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Chapter 1

Introduction

Symmetries play a crucial role in our understanding of nature. Energy and momen-
tum conservation, for example, follow from the invariance of the laws of physics under
space-time translations. These translations together with Lorentz transformations, i.e.
Lorentz boosts and rotations, form the Poincaré group, which describes the symmetries
of 4-dimensional space-time. For relativistic theories, invariance under Lorentz transfor-
mations is generally assumed. The associated Lorentz symmetry ensures that all physical
laws obey the principle of relativity, that is, the laws of physics are the same for all ob-
servers that move at constant velocity with respect to each other. The speed of light,
predicted by Maxwell’s equations, is then also the same for observers in different inertial
reference frames. This relativity principle is the basis of Einstein’s special and general
relativity (GR). Special relativity and quantum mechanics form the underlying structure
of the Standard Model of particle physics (SM). Lorentz symmetry is thus one of the
fundaments of particle physics.

At the basis of the SM are also the discrete symmetries parity (P), which reverses
the spatial coordinates x⃗ → −x⃗, charge-conjugation (C), which reverses particles and
antiparticles, and time reversal (T), which reverses t → −t. The combined discrete
symmetry CPT is conserved in any relativistic local quantum field theory, and is therefore
closely connected to Lorentz symmetry. In fact, CPT can only be broken if Lorentz
symmetry is also broken. However, Lorentz violation does not necessarily imply CPT
violation [1]. In this thesis, we study the possible violation of both Lorentz and discrete
symmetries in the weak-interaction sector of the SM.

1.1 Symmetries of the weak interaction
Nature was believed to be symmetric under P, until the surprising discovery of parity
violation in β decay in 1957 [2]. This implies that the weak interaction distinguishes
between left- and right-handed fermions. This discovery can be considered as the starting
point of the development of the SM. At present, the SM is the successful description of
elementary particles and their interactions. It is based on SU(3)C × SU(2)L × U(1)Y

gauge symmetry, which describes the strong interaction, the weak interaction, and the
electromagnetic interaction. Only gravity is not included in the SM.

The discovery of parity violation and subsequent detailed studies of β decay led to
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Figure 1.1: Diagram of β decay at the quark level in which a d quark transforms into a u
quark, an electron, and an antineutrino. Figure (a) shows the description in the SM, via
the exchange of the W boson. Figure (b) is the effective description in which the heavy
W boson is “integrated out” at low energy, and only a four-fermion (point) interaction
remains.

the establishment of the vector−axial-vector (V − A) structure of the weak interaction,
involving only left-handed fermions. In the same year also C violation [3] was discovered
and in 1964 also CP violation [4] was found in the weak interaction. In the SM, CP
violation is equivalent to T violation, because CPT is conserved. Direct T violation was
discovered much later [5].

The current description of the weak interaction could be affected if at some level an,
as yet unknown, interaction contributes. The focus of this thesis is to study to which
extent this can be excluded.

1.2 Beyond the Standard Model
The SM correctly describes a large number of experiments. Nevertheless, it leaves impor-
tant observations unexplained. Intriguing is the large dominance of matter over antimatter
in the universe, which cannot be understood within the SM. Actually, the SM only de-
scribes a small part of the universe, and leaves dark matter and dark energy unexplained.
Furthermore, the discovery of neutrino oscillations implies that neutrinos have a mass,
which is not incorporated in the SM. Other unanswered questions involve the number of
families and the unification of gravity and the SM. To answer these questions new physics,
i.e. physics beyond the SM (BSM), is needed. Because symmetries and symmetry viola-
tion play an important part in the SM, they could also help in unraveling the nature of
this BSM physics.

Searches for BSM physics range from high-energy experiments, for example at the
Large Hadron Collider (LHC), to low-energy high-precision experiments. High-energy
experiments directly test various speculative theory proposals that predict new heavy
particles. Complementary to these are low-energy experiments that search for deviations
from the SM predictions in high-precision experiments, as we discuss below. Apart from
the discovery of neutrino oscillations, the searches at both of these frontiers in particle
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physics did not find any conclusive evidence for new physics until now.
For low-energy experiments, it is useful to consider the effect of new particles, without

making any model-dependent assumptions on the nature of the BSM physics, by using
effective field theory (EFT) techniques. This approach can be illustrated by considering
β decay, depicted in Fig. 1.1. The W boson is heavy compared to the leptons and up
and down quarks. At low energies (well below the W -boson mass), the interaction does
not depend on the dynamics of the heavy W boson, and we can describe the interaction
effectively by “integrating out” the W boson. It then reduces to the Fermi interaction,
in which the four light fermions directly interact at the vertex. This effective description
fails at high energies, where the dynamics of the W boson becomes important.

The SM can also be seen as an EFT which works well up to a certain energy scale
(at least up to the W -boson mass). At low energies, we do not need to know the precise
properties of the physics at high energies. This is similar to β decay, which we can describe
at low energies without knowledge of the W boson. Another example is given in Fig. 1.2,
in which a speculative heavy particle R couples to the d and u quark via a loop. At
energies below the mass of R, we can “integrate out” R and we are left with an effective
udW vertex. The contribution of R to this vertex is suppressed by its heavy mass squared.
If we add this effective vertex to the SM vertex we incorporate the effects of particle R,
and we can predict its effects on, for instance, β decay. High-precision measurements
might therefore constrain the mass and the coupling of R.

