameters:
# define fixed values or ranges for sampled parameters
CPVYukawas:
CeHm:
range: [-3.5e-05,3.5e-05]
prior_type: flat
CeHp:
range: [-0.3,0.3]
prior_type: flat
# all other CfHx: 0.0
Printer:
# use hdf5 for efficient post-processing
printer: hdf5_vl
Scanner:
# sample over a regular grid
use_scanner: grid
scanners:
grid:
plugin: grid
like: LogLike
grid_pts: [100,100]
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parameters: ["CPVYukawas::CeHm", "CPVYukawas::CeHp"]
ObsLikes:
# declare which observables will be included in the scan
# all capabilities with purpose: LogLike get added to the combined LogLike
— capability: 1nL_EDM para
function: 1nL_EDM_ThO
purpose: LogLike
— capability: LHC_Higgs_LogLike
function: calc_HS_LHC_LogLike_CPVYukawas
purpose: LogLike
dependencies:
— capability: HB_ModelParameters
function: SMHiggs_ModelParameters
module: ColliderBit
KeyValues:
default_output_path: "runs/CPVYukawas"

To identify preferred regions in a subspace of the scanned parameters, we must profile over the
remaining scanned parameters. We perform the profiling using pippi [115], which computes
the lowest possible x? value of each parameter point in the subspace of interest by allowing all
other parameters to float simultaneously to minimise the x2. Internally, all data is stored in one
list, which, in consequence, limits the amount of sampling points depending on the physical
and virtual memory of the computing device. In our case it is at about 25 billion points. To give
an estimate of required computation time, a scan including both EDM and collider observables
running on up to 16 machines with eight CPUs (3.40 GHz) each takes about seven days.

When projecting onto a two-parameter subspace, the allowed regions at 68% and 95% CL
correspond to the parameter space for which the difference x? — x2, is less or equal than
X2, ~ 2.28 and X2, ~ 5.99, respectively (cf. Sec. 3.3). X2, is the x? value of the best-fit
point, i.e., the lowest x? value. In our case the x? value of the SM (all SMEFT WCs are zero)
divided by the number of the included Ng,¢ = 79 observables is ﬁi’l{ = 0.83, where we did

not include the 34 peak observables from the h — pu measurements and the angular analysis
of h — 77; they only affect the muon and tau Yukawas, respectively. In the scans that we
present, the difference between the x? of the best-fit point and the SM is always less than 0.1,
so we do not display the best-fit value in the plots.

5.7 Results

5.7.1 Omne-flavour scans

To set the stage, we first perform two-dimensional scans over the WCs of each fermion individ-

ually, with the WCs of all other fermions set to zero. The results are shown in Fig. 5.5. We allow
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2D single-flavour scans (A =1TeV)
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Figure 5.5: EDM and LHC constraints on C'P-even (Cyp4) and C'P-odd (Cyp—) Higgs Yukawa
couplings assuming A = 1 TeV. Each plot shows the result of a 2D scan in which only the two
WCs of the respective fermion are sampled. The contours represent the allowed 68% and 95%
confidence regions for their respective observables. The colour coding of individual constraints
is given in the legend; grey/black areas correspond to the regions allowed by the combination
of all constraints. Regions allowed by an individual observable are only shown if the observable
has a constraining effect on the parameter space. The sampled intervals are bounded by the
perturbativity condition |C'tp4| < 4.
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2D t-scan (A =1TeV)
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Figure 5.6: Magnification of the lower left plot of Fig. 5.5 showing the constraints on C' P-even
and C P-odd contributions to the top-quark Yukawa (Cyg4).

the WCs to float within their perturbative values,

Ctp+| < 4m, and fix A = 1 TeV in our scan.
All numerical input parameters are taken from Ref. [192].

