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Chapter 6

Summary and outlook

In this thesis we focused on symmetry violations in the weak interaction. Our under-
standing of particle physics is to a large extent based on symmetries. Discrete symmetries
played a crucial role in the development of the Standard Model of particle physics (SM),
as did Lorentz symmetry for general relativity (GR). Although successful on their own,
the unification of these two theories in a theory of quantum gravity is an outstanding
problem. In addition, there are important observations that are left unexplained by the
SM, which require “new” physics, i.e. physics beyond the SM (BSM). In the quest for the
ultimate theory of nature, symmetries and symmetry violations serve as a guiding tool.

The weak interaction violates the discrete symmetries parity (P), charge-conjugation
(C), and time reversal (T). Part of the success of the SM is that it correctly describes the
observed breaking of these symmetries. The precision of current experiments, therefore,
limits deviations from the mechanisms of symmetry breaking described in the SM, and
thus limits the possibilities for BSM physics. Roughly speaking, we can divide our study
into two sorts of symmetry breaking. First, we studied the breaking of the discrete sym-
metries P, C, and T, while assuming, as in the SM, that the combined CPT symmetry is
conserved. In this case, T violation is equivalent to CP violation. Second, we considered
the breaking of Lorentz and CPT symmetry. Searches for Lorentz violation are motivated
by theories of quantum gravity that allow the breakdown of this fundamental symmetry.
Relatively new are searches in the weak interaction, and the bounds in this sector are
significantly weaker than in, for example, the electromagnetic sector. We studied the
breaking of the discrete symmetries and Lorentz symmetry in an effective-field-theory
(EFT) approach, which allowed us to set limits on BSM physics that are model indepen-
dent. In this way, many different experiments, both at low and at high energies, could be
compared.

In Chapter 2 we discussed the search for symmetry violations in neutron and nuclear
β decay. In the era of the LHC it is of increasing importance to compare bounds on
new physics from different experiments. We first discussed the search for deviations from
the standard vector−axial-vector (V − A) structure of the weak interaction, in the form
of scalar (S), tensor (T ), and right-handed vector (V + A) interactions. These exotic
interactions modify the differential β-decay rate, which can be observed by measuring
the decay correlations. By using the β decay of nuclei pure Fermi and Gamow-Teller
decays can be selected, which are sensitive only to V, S or to A, T interactions, respec-
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112 SUMMARY AND OUTLOOK

tively. Alternatively, neutron β decay, for which the relative contributions of the Fermi
and Gamow-Teller transitions is precisely known, can be studied. In the various studies
also the SM parameters, the ud-entry of the CKM matrix Vud and the neutron axial-
vector charge gA, can be determined. In an EFT approach, the BSM interactions are
parametrized by dimension-6 operators, which are suppressed by the scale of new physics
(Sec. 2.2.1). These operators add all possible S, V,A, and T interactions with left- and
right-handed fields to the effective Lagrangian (Eq. (2.11)). Vector and axial-vector in-
teractions were denoted by aLR,RR,RL, where the first L,R represent the chirality of the
neutrino and the second the chirality of the down quark, scalar interactions were denoted
with an AL,(R) couplings and tensor interactions by αL,(R), where the index denotes the
chirality of the neutrino. This EFT approach allows for the comparison between searches
for BSM physics in different fields. If present, exotic interactions would leave a small sig-
nature in β-decay experiments, but would also affect experiments at the LHC (Sec. 2.4.2)
and contribute to the neutrino mass (Sec. 2.4.3).

