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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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P 

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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night 

day 

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.





Chapter 2

Concepts

This chapter discusses the consequences of LIV for β-decay observables of
polarized nuclei. We first discuss the phenomenological decay rate. This is
then related to the theory for LIV in β decay. We motivate and demonstrate
the detection strategy of the experiment. An isotope is selected that can be
conveniently spin-polarized.

2.1 General considerations

Taking into account the spin of the parent nucleus J , and the β particle
properties of spin (σe), energy (Ee), and direction (Ωe), the SM differential
decay rate for allowed transitions (the β particle and neutrino do not carry
orbital angular momentum) is given by [17]

ωSM(〈J〉,σe|Ee,Ωe)dEedΩe

= ω0(Ee)dEedΩe ×
{

1 + pe
Ee
·
(
A
〈J〉
J

+Gσe

)
+σe ·

[
N
〈J〉
J

+Q
pe

Ee +me

(〈J〉
J
· pe
Ee

)]}
,

(2.1)

where the coefficients A,G,N and Q are functions of the matrix elements
depending on the nature of the transition; me and pe are the electron mass
and momentum, respectively, and 〈J〉/J is the nuclear polarization vector.
The lowest level at which we can introduce LIV is then an explicit depen-
dence on the direction pe/Ee, J , and σe, testing rotational invariance (see
Fig. 2.1). Allowing also a boost dependence the terms in braces in Eq. (2.1)
then read

1+ ξ0 + pe
Ee
·
(
A
〈J〉
J

+Gσe + ξ1
)

+ξ2 ·
〈J〉
J

+σe ·
(
N
〈J〉
J

+ ξ3
)
. (2.2)
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Figure 2.1: Correlations in β decay allowing for various modes of LIV. There can
be a correlation between a preferred direction N̂ , indicated by the background
arrows, and the β momentum, nuclear spin or β spin, respectively.

Here the SM double correlations can be used as the normalization for the
search of LIV. The triple correlation (Q) is too complicated for this purpose.
The normalization can be obtained from double correlations only.

Because the dependence on βe = pe/Ee was already addressed before,
albeit for forbidden decays, it was chosen to pursue a measurement of the
dependence on spin direction 〈J〉/J , while in parallel the theory would
be further developed. To measure the dependence on β spin would be
too complicated, since it would require a directionally-dependent β scat-
tering experiment [18]. In hindsight, the theory developed also does not
justify such a measurement. According to theory discussed below ξ3 ∝ ξ1.
Because in Fermi (F) decays the parent spin is a “spectator”, i.e. the com-
bined spin of β and neutrino is zero, the LIV coefficient ξ2 is probably best
measured in a Gamow-Teller (GT) transition, where the spin of β and neu-
trino add and there is a correlation with the nuclear spin [Eq. (2.1)]. This
aspect is corroborated by theory. In addition the nuclear polarization, i.e.
〈J〉/J can be measured via the β asymmetry. The corresponding parame-
terA is only non-zero for a non-zero GT matrix element in the β transition.

2.2 Theoretical framework

At the university of Groningen a theoretical framework for LIV in the
weak interaction was developed [9, 10, 19, 20, 21, 22, 23]. LIV is described
in an effective field theory. The weak interaction is mediated by the W and
Z bosons. Modifications of SM β decay due to LIV can occur at the initial
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and final states, the interaction vertices or the boson propagator. For the
nucleon, electron and positron, most parameters leading to modification
of the initial and final states are more effectively probed by tests in the
EM interaction. Also, it was shown that propagator and vertex corrections
can be parametrized in the same way, except for a possible dependence
on the W boson or quark momenta [9]. Therefore, only the propagator is
considered.

The derivation of the expression starts with the SM description and
adds a general Lorentz-invariance violating tensor χµν to the W-boson
propagator. The W-boson propagator is modified to

〈Wµ+(p)W ν−(−p)〉 = −i (g
µν + χµν)
M2
W

. (2.3)

Here gµν is the Minkowski metric, χµν is a general Lorentz-invariance vi-
olating tensor, which is complex and possibly momentum-dependent [9],
and MW is the W-boson mass. As a consequence of Eq. (2.3) correlations
appear in the decay rate between χµν and (contracted) momenta and spins
of the particles involved.

A general expression for the GT transition rate of oriented nuclei was
derived in Ref. [9]. The differential decay rate is given by

ωGTdEedΩe

= ω0dEedΩe

{[
1− 2

3χ
00
r + 2

3(χl0r + χ̃li)
ple
Ee

]

∓ Λ(1)
[
(1− χ00

r )pe · Î
Ee

+ χ̃liÎ
l + χlkr p

lÎk

Ee
− χl0i (pe × Î)l

Ee

]

+ Λ(2)
[
−χ00

r + (χl0r + χ̃li)
ple
Ee

+ 3χklr ÎkÎ l − 3χl0r Î l
pe · Î
Ee

−3χmli Îm
(p× Î)l

Ee

]}
. (2.4)

We write the polarization vector of the parent nucleus I = 〈J〉/J so that
Î in Eq. (2.4) is a unit vector parallel to the nuclear polarization axis of
the parent nucleus; χr,i are the real and imaginary part of χ, respectively;
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ξµ F GT

ξ0 2χ00
r − 2

3χ
00
r

ξl1 2χ0l
r

2
3 (χl0r + εlmkχ

mk
i )

ξl2 n.a. Aεlmkχ
mk
i

ξl3 ∓
√

(1− (αZ)2)(1− β2)ξl1 ∓
√

(1− (αZ)2)(1− β2)ξl1

Table 2.1: Expressions for ξ0 and ξ1,2,3 in terms of χµν . k, l, m refer to the spatial
indices.

χ̃l ≡ εlmnχmn with εlmn the Levi-Civita symbol. We have

ω0 = 1
2π5 |pe|Ee(Ee − E0)2F (Ee,±Z)ξ̄ (2.5)

with F (Ee,±Z) the Fermi function and ξ̄ = 2(C2
V 〈1〉

2 + C2
A 〈σ〉

2); 〈1〉 and
〈σ〉 are the transition matrix elements of the nucleus for vector and axial-
vector interaction, respectively; CA and CV are constants for the relative
magnitude of vector and axial-vector interaction, respectively. In GT tran-
sitions 〈1〉 = 0. Λ(1) is the first-order anisotropy i.e. the polarization de-
pendence, calculated from the matrix element. For GT β decay the term
simplifies to

Λ(1) = AP (2.6)

with P = |I| the polarization and A the β-asymmetry parameter given by

A =


1 if J → J − 1

1
J+1 if J → J

− J
J+1 if J → J + 1

. (2.7)

Λ(2) is the second order anisotropy i.e. the alignment, which is even in nu-
clear spin and is not measured in this experiment. The alignment associ-
ated with LIV is not considered in this thesis: all χ terms can be measured
using other parts of Eq. (2.4).

The general expression derived for the decay rate confirmed the gen-
eral form of Eq. (2.2) [9]. The correspondence between the terms with ξ0
and ξ1,2,3 in Eq. (2.2) and the terms in the χ tensor framework is given in
Table 2.1. Expressions of χ for forbidden transitions are given in Ref. [10].
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We briefly treat the relation between χµν and the parameters of the
SME [8]. For the minimal SME, containing all terms up to mass dimension
four, in the low-energy approximation we have

χµν = −kµνφφ −
i

2g
kµνφW + 2pρpσ

M2
W

kρµσνW , (2.8)

where kµνφφ, kµνφW and kρµσνW are SME parameters as defined in [11], and
g2/(8M2

W ) = GF /
√

2 ≈ 0.65 is the SU(2) coupling constant, with GF the
Fermi coupling constant; kµνφφ and kρµσνW have a real and imaginary part
and kµνφW only has a real part. In principle, LIV terms of mass-dimension
higher than four also give a contribution to the propagator, but these con-
tributions can also be parametrized by χµν .

From Table 2.1 we read that ξk2 = Aεlmkχ
mk
i . This confirms that ξ2

can be interpreted as a preferred direction in absolute space. ξ2 is fixed
in absolute space, and would lead to a sinusoidal variation of the term
ξ2 ·〈J〉/J in the laboratory, with a period of a sidereal day (Tsid. = 23h56m).

2.3 Current status of χ

The best bounds on some of the elements of χ are of the order 10−6 to
10−8. They have been obtained in the analysis of Ref. [10], were data from
the experiments of Refs. [13, 14] were used. In these experiments the de-
pendence of the decay rate on the direction of the β particle in forbid-
den transitions was measured. This is sensitive to combinations χl0r + χ̃li
[Eq. (2.4)], therefore the bounds may be weaker if cancellations occur. Our
experiment is exclusively sensitive to χ̃li. A complete discussion of all ex-
perimental bounds on χ is given in Section 5.1.

2.4 Detection strategy and isotope selection

We noted (Table 2.1) that a GT (or mixed) transition is required to measure
nuclear-spin-dependent LIV. For nuclear polarization generated by laser
light an alkali metal is preferred, since polarizing its nucleus in a buffer
gas using circularly polarized light typically requires only light from one
laser. The required intensity and wavelength of the laser light set practical
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limits. As a preference the laser power should be sufficient to reach the
saturation intensity and the wavelength should be in the visible or near
infrared region. This limits the accessible isotopes to those of the alkali
elements Li, Na, K, Rb, Cs [24] and Fr [25].

The experiment was designed to measure the decay rate from the emis-
sion of γ photons from the daughter nucleus, rather than from β particles
directly. For β particles, the SM parity violation would give a large polar-
ization dependence which would be hard to separate from the LIV con-
tribution. In contrast, the γ ray emission does not depend on the sign of
the polarization and thus measures the alignment. Therefore the decay is
inferred from the γ ray emitted by the daughter nucleus. It also enables
the use of detectors with a large solid angle and consequently higher effi-
ciency. If R± is the γ decay rate measured for nuclear polarization in the
±Î l direction, then it follows from Eqs. (2.2) and (2.4) that

Aτ = R+ −R−

R+ +R−
= Pξl2 = APχ̃li . (2.9)

The polarization is determined from the β asymmetry Aβ . From Eq. (2.2)
it follows that

Aβ = 1
K

R+
β −R

−
β

R+
β +R−β

= AP . (2.10)

R±β is the β particle rate measured with a detector positioned on the nu-
clear polarization axis in the direction ±Î . K is the analyzing power. It
follows that

ξl2 = Aτ
P

(2.11)

and

χ̃li = Aτ
Aβ

. (2.12)

This is valid for mixed transitions as well [9], where A will be reduced
compared to a pure GT transition.

The isotope should be selected for a minimal statistical measurement
uncertainty σstat. It is inversely proportional to several factors,

σ−1
stat ∝ |AP cos θ|

√
TRγf = |AP cos θ|

√
TR̄βBrfnγ . (2.13)
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isotope JPi JPf Br (%) A lifetime (s) Eγ (keV)
20Na 2+ 2+ 79 1/3 0.448 1633
25Na 5

2
+ 3

2
+ 27 1 59.1 975 and 390 + 585

35K 3
2
+
?? 3

2
+ 36 2/5? 0.178 2590 + 2983

36K 2+ 2+ 42 1/3? 0.341 2433 + 2208 + 1970
47K 1

2
+ 1

2
+ 80 2/3? 17.5 586 + 2014

1
2
+ 3

2
+ 19 −1/3? 17.5 565 + 2014

80Rb 1+ 2+ 22 −1/2 34.4 617
82Rb 1+ 2+ 14 −1/2 75.5 777

Table 2.2: Decay properties of selected alkali isotopes. ? indicates that these iso-
topes may have a mixed transition and/or additional decay channels that may
dilute the effectively measured A. ?? indicates the property is not measured. The
last column indicates the energies of γ rays of the EM decay (chain) most frequent
after the β decay.

Here θ is the angle between the polarization axis and Earth’s equatorial
plane. T is the measurement time. Rγ is the γ-ray rate for the selected de-
cay channel. The detection efficiency f depends primarily on the angular
coverage, attenuating materials, detection method and detector materials.
R̄β is the β-decay rate inside the fiducial volume. Br is the branching
fraction of the selected β decay. nγ is the number of photons emitted per
selected β decay. θ is the angle between the nuclear polarization axis and
the equatorial plane.

In our experiment cos θ ≈ 1 (see Section 4.2). To maximize σ−1
stat a

branching fraction close to unity is preferred. In addition, in the first expe-
riment, it was found that the polarization lifetime of 20Na was limited to
about one second. For a high value of P the lifetime of the selected isotope
should be comparable or smaller than the polarization lifetime. The latter
depends on the chemical processes and the typical diffusion time in the
polarization volume. In our selection we excluded lifetimes larger than
two minutes.

With the above considerations suitable isotopes are 20Na, 25Na, 35K,
36K, 47K, 80Rb and 82Rb. Their decay properties are given in Table 2.2.
Although 47K has the highest factor A2Br nγ , it has a relatively long life-
time. Moreover, 47K may have a mixed transition and/or additional decay
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channels that dilute the effectively measuredA. 20Na has a relatively small
lifetime and the second-highest A2Br nγ . Therefore, 20Na is the best can-
didate. It is also a pure GT emitter. With the TRIµP facility [26] 20Na
was produced for a variety of experiments with intensities R̄β of approx-
imately 106 /s as a secondary beam. Moreover, a solid-state laser system
suitable for polarizing Na was available.

2.5 Polarization

20Na atoms were polarized by optical pumping in a buffer gas in a weak
magnetic field [27]. For this they were irradiated with circularly polar-
ized light (σ+ or σ−) tuned to the D1 transition of 20Na. The energy levels
arising from Coulomb interaction are split due to fine structure (spin-orbit
coupling), hyperfine structure (coupling of electronic and nuclear mag-
netism) and the Zeeman effect (coupling with external magnetic field).
The contribution of the Zeeman effect depends on the strength of an exter-
nal magnetic field. The external magnetic field is typically used to define
the quantization axis.