In this work, we parameterise the effects beyond the SM by the SMEFT WCs in Eq. (5.8).
EDMs only constrain the imaginary part of the WCs, Cy;_, while LHC observables also
constrain the real parts, Cyr. In general, the electron EDM gives the strongest bounds on
C P-violating parts of the lepton and heavy-quark (top, bottom, charm) coefficients, while
the corresponding light-quark (up, down, strange) coefficients are mainly constrained by a

combination of neutron and mercury EDM measurements.

e Top
The constraints from the modification of Higgs production in gluon fusion have the parametric
dependence 1y = (1—7¢4)?+77 _, where we used the asymptotic values A(co) = B(oo) = 1,
valid to good approximation for the top quark, and neglected the contribution of all other quark
flavours. In the same approximation, we have 1., = (1.0 + 0.27r; 1) + 0.177“,527_. These are
the dominant LHC constraints on the top couplings; note, however, that all production channels
are included in our analysis. The corresponding constraints are shown in Fig. 5.5 (bottom left
panel). The strongest individual bound on the C'P-odd coefficient C;p_ arises from the electron
EDM, while the constraints arising from the hadronic systems are much weaker, see Fig. 5.5. A

zoomed-in version of the combined fit region is shown in Fig. 5.6.

e Bottom, charm, tau, muon

None of the bottom, charm, tau, and muon EDMs themselves have been measured with high
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precision. Consequently, EDM bounds on C'P-odd Higgs couplings of the fermions arise from
their virtual contributions to the electron EDM (again, the bounds arising from hadronic systems
are negligible in comparison). It is remarkable that the presence of a large quadratic logarithm
(see Eq. (5.32)) makes the electron EDM bound weaker than that on the top by only a factor 5
for the bottom, a factor 2 for the charm, a factor 6 for the muon, and of the same order for
the tau, rather than being suppressed by the much larger factor Q?mt/Q?mf = O(50 — 500),
expected naively [80] from the Yukawa suppression. For the bottom and charm-quarks, this
strong logarithmic enhancement indicates that QCD corrections are large in these cases and
should be included [148], similar to the case of hadronic dipole moments [14, 118] (see the

discussion in Sec. 5.3).

Measurements at the LHC directly constrain the decay of the Higgs into bottom, charm, tau,
and muon pairs. The main effect comes from the modification of the partial » — f f widths
(see Eq. (5.48)). This is a simplified picture, as modifying any Yukawa also affects the total
Higgs decay width (see Eq. (5.49)), the h — 7 decay and, for quarks, also Higgs production
via gluon-fusion. This effect is largest for the bottom-quark (which dominates the SM Higgs
decay width); nevertheless, we include the effect of all fermions on the total Higgs width.

Note that a negative value for the bottom Yukawa (in the sense of Eq. (5.9)) is excluded at
68% CL (bottom middle panel in Fig. 5.5). Note also that for the muon Yukawa, the recent LHC
measurements are more constraining than the electron EDM by an order of magnitude [193].

Regarding tau couplings, the CMS analysis on the CP structure of the h — 77 decay [159]

disfavours large values of |C- 7|, and the 20 LHC constraint (blue region in lower right panel
of Fig. 5.5) is split into two distinct regions. However, the constraint on |C;z_| from the

electron EDM is still stronger.

e Electron, up, down, strange
The main EDM bounds on the electron and light-quark (up, down, strange) SMEFT coefficients
arise from their contributions to the electron EDM and the neutron and mercury EDMs, respec-
tively, as discussed in Sec. 5.4. Note the different impact of the neutron and mercury EDMs on
the up and down coefficients due to the strong isospin dependence of the corresponding EDM

predictions.

LHC bounds on the WCs for the electron and the up- and down-quarks arise from modifica-
tions of the total Higgs decay width Eq. (5.49). Indeed, we checked that the contributions to
gluon fusion and A — v~y are subleading. (For modifications of Higgs production induced by
parton distribution functions, see Ref. [194].) However, the resulting constraints are very weak
when compared to the SM Yukawas, as illustrated by the corresponding ratios 1. 1| < 4000,
[7u+] < 500, and |7 4| S 225. In contrast, the bound on the C'P-odd strange-quark coefficient
from LHC is almost competitive with the hadronic EDM bounds (central panel in Fig. 5.5).
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5.7.2 Two-, three-flavour scans, and beyond

Next, we let the WCs of more than one fermion flavour float simultaneously. This allows for
the cancellation of the contributions of the considered WCs to the constraining EDMs, thereby
relaxing the bounds in certain regions of parameter space. There are no such cancellations
possible in the collider observables because the main effect comes from partial decay widths
where no interference is possible. (The small interference term between top- and bottom-quark
contribution to Higgs production via gluon fusion and h — 77 is negligibly small.) However,
the bounds on the different WCs are still correlated. For instance, the Higgs decay into bottom-
quark dominates the total Higgs decay width, and thus the h — bb rate affects all branching

ratios significantly. The same is true, albeit to a lesser extent, for all other Higgs decays.