We first discussed the most precise correlation measurements in β decay. Many cor-
relation coefficients depend linearly on left-handed scalar or tensor couplings, where left-
handed refers the the chirality of the neutrino, via the Fierz interference term b (Sec. 2.4).
In superallowed Fermi decays, it is possible to combine the measurements of the ft-values
of several isotopes, which leads to the most precise determination of both Vud and the
Fermi part of the Fierz interference term, bF . Unfortunately, such a combination of mea-
surements is not possible for Gamow-Teller decays. The best bounds on left-handed tensor
interactions come from combined fits of neutron and nuclear data. The limits on right-
handed couplings are more than an order of magnitude weaker, because the observables
only depend quadratically on these couplings. We compared the best current β-decay
experiments with limits from the LHC experiments and the neutrino mass, summarized
in Fig. 2.6 and Fig. 2.7 for scalar and tensor interactions, respectively. In these cases, the
β-decay experiments give the best current bounds AL < 2.5 × 10−3 and αL < 3 × 10−3

(at 90% C.L.). However, for right-handed interactions the limits from β-decay exper-
iments are superseded by the current bounds derived from LHC experiments, namely
AR < 6 × 10−3 and αR < 2 × 10−3 (at 90% C.L.).

In Sec. 2.5 we discussed the limits on T violation. In β decay, T violation can be
probed by the T-odd triple-correlations J⃗ · (p⃗e × p⃗ν) and σ⃗e · (J⃗ × p⃗e), where J⃗ is the
nuclear spin and σ⃗e is the spin vector of β particle. The expectation value depends on
the coefficients D and R, respectively. The coefficient D is determined by the imaginary
part of the interference between V and A interactions, while R is determined by the
imaginary parts of interferences between S and T interactions. We showed that the D
and R coefficient can result from the same exotic interactions as the P- and T-odd electric
dipole moments (EDMs). In this way, the strong limits on EDMs put also strong limits
on D and R. Therefore, they leave little room for β-decay experiments to contribute to
the current bounds (Table 2.7). Even for specific models, such as leptoquark models,
which were previously considered “EDM safe”, these EDM constraints are stronger than
the bounds derived from β decay.

Besides these more traditional searches for new physics, we discussed the status of
tests of Lorentz invariance in allowed and forbidden β decay (Sec. 2.6). The effects of the
breaking of Lorentz symmetry at low energies can also be parametrized in an EFT ap-
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proach and are described by the Standard Model Extension (SME). In the SME, Lorentz
violation is introduced as tensor coefficients that couple to the SM fields. These coeffi-
cients can be seen as constant tensor background fields. For experiments on Earth, which
moves through space and rotates, this means that the value of observables can change
with the rotation of Earth. In β decay, it is possible to search for Lorentz violation in two
relatively unexplored sectors of the SME, the W -boson sector and the counter-shaded neu-
trino sector. In the W -boson sector, Lorentz violation can be parametrized by adding a
general Lorentz-violating tensor χµν to the W -boson propagator. The tensor χµν includes
all possible modifications to the W -boson propagator, including higher-dimensional inter-
actions, which depend on the momentum of the W boson. These momentum-dependent
terms are always suppressed by at least the W -boson mass, and can therefore be ne-
glected given the current experimental precision. We discussed the consequences for the
β-decay rate and how these can be measured by β-decay experiments. Strong bounds
of χµν < 10−6 - 10−8 were derived from forbidden-β-decay experiments, while the only
dedicated experiment in allowed β decay reaches a sensitivity of O(10−4). Improving the
bounds on χµν using allowed β decay can be done in parallel with the searches for scalar
and tensor interactions, although the required statistical precision remains challenging.
We further elaborated on such experiments in Chapter 4.

Chapter 2 was concluded with a roadmap for future symmetry tests in β decay. We
emphasized that β-decay experiments should focus on left-handed couplings. It is impor-
tant to improve the measurement of the Gamow-Teller part of the Fierz interference term,
bGT , which would improve the bound on αL. This can be done by precisely measuring the
Fierz-interference term in Gamow-Teller decays via either the β-ν correlation a or via the
β-energy spectrum. These searches for left-handed couplings can go hand-in-hand with
measurements of Vud in superallowed Fermi decays and decays of mirror nuclei and of gA

in neutron decay. Other future experiments, such as measurements of right-handed inter-
actions or of the R or D coefficients, should consider the bounds of the LHC experiments
and the neutrino mass for complementarity.