In the absorption of σ+ or σ− light one unit ~ of angular momentum
is transferred. In this process the magnetic quantum number mF changes
by one unit, i.e. ∆mF = +1 for σ+ light and ∆mF = −1 for σ− light. For
the decay of the atom to the ground state with a single photon emission
we can have ∆mF = −1, 0,+1. Therefore, there is a net shift to the highest
(lowest) mF states for σ+ (σ−) light. The nuclear spin is coupled to the
electronic spin by the hyperfine interaction. The maximum (minimum) in
the mF distribution thus corresponds to the maximal (minimal) possible
nuclear polarization. By collision with the gas molecules, the polarization
of the atom is continuously destroyed. The details of the processes taking
place are not very well known and therefore not fully quantifiable. The
polarization buildup has a typical timescale of 1 ms. The polarization is
destroyed by collisions on a timescale of 100 ms. Thus we can obtain a net
polarization for the whole sample. More details are discussed in Chap-
ter 3.
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Chapter 3

A gas cell for stopping, storing and
polarizing radioactive particles

3.1 Introduction

Particles of a radioactive secondary beam can be stopped in high-pressure
buffer gas, where they can be trapped sufficiently long to study their de-
cay, if their lifetime is shorter or of order of the typical diffusion time. If the
beam particles neutralize to atoms, the nuclei of certain elements can be
spin-polarized by optical pumping. This method for studying polarized
particles was developed by Otten and coworkers [28] and more recently
employed by Backe et al. [29], Young et al. [30], and Voytas et al. [31].
We have exploited it to study Lorentz violation in weak interactions, i.e.
the question whether the integrated β-decay rate depends on the nuclear-
spin direction with respect to an absolute reference system [15, 16]. The
analysis of these experiments required an effective description of the time
dependence of the polarization, which will be discussed in this article.

The measurements were made with a beam of 20Na stopping in Ne
buffer gas. By reversing the polarization direction and by switching the
particle beam on and off, the characteristic time dependence of the polar-
ization can be measured and the dynamics in the gas cell can be inferred
to some extent. The relatively short half-life of 20Na of 0.45 s is essential
for these measurements.

The polarization technique used here requires neutralization of the in-
coming beam. Therefore, the experimental situation is analogous to gas
catchers operated to extract secondary ion beams [32, 33]. We discuss the

http://dx.doi.org/10.1016/j.nima.2016.03.086
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operation of our gas cell in this context. A difference is that in this experi-
ment stable Na can be evaporated into the gas cell.

The gas cells discussed here operate with noble gas; the ionization po-
tential of the noble gas element is higher than that of the incoming particle
such that it can remain singly charged. However, to which extent the par-
ticles in a fast ion beam are neutral, once they thermalize in a gas cell,
remains an open question. If they remain ions, they can be extracted by
flowing the buffer gas out. Ion catchers operate on this basis, a recent re-
view is in Ref. [32]. If the particles neutralize, they can be re-ionized by
two-step laser resonance ionization, which is element selective. A recent
review of such Laser Ion Sources (LIS) is in Ref. [33].

A detailed study of neutralization in LIS is in Refs. [34, 35]. Also the
role of chemical binding of the stopped ion with trace molecules in the
buffer gas has been discussed there. Here we show that by adding natural
Na we appear to bind those molecules that otherwise would bind 20Na.
We find that the polarization maximizes to about 50% and the polarization
lifetime of 20Na is a few seconds.

The outline of this paper is as follows. We describe the experimental
setup and the basic experimental observations. To facilitate the discussion
of our results the time scales of various relevant processes in the gas cell
are quantified. Next, our experimental results are presented and a phe-
nomenological description is given. We conclude with a summary of our
findings.

3.2 Experimental setup

We used the secondary 20Na beam from the TRIµP facility in Groningen
[26]. The relevant nuclear properties of 20Na are displayed in Fig. 3.1.
The energetic beam of approximately 20 MeV/nucleon entered through a
metallic foil (Havar) into a gas cell filled with neon at 7 atm absolute pres-
sure. The schematic setup is shown in Fig. 3.2. The fiducial part of the
setup is made from a stainless steel (316LNS) cube with 70 mm sides and
38 mm bore diameter in the three principal directions. The cell was filled
with neon (purity 5.0) through a liquid-nitrogen cooled trap and a gas pu-
rifier (SAES FT400-902). The gas was first circulated through the purifier.
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Figure 3.1: Relevant decay properties of 20Na.

The cell was evacuated and refilled through the same system prior to the
experiment. The gas is not circulated during the experiment, because the
stopped particles need to stay inside the fiducial volume. Metal seals and
valves were used. Natural sodium atoms can be evaporated into the cell
by heating a commercially available sodium dispenser (SAES AMD). Alu-
minum foils were placed in front of the cell such that the beam stops in
the middle of the fiducial volume. The position fine-tuning was made by
appropriately rotating one of the foils for maximizing the count rate in the
detectors.

The laser beam was tuned to the 20Na D1 transition adjusted for the
buffer gas pressure (λ = 589.782 nm). Pressure broadening of about 50 GHz
mixes the hyperfine states. The laser beam is split into two beams with
opposite light helicity and recombined again onto the same optical path.
Actuators are used to block either beam or both beams. A beam expander
magnifies the profile of the laser beam to an approximately Gaussian shape
with 1.2 cm full-width-half-maximum. This laser beam is guided by silver
mirrors and passes through fused silica windows (diameter 29 mm) of the
gas cell. The average laser-light intensity delivered to the gas-cell fiducial
area is sA = 2 × 10−2 W cm−2. The windows are surrounded by coils in
Helmholtz configuration for a magnetic field of about 15 Gauss aligned
with the laser beam.

The β particles from 20Na decay have an endpoint energy of 11.7 MeV.
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Figure 3.2: Schematic drawing of the buffer-gas cell, the 20Na beam, the light
beams, and detectors. See also Fig. 4.1.

β particles with energy exceeding about 2 MeV can pass through the win-
dow and the mirror. The average velocity of the detected β particles is
99% of the light speed. They are measured with two thin scintillation de-
tectors, that are insensitive to γ rays. Each β detector has an opening angle
of ∆θ = 22◦ centered relative to the polarization axis, i.e. 〈cos θ〉 = 0.99.

Figure 3.3 displays the β-particle rates measured in periods with the
primary 20Ne beam on (0 − 2 s) and off (2 − 4.1 s). In three consecutive
periods, the samples were first polarized in one direction (0− 4 s), then in
the opposite direction (4.1− 8.1 s), and in the third period (8.2− 12.2 s) the
laser light was off. The additional 0.1 s was required for operation of the
actuators, here the polarization is undefined. The data of many sequences
have been averaged here to obtain good statistical accuracy for each 4 s
period.

The β-asymmetry parameter AWu = 1/3 for a 2+ → 2+ Gamow-Teller
transition. Therefore, to good approximation, the count rate in the β-
particle detectors is R±L(R) ∝ 1 ∓ (±)AWuP , where the signs depend on
the direction of the polarization (±) and the place (L/R) of the detector.
The polarization is P = Aβ/AWu . The count rate asymmetry Aβ is given
by

Aβ =

√
R+
LR
−
R −

√
R−LR

+
R√

R+
LR
−
R +

√
R−LR

+
R

. (3.1)

The observed value corresponding to the data in Fig. 3.3 is shown in



3.3. Characteristic time parameters 19

time [s]
0 1 2 3 4

]
-1

R
 [s

0

500

1000

Figure 3.3: The measured β rates in one of the detectors. The top (blue) and
bottom (red) curves are data points obtained with opposite helicity of the laser
light. The middle curve displays the decay rate when the laser light was absent.
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Figure 3.4: The β asymmetry Aβ averaged over time periods of 4 s. The curve
through the data points is discussed in Section 3.4.

Fig. 3.4. The maximum polarization of about 50% is achieved when the
beam is on, while it drops when the beam is off. This observation is cen-
tral to the discussion in Section 3.4.

3.3 Characteristic time parameters

For our discussion it is useful to consider the time scale of various pro-
cesses that occur if fast ions are stopped in the gas cell, neutralize and are
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polarized.

3.3.1 Neutralization

There could be various scenarios for neutralizing the incoming beam. The
stopping beam will ionize the Ne gas. Ionization is maximal in the region
of the Bragg peak. Beyond the Bragg peak, electronic stopping will not be
dominant anymore, instead the particle suffers atomic collisions by which
it reaches thermal energies. In the following we list possible processes
leading to neutralization, and give an estimate of their characteristic time
and importance, when possible. Current knowledge is insufficient to es-
tablish their relative relevance.

3.3.1.1 Neutralization in stopping

The stopping particle will slow down eventually reaching the electronic
stopping regime where it neutralizes (cross section σ10) and re-ionizes
(cross section σ01), such that its average charge state is 〈q〉 = σ10/(σ10+σ01)
[36]. In general, the cross-section values are not known in the energy
regime where electronic stopping ends and collisional stopping, not in-
volving charge transfers, starts.

3.3.1.2 Neutralization in a uniform plasma

When the incoming ion intensity is sufficiently high a plasma is formed in
the buffer gas. Assuming the density of ions and atoms to be n = nion =
nelectrons, neutralization is the result of a three-body process X++e−+Ne→
X + Ne, where X can be either a Ne or Na ion. Following Section 3.1 in
Ref. [34] one has

dn

dt
= Q− αn2, (3.2)

n(t) =
√
Q

α3
tanh(t

√
Qα3).

Here Q = fiINa is the average density of ion-electron pairs created per
second due to a beam of INa particles/s. In our experiment fi ≈ 106 cm−3.



3.3. Characteristic time parameters 21

This value is based on the longitudinal spread in beam energy and is de-
termined by the separator acceptance of ±3%, corresponding to 1.5 cm, as
was found in earlier work [26]. The lateral extension is determined by an
up-stream collimator with an area of 3 cm2. We have used the SRIM code
[37] to obtain the energy loss in terms of electron ion pairs, using 36 eV per
pair [38]. The main contribution to the electron-ion density arises from the
Bragg peak. The constant α3 is the three-body recombination coefficient,
which has been measured for Ne to be of order 10−5 cm3 s−1 [39]. There-
fore, the equilibrium density of n =

√
fiINa/α3 ≈ 108 cm−3 is reached

in a characteristic time τn = 1/
√
fiINaα3 ≈ 0.3 ms. When this scheme

applies, nearly all Na ions can be neutralized assuming for Na the same
recombination coefficient as for Ne. When the beam is turned off the ion
and electron density decreases as 1/(1 + t/τn), dropping several orders of
magnitude within a fraction of a second.

3.3.1.3 Neutralization by Bragg peak electrons

The assumption of a uniform plasma only holds for a high intensity of
incoming particles. Therefore, we consider also individual events. The
stopping particle moves beyond the region where the Bragg maximum is
located (here a distance δ ≈ 2 mm). The local plasma can expand by dif-
fusion while at the same time electrons and Ne ions recombine. To study
its relevance for the present situation, we made a schematic calculation by
modifying Eq. (3.2) as follows:

∂n(t, r)
∂t

= D4n(t, r)− αn2(t, r), (3.3)

dqNa(t)
dt

= 1− αn(t, δ)qNa(t),

where the boundary condition n(0, r) is an appropriate Gaussian at the po-
sition of the Bragg maximum. We used a spherical Gaussian with width
σr = 0.13 cm containing 106 ion-electron pairs describing the ionization
distribution at the Bragg maximum. D = 0.014 cm2/s is the diffusion
constant of Ne ions in 7 atm Ne [40]. The electron density distribution is
assumed to be the same as that of the ion, keeping the local plasma neu-
tral. With these approximations, the average charge state 〈qNa〉 develops
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with a characteristic time of about 50 ms to a minimum of 0.1, i.e. ≈ 90%
neutralization. The result depends strongly on the initial conditions, but
shows that it is a viable option for neutralization, which has hitherto not
been considered in the literature.

3.3.1.4 Re-ionization

We also need to consider the re-ionization of Na atoms by Ne ions. In
Langevin’s approximation this rate can be calculated [41]; it is given by
〈σv〉 = 2π

√
(e2αp/µ), where αp = 163 a.u. is the polarizability of Na [42]

and µ the reduced mass. This evaluates to 〈σv〉 ≈ 10−9 cm3s−1. Because
this means that 〈σv〉 << α3, re-ionization by Ne ions does not play a role.

3.3.1.5 Resonant charge transfer

An alternative to neutralization in absence of a plasma is the use of reso-
nant charge transfer between stable and radioactive Na. The cross-section
for charge exchange is about 5×10−14 cm2 [43, 44, 45], which gives 〈σv〉 =
3 × 10−9 cm3s−1. Neutralization can then be achieved at a 1 ms rate us-
ing Na at a vapor pressure of 10−8 atm corresponding to a temperature of
150 ◦C. The present system required operation at room temperature where
the vapor pressure is more than four orders of magnitude lower. There-
fore, resonant charge exchange is not a relevant mechanism in the current
setup. In other experiments [30, 31] the relevant natural alkali elements
were also added and the setup was kept at elevated temperature. The po-
larization in these experiments was nearly 100% indicating that complete
neutralization had been achieved.

3.3.2 Optical pumping

Assuming neutralized Na, there are two time constants characterizing the
polarization. These can be associated with optical pumping leading to a
stretched configuration in the magnetic substate distribution while on the
other hand collisions in the gas destroy this distribution. The two times τ1
and τ2, respectively can be calculated using a model based on the formal-
ism of Happer [27]. The model assumes a depolarizing cross-section of the



3.4. Experimental results 23

ground state of 1.8× 10−23 cm2 [46] and the depolarizing cross section for
the J = 1/2 excited state of 2.9× 10−15 cm2 [47]. We find τ1 = 9.3× 10−4 s
and τ2 = 5.9 × 10−2 s. τ1 is inversely proportional to the laser intensity,
while τ2 is inversely proportional to the ground state depolarization cross
section. The maximum polarization possible is τ1/(τ1 + τ2) = 0.98, and
should be achieved with a characteristic time τ1τ2/(τ2 + τ1) = 9.2× 10−4 s.

3.3.3 Diffusion

Na atoms may diffuse out of the laser light or can be absorbed on the
container walls before decaying. The characteristic displacement of the
stopped atoms is l =

√
6Dτ . The diffusion of Na in Ne was measured

[31] as D = 0.31 cm2s−1 at STP. Then, with 7 atm Ne, l = 0.4 cm to be
compared with a fiducial volume of length scale ∼ 2 cm. One can show
that in the present setup, an initial spherical source with a full-width-half-
maximum of 1.5 cm (approximately the stopped ion distribution) diffuses
so little that a polarization lifetime of > 10 s is possible. Therefore, diffu-
sion is not expected to play a role of importance.

3.3.4 Contaminants

Contaminants will bind atomic Na, thereby also reducing the polarization
lifetime. A typical reaction rate is 10−30 cm6s−1 for e.g. Na + O2 + Ne →
NaO2 +Ne [48]. This would require a concentration of O2 < 0.3×10−12 in
order to achieve a lifetime of free Na atoms beyond one second. Dispens-
ing an appropriate alkali element thus reduces active contaminants. If a
high vapor pressure can be maintained it serves a dual purpose by also
aiding in neutralization (see Section 3.3.1.5).