¢ Up and down
In the left panel of Fig. 5.7, we show the results of a two-parameter scan over Cy, ;7 and Cypr_.
We do not scan over the corresponding C'P-even WCs as they do not enter the EDM predictions.
The different dependence of the neutron and the mercury EDMs on the up- and down-quark
coefficients is clearly visible. With the isoscalar pion-nucleon coupling (entering the mercury
EDM prediction) being subdominant, the bands of the two observables are nearly orthogonal,

thus allowing setting stringent constraints on both C\r— and Cypr_.
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Figure 5.7: Left: Constraints resulting from the combined 2D scan of C' P-odd up and down
Yukawas (Cyr—, Cqpr—). As the EDMs are not sensitive to the C' P-even parts and the corre-
sponding LHC constraints are weak, we do not scan over those parameters. Right: Constraints
resulting from the combined 4D scan of C'P-even and C'P-odd bottom and strange Yukawas
(Cvr+, Csp+). Contours represent the allowed 68% and 95% confidence regions; the colour
coding of individual constraints is given in the legend, and grey/black areas correspond to the
combined regions. For more details see caption of Fig. 5.5.

e Bottom and strange
In the right panel of Fig. 5.7, we show the results of a four-parameter scan over Cypp+ and Csp4
after profiling over the C' P-even couplings. As we neglect the tiny strange-quark contribution
to the electron EDM, the only constraint on Cspy_ arises from the two hadronic EDMs. On
the other hand, Cyg_ receives its dominant constraint from the electron EDM, while the
contributions to the hadronic EDMs are also taken into account.

We include the C'P-even WCs in the scan as they are both bounded by LHC measurements.
As there is no direct measurement of h — s3, the correlation between Csg_ and Cpp_ results
from the contributions to the total Higgs decay width. The analogous plots with C'P-even WCs
do not contain any additional information compared to the one-flavour scans and are thus not

shown here.

e Top and bottom; top and tau; top and charm
In Fig. 5.8, we show the results of three different four-parameter scans, floating Cy g7+ simulta-
neously with Cypy (first column), with C.- g1 (second column), and with C.g4 (third column).
The electron EDM bounds on C;— could, in principle, be lifted by two orders of magnitude
compared to the single-flavour scan by choosing values close to the perturbativity limit for

Cyy—, Crg—, and C.y—. However, given the LHC bounds on these parameters, the bound
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on Cyp_ is weakened by only a factor of the order of five. Note also that allowing Cyg 4 to
float significantly increases the allowed range of values for Cy 1 at the 68% CL (upper left
panel in Fig. 5.8). The relaxation of the bounds compared to the single-flavour fit is even more
pronounced for the charm-quark (upper right panel in Fig. 5.8). In the last row, we present the
constraints on the parameters Cyg4 and Cy—, with the other parameters profiled. This can be
directly compared to Fig. 5.6, showing a significant relaxation of the bounds.