EFT allows us to parametrize the effects of all possible high-energy physics in a model-
independent way. The effects of new particles are suppressed by powers of their mass and
can be included by adding additional interactions to the SM Lagrangian. Since the action,

S =
∫
d4x L , (1.1)

is dimensionless in natural units (~ = c = 1), the Lagrangian density L can only contain
terms with mass dimension 4. From this, the dimension of the different SM field operators
can be determined. The SM contains only renormalizable operators of dimension 4 and
lower. In an EFT, new interactions resulting from heavy, “integrated out”, particles are
described by gauge-invariant higher-dimensional operators, with mass dimension higher
than 4. Such operators are expected to scale according to their dimension with coupling
constants ci = (1/Λ)δ−4gi, where Λ is a high-energy scale, and gi is a dimensionless
coupling constant. If δ = 4 the interaction is called “marginal”, because the couplings are
equally important at all energies. Interactions with δ < 4 are called “relevant” and the
effect of these terms grows with energy. These are the renormalizable operators of the
SM. Higher-dimensional operators have δ > 4 and are called “irrelevant”, because they
are less important at low energies. Schematically, the effective Lagrangian is parametrized
by

L(eff) = LSM + 1
Λ
c(5)O5 + 1

Λ2

∑
i

c
(6)
i O6

i + · · · . (1.2)

where c(5) and c(6)
i are the dimensionless coupling constants and O5,6

i are the dimension-5
and 6 operators, respectively. The dots represent operators of dimension 7 and higher,
which are even more suppressed. In this thesis, we only consider higher-dimensional oper-
ators that obey the SM symmetry groups. That leaves, if one assumes Lorentz invariance,
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Figure 1.2: Example of a new heavy particle R that contributes to β decay via a loop (a)
and its effective description (b) at low energies. The effective interaction is described by
higher-dimensional operators that could generate different couplings than the SM V −A
couplings.

only one dimension-5 operator1 This operator, which generates a Majorana mass for the
neutrino [6], can be neglected for our study of β decay (Sec. 2.2.1). Therefore, we focus
on dimension-6 operators in this thesis.

The discovery of parity violation in β decay established the V − A structure of the
SM. Other interactions, such as right-handed vector (V + A), scalar (S), or tensor (T )
interactions, and additional V −A interactions, might be generated by new heavy particles.
At low energies, these interactions are described by dimension-6 operators that contribute
to β decay and which are suppressed by Λ2 [7, 8]. A scalar interaction, for example, is
described by the dimension-6 operator O6 = ēνe · ūd, which contains four fermions which
all have mass dimension 3/2. Low-energy, high-precision experiments therefore limit
these exotic interactions. Traditionally, β-decay experiments were considered separately
from, for example, high-energy collider experiments. In this thesis, we show that the
EFT parametrization allows one to relate observables that at first sight appear to be
unrelated. This sheds a new light on the complementarity of β-decay experiments and
other measurments.

Of great importance is also the search for additional mechanisms of CP or equiva-
lently T violation. The amount of CP violation within the SM is not enough to explain
the dominance of matter over antimatter in the universe, and additional sources of CP
violation might help to answer this outstanding question. We consider the searches for T
violation in β decay and the searches for the electric dipole moments (EDMs) of particles,
which violate both P and T. In the EFT parametrization, these searches are also linked,
and in fact set bounds on the same dimension-6 interactions.

Besides the search for T violation and exotic interactions in β decay, this thesis also
discusses the breaking of Lorentz symmetry. The motivation for such searches comes
from theory proposals that attempt to unify the SM and GR. Such a unification would
be necessary to precisely describe phenomena at extremely high energy scales, while for
experiments on Earth, which take place at considerably lower energies, our current theories

1When we add a light right-handed neutrino, more dimension-5 operators exist. However, these can
also be neglected for our study of β decay.
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suffice. Models that describe this unification are, therefore, hard to test. Interestingly,
however, some of these proposed models also predict that Lorentz symmetry is no longer
exactly valid. At low energies, the energies that the SM covers, the effect of this breaking
can also be described in an EFT. Therefore, Lorentz symmetry breaking could leave tiny
imprints on low-energy experiments. It would give rise to unique signatures, because
experiments would now depend on their absolute orientation in space or on the velocity
of the particles involved. Of course, the validity of Lorentz symmetry has been tested
for many years, but tests in the weak interaction are rather new. This thesis will discuss
these tests in a number of weak decays.

1.3 Outline
Chapter 2 of this thesis discusses symmetry violations in neutron and nuclear β decay.
It covers the most precise experiments in β decay and the current best limits on new
scalar and tensor interactions (Sec. 2.2.1). These limits are then compared to limits
from experiments at the LHC (Sec. 2.4.2) and to limits obtained from neutrino-mass
measurements (Sec. 2.4.3). In Sec. 2.5, the search for T violation in β decay is compared
to limits from EDMs. The study of Lorentz violation in β decay is discussed in Sec. 2.6.
Finally, a roadmap for future β-decay studies is given, taking into account constraints
from the LHC, the neutrino mass, and EDMs. In Chapter 3 the search for T violation
in radiative β decay is discussed. Here we show that T-violating observables in radiative
β decay probe the same new physics as EDM searches. Therefore, they are subject to
the strong bounds already set by EDM measurements. The next two chapters focus on
Lorentz-symmetry breaking in the weak interaction. Chapter 4 describes the possibilities
to improve current bounds on Lorentz violation both in β decay (Sec. 4.1) and in orbital
electron capture (Sec. 4.2), extending to weak decays in general. Chapter 5 more explicitly
discusses the search for Lorentz violation in nonleptonic kaon decay and pion decay. In
Sec. 5.1, we discuss the complications with QCD uncertainties when searching for Lorentz
violation in nonleptonic decays. In pion decay it is possible to probe both Lorentz violation
in the W -boson sector and in the muon sector (Sec. 5.2). These two sectors are relatively
unexplored, and we show how future pion-decay experiments can improve the current
bounds on Lorentz violation discussed in Sec. 2.6. Chapter 6 gives a summary of this
thesis and some final remarks.
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