3.4 Experimental results

The main time-dependent features ofAβ (Fig. 3.4) are the maximum asym-
metry (polarization) after the radioactive beam is entering the cell and the
subsequent exponential polarization loss when the beam is off. At the start
of the experiment very small polarization was observed. After adding
natural Na dispensed from a getter, polarizaton was found. A stepwise
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Figure 3.5: The effect of adding natural Na to the gascell. Shown is the evolution
of the β asymmetry (cf. Fig. 3.3) during some 24 hours: the average asymmetry
in the region 0.8 < t < 1.8 s and the rate by which the asymmetry decreases when
the beam is stopped t > 2 s, assuming an exponential drop. In the colored regions
the Na dispenser was turned on.

increase of the polarization was observed after heating the Na dispenser.
In Fig. 3.5 the maximum polarization and the polarization-loss rate are
shown as function of time. The colored regions indicate the periods where
the dispenser was turned on. During that time convection in the cell is
large with the consequence that the polarization decreases and the loss
rate increases. However, after the cell returns to room temperature the
cell performance improved. This procedure is repeated until no further
improvement can be observed.

Because resonant charge exchange does not play a role at room tem-
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perature (see Section 3.3.1.5), we conclude that the natural Na binds the
contaminants (see Section 3.3.4), that otherwise would bind radioactive
Na. While it appears that no further dispensing of the stable isotope 23Na
is necessary, we find that over several days the performance decreases:
the maximum polarization decreases by 12% over a period of 100 h. The
polarization-loss rate in the beam-off periods increases, first it doubles in
30 h and then goes up with 12% in the next 70 h.

We have modeled the time dependence of the polarization to include
the various processes in the cell. Because diffusion is not important, this
can be achieved by solving a set of coupled differential equations that de-
scribe (1) the neutralization of incoming ions with a characteristic time
τn, (2) the gain and loss term in the pumping to the polarized state given
by τ1 and τ2 respectively, and (3) two loss terms given by τloss1 when the
beam is on, and τloss2 when the beam is off. The term "loss" means here
that Na particles can not be polarized any longer, but they remain in the
fiducial volume of the β-particle detectors, thus lowering the observed po-
larization. We find that it is not well possible to distinguish τn and τ1 in
this description. For that reason we put τn at zero and vary τ1. We also
keep τ2 at the calculated value of 60 ms. A good description of the asym-
metry is then obtained with three parameters, i.e. τ1, τloss1, and τloss2 as
shown in Fig. 3.3. The parameters in this figure are τ1 = 41.3 ± 0.5 ms,
τloss1 = 3.9± 0.2 s, and τloss2 = 1.22± 0.01 s. The description is sufficiently
accurate for the purpose of the analysis in [16]. Note that with this choice
of parametrization τ1 determines both the rise time and magnitude of the
polarization (cf. Section 3.3.2), P = 59.2 ± 0.3%. However, the value of τ1
is determined mainly by the degree of polarization. The time resolution
due to the actuators switching between polarized beams is of the same
order as τ1. Therefore, although it appears that the rise time in the po-
larization is well described, this is probably accidental. Nonetheless, one
can conclude that neutralization and polarization take place at a time scale
smaller than or equal to the fitted value τ1. In Fig.3.6 we find the largest
lifetimes τloss1 ≈ 4 s and τloss2 ≈ 3 s. The longer lifetime in the beam-on
period is ascribed to the presence of ions and electrons, binding the resid-
ual contaminants. The long lifetimes τloss1,2 show that the concentration of
contaminants that bind Na are extremely low (cf. Section 3.3.4).
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Figure 3.6: Evolution of the three time parameters for the five episodes after dis-
pensing natural sodium as shown in Fig.3.5. The connecting lines are to guide
the eye.

The reason why the polarization is not maximal remains yet unclear.
Either neutralization is incomplete or the range distribution is much wider
than calculated, exceeding the diameter of the laser beam. In all gas cells,
even in the absence of a drift field [35] charged stopped ions were always
observed.

This work raises several questions that could be answered by vary-
ing experimental parameters. Neutralization and polarization time could
be separated by using faster switching techniques with optical switching.
The role of Na could be checked by using a different alkali metal dis-
penser, which would also bind contaminants. The electron density could
be changed by lowering the beam current. Such an extensive study was
not foreseen at the time of experiment but our work shows that it is a
promising way of studying neutralization.

3.5 Conclusions

We measured the time dependence of nuclear polarization in a Ne gas cell.
This was achieved by measuring the β-decay asymmetry of radioactive
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20Na. The particles enter the gas cell as a fast beam where they stop and
neutralize. The nuclear polarization is obtained using circular polarized
laser light. The Na atoms should remain unbound to maintain nuclear po-
larization. Appreciable polarization can only be observed after dispensing
natural Na in the gas cell. Keeping the cell at room temperature, where the
vapor pressure for Na is negligible, means that natural Na binds the con-
taminants in the cell that otherwise would bind 20Na. The long lifetime
of the polarization shows that very few active contaminants remain. The
maximum polarization is of order 50%, indicating that only this fraction is
available as atoms after the incoming beam has thermalized.

We can describe the working of our gas cell using only three free pa-
rameters. However our description remains qualitative. The question to
what extent fast ions thermalize as atoms or ions cannot be answered by
this experiment. Improving the time resolution in switching between po-
larization directions will be necessary. In this way, polarized radioactive
nuclei may provide an additional tool for studying plasma dynamics.
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Chapter 4

Test of Lorentz invariance in β decay
of polarized 20Na

4.1 Introduction

Lorentz symmetry implies that physical laws do not change under boosts
and rotations. The theory of general relativity and the standard model of
particle physics are both invariant under Lorentz transformations. One
of the frontiers of present-day physics is to unify these theories. Some
of the proposed models allow for Lorentz-invariance violation (LIV) [49,
50, 51]. LIV is a manifestation of CPT violation [7]. Weak interactions
violate the discrete symmetries C, P , CP , and T , suggesting the relevance
of searches for CPT violation and LIV in weak interactions. Relatively
few searches have been conducted [11]. The study of β decay can give a
unique contribution [23, 22, 21].

We have performed a β-decay experiment that tests the dependence
of the lifetime of nuclei on their absolute orientation. Such dependence
would indicate a violation of rotational invariance, and therefore imply
LIV. The present experiment improves our earlier experiment [15] in terms
of statistical precision and systematic accuracy. The limit on a sidereal
variation of the lifetime has been decreased by one order of magnitude.
This limit can be expressed as limits on the tensor that parametrizes LIV
in weak decays [9]. The latter also translates to limits on parameters of the
standard model extension (SME) [8]. We will use the theoretical frame-
work of Ref. [9] to relate our result to those obtained in other experiments.

http://dx.doi.org/10.1103/PhysRevC.94.025503
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4.2 Principle of the measurement

Consider a correlation between a preferred direction in absolute space N̂
and nuclear spin J . For a sample of atoms this correlation can be ex-
pressed as

Γ
Γ0

= 1 + ξn̂ · P Ĵ . (4.1)

Here n̂ is the direction N̂ transformed to the laboratory frame. Γ is the LIV
decay rate of polarized atoms and Γ0 the standard model decay rate. The
average nuclear polarization is P Ĵ . The magnitude of LIV is ξ.

The experiment aims to measure precisely the difference between the
lifetimes for opposite polarization directions (Ĵ+ = −Ĵ−), rather than the
lifetimes themselves. This reduces the sensitivity to systematic errors that
are common to the two lifetime measurements. The LIV observable we
measure is defined as

∆LIV = τ− − τ+

2τ
1
Peff

= ξn̂ · Ĵ+ , (4.2)

with τ the lifetime taken from literature [52]. The normalization relative
to 2τ instead off τ− + τ+ is done to avoid dependence on common sys-
tematic errors. Peff is the effective nuclear polarization. It gives the overall
sensitivity of the experiment, as discussed in Section 4.4.3.1.

For Earth-based experiments

∆LIV(t) = ξN1 cos θ cos(Ωt+ φ) + ξN2 cos θ sin(Ωt+ φ)
+ ξN3 sin θ , (4.3)

with N1,2,3 orthogonal projections of N̂ such that N1,2 lie in the equato-
rial plane. θ is the angle between the polarization axis and the equatorial
plane, Ω is the Earth’s sidereal rotation frequency, and φ is a phase defin-
ing t = 0. When the polarization direction is in the equatorial plane the
sensitivity to LIV amplitudes ξN1,2 will be maximal and the third term in
Eq. (4.3) is zero. While Eq. (4.2) has reduced sensitivity to experimental ef-
fects that are even in Ĵ , it is sensitive to experimental imperfections which
are odd in Ĵ , in particular due to the parity-violating β decay. The latter
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will cause a systematic offset in Eq. (4.3). The ability to exploit the sidereal
dependence to eliminate systematic errors was, indeed, essential to the
experiment, and will be discussed in detail in Section 4.4. Because of this
advantage, our experiment limits LIV at a level close to the statistical limit
with a final result of |ALIV| = ξ

√
(N1)2 + (N2)2 < 2 × 10−4. In our previ-

ous experiment the polarization was in the up-down direction. Therefore,
the sensitivity to ξN1,2 was reduced with cos θ [see Eq. (4.3)], while the
constant term ξN3 could not be measured because of the aforementioned
systematic offset.

4.3 Experimental setup and procedures

A 20Ne beam of 20 MeV/nucleon from the AGOR cyclotron was used to
bombard a hydrogen-gas target producing 20Na at forward angles with
similar energy. The TRIµP dual separator removes the primary beam giv-
ing a beam of radioactive 20Na [26] with 19Ne as main contaminant. The
20Na nuclei are stopped in a cell filled with Ne buffer gas, where they can
neutralize to atoms [53]. The 19Ne stops in the gas-cell window. Decay
rates are measured by β and γ detectors (see Fig. 4.1). The 20Na nuclei are
polarized in either east (+) or west (−) direction, using optical pumping.
The lifetime is extracted from the γ-decay rates for the two polarization di-
rections. The experimental method thus assumes that the electromagnetic
interaction is Lorentz invariant.

4.3.1 Nuclear detection

The ground state of 20Na decays with a halflife of 0.45 s by positron emis-
sion. 79% of the decays are Gamow-Teller transitions to the first excited
state of 20Ne (E = 1.63 MeV, Jπ = 2+). This state promptly decays with
a quadrupole γ transition to the 20Ne ground state. To be independent
of the intrinsic parity-odd emission of the positrons, we use the γ ray of
1.63 MeV to signal a decay. This γ ray contributes for more than 99% to
the photon spectrum above the annihilation radiation of 0.511 MeV and is
therefore the right probe for the selected Gamow-Teller transition.

For γ-ray detection we placed two large NaI detectors in the vertical
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Figure 4.1: Schematic view of the gas cell, detectors and laser setup. Left: front
view; right: top view.

plane. These detectors are placed approximately 75 mm away from the
center of the buffer-gas cell and have a diameter of 15 cm. The γ-detection
threshold was set at about 1 MeV, where the measured spectrum is rela-
tively flat, minimizing the dependence of the count rates on experimental
parameters such as gain shifts, drifting offsets and threshold fluctuations.
The contribution of the positrons (E ≤ 11.7 MeV) to the γ signal has been
strongly reduced by placing aluminum absorbers of 20 mm thickness in
front of the γ detectors. The placement of the γ detectors perpendicular
to the polarization axis reduces further the asymmetry caused by Brems-
strahlung photons.

For the determination of the polarization, β detectors are mounted on
the east and west side of the gas cell. The ∆E (NE-104) scintillator material
has 5 mm thickness and 44 mm diameter. Low-energy positrons (Eβ .
2 MeV) are stopped in the material between the gas cell and β detectors.

The 20Na beam was centered in between the main detectors by adjust-
ing the angle of a transmission foil in the incoming 20Na beam, maximiz-
ing the count rate in the γ detectors. The 20Na beam was pulsed with
beam “on” for 2 s and “off” for 2.1 s, respectively, of which the last 0.1 s
was used for switching the polarization. The polarization sequence con-
sisted of three such periods of 4.1 s: for unpolarized nuclei and for Ĵ±
polarization (see Fig. 4.2). Our data set contains 3×104 of such sequences,
with the γ detectors having 3.4× 104 counts on average in a 4.1 s period.
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Figure 4.2: The switching scheme of the 20Na beam and the polarization se-
quence. Gray areas denote the time window for changing the polarization state.

4.3.2 Polarization

The polarization of 20Na is achieved by optical pumping [54]. Details spe-
cific to the present experiment are also given in [53]. A solid-state laser sys-
tem (Toptica TA-SHG pro) provides laser light tuned to the 2S1/2 − 2P1/2
(D1) transition in 20Na adjusted for the absolute buffer gas pressure of
6.5 bar (λ = 589.782 nm). Pressure broadening of about 50 GHz mixes the
hyperfine levels. An optical fiber transfers the laser light to the optical ta-
ble near the gas cell (see Fig. 4.1). With a polarizing beam splitter (PBS) the
laser light is split into two beams with horizontal and vertical polarization.
A λ/2 plate, in front of the PBS, was adjusted to equalize the power of the
two laser beams to about 150 mW each, in principle sufficient to obtain
full nuclear polarization. With remote-controlled beam stops each laser
beam can be blocked. The beam paths are recombined by a second PBS.
After passing a beam expander, the beam has an approximately Gaussian
shape with a full width at half-maximum of 1.2 cm. A λ/4 plate converts
the horizontally and vertically polarized light to circularly polarized light
of opposite handedness. Silver mirrors guide the laser light through the
gas cell, passing fused silica windows with a view diameter of 29 mm. The
windows are surrounded with coils in Helmholtz configuration, provid-
ing a magnetic field of about 1.5× 10−3 T aligned with the laser beam.

The count rate in the β detectors is R±E/W ∝ 1 + AWu P Ĵ± · βE/W, with
AWu = 1/3 the β-asymmetry parameter [17]. Here P Ĵ± refers to the oppo-
site directions of the nuclear polarization with magnitude P . βE/W refers
to the velocity relative to the light speed of β particles measured in the
east (E) and west (W) detector, respectively. The acceptance in this setup
results in |〈Ĵ± · βE/W〉| = 0.99. The β asymmetry is obtained from the
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Figure 4.3: (a) The instantaneous β-decay rates averaged over all data of run III
for one of the β-particle detectors. The blue (upper) and red (lower) data points
are obtained with opposite polarization. The black data points (middle) are ob-
tained without polarization. The bin width is 1 ms. (b) The experimental β asym-
metry [Eq. (4.4)]. The data points have been binned to 100 ms, reducing statistical
scatter.
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This method for determining Aβ does not depend on detector acceptance
and beam intensity to first order.