Interestingly, the combination of the electron EDM with LHC constraints has a profound
impact on the constraint on the C' P-even WCs and not only on the C' P-odd ones as one would
naively expect. To understand this better, we first consider the second panel from above in the
first column of Fig. 5.8 showing the allowed Cy 7 -Cppr— region. Here, the allowed combined
region corresponds to the intersection of the electron EDM and the LHC constraint, which
implies that for each allowed pair of (Cyzr—, Cpr—), it is possible to find corresponding allowed
values of Cppr4 and Cyg (which have been profiled out in the plot). This can easily be verified
by looking at the bottom left and bottom centre panels of Fig. 5.5. By contrast, the electron
EDM on its own does not constrain the Cy 7 —Chpr1 subspace at all, i.e., the whole parameter
space of the third panel in the first column of Fig. 5.8 (Cy——Cp g+ plot) is allowed with respect
to the electron EDM. The reason being that one can always cancel the top against the bottom
contributions to the EDM (see green band in the upper left panel). However, the combined
EDM-LHC region is smaller than the one allowed by LHC alone, as not all values of Cyzr_
required to cancel the contributions of Cyp_ are allowed by LHC bounds. In fact, the bottom
single-flavour analysis (bottom centre panel of Fig. 5.5) indicates that roughly Cprr— =~ Cyp 4,
resulting in the much smaller allowed combined region in the 4D scan. Similar arguments
apply to the plots that show the top-tau and top—charm coefficients. Regarding the case of
the charm-quark, note that its contribution to the electron EDM is larger than that of the
bottom-quark, while the LHC constraint is comparatively weaker, resulting in a larger allowed
combined region. Finally, we remark that while the contribution to the electron EDM of the
muon is similar to that of the bottom, the muon Yukawa is so strongly constrained by recent
LHC measurements that no appreciable cancellation can occur, which is why we do not present

this scan.
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Figure 5.8: Constraints resulting from a 4D scan of top and bottom coefficients (Cy g+, Chpr+;
first column), top and tau coefficients (Cirr+, Crp+; second column), and top and charm
coefficients (C g+, Cepr+; third column), assuming A = 1 TeV. In each plot only two parameters
are shown, the remaining two are profiled over (see main text). Contours represent the allowed
68% and 95% confidence regions; the colour coding of individual constraints is given in the
legend, and grey/black areas correspond to the combined regions. For details see main text and
the caption of Fig. 5.5.
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¢ Bottom and tau
In Fig. 5.9 we show the results of a scan of the four parameters Cyzy1 and Cgr1. As in the
previous four-parameter scans, there is an interesting interplay between EDM and LHC bounds.
When considering EDM bounds only, we can always cancel the constraint if either Czr_ or
C; - is profiled. Hence, there are no pure EDM constraints in any but the upper centre panel
where the C'P-odd coefficients Cygr— and C-jy— are displayed. In contrast, the EDM constraints
cannot always be satisfied if also LHC constraints are included. In the upper left plot with the
two bottom coefficients displayed, one can see that the allowed, combined region is enlarged
compared to the single-flavour scan. However, for extreme values for Cyp_, still allowed by
LHC bounds, C— cannot be profiled such that it compensates for the bottom contribution to
the electron EDM and simultaneously still be within the 20-level 7 LHC bounds. In contrast,
Cpp— can be profiled such that the C'- gy coefficient in the upper right plot is only bounded by
LHC constraints.

Even though the tau contributions to the electron and quark EDMs are larger than those
of the bottom by about a factor of 3m., log?(m, /M) /my log?(my/Mj,) = 2 (apparent from
Eq. (5.22)), the allowed range for C_ is so strongly bounded by LHC constraints that the tau
contribution can always be fully cancelled by the bottom contribution, but not vice versa. This im-
plies that, given current data, the combined bounds (apart from the combination (Cr- 4, Crp—))
are more stringent than either the LHC bounds or the EDM bounds alone. The effect of the
electron EDM, further restricting the parameter regions allowed by LHC data, is also clearly
visible in the combined region in the lower centre panel that shows the bounds on the two

C P-even coefficients Cyrry and Co

e Charm and tau
In Fig. 5.10 we present the results of a scan of the four parameters C.y1+ and C 1. The
results are analogous to the case of bottom and tau discussed above. Note that the charm
contribution to the electron EDM is larger than the bottom contribution by a factor of roughly
4mlog? (me/My) /mylog? (my/My) = 1.6, while the LHC bounds on the charm-quark are

considerably weaker than those on the bottom-quark.

e Top, bottom, and tau (third generation)
In Fig. 5.11 we present a scan of all six third-generation parameters Cppry, Crpy4, and Cypra.
It is interesting to compare the results to the case in which only two out of the three flavours
were included in the fit (Figs. 5.8, 5.9).