In addition to searches for T violation in β decay, we discussed T violation in radiative
β decay in Chapter 3. In radiative β decay, T violation can be measured by considering
the triple-correlation k⃗ · (p⃗e × p⃗ν), where k is the photon momentum. The expectation
value is given by the coefficient K. This correlation is analogous to the triple correlations
in β decay, although it does not contain spin observables. Therefore, the coefficient K
was claimed to be free from EDM constraints, but we showed that this is not generally the
case. In an EFT approach, we calculated that the current EDM measurements constrain
the K coefficient in radiative β decay to be immeasurably small.

The last two chapters of this thesis focused on the search for Lorentz violation in the
weak interaction by expanding and elaborating on the χµν parametrization introduced in
Chapter 2. In Chapter 4 we elaborated on Lorentz symmetry breaking in allowed β decay
and electron capture. In general, it is challenging to obtain the necessary statistics to
improve the strong constraints on χµν from forbidden β decay. In Sec. 4.1, we discussed
how to further test Lorentz violation in β decay. The real coefficients χ0l

r and the imaginary
coefficients χ̃i can be constrained by measuring the direction-dependent decay rate in
pure Fermi and Gamow-Teller decays, respectively. More complicated experiments can
limit the, so far, unconstrained coefficients χs0

i . These require the measurement of the
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correlation between two observables [Eqs. (4.6) and (4.7)]. We showed that such studies
can go hand-in-hand with β-decay experiments that search for new physics beyond the
SM. It would be also interesting to exploit the Lorentz boosts at future β-beam facilities
or in (semi)leptonic decays at LHCb.

In Sec. 4.2, we expanded our formalism to orbital electron capture. Here the neutrino
correlations become important, unlike in β decay where they lead to unnecessarily com-
plicated experiments. The required statistical precision to improve the forbidden-β-decay
bounds makes it interesting to consider electron capture, as this allows for experiments
with high statistics but low dose. We identified 37Ar and possibly 131Cs as good isotopes
for tests of Lorentz invariance. To obtain bounds on the unconstrained coefficients χ0l

i

a measurement of both the neutrino direction and the nuclear polarization is required
[Eq. (4.19)].

Lorentz invariance in the weak interaction can be tested in any weak decay. In Sec. 5.1
we explored the possibilities for nonleptonic decays to improve the current bounds on χµν .
Recent KLOE data, in which the directional dependence of neutral-kaon lifetime was stud-
ied, served as an example for such tests. The nonpertubative QCD effects involved with
nonleptonic decays make it preferable for future experiments to use (semi)leptonic de-
cays. To reach the statistical precision necessary to improve current bounds on χµν the
Lorentz-boost enhancement should be exploited. This enhancement gives rise to excellent
opportunities for searches at accelerators, for example at LHCb or NA62 at CERN. Sec-
tion 5.2 describes how both the coefficients χµν and the muon and quark coefficients cµν

can be bounded in pion decay. We obtained the first direct bounds on quark parameters,
which are O(10−3). With χµν and the muon coefficients cµν we calculated the polarized-
pion decay rate, and showed the relation between these two sectors. Our calculations
suggest that new experiments using highly-boosted pions, and that measure the direction
of the muons can obtain improved limits on both cµν and χµν .

In this thesis, we studied the bounds on new physics in the weak interaction. In neu-
tron and nuclear β decay, symmetry tests will remain relevant, provided they are comple-
mentary to constraints from other low-energy and high-energy experiments. The testing
of Lorentz invariance in the weak interaction has just begun, and many theoretical and
experimental opportunities still exist. This thesis suggests measuring the unconstrained
coefficients χ0l

i in either highly-boosted (semi)leptonic decays or in electron capture, and
shows how this can be done. These measurements would produce new results, while ex-
ploring the viability of improving the strong forbidden-β-decay constraints. Ultimately,
improving the existing constraints on Lorentz violation in the weak interaction should be
possible by using the decay of highly-boosted particles. On the theoretical side, it would
be interesting to further study the effects of higher-dimensional Lorentz-violating interac-
tions. For the searches for new Lorentz-symmetric physics, this thesis showed the power
of EFT and how different experiments sometimes probe similar dimension-6 coefficients.
It will be interesting to explore if a similar analysis could be performed in other fields of
particle physics, thereby linking a wide variety of experimental probes.