The β asymmetry as obtained from the weighted average of all data
sets is shown in Fig. 4.3. In the first two seconds with beam “on” the
asymmetry reaches a plateau corresponding to P = 45%. With beam “off”
the asymmetry appears to decrease exponentially with a lifetime of order
one second. The loss of polarization can be mainly attributed to molecule
formation with residual chemically active reactants. A detailed account of
depolarization mechanisms is given in Ref. [53]. This reference also dis-
cusses why full polarization is not achieved. Compared to our previous
experiment, the buffer gas pressure has been increased by a factor 3 to
about 6.5 bar. This reduces both the size of the longitudinal stopping dis-
tribution and the diffusion by about a factor 3. At the beginning of the
experiment, natural 23Na was evaporated into the buffer gas, which in-
creased the polarization substantially. The evaporated 23Na is for bind-
ing the impurities, that would otherwise bind 20Na atoms. Whenever
the average polarization dropped during the experiment by about 20%,
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evaporation of 23Na was repeated. The polarization improved by a factor
2 compared to the previous experiment.

4.3.3 Additional measurements

The temperatures of several experimental components were recorded be-
cause the expected daily (near-sidereal) variation could introduce a sys-
tematic error mimicking a LIV signal. The temperature of the gas cell was
measured at the position of the 23Na dispenser with a thermocouple. The
other temperatures were measured with platinum resistance thermome-
ters. The temperature of a metal fence within two meters of the gas cell
is indicative of the temperature of the experimental hall. The tempera-
ture of the two large γ detectors was measured on the container of the
NaI crystal. The temperatures of the β detectors were measured on the
metal photomultiplier housing. Also recorded were the laser-light power
for both circular polarization directions using the photodiodes shown in
Fig. 4.1 and the absolute pressure of the buffer gas.

4.4 Analysis

Central to the analysis is a multiple-parameter description of the detec-
tor count rates to determine ∆LIV(t); its time dependence should have
a period of a sidereal day. Therefore, variations of experimental condi-
tions on much shorter timescales are reduced by averaging the polariza-
tion sequences over a time span of 17 minutes, which we refer to as a
slice. Each slice has sufficient counting statistics to perform a multiple-
parameter analysis. Data-taking took place during three periods of sev-
eral days, separated by one month each. These data sets (labeled I–III)
have been analyzed separately using the same procedures. To perform a
blind analysis we randomized the time order of the slices and determined
∆LIV for each slice (Section 4.4.1). After ∆LIV is determined we apply sys-
tematic corrections associated with experimental drifts (Section 4.4.2). The
effective polarization is also accounted for (Section 4.4.3.1). After estab-
lishing all analysis procedures, the slices were reordered and analyzed for
a possible sidereal variation.
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4.4.1 Determining ∆LIV

The γ decay rates (see Fig. 4.4) were modeled in detail. A single 4.1 s pe-
riod adds

Rγ(t) =

A(1− e−t/τ ), t < T,

A(eT/τ − 1)e−t/τ , t ≥ T
(4.5)

to the total decay rate, with A the normalization parameter, τ the lifetime
parameter and T = 2 s “on” time of the beam. To include the contributions
from all previous beam “on” periods, Eq. (4.5) is modified. The resulting
expression is given in Appendix A. During the beam “on” period, prompt
γ rays from the production target and primary beam stop added to the de-
tector rate. This rate (parameter Aon) was modeled with a block function
following the time structure of the beam and was typically 15% of the rate
maximum. Long lifetime components can be modeled as a constant back-
ground (Abg), typically 5–6% of the maximal rate. These two background
parameters are independent of polarization.

We include two polarization dependencies in the γ count rates as

R±γ (t) = R0
γ(t) [1 + P (t)(K ± L)] . (4.6)

For each detector R0
γ(t) is the count rate for no polarization and R±γ (t) is

the count rate for Ĵ± polarization. P (t) is parametrized with a polariza-
tion rate τ−1

pol , a polarization-decay rate τ−1
depol, and a normalization P0. The

rate τ−1
pol is fixed for each run; the latter two parameters are left free. The K

and L parameters determine the strength of parity even and odd decay-
rate contributions, respectively. The rate-enhancement K results from the
emission pattern for the quadrupole γ transition of the first excited state of
the daughter nucleus 20Ne to the ground state. The quadrupole pattern in

the decay of fully polarized nuclei 2+ GT β−→ 2+ E2 γ−→ 0+ has an enhancement
perpendicular to the polarization direction of 25% compared to isotropic
emission [55]. This enhancement is 10% when integrating over the ac-
ceptance of the γ detectors. The enhancement can be seen in Fig. 4.4(b)
where γ rates with and without polarization are compared. It follows the
polarization with a plateau value for K P (t) of 4.5% consistent with the
observed maximum polarization of 45%. K is left free for both detectors
separately (K1, K2) in the fitting procedure.
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Figure 4.4: Experimental γ-rate data averaged over run III.
(a) The red and blue data points are instantaneous γ rates measured in 1 ms, ob-
tained for opposite polarization directions. The blue points are mostly invisible,
because they lie under the red points. The black data points below these are ob-
tained without polarization. The sudden drop in count rate at T = 2 s is a result
of a count rate background which is only present when the production beam is
on.
(b) The presence of the termP (t)K in Eq. (4.6) as seen from the difference between
the γ rates with and without polarization. The data follow the β asymmetry in
Fig. 4.3. The jump at T = 2 s is again due to the beam related background. The
data were binned to 100 ms.
(c) A small parity-odd dependence P (t)L in Eq. (4.6) can be seen from the differ-
ence between the γ rates obtained with opposite polarization. It has an instru-
mental origin. The data were binned to 100 ms.
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Parameter
Detector

γ1 γ2 γ3

Rate normalization A1 A2 A3
Prompt background Aon,1 Aon,2 Aon,3

Background Abg,1 Abg,2

Rate normalization 19Ne A19Ne
Rate-dependence α1 α2 α3
Quadrupole parameter K1 K2

Common for (γ1, γ2)
Lifetime difference ∆τ
Asymmetry parameter (?) L

Normalization polarization P0
Polarization rate (?) τ−1

pol

Polarization decay rate τ−1
depol

Common for (γ1, γ2, γ3)
Overall lifetime τ0

Table 4.1: Overview of parameters to describe the various detector count rates
and the polarization. The parameters are determined per 17 minute data slice,
except for the parameters L and τ−1

pol (?) which are fixed for each of the three runs
(see text).

The parameter L describes a parity-odd dependence in the γ rates and
should be absent in an ideal experiment. However, in Fig. 4.4 (c) it can be
seen that such dependence exists and reaches a value LP (t) ≈ 0.0022, i.e.,
L ≈ 0.005. This can be attributed to the asymmetric distribution of matter
around the setup, where positrons annihilate and add to the γ signal. An-
other source of asymmetry could be imperfect balancing of the opposite
polarizations. In practice we use L as the final tuning parameter making
the time average 〈∆LIV(t)〉 = 0. The direct connection with the actual pa-
rameter is thereby lost and other aspects of the setup asymmetry enter.
The largest value of L = 0.015 is three times larger than expected on the
basis of the count-rate distributions alone. Systematic dependencies and
errors in ∆LIV(t) are discussed in Section 4.4.2.

Most of the 19Ne is stopped in the entrance foil to the gas cell. No
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Figure 4.5: A typical fit to a γ-rate spectrum of a single slice of 17 minute data.
The fitted lines cover the data, measured as instantaneous rate in 10 ms. The over-
lapping blue and red (upper) data points are obtained with opposite polarization.
The black (lower) data points are obtained without polarization. The time region
(0–0.21) s where the polarization may not have lost memory of the previous 4.1 s
polarization period is excluded from the fit. In addition, the region (1.98–2.02) s
where the beam is switched from “on” to “off” is excluded. The bottom graph
shows the residuals χ = (data− fit)/σdata.

contribution with a 19Ne lifetime was found in the β detectors. To monitor
the running conditions an auxiliary detector with threshold below 511 keV
was placed close to the entrance foil. About 72% of the count rate of the
auxiliary γ detector consists of 19Ne decays with T1/2 = 17 s. For this
detector, K = L = 0, also ∆τ = 0. Including the auxiliary detector in the
fitting routine improved the overall χ2 for all data slices.

Finally, taking into account the effects of pile-up, dead time and rate-
dependent gain, a term quadratic in count rate was added with a propor-
tionality α. The apparent maximal pile-up was typically 5%. An overview
of all parameters is given in Table 4.1. We use a χ2 minimization to fit the
set of parameters, except L and τpol, simultaneously to the nine count-rate
spectra R0,+,−

γ1,2,3 (t) where ∆τ ≡ (τ−− τ+)/2 of the three detectors and three
polarization states for each slice of data of 17 minutes.

A typical fit of γ-rate spectra is shown in Fig. 4.5. The residuals of the
fit show the appropriate statistical scatter. The lifetime τ0 was found to be
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about 4% smaller than the literature value of 0.45 s.
To obtain an initial value for ∆LIV we use ∆τ/[τP (t = 2)], this value is

too large in view of depolarization, as we will argue in Section 4.4.3, where
we also discuss how to correct for this effect.

4.4.2 Systematic corrections to ∆LIV

The parametrization of the γ rate does not explicitly account for drifts
in the experimental equipment. Therefore, ∆LIV still depends in an in-
tricate way on temperature, cell pressure, etc. These can have day-night
dependencies that appear as sidereal variation in ∆LIV. Their values were
recorded in parallel with the data taking. In the following we refer to these
as external parameters. We use average values for each 17 minute slice.

We consider the correlations between ∆i
LIV and parameters pij , where

the index i refers to the individual 17 minute slices. pij is the corresponding
average value of an external parameter j such as temperature and pres-
sure. Using vector notation for the data set {i}, the correlation is given
by Dj = 〈∆LIV · pj〉. This value can be established without unblinding
the data. The most relevant correlation was found to be the asymmetry in
laser power for both polarizations which is shown in Fig. 4.6. The depen-
dence on the parameters j is removed from the data by redefining ∆LIV as
∆′LIV = ∆LIV −Dj pj . We first remove the dependence on the laser asym-
metry (j = las). Because most parameter drifts are temperature driven, we
also make sure to remove the correlations 〈plas ·pk〉 among the remaining
parameters k. An example is the correlation between pressure in the gas
cell and its temperature, as shown in Fig. 4.7. Of course, a correlation be-
tween pressure and temperature is to be expected. To see whether other
parameters j are relevant we repeat the procedure with the corrected data.
In Appendix 4.B we give a formal account of the correction procedure and
the criteria used.

It is not unlikely that one or more of the parameters has an appar-
ent sidereal dependence. Its amplitude Aj can be determined by fitting
Aj sin(Ωti + φ) to pij . If DjAj is significantly deviating from zero, the pro-
cedure described above might also partly remove the actual LIV signal,
as we will discuss in Section 4.4.3. This correction procedure is a cru-
cial step in the analysis. The laser asymmetry was found to drift with
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Figure 4.6: The dependence of ∆LIV on the asymmetry of the power of the laser
for opposite polarizations (defined as fraction of the difference over the sum).
This indicates that the polarizations were not completely balanced throughout
the experiment. The laser asymmetry itself was found to be temperature depen-
dent. Therefore, it is also a measure of the temperature of the experimental hall.
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Figure 4.7: Correlation between pressure and temperature in the gas cell. The pa-
rameters shown already have the correlation with the laser asymmetry removed.
The error on the data points are about 1 × 10−2 ◦C and 1 mbar, indicating that
other environmental parameters play a role in the data scatter.

the ambient temperature and would have resulted in a sidereal signal of
DlasAlas = (−2.0± 0.3)× 10−4.

Data set III has the highest statistical power. For this data set also less



42 4. Test of Lorentz invariance in β decay of polarized 20Na

Parameter j Dj/σDj
DjAj (×10−5)

N̂1 N̂2

γ2 temperature 1.1 −1.3 0.4
β2 temperature 0.68 −0.5 −1.8
β1 temperature 1.2 1.3 0.0
Laser average 1.1 1.2 0.8
γ1 temperature 0.96 −1.5 −1.0
Beam intensity 0.88 0.3 1.3
Hall temperature 0.14 −0.3 0.0
σcorr 2.7 2.6

Table 4.2: Systematic uncertainties for data set III due to the parameters ∆LIV was
not corrected for. The last two columns indicate the correlation Dj multiplied by
the sidereal amplitude Aj components in the N1 and N2 direction. The order
of the parameters is a result of the decorrelation procedure where initially the
temperature of the γ2 detector had the largest Dj/σDj . σcorr is the sum of DjAj
added in quadrature.

significant corrections for pressure and temperature of the buffer gas were
made. The first two data sets with much lower statistics allowed only for
the laser power correction. Similarly we determine the magnitude DjAj
for the remaining parameters that were not significant enough to give a
noticeable effect on ∆LIV. Applying the decorrelation procedure among
these remaining parameters we find the magnitudes DjAj . The individ-
ual values for data set III are shown in Table 4.2. We take the sum over
remaining parameters σcorr =

√∑
j(DjAj)2 as the remaining systematic

uncertainty of the correction procedure.

4.4.3 Experimental sensitivity

There are two aspects that affect the sensitivity of the measurement. They
are the time dependent depolarization and the possibility of accidental
removal of the sidereal signal by the correction procedure as described in
the previous section.
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4.4.3.1 Depolarization dependence

The sensitivity to depolarization is parametrized with Peff. As we showed
in Ref. [53] the polarization of the 20Na sample can be characterized by
a time τpol ≈ 40 ms for each particle to become polarized after it enters
the gas cell and a depolarization time τdepol ≈ 1–4 s. The latter depends
on the gas condition and whether the beam was “on” or “off” (cf. Fig. 4
of [53]). Therefore, a Monte Carlo simulation was done to find the effective
polarization to be used with Eq. (4.2). In the Monte Carlo simulation, test
particles appear in the gas cell with a constant rate until T=2 s. Upon en-
tering they polarize with a rate τ−1

pol and depolarize with τ−1
depol, resulting in

a time-dependent polarization Pn(t); cf. Ref. [53]. The test particles decay
with a probability of [τ(1± Pn(t)δτ)]−1, where δτ is chosen appropriately
small. The accumulated spectra are fitted with a decay time τ(1 ± Peffδτ)
in the region T > 2 s, from which Peff is obtained. We also determine the
dependence of Peff on the polarization decay parameter τdepol with these
simulations. We find that the weighted average over the three runs to be
τdepol = 1.3± 0.3 s for which Peff = (0.79± 0.09)P (t = 2) is a good repre-
sentation of the data taken where P (t = 2) is the value from the actual fit
of a particular time slice, as discussed in Section 4.4.1.