First, we focus on the set of the four panels (middle and lower row, left and centre) that show
the same parameter combinations as the panels at similar positions in Fig. 5.8. We see that after
profiling the remaining third-generation couplings, an “indirect” electron EDM constraint on

C' 1 — remains, although the allowed region is now significantly larger. By contrast, the “indirect”
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Figure 5.9: Constraints resulting from a 4D scan of bottom and 7 WCs (C g+, Crg+) assuming
A = 1TeV. In each plot only two parameters are shown, the remaining two are profiled over
(see main text). Contours represent the allowed 68% and 95% confidence regions; the colour
coding of individual constraints is given in the legend, and grey/black areas correspond to the
combined regions. For details see main text and the caption of Fig. 5.5.
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Figure 5.10: Constraints resulting from a 4D scan of charm and 7 WCs (Cgy+, Cr 1) assuming
A = 1TeV. In each plot only two parameters are shown, the remaining two are profiled over
(see main text). Contours represent the allowed 68% and 95% confidence regions; the colour
coding of individual constraints is given in the legend, and grey/black areas correspond to the
combined regions. For details see main text and the caption of Fig. 5.5.

electron EDM constraint can be lifted completely by C;y— (that is only weakly constrained
from LHC measurements) in the panels in the top row and centre right of Fig. 5.11, leaving only
the LHC constraints. This should be compared to the corresponding, much smaller combined
regions in Fig. 5.9.

The bottom right panel of Fig. 5.11 shows the constraints on both top WCs, Cp+. Notice
that the allowed values increased by about a factor of two for Cypy and by one order of

magnitude for C;y— compared to the single-flavour scan (Fig. 5.6).

The large computational resources required for scans with more than six parameters prevent
us from scanning over more than three flavours. Nevertheless, we can infer some results in this
direction from the one-, two-, and three-flavour scans above. Specifically, we will consider how

the constraints on the third-generation WCs change when including more flavours in the scans.
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6D t,b, T-scan (A =1TeV)
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Figure 5.11: Constraints resulting from a 6D scan of top, bottom, and 7 WCs (Cygr+, Cpy+,
Crr+) assuming A = 1 TeV. In each plot only two parameters are shown, the remaining ones
are profiled over (see main text). Contours represent the allowed 68% and 95% confidence
regions; the colour coding of individual constraints is given in the legend, and grey/black areas
correspond to the combined regions. For details see main text and the caption of Fig. 5.5.
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Figure 5.12: LHC constraints resulting from a 4D scan of top and bottom WCs (Cig+, Cpr+)
assuming A = 1TeV. In each plot only two parameters are shown, the remaining ones are
profiled over (see main text). Contours represent the allowed 68% and 95% confidence regions; the
colour coding of individual constraints is given in the legend, and grey/black areas correspond
to the combined regions. For details see main text and the caption of Fig. 5.5.

¢ Top, bottom, (electron, light quark)
As an example, we float Cy+ and Cpg+ under the presumption that any contributions to
EDMs can be compensated by appropriate values of the coefficients Coy— and Cypr—, ¢ = u, d,
which we, however, do not scan over. In this way only LHC bounds remain, which are one to
two orders of magnitude weaker for Cyy_ with respect to the electron EDM. The results are
shown in Fig. 5.12. We find that the LHC constraints on Cy 4 and Cypy are somewhat lifted
compared to the single-flavour scans due to the large contribution of the bottom to the total
Higgs width, while the absence of EDM bounds allows for much larger allowed ranges of C; g7
and Cpp—. The analogous results for the charm instead of the bottom couplings are shown in
Fig. 5.13.

More generally, the C P-violating up, down, and electron WCs are merely and severely
constrained by EDM measurements. Hence, including C.pg—, Cyr—, and Cyg_ in a scan

over the WCs of the second or third generation would allow to completely cancel any EDM
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Figure 5.13: LHC constraints resulting from a 4D scan of top and charm WCs (Cygr+, Coprt)
assuming A = 1TeV. In each plot only two parameters are shown, the remaining ones are
profiled over (see main text). Contours represent the allowed 68% and 95% confidence regions; the
colour coding of individual constraints is given in the legend, and grey/black areas correspond
to the combined regions. For details see main text and the caption of Fig. 5.5.

constraints and again only LHC constraints would remain.

