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Chapter 1

Introduction

The standard model of particle physics (SM) is extremely successful in de-
scribing the interactions between the fundamental particles. It was built,
on one hand, on the theory of electroweak interactions, being a unification
of the electromagnetic and the weak interaction, and on the other hand on
quantum chromodynamics, describing strong interactions. Insight in the
fundamental interactions advanced rapidly by the scientific discoveries
of the violation of parity (P ), charge conjugation (C) and CP -symmetries.
Back in the ’50s, it was assumed that these symmetries would hold. At that
time, Lee and Yang were trying to explain how it is possible that two parti-
cles, the τ and the θ, have different parity, but otherwise identical proper-
ties. In 1956, after a literature search on past experiments they pointed out
that there is no a priori reason why parity and angular momentum should
be conserved [1]. They proposed an experiment that could measure parity
violation. To the surprise of many physicists at that time, the violation of
P and C symmetry was confirmed in 1957, by the experiments of Wu and
colleagues [2] and Garwin, Lederman and Weinrich [3]. In 1964 Cronin
and Fitch [4] discovered CP violation in the decay of kaons. Explicit T
violation was measured in 2001 by the BaBar collaboration in the decay of
neutral B mesons [5].

C, P , T and CP symmetry violations play an important role in the
structure of weak interactions. A schematic illustration is given in Fig. 1.1.
It is not understood why these symmetries do not appear to be broken in
the other fundamental forces. For instance there could be CP violation in
the strong interaction but this is not observed; this is now referred to as
the strong CP problem. The simultaneous transformation of C, P and T ,
i.e. CPT , is an exact symmetry in the SM. In theories of quantum gravity,
such as string theory, CPT violation has been suggested.

A related symmetry is Lorentz symmetry. A quantity is Lorentz invari-
ant if it does not change under rotations and boosts. Lorentz invariance
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Figure 1.1: Schematic illustration ofCPT invariance using a colored rotating disc.
Operation P produces a mirror image, C exchanges blue and red and T changes
the direction of rotation of the disc. Consecutive CPT operations return the disc
in its original state. The nature of interactions is such that they do not depend on
P , C, and T , except for the weak force, and that CPT always holds.

is a key assumption of the SM and special relativity. Lorentz invariance
in the context of quantum field theories means that the Hamiltonian is
Lorentz invariant, it is thus a property of the particles and fields. TheCPT
theorem states that CPT symmetry holds for any Lorentz-invariant local
quantum field theory with a Hermitian Hamiltonian [6]. If CPT symme-
try were broken in nature, it follows from the CPT theorem that Lorentz
invariance would also be broken. However if Lorentz invariance is bro-
ken, CPT symmetry could still hold [7].

Lorentz symmetry should be subject to scrutiny because of its crucial
role in physics. In addition, theoretical developments of quantum gravity
suggest scenarios in which Lorentz symmetry would be violated. Quan-
tum gravity theories try to combine quantum mechanics and special rel-
ativity. This is one of the frontiers of present-day physics. CPT symme-
try breaking and/or Lorentz-invariance violation (LIV) can be features of
many theories of quantum gravity.

How can experiments lead to insight in quantum gravity theories?
A framework is needed to interpret the experimental searches. Without
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Figure 1.2: LIV would be observed when there is a dependence on the orientation
of the experimental setup in absolute space. It also would be observed as day-
night differences due to Earth’s rotation.

knowing the theories that would describeCPT and/or Lorentz symmetry
breaking, their effect at low energies can be described using effective field
theories. If the theory has spontaneous symmetry breaking of Lorentz in-
variance at some energy below the Planck energy scale (EPlanck = 1.22 ×
1028 eV), there will be a characteristic LIV signal, suppressed in magnitude
by the relevant interaction energy compared to the energy scale at which
the symmetry breaking occurs. Therefore, low-energy tests of Lorentz in-
variance and CPT symmetry provide a unique way of establishing the
relevance of quantum gravity theories.

A general framework describing Lorentz and CPT symmetry break-
ing is the standard model extension (SME), developed by Kostelecký and
coworkers [8]. The SME is an effective field theory that starts with the
SM Lagrangian and adds to it all terms that break Lorentz symmetry. It
also includes special and general relativity. Some of these terms also break
CPT symmetry. The magnitude of such a term is given by a correspond-
ing amplitude that is multiplied with the term. Therefore, a non-zero am-
plitude measured in an observable that depends on this term can establish
the existence of LIV. These amplitudes can be categorized depending on
their origin. Eventually, they can be related to a more fundamental theory.
On the other hand, they can be related to the parameters of a low-energy
effective field theory.

Specifically for the charged weak interaction, a more general effective
field theory approach was developed by the theory group in Groningen [9,
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10]. This theory allows to obtain bounds on LIV from experiments in weak
interactions, in particular β decay (Fig. 1.2).

Many searches for signals of CPT symmetry breaking and LIV have
been performed. An overview of experiments in the context of the SME is
given in Ref. [11]. The electromagnetic (EM) sector has been particularly
well tested. The famous Michelson-Morley measurement of 1887 showed
that the speed of light as measured on Earth does not depend on the mo-
tion of Earth. This result contradicted the necessity of a medium (through
which Earth would move) for the propagation of light. It led to the devel-
opment of special relativity and Lorentz invariance. Modern experiments
in the photon sector measured isotropy of the speed of light to high accu-
racy. Some measurements even push the symmetry breaking scale that can
be associated with the corresponding LIV term beyond the Planck energy.

In another class of experiments the properties of matter and antimatter
are compared. All properties of matter and antimatter besides their charge
are believed to be identical. However, violations of CPT symmetry could
lead to additional differences. For example, in the muon g − 2 experiment
the anomalous magnetic moment of muons and anti-muons were com-
pared and limits were derived on corresponding LIV parameters [12].

The weak interaction may be particularly suitable to search for Lorentz
symmetry breaking. As stated above, violation of CPT symmetry would
require LIV and the weak sector is the only interaction sector that has ex-
plicit violation of the discrete symmetries P , C, CP and T , which makes it
arguably the most interesting place to search for violation ofCPT symme-
try. Moreover already in 1956 Lee and Yang pointed out that angular mo-
mentum need not be conserved in weak interactions. Applying Noether’s
theorem, possible violation of angular momentum is caused by violation
of rotational invariance, which is a violation of Lorentz invariance. In this
respect it is surprising that relatively few searches of LIV in the weak in-
teraction have been performed. Notable are two experiments performed
in the ’70s by Newman and Wiesner [13] and Ullman [14]. They measured
the directional dependence of β particles emitted in nuclear decay on the
orientation of Earth.
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1.1 Outline of this thesis

We have performed a unique experiment that searches for a dependence
of the decay rate on the nuclear orientation i.e. the spin direction in abso-
lute space. Chapter 2 describes the phenomenological aspects of LIV in β
decay. The experimental technique involves stopping, storing and polariz-
ing radioactive particles in a gas cell, which is described in Chapter 3. The
experiment described in this thesis is developed from the earlier experi-
ment [15] that set the first direct bounds on spin-dependent LIV in β decay.
The accuracy of that experiment was mostly limited by statistical uncer-
tainties, and showed that systematic uncertainties would become impor-
tant with better counting statistics. The analysis of experimental data and
the result of the experiment is described in Chapter 4. We improved the
limits on spin-dependent LIV by a factor 15 compared to the previous re-
sult, necessitating a detailed study of systematic uncertainties [16]. The
conclusion and outlook of this thesis is given in Chapter 5, with emphasis
on possible new experiments.