4.4.3.2 Impact of the correction for systematic errors

The procedure for correcting systematic errors could remove part of an
actual LIV signal in ∆LIV(t), thus reducing the experimental sensitivity.
After unblinding the data and measuring the limits on the LIV ampli-
tudes (ξN1, ξN2), we investigated the extent to which this happens. We
refer to Appendix 4.C for the formal aspect. We added small amounts of
artificial sidereal variation with amplitudes (δ(ξN1), δ(ξN2)) to the data
points ∆i

LIV. The entire analysis procedure is then rerun and by fitting
the sidereal amplitude again it is established which fraction can be recov-
ered. This procedure is repeated for a set of values (δ(ξN1), δ(ξN2)) to
map between the final solution plane (ξN1, ξN2) and the observed solu-
tion plane. The set of values (δ(ξN1), δ(ξN2)) is such that all points within
the 1σ confidence region of the measurement are reached in the observed
solution plane. The final values (ξN1, ξN2) are obtained by scaling the
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Figure 4.8: The LIV observable ∆τ
τ

1
Peff

versus local sidereal time for data set III.
For this figure data were binned to 8 bins of 3 sidereal hours width. Vertical error
bars indicate the statistical uncertainty only. The curved line y(t) = ξN1 cos Ωt+
ξN2 sin Ωt was fitted to the data. The fit result has χ2/ndf = 3.2/6 with p = 78%.
Both ξN1 and ξN2 are consistent with zero (see Table 4.3).

measurement with the inverse of the recovered fraction for the N1 and N2

directions separately. The bounds on ξN1 and ξN2 increase maximally
49%.

4.5 Results and interpretation

∆LIV for data set III as a function of time modulo one sidereal day is shown
combined in Fig. 4.8. No significant signal for LIV has been found, which
yields an upper limit on the LIV amplitude |ALIV| = ξ

√
(N1)2 + (N2)2.

The measurements for data sets I–III are then scaled to correct for the sys-
tematic corrections reducing sensitivity (Section 4.4.3.2). The limits on the
LIV amplitudes are shown in Table 4.3 together with the statistical and
systematic uncertainties. The uncertainties in L [Eq. (4.6)] are 26%, 10%,
and 3% for data sets I, II, and III, respectively. The correlation between L
and the LIV amplitudes (ξN1, ξN2) leads to an uncertainty in the latter,
listed as σasymm in Table 4.3. It constitutes 8–26% of the total uncertainty
for data sets I and II, while being negligible for data set III.

The analysis considers the cosine and sine components separately. This
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Data set
{
ξN1

ξN2 (×10−4) σstat (×10−4)
Systematic uncertainties

σcorr (×10−4) σasymm (×10−4)

I
{
−2.9
−0.8

4.1
5.5

8.8
5.3

0.4
1.6

II
{
−3.4
−5.2

3.7
2.6

4.3
3.2

1.5
1.3

III
{
−0.1
0.6

0.7
0.9

0.4
0.7

0.0
0.0

Average
{
−0.1
0.2 σavg (×10−4)

0.8
1.1

Table 4.3: Limits on the sidereal amplitudes for Lorentz-invariance violation. The
standard deviations refer to the statistical and two systematic uncertainties de-
scribed in the text.

enabled combining the three data sets while preserving phase informa-
tion. Statistical and systematic uncertainties are combined by quadrati-
cally averaging the measurements I to III to obtain sidereal amplitudes
ξN1 = (−0.1 ± 0.8) × 10−4 and ξN2 = (0.2 ± 1.1) × 10−4. This sets a 90%
C.L. limit on sidereal amplitude variations of |ALIV| < 2× 10−4.

This result is interpreted within the framework that was developed
in Ref. [9]. The W-boson propagator is modified by adding a general
Lorentz-invariance violating tensor χµν to the metric tensor. Evaluating
the vector-axial-vector (V-A) theory for β decay with this modification, ob-
servables can be found that break Lorentz (and possibly CPT ) invariance.
In this framework the relative lifetime difference in Eq. (4.2) is given by
∆LIV = −AWu χ̃i · Ĵ . The vector χ̃i is defined in the laboratory frame with
components χ̃ki ≡ =(εklmχlm), where k, l,m are the spatial indices and the
subscript i labels the imaginary part. Our experiment is exclusively sensi-
tive to imaginary parts of χ.

To make the result independent of the laboratory frame we transform
the tensor χ to the sun-centered frame of [11]: χ̃i → X̃i. For the present
setup with east-west polarization, the limit on |ALIV| results in a limit
[(X̃X

i )2 + (X̃Y
i )2]1/2 < 6 × 10−4. Superscripts X,Y, Z refer to the spa-

tial coordinates in the sun-centered frame. This limit is obtained by 90%
coverage of a two-dimensional Gaussian, |X̃X

i |, |X̃Y
i | < 4× 10−4.
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Description Coefficient 90% C.L.
∆τ
τ

1
Peff

(t) |ALIV|, this work < 2× 10−4

|ALIV|, previous work [15] < 3× 10−3

χ tensor [9] |X̃X
i |, |X̃Y

i | < 4× 10−4

SME [11, 9] |XXZ
i | =

∣∣∣(kAφφ)XZ + 1
2g (kφW )XZ

∣∣∣ < 2× 10−4

|XY Z
i | =

∣∣∣(kAφφ)Y Z + 1
2g (kφW )Y Z

∣∣∣
Table 4.4: Limits on sidereal amplitudes of ∆LIV at 90% C.L. and the correspond-
ing limits for the χ tensor formalism and the SME parameters in the sun-centered
frame.

We interpret the result in the SME where χµν∗ = χνµ up to order
1/M2

W for β decay (MW is the W-boson mass) [9]. Using X̃X
i = 2XY Z

i and
X̃Y
i = 2XZX

i we find the 90% confidence limits |XY Z
i |, |XXZ

i | < 2× 10−4.
The various limits with references to their definitions are summarized in
Table 4.4.

4.6 Conclusions and discussion

No significant polarization-dependent LIV in the decay rate of 20Na was
found at 2× 10−4 (90% C.L.).

Bounds on the LIV coefficients from other β-decay experiments have
been expressed in the theoretical frameworks of Refs. [9] and [11]. Very
strong limits were derived [10] from experiments [13, 14] searching for an
anisotropy of “forbidden” β decays. Limits on combinations of real and
imaginary coefficients of χ of order 10−8 were found. In absence of fine
tuning, these strong limits apply also to the coefficients measured in this
work. The present bounds are, however, uniquely linked to the imaginary
part of χ, avoiding possible cancellations of coefficients by fine tuning.
Combining Eq. (8c) of [10] with limits from pion data [56] reduces but
does not eliminate the possibility of fine tuning.

With the present method further reduction of the LIV limit could be
obtained by higher polarization, higher particle yields, and a longer mea-
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surement time. Use of segmented detectors reduces coincident summing
and, therefore, reduces systematic effects related to positron contamina-
tion of the γ signal. Intense particle sources could be provided by ad-
vanced radioactive-beam facilities.

Alternative methods to obtain direct limits on LIV parameters in the
weak interaction are very possible. A discussion of possible measure-
ments is given in [22]. For experiments exploiting orbital electron capture
a discussion is in [21]. We note that there are as yet no values for χ0l

i . This
requires measurement of the coincidence rate of γ particles and of β parti-
cles perpendicular to the polarization axis, in a setup similar to the present
one.



48 4. Test of Lorentz invariance in β decay of polarized 20Na

4.A Formula for the γ-detector rate for repeated data
cycles

While the sodium is introduced to the buffer-gas cell it will decay. The
basic decay rate given in Section 4.4.1 is modified by consecutive periods
(duration P = 4.1 s) of beam “on” (duration T = 2 s) and beam “off”
(duration T ′ = 2.1 s) so that

R(t) =A(1− e−T/τ )e−t/τ× e−T
′/τ

1− e−P/τ
+


et/τ−1

1−e−T/τ if t < T

eT/τ if t ≥ T

 , (4.7)

with A the scaling parameter and τ the 20Na lifetime. The first term de-
scribes decay of sodium nuclei remaining from the previous periods which
was approximated with an infinite sequence. If there were only N previ-
ous periods the error of this approximation is e−(N+1)P/τ .

4.B Procedure used for systematic correction

This appendix describes the correction procedure to correct data points
∆i

LIV for a correlation with a separately measured parameter j using its
value pij . We use the vector notation for the set {i} and drop the subscript
“LIV”. We start with the following Ansatz:

∆ = ∆R +
∑
j

Djpj , (4.8)

where ∆ are the measured values for each slice and ∆R is the true LIV
signal. The sum contains contributions from parameters j that have an
impact of Dj on the value of the LIV signal but that could not be modeled
in the fit of the time-dependent γ rates. The data are renormalized so that

〈∆〉 = 〈pj〉 = 0 . (4.9)

The correlation (∆,pj) is

D′j = 〈pj ·∆〉
〈p2

j 〉
. (4.10)
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Inserting Eq. (4.8) into Eq. (4.10) one finds

D′j = Dj +
〈pj ·∆R〉+

∑
j 6=kDj〈pk · pj〉
〈p2

j 〉
. (4.11)

Correcting ∆ for parameter j one finds

∆→∆′ = ∆−D′jpj

= ∆R −
〈pj ·∆R〉+

∑
k 6=j Dj〈pk · pj〉
〈p2

j 〉
pj

+
∑
k 6=j

Dkpk . (4.12)

Therefore, the correction is successful when there is no residual correlation
〈pj ·∆R〉 or 〈pk · pj〉.

It is clear that if there are several parameters that are driven by a com-
mon parameter, e.g. a temperature, we cannot use the raw values of pk.
Instead one should remove the correlations so that 〈pkpl〉 = 0. This can be
done analogously:

p′k = pk −
〈pk · pj〉
〈p2

j 〉
pj . (4.13)

If 〈pj ·∆R〉 6= 0 it appears that one could remove the actual LIV signal.
This aspect cannot be studied with blinded data. After unblinding the
data one can add an artificial amount of sidereal signal and determine to
what extent it is removed in the correction procedure. This is then taken
into account in the final result as a reduced sensitivity. This is discussed in
the next section of this appendix.

We have not yet considered the statistical uncertainty of the data for
clarity of argument. Here we modify the expressions above to include
the uncertainty analysis. In this case the coefficients Dj are obtained in a
least-squares procedure using the errors σ in ∆. Using the full notation
one has

Dj =
∑
i

∆i
LIVp

i
j

(σi)2∑
i(
pij
σi

)2
with error σDj = 1√

1
N

∑
(p
i
j

σi
)2
. (4.14)
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These expressions require as in Eq. (4.9) that
∑ ∆i

LIV
(σi)2 = 0, which is the case

by definition, and although the pij are normalized using
∑
pij = 0 also∑

(p
i
j

σi
)2 ≈ 0.

The order in which the corrections on ∆ are done as in Eq. (4.12) for its
dependence on parameter j is based on the significance Dj/σDj . First the
most significant correction is taken, using the parameter j with the largest
value Dj/σDj . Also all parameters k, (k 6= j) are corrected as in Eq. (4.13).
The modified ∆LIV and pj are then used to search the next most significant
contribution. This procedure is repeated with the remaining parameters
until there is no parameter left with Dj/σDj > 3. This cutoff is used to
avoid overcorrection on statistically insignificant dependencies.

The errors in ∆ are propagated as

σ′LIV =
√
σ2

LIV + (σDjpj)2 + (Djσpj )2 . (4.15)

From this it can be seen that only parameters j with significant values of
Dj should be considered in the correction procedure.

The strong selection on the parameters that are considered for a cor-
rection of the LIV signal may mean that corrections are incomplete. For
this we consider the set of parameters j′ that were not used in the cor-
rection procedure and determine their maximal contribution to a sidereal
amplitude ignoring the phase, which is Dj′Aj′ . This allow us to access
the systematic error in our procedure by selecting again the largest con-
tribution Dj′/σDj′ , applying the correction of Eq. (4.13) and observing the
convergence of these errors to a common noise level.

4.C The sensitivity factor

To find to which extent a true ∆R could be removed due to a finite value
of 〈pj ·∆R〉 in Eq. (4.12), consider the following. One can write

pj = Aj∆R + s , (4.16)

where the parameter has a time dependence identical to the sidereal fre-
quency of ∆R with magnitude Aj and we assume a contribution s that is
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effectively stochastic. The amount removed from ∆R is then

〈Aj∆2
R + s∆R〉

〈A2
j∆2

R + s2 + 2s∆R〉
(Aj∆R + s) . (4.17)

Therefore, if the parameter has no stochastic part, i.e. s = 0, the entire
signal will be removed. However, in the more usual case 〈s2〉 � 〈A2

j∆2
R〉,

a much smaller fraction of ∆R is lost, i.e., 〈A2
j∆2

R〉/〈s2〉. In this work the
sensitivity factor is obtained by adding an artificial sidereal dependence
and determining how much of this added signal survives the correction
procedure; this is defined as the sensitivity factor.





Chapter 5

Summary, Outlook and Conclusions

5.1 Summary

The SM is a highly successful description of the interactions between the
fundamental particles. Lorentz invariance is assumed to hold for the SM
and this property is very well tested in general, but relatively few experi-
ments have tested LIV in the weak interaction. This important assumption
should be subject to scrutiny and is tested in this thesis.

We have shown that in β decay, to first order and neglecting boost
terms, LIV would lead to an apparent preferred direction of decay. The
nuclear spin and the β momentum dependence of the decay rate on such
direction can be measured efficiently.

We have performed an experiment that searches for spin dependence,
improving an earlier experiment that had limited statistical precision and
indicated sources of systematic uncertainty that would have limited exper-
iments with more yield. The experiment of this thesis has higher statistical
precision while eliminating or reducing sources of systematic uncertainty.

The experiment used 20Na. This is a β emitter with a 2+ → 2+ GT
transition. The daughter nucleus 20Ne subsequently emits γ radiation
(Eγ = 1.63 MeV). The 20Na nucleus is polarized via optical pumping with
a solid-state laser resulting in polarization in east (+) or west (-) direc-
tion. The polarization is determined from the SM β asymmetry, which
is obtained from the β rates measured with detectors that are positioned
east/west. The LIV signal is obtained from the 20Na lifetime τ by de-
tecting the γ rays. It is defined as the sidereal variation of ∆τ/(τPeff) in
Section 4.2, where Peff is the effective polarization.

The experiment comprised the following methods to suppress system-
atic uncertainty:

• the enhancement of the signal relative to the background by various
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methods such as measuring the lifetime difference of 20Na polarized
in +/- directions (instead of measuring the 20Na decay rate);

• the inference of the 20Na lifetime by measuring the γ emission of
20Ne?;

• a photon-detection threshold above the annihilation radiation ofEγ =
0.511 MeV;

• requiring that the LIV signal has a sidereal frequency;

• prejudice on the outcome of the experiment was limited by perform-
ing a blind analysis.

Two aspects were of particular importance in the analysis. First, the
measured lifetime correlates with the time dependence of the polarization.
To understand this dependence, various processes in the fiducial volume
that play a role in the polarization were considered. Most important are
chemical processes. These processes are described in Chapter 3.