5.7.3 Theory uncertainties

In this work, we did not study the impact of theoretical uncertainties on the bounds on the
WCs. Hence, a short discussion of these effects is in order. The relevant uncertainties are: (i)
uncertainties in the hadronic matrix elements; and (ii) perturbative uncertainties.

(i) The uncertainties on the hadronic matrix elements have been shown in Sec. 3.2.1. Note
that, in addition to the ranges given for the parameters, also some of the relative signs are
not determined. In our numerical analysis, we have taken the central values for the hadronic
matrix elements, and (somewhat arbitrarily) chosen the positive signs where they were not
determined. We did not include these uncertainties in our likelihood function. In fact, no bounds

at the 68% CL would result from the mercury EDM, while the neutron EDM bounds would
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get weaker by about a factor of 2. At 95% CL, there would also be no bound from the neutron
EDM. (In Ref. [119], much smaller effects of the hadronic uncertainties have been found. This
may be related to the statistical treatment of the uncertainties; in our computation we take
uncertainty on the EDMs from hadronic input, aﬁad, to scale with the WCs.) On the other hand,
the bounds on the heavy quarks (top, bottom, charm) are dominated by the electron EDM that
has no hadronic uncertainties. Recall also, as discussed above, that EDM constraints become
less relevant upon including more WCs in the fit, implying that the hadronic uncertainties do
not (currently) play a significant role in the multi-parameter fits.

(ii) It is important to recognise that, in many cases, the perturbative uncertainties are as
large as the non-perturbative uncertainties. As an example, consider the bounds on the bottom
and charm WCs, studied (within the x framework) in Ref. [118]. There it was shown that the
QCD corrections are large; after inclusion of the two-loop leading-logarithmic QCD corrections,
the uncertainties on the electric and chomoelectric WCs are reduced to order of 30%. We
do not include the NLO corrections here, as lattice results are not available for all required
matrix elements (see Refs. [195-197] for preliminary results). Maybe somewhat surprisingly,
also the electron EDM bound on the C'P-violating bottom and charm Yukawas receives large
QCD corrections. The calculation of these effects is done in [148] but also not included in this
work. No theory uncertainties are included in the LHC constraints. Note that they are partially

contained in the uncertainties quoted by the experiments.

5.8 Discussion

In this work we present high-dimensional fits of the coefficients of Yukawa-type SMEFT opera-
tors to multiple EDMs and LHC data. As expected, upon inclusion of a sufficient number of
WCs, all EDM constraints can be evaded by cancellations, and only LHC bounds remain. How-
ever, when considering the heavy fermions only, a nontrivial interplay between contributions
remains.

There are several ways to further extend our analysis in the future. As discussed in Sec. 5.7.3,
we neglect the impact of hadronic and perturbative uncertainties on our fit results. This impact
can be profound in the lower-dimensional scans, and further motivates the ongoing efforts to
decrease the uncertainties.

Improved experimental bounds (or discoveries), as well as the inclusion of additional EDMs
such as those of proton and deuterium, once available, are expected to have a significant impact
on the global fit. In particular, the different isospin dependence of the various hadronic systems
will help to disentangle C'P-odd Higgs couplings of the first-generation quarks. The C'P
structure of the heavy-fermion Yukawas can be tested more directly at present and future

colliders by studying observables that are designed specifically to test the C'P-odd couplings
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and typically require a vast amount of (expected) future data (see, e.g., Refs. [198-204]).

Finally, as explained in Sec. 5.2 where we introduce the theoretical framework for flavour-
diagonal C P-violation in Higgs Yukawas, we do in general expect new flavour-violating sources
to accompany beyond-the-SM C P-violation. Therefore, allowing for flavour-changing con-
tributions within SMEFT, and including the corresponding observables would be a further
extension of the current analysis. While such contributions are generically expected in realistic
UV models and are expected to lead to much stronger bounds, the question is whether, given
the proliferation of parameters and observables, it is not better to study selected UV models
directly.