Secondly, we found correlations between the LIV signal and a selec-
tion of environmental parameters, i.e. parameters that were not part of the
parametrization of the γ rates used to extract the LIV signal. The most im-
portant of these was found to be the difference in laser power used for the
two polarization directions (+/-). These dependencies were corrected for
by using the blinded data sets, after determining how the corrections af-
fect the measurement, as described in Section 4.4. We inferred that some of
the parameters vary due to temperature. This is based on the observation
that the environmental parameters were correlated with each other, and
one of the environmental parameters was a temperature measurement.

We obtained for spin-dependent LIV the bound |ALIV| < 2 × 10−4 at
90% confidence level. This result stands independent of theory. In the χ
tensor framework, the resulting bounds are (Section 4.5)∣∣∣X13

i

∣∣∣ < 2× 10−4 , (5.1)∣∣∣X23
i

∣∣∣ < 2× 10−4 . (5.2)

The χ tensor formalism can be used to relate results of different ex-
periments involving weak decay. An overview of experiments is given in
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Experiment Measurement Limit (90% C.L.)
This thesis ∆τ

τ
1
Peff

(t) 2× 10−4

Forbidden β decay [10] δ(β rate)(θlab) 1.6× 10−7

Pion β decay [56] ( 1
P
dP
dΓ )∆Γ 2.5× 10−5

Kaon decay [19] ∆τ
τ in CMB dipole 2.5× 10−3

Muon decay [57] Michel parameter −7 × 10−4 < %exp − %SM

< 2× 10−4

Table 5.1: Limits from experiments that searched for LIV. Limits have been recal-
culated at 90% C.L..

Table 5.1. In fact there are 15 independent coefficients making up χµν , for
which bounds need to be measured.

The current bounds are mostly due to the experiment of Newman and
Wiesner [13], as the analysis in Ref. [10] showed. This experiment searched
for a dependence of the decay rate on the β direction with a high-intensity
source and set limits smaller than 10−8 on several components of χ. This
experiment measured the β current instead of counting the individual
β particles. The other pioneering experiment searching for β-direction-
dependent LIV is described in Ref. [14]. The limits in Ref. [10] are at 95%
C.L.; we adopt 90% C.L. for the following limits. We assume χµνr (χµνi )
symmetric (antisymmetric) in µ↔ ν. Then

−3× 10−9 < 2X30
r − 2X12

i < 2× 10−8 , (5.3)

−3× 10−6 < 3X33
r −X00

r < 7 × 10−7 , (5.4)[
(2X20

r + 2X13
i )2 + (2X10

r − 2X23
i )2

]1/2
< 3× 10−8 , (5.5)[

(2X13
r )2 + (2X23

r )2
]1/2

< 1× 10−6 , (5.6)[
(2X12

r )2 + (X22
r −X11

r )2
]1/2

< 1× 10−6 . (5.7)

One practice in giving bounds is putting all coefficient values to zero ex-
cept for one. In that case one can read off the limits from Eqs. (5.3–5.7). We
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write the result in the form |Xµν
i,r | < 10x, where we round off x. We obtain

|χµνr | <


10−6 10−8 10−8 10−8

10−8 10−6 10−6 10−6

10−8 10−6 10−6 10−6

10−8 10−6 10−6 10−6

 , (5.8)

and

|χµνi | <


� − − −
− � 10−8 10−8

− 10−8 � 10−8

− 10−8 10−8 �

 . (5.9)

Here “−” indicates that there are no limits and “�” indicates that there is
no such entry.

Another practice in giving bounds is to allow all coefficients free so that
cancellations can occur. These limits follow mostly from the combination
of the analysis [9] of the forbidden β decay experiment [13] and pion β

decay [56]. Specifically, the limits of Ref. [56] are∣∣∣−1.4X01
r − 0.82X13

r − 0.81X02
r − 0.46X23

r

∣∣∣ < 2.5× 10−5 , (5.10)∣∣∣0.81X01
r + 0.46X13

r − 1.4X02
r − 0.82X23

r

∣∣∣ < 2.5× 10−5 , (5.11)∣∣∣0.17(X11
r −X22

r )− 0.58X12
r

∣∣∣ < 2.5× 10−5 , (5.12)∣∣∣−0.30(X11
r −X22

r )− 0.35X12
r

∣∣∣ < 2.5× 10−5 . (5.13)

We also use the limit

−4.0× 10−4 < X00
r − 0.404

(
X03
r + 0.25X12

i

)
< 1.3× 10−3 , (5.14)

obtained from muon decay [57]. In the limits from kaon decay it is as-
sumed that the central value is zero. The limits from kaon decay are [19]∣∣∣−0.97X01

r + 0.22X02
r − 0.11X03

r

∣∣∣ < 1.3× 10−3 , (5.15)∣∣∣0.12X01
r + 0.82X02

r + 0.56X03
r

∣∣∣ < 2.9× 10−3 , (5.16)∣∣∣0.22X01
r + 0.52X02

r − 0.82X03
r

∣∣∣ < 2.4× 10−3 . (5.17)
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If we exclude the bounds of this thesis given in Eqs. (5.1, 5.2) then the
combination of the bounds of Eqs. (5.3–5.7, 5.10–5.17) leads to bounds on
several of the coefficients of χµν ,

|χµνr | <


10−2 10−3 10−3 10−2

10−3 − 10−4 10−2

10−3 10−4 − 10−3

10−2 10−2 10−3 10−3

 , (5.18)

and

|χµνi | <


� − − −
− � 10−2 10−2

− 10−2 � 10−2

− 10−2 10−2 �

 . (5.19)

Limits on X11
r , X

22
r could not be obtained, since only their difference

X11
r −X22

r appears in the inequalities.
Including our bounds, Eqs. (5.1, 5.2), leads to

|χµνr | <


10−3 10−3 10−3 10−3

10−3 − 10−4 10−3

10−3 10−4 − 10−3

10−3 10−3 10−3 10−3

 , (5.20)

and

|χµνi | <


� − − −
− � 10−3 10−4

− 10−3 � 10−4

− 10−4 10−4 �

 . (5.21)

If we compare Eqs. (5.20, 5.21) with Eqs. (5.18, 5.19), we see that the limits
obtained in this thesis have improved the bounds on X13

i and X23
i with

one order of magnitude in the case of minimal constraints. The limits on
the coefficients X00

r , X30
r = X03

r , X31
r = X13

r and X21
i = X12

i have de-
creased as well. In both cases we found the limit |X11

r −X22
r | < 10−4. Our

numerical analysis appears to indicate that the bounds in Eqs. (5.18, 5.19)
are not reliable i.e. the number of constraints is too low. With the added
limits of this thesis the results are robust.
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5.2 Outlook

There are various options to expand the search for violations of Lorentz
invariance and for improving limits on χ. These are the measurement of
coefficients χ0k

i that have not yet been measured, the improvements of
current experiments, and new experimental methods, which will be dis-
cussed in the following.

5.2.1 Missing coefficients

First, we note that the components χ0k
i are not yet measured. Inspecting

Eq. (2.4) one observes that the terms which contain χ0k
i are available via the

terms χk0i (p × I)k. In Ref. [22] it is discussed how these can be accessed
through the correlation of Ĵ × p̂e and a component of χ. One possible
observable is the asymmetry measured with polarized nuclei. We suggest
decays of pure GT transitions,

AβJ,GT = W ↑LW
↓
R −W

↑
RW

↓
L

W ↑LW
↓
R +W ↑RW

↓
L

= −2A
(
χ0k
i ε

klm − χlmr
)
P Ĵ l

pme
Ee

. (5.22)

HereWL,R is the rate of β particles in the opposite left (L) and right (R) di-
rections and the nuclei polarized perpendicular ↑ (↓) Ĵ to this direction. A
measurement of a pure GT decay with J → J −1 is preferred to maximize
the β asymmetry parameter A.

The full expression for the β-decay rate in Ref. [9] has another term
with χ0k

i that can be used to construct a relevant observable for our pur-
pose. For pure F decay this is the asymmetry [22]

Aβν.F = W ↑LW
↓
R −W

↑
RW

↓
L

W ↑LW
↓
R +W ↑RW

↓
L

= 4χ0k
i ε

klm ple
Ee
p̂mν . (5.23)

WL,R is the rate of β particles in the opposite left (L) and right (R) di-
rections, where instead of the neutrino direction p̂ν the direction of the
recoiling nucleus is detected in the perpendicular ↑ (↓) direction. Because
there are no limits on χ0k

i , any measurement would set new limits.



5.2. Outlook 59

5.2.2 Improving current experiments

5.2.2.1 Measurements that use polarized sources

For single-laser optical pumping of an alkali metal for the measurement
of χi, 20Na is the best isotope. Other isotopes can be considered by using
techniques such as optical pumping with two lasers or polarization trans-
fer in a buffer gas. The use of segmented γ detectors could limit the con-
tamination of the γ signal by coincident summing with positrons, which
reduces systematic errors. For β decay with a polarized source [9] the ratio
between LIV and SM decay rates is

ΓLIV

ΓSM
= 2ω2 · P Ĵ , (5.24)

with ωk2 = K̆(χ0k
r − χk0r ) − L̆χ̃ki . The expressions for K̆, L̆ are given in

Ref. [9]. With the assumption that χ0k = χk0, we find ωk2 = −2L̆χ̃ki . For a
pure GT transition L̆ = −1

2A. This results in the asymmetry

W← −W→

W← +W→
= APχ̃i

kĴk , (5.25)

where W←,W→ are the decay rates for opposite polarization directions.
This asymmetry also holds for mixed transitions with A the β-asymmetry
parameter for mixed transitions. These will be reduced in magnitude
depending on the amount of F/GT mixing. Because in the experiment
AP is measured from the β asymmetry, the mixing does not need to be
known. The advantage could be that effectively a higher sensitivity might
be achieved.

The largest systematic errors in our measurement were related to fluc-
tuations of the laser power and of the buffer gas conditions. These can
be reduced by taking it into account in the analysis of the primary observ-
ables instead of the post-analysis as done here. They could also be reduced
in a temperature-controlled environment.

The polarization in this experiment was maximally about 50% and was
time-dependent. We considered an experiment in which the beam is al-
ways on. However, this complicates the experiment because then the life-
time measurement is not possible and one would have to measure the
difference between production rate and decay rate. If these complications
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could be overcome, an experimental design that has high, constant po-
larization could improve the statistical precision, but not by more than a
factor four.

Extending the run-time of the experiment to about a year would gain
only about one order of magnitude in statistical precision, compared to the
experiment of this thesis. Of course, this experiment could be improved
in statistical precision by a higher source strength. However, an important
finding of the analysis was that the systematic uncertainty is of the same
order of magnitude as the statistical uncertainty. Even if an experiment
of this type would reach a statistical precision of 10−8 on χi, reducing the
systematic uncertainty down to the same level would be a tour-de-force.
It is not yet clear whether such a reduction is possible.

5.2.2.2 Measuring the anisotropy of the β-particle emission

The experiments of Refs. [13, 14] measured the β direction. Generally one
could probe β emitters decaying with a F, GT or mixed transition. These
experiments explore different combinations of coefficients of χ as

ΓLIV

ΓSM

∣∣∣∣
F

= −2χ0k
r

pke
Ee

(5.26)

and

ΓLIV

ΓSM

∣∣∣∣
GT

= 2
3

(
χ0k
r + χ̃i

k
) pke
Ee

. (5.27)

A mixed transition gives a combination of these.
A very-high-intensity source and extended measurement time are re-

quired to reach the statistical precision of 10−8. Therefore, one needs to
consider availability and safety regulations. Commercially manufactured
source strengths are mostly of order 1 mCi to 100 mCi.

In the experiments of Refs. [13, 14] a nucleus with a forbidden transi-
tion (∆J ≥ 2) was used. The experiment of Ref. [13] measured the first-
forbidden transition of 90Y by using a 10 Ci 90Sr source. The sources used
in the experiment of Ref. [14] were 137Cs, which has a first-forbidden tran-
sition, and 99Tc which has a second-forbidden transition. Noordmans et
al. [10] have shown that forbidden transitions have an enhancement of
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Nucleus T1/2 JPi JPf F/GT Q(gs) (keV) decay to gs (%)
32P 14.3 d 1+ 0+ GT 1.7 × 103 100
33P 25.4 d 1/2+ 3/2+ GT 2.5× 102 100
35S 87.4 d 3/2+ 3/2+ F/GT 1.7 × 102 100

63Ni 101 y 1/2− 3/2− GT 6.7 × 101 100
45Ca 163 d 7/2− 7/2− F/GT 2.6× 102 99.998

Table 5.2: Selection of isotopes for an experiment that measures β currents.
gs = ground state. JPi,f are the spin-parity of the initial and final state, respec-
tively.

the LIV part of the decay rate with a factor αZ/pR compared to allowed
transitions. This enhancement is typically of order 10. Nonetheless, us-
ing allowed transitions of different F/GT nature the boundaries can be
extracted without the ambiguities in Eqs. (5.3– 5.7), which removes issues
concerning finetuning. It would be preferred to use β− emitters that decay
to the ground state of the daughter nucleus. Generally the radiation from
these sources are easier to shield, in particular if their end point is below
pair production. A selection of nuclei that would be useful in this respect
is given in Table 5.2.

Because β currents have to be measured when measuring very high
rates, the thickness of the source should be limited. Given such a packag-
ing, several planar sources may be placed in parallel for a measurement
of the β current. The simplicity of the measurement also allows to reduce
systematic errors.

5.2.3 New experimental methods

There are several unexplored possibilities for LIV searches. In the fol-
lowing the measurement of γ radiation of unpolarized sources, the use
of electron capture (EC), and exploiting the boost in accelerator-based ex-
periments are considered.



62 5. Summary, Outlook and Conclusions

5.2.3.1 Anisotropy of γ radiation

Measuring the anisotropy of γ radiation due to LIV seems to be a good op-
tion. If LIV influences the β direction, then the random magnetic substate
distribution of daughter nuclei of an initially unpolarized source will be
altered in case of a GT transition. If the daugher nucleus emits γ radiation
the non-uniform magnetic substate distribution would become manifest
as a γ anisotropy. This measurement is exclusively sensitive to χr. The
experimental requirements have been analyzed recently [58, 59]. Suitable
candidates are 22Na and 60Co. To reach a statistical precision of 1 × 10−8,
a measurement of one year using a 58 mCi source of 22Na or a 27 mCi
source of 60Co is required. This is an acceptable amount in terms of radi-
ation safety. Also here the simplicity of the measurement is important in
view of systematic errors.