Ref. [112] presents analyses with a similar scope as ours. We briefly comment on the
differences between the two papers. In Ref. [112], the s framework is employed to perform
multi-parameter fits to LHC data. The interplay of LHC data and the electron EDM bound is
discussed, but no combined fit to both LHC and EDM data is performed. By contrast, constraints
that arise from considerations of electroweak baryogenesis are discussed in Ref. [112]. The
expression for the electron EDM (Eq. (13) in Ref. [112]) is given in numerical form and thus
hard to verify. However, it seems that the gauge-boson contribution must be incorrect (either
gauge-dependent or containing an implicit logarithmic dependence on the UV cutoff that is not

made explicit; the cited references contain contradictory results). See our discussion in Sec. 5.4.
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Chapter 6

Conclusions

The Standard Model (SM) is one of the most profound achievements in theoretical physics. It
has been expanded and refined over decades, culminating in the experimental discovery of
the Higgs boson. In this thesis, in chapters 2 and 3, we laid the theoretical foundations and
explored the specific setups, respectively, used for our studies on C'P-violating light-quark
Yukawa couplings in the x-framework in chapter 4 and for our global analyses of C'P-violating
contributions to all SM-Yukawa couplings in Standard Model Effective Field Theory (SMEFT)
in chapter 5. Theoretical concepts of quantum field theory, C'P-violation and renormalisation
were introduced, and the techniques, the matching of EFTs and the renormalisation group
evolution (RGE) of effective operators were demonstrated. The connections of electric dipole
moments (EDM) and collider observables to the Wilson coefficients (WCs) were highlighted.
In chapter 4 we employed the simple k-framework to compute WCs of light-quark EDMs. In this
framework we laid out in detail the method of calculating the leading-order Feynman diagrams.
However, for the light fermions, diagrams involving couplings between the external photon
and internal W-bosons introduced gauge-dependent contributions, rendering the x-framework
inapplicable in this case. This limitation motivated the exploration of SMEFT in chapter 5, where
C P-violating interactions were introduced through non-vanishing six-dimensional operators
of the form (H'H)Fy, frH. They modify all SM-Yukawa couplings at tree-level relating to
the x-framework expressions. Notably, for the light fermions, the leading-order contributions
obtained new gauge-invariant terms stemming from dimension-five couplings. However, these
introduced an ultraviolet divergent term log(m? /A?), where A denotes the new physics scale
at which the effective operators are matched. A full RGE from the electroweak to the hadronic
scale was performed, including four-fermion operators and the Weinberg operator.
Constraints on the WCs were derived from the EDMs and the Higgs production and decay
processes, implemented and analysed using the Global And Modular BSM Inference Tool
(GAMBIT). It combined the ColliderBit module with HiggsSignals as the backend for calculating
the likelihoods of collider observables and our self-developed LowEBit module EDM related
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likelihoods. The ScannerBit module executed the calculations and organised the resulting
combined likelihoods. We displayed constraints on the C' P-violating and C' P-even WCs for
individual fermions or combinations thereof, offering utility in constraining parameters of
beyond the Standard Model theories.

The study of the smallest scales in nature can reveal profound insights into the universe’s
grandest phenomena. To understand baryogenesis, we turned to symmetry-breaking effects
induced by interactions of the elementary particles potentially being measured on our planet.
This illustrates the deep connections between elementary particle physics and cosmology. This
journey underscores our search for place and meaning in a universe that is not only knowable

but also awe-inspiring in its elegance and beauty.
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Appendix A

The R¢-gauge Lagrangian

In Eq. (5.8), we presented the Yukawa Lagrangian that includes SMEFT modification from

Yukawa operators in the mass-eigenstate basis and in unitarity gauge. In our computation, we

work in generic [7¢ gauge. In what follows, we present the relevant part of the Lagrangian,

Lrukawas in Re gauge after rotating to the mass-eigenstate basis for the fermions. We split the