An experiment with 60Co could result in further reduction of the limits
on χ of several orders of magnitude with sources of very high activity.
60Co is the most commonly used source for sterilization by γ radiation.
60Co sources with activities of tens of kCi up to several MCi are used for
this purpose [60]. Source activities up to about 25 kCi are used in relatively
compact irradiators at hospitals. Much higher source strengths are used
for sterilization of products on an industrial scale at irradiation facilities.
For the latter the source material is typically encased in pencils of which
multiple are mounted in modules that go into a source rack.

Certainly with the industrial tools for 60Co an experiment is possi-
ble. However, practical issues need to be addressed. The source is mostly
placed at a position where it might be difficult to perform the experiment.
Moreover, the source itself is probably not very stable in time and position.
More research would be required to validate an experimental design that
suppresses sources of systematic error.

5.2.3.2 Electron-capture sources

Sources that decay exclusively with EC are an option because the emis-
sion of ionizing radiation is limited to X-ray emission, Auger electrons
and internal bremsstrahlung. Therefore, considering radiation-safety re-
quirements, higher count rates can be realized compared to β emitters. A
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discussion of theory and possible sources is presented in Ref. [21]. The
decay rate can be measured from the current of Auger electrons.

If the nuclei are polarized one could infer the polarization by the in-
ternal bremsstrahlung [61, 62], and measure χ̃i with a setup similar to the
experimental setup presented in this thesis. Alternatively, the recoil direc-
tion of daughters of unpolarized nuclei may be measured to infer χ̃ki +χk0r .
In another possible experiment with polarized nuclei both the nuclear po-
larization and recoil direction are measured to infer χ̃ki from the triple cor-
relation χ̃ki (p× I)k.

The two experiments appear to be quite difficult since the requirements
of high decay rates and the measurement of nuclear recoils appear to be
conflicting. A ’bulk’ measurement of nuclear recoils similar to that of the
electron current measurement would have to be available. However, an
EC polarization experiment seems feasible. As discussed in Ref. [21], the
only viable isotopes for this are 37Ar and possibly 131Cs.

5.2.3.3 Accelerator-based experiments

We now consider decaying particles with high Lorentz factor γ. It is pos-
sible to exploit the boost term in accelerator-based experiments searching
for LIV. Calculations have been made for pion β decay [56] and nonlep-
tonic kaon decay [19].

In both calculations the components of χ in the center-of-mass frame
of a weakly decaying particle with relative velocity β = (β1, β2, β3), are
expressed in terms of the components in the laboratory frame (Xµν

lab) by
the Lorentz transformation

χµν = Bµ
ρB

ν
σX

ρσ
lab , (5.28)

with

B =


γ −γβ1 −γβ2 −γβ3

−γβ1 1 + (γ − 1)β
2
1
β2 (γ − 1)β1β2

β2 (γ − 1)β1β3
β2

−γβ2 (γ − 1)β2β1
β2 1 + (γ − 1)β

2
2
β2 (γ − 1)β2β3

β2

−γβ3 (γ − 1)β3β1
β2 (γ − 1)β3β2

β2 1 + (γ − 1)β
2
3
β2

 . (5.29)
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Observables that measure LIV are constructed, starting with the decay
rate in the center-of-mass frame. With the transformation to the labora-
tory frame [Eq. (5.28)] a factor γ2 is introduced in some observables, as we
show below. To determine if the observable depends on sidereal time, the
expression for Xµν

lab is transformed to the Sun-Centered frame (with com-
ponents Xµν

SC ) by another Lorentz transformation. For our purposes the
boost from Earth’s frame to the Sun-centered frame is negligible (γ ' 1).
Therefore, the coefficients in the laboratory frame can be expressed in
terms of the coefficients of the Sun-centered frame (Xµν

SC ) as

Xµν
lab = RµρR

ν
σX

ρσ
SC . (5.30)

We can express R as R(t) = RrotRt(t) with the rotation matrix

Rrot =


1 0 0 0
0 cos ζ 0 − sin ζ
0 0 1 0
0 sin ζ 0 cos ζ

 , (5.31)

and the time-dependent rotation matrix

Rt(t) =


1 0 0 0
0 cos Ωt sin Ωt 0
0 − sin Ωt cos Ωt 0
0 0 0 1

 . (5.32)

ζ is the colatitude of the experiment and Ω is Earth’s sidereal rotation fre-
quency. We have

R(t) =


1 0 0 0
0 cos ζ cos Ωt cos ζ sin Ωt − sin ζ
0 − sin Ωt cos Ωt 0
0 sin ζ cos Ωt sin ζ sin Ωt cos ζ

 . (5.33)

We consider 6He at high γ in a racetrack accelerator (Fig. 5.1), as was
suggested for generation of intense, focused antineutrino beams in Refs. [63,
64]. 6He is a GT β− emitter (0+ → 1+, T1/2 = 807 ms) with a β-endpoint
energy of Eβ,max = 3.5 MeV. Bunches of 6He are accelerated and will then
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Neutrino beam 

Relativistic 6He2+ 

× 10≈4−5  
6Li3+ 

6He system 
 
 
 
 

leptons 

leptons 6Li 

6Li 

Figure 5.1: Schematic view of the 6He setup. The red (blue) curve indicates the
trajectory of the 6Li3+ for forward (backward) recoil direction in the 6He2+ center-
of-mass frame, relative to the 6He2+ beam direction in the laboratory frame.

coast in the racetrack at a specific value of γ (≈ 100). The 6He decaying in
the straight sections lead to the kinematically focused neutrinos. The 6Li,
because of its higher charge state and lower momentum is bent towards
the inner radius. The 6Li can be conveniently detected at the two locations
indicated in Fig. 5.1. The rate at which 6Li is detected is inversely propor-
tional to the lifetime of 6He in a lossless racetrack. We assume that one can
observe the momentum distribution as in a spectrograph with a resolution
of ≈ 10−5, as discussed below. The observables for 6He decay discussed
below relate to (i) the effect of the boost γ, (ii) the direction of the 6He2+

motion, and (iii) the recoil direction of the daughter 6Li3+.

(i) To demonstrate the γ2 dependence we average over the direction of
the electron in Eq. (2.4). It follows that the expression for the decay rate
for a GT transition is

Γ = Γ0

(
1− 2

3
χ00
r

)
, (5.34)

where Γ0 is the SM decay rate. For nuclei with a F transition,

Γ = Γ0
(
1 + 2χ00

r

)
. (5.35)
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The transformation of Eq. (5.28) results in [65]

χ00
r =

Xµν
lab,rkµkν

m2 = γ2
[
X00

lab,r + βk
(
X0k

lab,r +Xk0
lab,r

)
+ βiβjX

ij
lab,r

]
,

(5.36)

where m is the mass of the nucleus and kµ is the momentum of the nu-
cleus in the laboratory frame. Various observables in 6He2+ decay can be
constructed from Eq. (5.36). In the following we consider only terms up
to leading order in Xlab. We compare the lifetime τrest of the particle at
rest with the lifetime τ ′ of the particle moving at high γ in the horizon-
tal plane in the laboratory. τ ′ is measured in the laboratory frame, the
corresponding proper lifetime (i.e. in the center-of-mass frame) is τγ =
γ−1τ ′. The second term in Eq. (5.36) averaged over directions in the lab-
oratory’s horizontal plane is zero. Integration of the third term in brack-
ets in Eq. (5.36) results in a contribution to the decay rate that depends
on the geometry of the accelerator. For the accelerator in Fig. 5.1, we
take the ratio of a single straight section to the turn-radius to be n : 1.
Integrating the third term in brackets in Eq. (5.36) over the two semicir-
cle sections (where β = |β| {cosφ, sinφ, 0} with φ ∈ [0, 2π]) gives A1 =
πβ2(X11

lab,r + X22
lab,r) = πβ2(X00

lab,r − X33
lab,r), where in the last equality we

have used that ηµνX
µν
lab,r = 0 i.e. it is traceless. We assume the straight

sections of the accelerator are parallel to the y-axis in the laboratory frame
i.e. β = |β|(0, 1, 0) for one straight section and β = |β|(0,−1, 0) for the
opposite straight section. Then integrating the third term over the two
straight sections gives A2 = 2nβ2X22

lab,r. The average of the third term is
then (A1 +A2)/[2(n+ π)]. Then

τγ − τrest

τrest
= 2

3

(
γ2 − 1

){
X00

lab,r

+ 1
2(n+ π)

[
π
(
X00

lab,r −X33
lab,r

)
+ 2nX22

lab,r

]}
. (5.37)

In this expression X22
lab,r and X33

lab,r have a sidereal dependence given by
Eq. (5.30).

(ii) The term dependent on βk in Eq. (5.36) can be obtained by compar-
ing the proper lifetimes (τ±) of 6He moving in opposite directions (±β̂),
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indicated in Fig. 5.1. The asymmetry is

τ+ − τ−

τ+ + τ−
= 2

3
γ2βk

(
X0k

lab,r +Xk0
lab,r

)
= 4

3
γ2βkX

0k
lab,r , (5.38)

and also has a sidereal dependence. The second equality in Eq. (5.38) as-
sumes that Xµν

lab,r is symmetric in µ↔ ν.
(iii) Components of χ0k

r and χ̃ki are accessed by measuring the recoil
of the daughter 6Li3+. From measuring the rigidity of the 6Li nuclei one
may determine if it moved in the forward or backward direction relative
to 6He, as shown in Fig. 5.1. From the nuclear recoil we can determine ple
in the expression [cf. Eq. (2.4)]

Γ = Γ0

[
1− 2

3
χ00
r + 2

3

(
χk0r + χ̃ki

) pke
Ee

]
. (5.39)

For convenience we take pe ' −precoil. χk0r and χ̃ik are expressed in terms
of coefficients in the lab frame as

χk0r = γ
(
Xk0

lab,r + βmX
km
lab,r

)
+ γ2

γ + 1
βk
(
βlX

l0
lab,r + βlβmX

lm
lab,r

)
− γ2βk

[
X00

lab,r + βl
(
X0l

lab,r +X l0
lab,r

)
+ βlβmX

lm
lab,r

]
; (5.40)

χ̃ki = γX̃k
lab,i +

γ2

γ + 1
X̃ l

lab,iβlβ
k − γεklmβl

(
X0m

lab,r −Xm0
lab,r

)
. (5.41)

The fraction of forward to backward decaying particles would not only
depend on the leg of the racetrack where the decay took place, but would
also vary with sidereal time. We denote Γ↑(↓),± the decay rate in the ↑
(↓) 6He direction for a forward (+) or backward (−) electron emission.
For simplicity we assume that the 6He velocity is β = |β|(0, 1, 0) for the
↑ direction and β = |β|(0,−1, 0) for the ↓ direction. We construct the
asymmetry

Ad = (Γ↑+ + Γ↓−)− (Γ↑− + Γ↓+)
Γ↑+ + Γ↓− + Γ↑− + Γ↓+

= 2
3

[
(2γ2 − 1)X02

lab,r + X̃2
lab,i

]
. (5.42)

In Eq. (5.42) it is assumed that Xµν
lab,r is symmetric in µ ↔ ν. The terms

X02
lab,r and X̃lab,i in Ad have a sidereal dependence with an angular fre-

quency of 2Ω [Eq. (5.30)].
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The term ple/Ee in Eq. (5.39) is obtained by measuring the 6Li recoil. In
the calculation leading to Eq. (5.42) it was assumed the electron is ultra-
relativistic i.e. |pe|/Ee ' 1. The 6Li recoil measurement could be done
by placing a silicon strip detector at a central ρLi = 2/3ρHe as indicated
in Fig. 5.1, where ρ is radius of curvature of the particle trajectory. The
relative difference in 6Li momentum p one would need to measure is max-
imally ∆p/p = 2Eβ,max/(β mHe) ' 1 × 10−3. A higher precision of 10−4

to 10−5 would be sufficient to detect the separation due to the momentum
difference between the forward and the backward nuclear recoil. More re-
search is required to determine what limits on χ could be obtained with
such an experiment.

Analogous observations can be made for other particles that decay via
the weak interaction. The connection with χ is better established in the
treatment of leptonic and semileptonic decays than that of nonleptonic
decays [19]. Specifically, in the expression for the decay rate of nonlep-
tonic decays a cancellation of the amplitude contributions of the “tree”
and “penguin” diagrams can occur resulting in partial cancellation of the
LIV term. In the following we point out two other experiments that exploit
the boost term: weak decays at the Large Hadron Collider beauty (LHCb)
experiment, and K beams.

At the LHCb experiment there is abundant production of various long-
lived particles, that decay weakly in the active volume. LHCb measures
the high-rapidity region in which the decaying particles have a large Lorentz
boost γ (β ' 1) along the beam direction. The lifetime measured for
weakly-decaying particles will have a term quadratic in γ due to LIV as
in Eq. (5.36). Sidereal variations should be used to reduce systematic er-
rors. As in Eq. (5.37), the lifetime of the particle at rest can be compared
with the proper lifetime at high γ. Other observables may be constructed.
If such observable contains the particle decay rate rather than the lifetime,
the total number of incoming particles may be required in addition to rel-
ative production rates.

The decay K+ → µ+ν̄ is attractive, since it is a leptonic process and
the kaon can have a large γ factor. The branching ratio is about 64%. The
kaon is produced at several experiments at the CERN Super Proton Syn-
chrotron. For instance, at the NA48/2 experiment [66] simultaneous K+
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and K− beams are used. Selected kaons have a central momentum of 60
GeV/c and a momentum spread of ±3.8% produced at zero angle, corre-
sponding to a central value of γ = 1.2 × 102. At the entrance of the decay
volume, the average positive (negative) kaon flux is 8.6×105 (4.8×105) /s.
We may consider measurements of the coefficients of Eq. (5.36) with this
data. It has not yet been established what would be the resulting precision
on χ00

r .

In this section, we have given various options to expand the search for
violations of Lorentz invariance in weak interactions. It was indicated to
which extent these searches could lead to improved limits on χ. The list of
options presented here is not exhaustive, many other approaches could be
considered. For instance, weak decays in astrophysical processes may be
opportune for LIV searches. Moreover, further theoretical developments
may guide towards new experiments.

5.3 Conclusions

In the experiment of this thesis a test of LIV in the weak decay was per-
formed by using polarized 20Na nuclei. The dependence of the decay rate
of 20Na on the nuclear spin was determined from the relative difference
in the decay rate for opposite nuclear polarization directions. This experi-
ment sets bounds on the relative variation of the decay rate difference at
sidereal frequency at 90% C.L. of 2 × 10−4. The result was interpreted in
the χ tensor framework [9], with 90% C.L. of |X̃1

i , X̃
2
i | < 2× 10−4.

The reduction of systematic uncertainty was of crucial importance in
the setup and analysis of the experiment. The analysis of our experiment
showed that the systematic uncertainty of the measurement is of the same
order as the statistical uncertainty. It is not clear that the systematic un-
certainty could be reduced sufficiently in an experiment with improved
statistical precision. The main reason is the complexity of the measure-
ment; the correlation between the 20Na lifetime and properties of many
experimental components, such as the laser setup, had to be considered.

We have discussed possibilities for new, innovative searches of LIV
in β decay. The coefficients χ0k

i are hitherto not measured and could be
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obtained from an experiment that measures the polarization, plus either
the β particles or the nuclear recoil perpendicular to the polarization di-
rection.

The best limits on components of χ, of order 10−8, would be difficult
to improve with the current experiments. The experiments that measured
LIV dependent on the β direction used very high intensity sources. Avail-
ability and safety regulations have to be considered. To overcome the sys-
tematic errors one needs to pursue the simplest measurements.

We have shown there are possibilities for new experimental approaches
to improve the current limits. In particular, an experiment measuring the
anisotropy of γ radiation due to LIV was investigated [58, 59]. In this expe-
riment the source has randomly-oriented nuclei initially. The orientation
of the daughter nuclei due to LIV would be measured as a γ anisotropy.
The initial transition is a GT decay. Sources of 22Na or 60Co less than 1
Ci would set limits on components of χ of order 10−8. Reduction of these
limits with several orders of magnitude could be obtained by use of a very-
high-intensity 60Co source of an irradiation facility.

Leptonic and semileptonic decays at particle accelerators have a γ2 en-
hancement of LIV. Here, too, a high number of weak decays is a require-
ment for improvement of the current limits on the components of χ. Ex-
periments at neutrino facilities and β-beam factories should be considered.
The CERN Super Proton Synchrotron is a typical example of an accelera-
tor for high-intensity secondary beams with high γ. Kaon and 6He beams
are attractive possibilities, but there may be other particles that should be
given consideration.

In this chapter we have shown that there are many opportunities for
searches of LIV in β decay. In particular, the coefficients χ0k

i are not mea-
sured, and the limits on other coefficients of χ can still be significantly
improved. The present experiment is just one of many results by which
experiments can constrain the parameter space of new physics. In this re-
spect, β decay is as relevant as it was when Lee and Yang suggested that
parity might be violated.
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In dit proefschrift onderzoeken we de mogelijkheid van schending van
Lorentz-invariantie in de zwakke interactie. Hiervoor is een experiment
gedaan met kernspin-gepolariseerd 20Na dat vervalt door een β-deeltje uit
te zenden. Lorentz-invariantie betreft de eigenschap dat de natuurwetten
niet afhangen van de oriëntatie of snelheid van het referentiekader. In dit
specifieke geval mag de levensduur niet afhangen van de oriëntatie van de
kernspin. De gelijkvormigheid van vergelijkingen van een natuurkundige
theorie onder transformaties naar verschillende referentiekaders wordt
beschreven door Lorentz-symmetrie. Lorentz-invariantie staat aan de ba-
sis van twee uiterst succesvolle beschrijvingen van de natuur, te weten
de algemene relativiteitstheorie die zwaartekracht beschrijft en het stan-
daardmodel van de elementaire deeltjesfysica (zie Fig. 6.1).
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Interacties
Elektromagnetisch Sterk
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Figure 6.1: Beschrijving van de fundamentele interacties.
Links: De algemene relativiteitstheorie is een geometrische theorie die beschrijft
hoe massa en energie de kromming van ruimte-tijd veranderen, wat de beweging
van deeltjes beïnvloedt.
Rechts: In het standaardmodel van de elementaire deeltjesfysica worden de in-
teracties tussen deeltjes overgebracht door krachtvoerende deeltjes, te weten het
foton (elektromagnetische interactie), de bosonen W−, W+ en Z (zwakke inter-
actie) en het gluon (sterke interactie), terwijl het Higgsboson (Higgsveld) massa
aan de deeltjes geeft.
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Vanwege de essentiële rol van Lorentz-invariantie in moderne fysica,
is het belangrijk de geldigheid van deze aanname te controleren. Lorentz-
invariantie is zeer goed getest voor algemene relativiteit en elektromag-
netisme (zie Ref. [11]), er zijn echter relatief weinig tests van Lorentz-in-
variantie in de zwakke interactie. De zwakke interactie is juist de enige
interactie waarin schending plaatsvindt van de discrete symmetrieën van
ladingsconjugatie (C), pariteit (P ) en tijdsomkering (T ), evenals de gecom-
bineerde symmetrie CP (zie ook Fig. 1.1). Als de gecombineerde sym-
metrie CPT gebroken wordt zou dat Lorentz-invariantieschending (LIV,
Lorentz Invariance Violation) betekenen. Bovendien blijkt uit de ontwik-
keling van theorieën die quantummechanica (onderdeel van het standaard-
model) verenigen met gravitatie dat schending vanCPT - en Lorentz-sym-
metrie een mogelijkheid is.

Als Lorentz-invariantie geschonden zou zijn in de zwakke interactie,
zou de onderliggende fundamentele theorie aangepast moeten worden.
Het is niet bekend hoe de theorie die quantummechanica en gravitatie
combineert er precies uit zal zien. Toch is het mogelijk om de gevolgen van
LIV beschrijven met een effectieve-veldentheorie. Hierbij worden aan de
vergelijkingen die interacties beschrijven in het standaardmodel nieuwe
termen toegevoegd. Er zijn vele van zulke termen mogelijk, die elk een
andere vorm van LIV beschrijven. In β-verval kunnen zulke termen wor-
den gerelateerd aan een tensor χµν die wordt toegevoegd aan de propaga-
tor van het W-boson. Bij het Van Swinderen Instituut is een programma
voltooid waarin deze theorie is uitgewerkt [9, 10].

Voor β-verval zijn in Fig. 6.2 twee mogelijkheden weergegeven om LIV
te onderzoeken. De correlaties leiden tot veranderingen in de β-verval-
snelheid. Experimenten [13, 14] hebben in de jaren ’70 al gezocht naar
een correlatie tussen een voorkeursrichting en de impulsrichting van het
β-deeltje [Fig. 6.2(a)]. Daarom is voor dit werk gekozen om te zoeken
naar een correlatie tussen een voorkeursrichting en de oriëntatie van de
atoomkern [Fig. 6.2(b)]. De derde mogelijkheid, een correlatie tussen een
voorkeursrichting en de β-spin, werd buiten beschouwing gelaten daar
deze te ingewikkeld is om experimenteel te onderzoeken. Achteraf is uit
de theorie ook gebleken dat de methode met de β-spin niet nodig is daar
het equivalent is aan de methode met de β-impuls.
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(a) (b)

Figure 6.2: Twee mogelijkheden voor LIV in β-verval zijn een correlatie tussen
een voorkeursrichting, weergegeven met de achtergrondpijlen, en de impuls van
het β-deeltje (a) of de kernspin J (b).

Om de correlatie tussen een voorkeursrichting en de kernspin te on-
derzoeken is een β-straler nodig die vervalt met een Gamow-Teller (of
gemengde) overgang, waarvan de kernspin kan worden gemanipuleerd.
Polarisatie van alkali-metaalatomen kan met licht van één laser worden
gerealiseerd, de kernspin volgt dan via de hyperfijn-interactie. De atomen
in dit experiment bevinden zich in een meetcel gevuld met een buffer-
gas. De polarisatie-as wordt gedefiniëerd door een zwak magnetisch veld.
Deze techniek om atomen te polariseren heet optisch pompen. In Hoofd-
stuk 2.4 wordt beargumenteerd dat 20Na de beste keuze is voor dit ex-
periment. Een 20Na bundel wordt gemaakt door 20Ne, versneld door het
AGOR cyclotron, op waterstof te schieten. Om de vervalsnelheid van 20Na
te kunnen meten zonder normalizatie, wordt deze bepaald uit de levens-
duur. Daartoe wordt de bundel steeds aan en uit gezet. Door interacties
van de 20Na atomen met het buffergas en de wanden van de cel is de po-
larisatie niet constant, wat een belangrijk aspect is in de analyse van het
experiment. In Hoofdstuk 3 wordt een overzicht gegeven van de pro-
cessen die een rol spelen bij de polarisatie van 20Na met deze methode.

Een vaste polarisatierichting in het laboratorium zal leiden tot een os-
cillerende richting in de ruimte door de draaiing van de aarde. De periode
van deze oscillatie is iets korter dan 24 uur en wordt een aardse siderische
dag genoemd. In plaats van de levensduur voor één polarisatierichting,
wordt het verschil in levensduur tussen twee tegenovergestelde polari-
satierichtingen gemeten (zie ook Fig. 1.2). Hierdoor worden systemati-
sche fouten die gemeenschappelijk zijn voor de twee levensduurmetingen
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Figure 6.3: Blauwe lijn: Het hypothetische LIV-signaal heeft een oscillerende en
een constante term.
Groene lijn: Polarisatie in de oost-west richting heeft een maximale oscillerende
term en de constante term, die niet goed gemeten kan worden, is nul.

geëlimineerd. Daar de invloed van LIV op de levensduur evenredig is met
de polarisatiegraad, wordt die ook voortdurend gemeten.

Het signaal dat de besproken LIV karakteriseert, namelijk het relatieve
verschil in levensduur gedeeld door de polarisatiegraad, bevat een term
die niet van de draaiing van de aarde afhangt en een term die dat wel doet.
De grootte van het signaal hangt af van de keuze van de polarisatie-as
op aarde. In een eerder experiment uitgevoerd in onze onderzoeksgroep
werd de as loodrecht op het aardoppervlak gebruikt. Het experiment liet
zien dat de constante term niet goed gemeten kan worden vanwege sys-
tematische onzekerheden geassocieerd met de levensduurmeting. Het be-
nutten van de siderische variatie van het signaal is dus essentieel om de
systematische onzekerheden te beperken. Het experiment beschreven in
dit proefschrift heeft de polarisatie-as in de oost-west richting, waardoor
de constante term van het LIV-signaal nul, en de oscillerende term maxi-
maal is (zie Fig. 6.3).

Het is voor het bepalen van het LIV-signaal in deze opstelling onprak-
tisch het aantal β-deeltjes te meten, daar uit het standaardmodel bekend
is dat de β-deeltjes in een voorkeursrichting ten opzichte van de kern-
spin worden uitgezonden. Maar het is wel belangrijk de β-deeltjes te
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meten om de polarisatiegraad te bepalen. Systematische fouten geasso-
cieerd met de meting van de levensduur zijn te voorkomen door in plaats
van het β-deeltje, het foton dat wordt uitgezonden door de dochterkern
20Ne te meten. Bij 79% van de vervallen van 20Na naar 20Ne wordt een
foton met een energie van 1,63 MeV uitgezonden. Het emissiepatroon
van dit foton verandert niet wanneer de richting van de kernspin wordt
gespiegeld. Het patroon zelf is overigens wel afhankelijk van de polari-
satiegraad. Een detectiegrens voor de energie van het foton en stralings-
afscherming voorkomen dat andere fotonen, bijvoorbeeld van paarpro-
ductie in β-annihilatie, gemeten worden.

Verschillende factoren, zoals de dynamische processen van neutralisa-
tie en spin-overdracht in de gascel, beïnvloeden de meting van LIV. In de
analyse van experimentele data zijn deze factoren beschreven met behulp
van een model. Om te voorkomen dat een verwachting of voorkeur van
de experimentator het meetresultaat zou beïnvloeden, is het LIV-signaal
pas bekeken nadat de analyse-procedure was vastgesteld. Deze analyse-
methode, genaamd blinde analyse, is gerealiseerd door de data van het
LIV-signaal in willekeurige tijdsvolgorde te zetten.

Naast de factoren die zijn inbegrepen in de beschrijving van de detec-
tor-respons, bleken er een aantal externe factoren invloed te hebben op
het LIV-signaal. Deze factoren veroorzaken een grote statistische sprei-
ding van het LIV-signaal, maar hebben geen siderische variatie. Daardoor
is het mogelijk voor deze systematiek te corrigeren. De details van deze
procedure zijn beschreven in Appendices 4.B en 4.C.

De belangrijkste systematiek van het LIV-signaal is het relatieve ver-
schil in vermogen van het laserlicht tussen de twee polarisatierichtingen.
Daarnaast speelden de druk en temperatuur van de gascel een rol. De
parameters waarvoor niet wordt gecorrigeerd geven resterende systema-
tische onzekerheid. Na het vaststellen van deze procedure zijn de tijden
van de datapunten van het LIV-signaal teruggezet.

Het resultaat van het experiment is een bovengrens op het LIV-sig-
naal van |ALIV| < 2 × 10−4 met een betrouwbaarheidsniveau (C.L.) van
90%. Dit resultaat is onafhankelijk van een theoretische beschrijving van
LIV. Het is een verbetering van een factor 15 van een eerder experiment
uitgevoerd in onze groep. We kunnen het resultaat interpreteren in het
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χ-tensorformalisme, waarin |X13
i |, |X23

i | < 2 × 10−4 met een C.L. van
90%. Dit resultaat kan ook uitgedrukt worden in coëfficiënten van de stan-
daard-model-extensie (zie Tabel 4.4). Analyse van eerdere experimenten
die alle χ-componenten behalve één op nul zetten zijn weliswaar precies,
maar als alle componenten vrij zijn is dat niet zo en daar levert dit experi-
ment een grote verbetering op (zie Hoofdstuk 5.1).

Hoe nu verder? Om de limieten verder te verbeteren, kan het ex-
periment beschreven in dit proefschrift niet gebruikt worden, daar sys-
tematische onzekerheden de statistische onzekerheid zullen overheersen.
In Hoofdstuk 5.2 wordt beschreven welke experimenten geschikt zouden
zijn om een limiet van 10−8 te bereiken. In het bijzonder, zou een meting
naar de γ-straling van ongepolariseerd 22Na of 60Co aantrekkelijk zijn,
evenals experimenten met zwak verval bij hoge relatieve snelheden we-
gens een versterking van LIV met het kwadraat van de Lorentz-factor.

Tot dusverre is er geen volledige theorie die zowel zwaartekracht als
elementaire deeltjesfysica beschrijft. Er zijn echter een aantal openstaande
vragen in de huidige theorieën van zwaartekracht en elementaire deeltjes-
fysica, zoals de vragen wat er gebeurde bij de oerknal en waarom we
weinig antimaterie in het universum zien, die een overkoepelende theorie
kan helpen beantwoorden. Dat de huidige theorieën zo succesvol zijn
betekent ook dat experimenten weinig aanwijzingen hebben gevonden
voor hoe een dergelijke theorie er uit zou moeten zien. Juist in dit sce-
nario kunnen limieten op schending van Lorentz-invariantie helpen bij de
ontwikkeling van deze theorie. Bovendien zou het ontdekken van schen-
dingen van Lorentz-invariantie een cruciale stap zijn voor de ontwikke-
ling van zulke theorie.
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