Lagrangian into

where
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Here, u = (u,c,t), d = (d, s,b), my = (my, me, my), and the Cy, 1 can also contain flavour

off-diagonal pieces. The corresponding Lagrangian for down-type quarks is obtained by the

obvious interchanges u > d, Gt G,V V, and by a reversal of sign in all terms that are
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odd in the Goldstone fields. Analogously, the corresponding Lagrangian for leptons is obtained
from the up-type Lagrangian above by the obvious interchanges u — e,d — v, GT < G,

V1 — 1, and again by reversing the sign in all terms that are odd in the Goldstone fields.
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Appendix B

An alternative flavour basis: real and

diagonal Yukawas

There is a certain freedom of choosing the flavour basis for the SMEFT Lagrangian to use for
presenting the phenomenological constraints. This freedom stems from the fact that both the
dimension-four Yukawas (Y) and the dimension-six SMEFT coefficients (C} ) contribute to
the observed masses (and mixings) of fermions. As long as this is guaranteed, any basis is
equivalent. However, since a UV extension of the SM matched to SMEFT would in general
induce contributions both to Y} and C}  there is no clear notion of a “better” or a more
“physical” basis for Y;. We have thus opted to present the bounds in the mass-eigenstate basis
as discussed in Sec. 5.2 (see also Ref. [109]). The advantage of this basis is that it is the one
required for computations and is also directly related to the x-framework basis (see discussion
around Eq. (5.9)). Another approach would be to attempt to provide the constraints in terms of
basis-independent, i.e., Jarlskog-type, invariants (see recent Ref. [205]).

In this appendix, we discuss a different choice of basis that has been used in the literature
[149]. We comment on the differences and point out a consistency condition on the Wilson
coefficients in this basis that has been missed in the literature. As before, our starting point is

the fermion mass term in Eq. (5.2):

2
v vt .,
gmass = - Z ﬁfl/ <Yf - 2AQCfH> fR + h-C-, (Bl)
f=u,d,f
with Y and C’} ;7 generic, complex 3 x 3 matrices. Now, instead of diagonalising the full
matrix in parentheses, as we did, one may choose to rotate the fermion fields by a biunitary
transformation that diagonalises only the dimension-four Yukawa matrices Y. In other words,

we rotate with the transformation matrices

fr = Usfr, fr— W;fr, (B.2)
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for f = u,d, ¢, such that after the rotation

mass = - Z < i 2A2CfH) fR+hC (B3)
udZ

where now the matrices ?f =U }Yf Wf are diagonal and real with entries that, however, do not
correspond to the observed fermion masses. The kinetic terms of quarks are also affected by
the transformation in Eq. (B.2). At this stage this means that there is a matrix V=Ul Uy in the
kinetic terms. Moreover, we have defined C = U}LC rH Wf. In general, the matrices C rH are
not diagonal. However, similarly to the discussion of Sec. 5.2, one can make the UV assumption
that they turn out to be complex but diagonal (or ignore off-diagonal entries). This is possible
if the matrices Uy, W simultaneously diagonalise both Y; and Cyy. Below we assume that
this is the case. The analysis of Ref. [149] uses this basis, i.e., C tH+ or rescalings of them, to
present the phenomenological constraints on the SMEFT parameter space.

Since in general, the elements of C ri contain phases, we still have not rotated to the
mass-eigenstate basis. To this end we perform an additional (flavour-diagonal) rotation on the

right-handed fields as in Ref. [149]:
fR,i — eief’ifR,i 5 f =u, d7 L. (B4)

Note that this chiral rotation leaves the kinetic term invariant. The phases 0 ; are fixed such

that they absorb any phase in the corresponding C tH- Therefore, after the rotation

mass:_z fLyf fR+hC (B‘S)

ud@

Here, the yJScM are diagonal and real matrices with entries that correspond to the observed

fermion masses, i.e., we have my = %y?M, obtained from

Y v’ i0 9 ir i
s = <yf o CfH> ' =] (Yf o cfH> Wyets | (B.6)

The phases 67 are thus fixed and can be computed as functions of the physical masses and the

C'yp entries via

v? . v 2

sinf¢; —C Y
fi = 2\[ A2 fH— Q\fmfz/p

[UfoHWf] (B.7)

As we have the restriction | sin ;| < 1, this gives a consistency bound on C tH— or equivalently
on Im[U}CfHWf}.
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