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2. The Weak Interaction

The continuous spectra of β-decay had indicated the existence of a new par-
ticle: the neutrino. Parity violation was found by observing β-decay from
polarized nuclei. In the early 1960’s β-decay experiments contributed to the
formulation of the theory of weak interactions. Recently, new experimental
techniques brought this field to a renaissance. Using different types of traps
allows one to perform β-decay experiments, where the recoiling nucleus can
be detected with high precision. The main motivation of such experiments is
to search for physics beyond the Standard Model.

The work described in this thesis is motivated similarly: by measuring
more precisely the details of the nuclear β-decay process, deviations from the
established theory can be searched for. In this chapter the most important
properties of β-decay will be discussed along with some aspects of weak inter-
action theory which will be important for later discussions. In our discussions
below we follow [Grot 90] and the review of [Seve 06].

Although the modern formulation of the weak interaction follows the for-
mulation of the Standard Model, we discuss here the weak interaction from a
historical perspective to provide a physical framework for the β-decay exper-
iments which are the central goal of the research presented in this work.

2.1 Fermi Interaction

In 1934 Fermi extended Pauli’s ideas for a quantitative theory of β-decay, to
explain its continuous spectrum. Using Fermi’s golden rule the decay rate of
allowed transitions is given by

dW

dtdEe
=
G2

F

2π3
F (Z,E)peEe(∆f − Ee)

2[BF +BGT ], (2.1)

where Ee, pe are the electron energy and momentum, F (Z,E) is the Fermi
function to correct for the Coulomb interaction between electron and mother
nucleus, ∆f = Ei − Ef is the total decay energy, BF and BGT are Fermi
and Gamow-Teller reduced transition strength, respectively, GF is the weak
interaction coupling constant.

Fermi introduced a weak hadronic current density, which can be written
as

V c†
µ (x) = ψp(x)γµψn(x). (2.2)
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Figure 2.1: In the limit of the W boson mass MW → ∞, details of the W prop-

agator become unimportant and the interaction can be expressed as a Fermi point

interaction.

The superscript c stands for ‘charged’ to show that the charge of the particle
is altered. ψp and ψn are the proton and neutron wave functions, γµ are the
four Dirac γ matrices. Fermi assumed a point-like interaction between the
current density V c†

µ and the similarly constructed leptonic current density

lcµ(x) = ψe(x)γµψν(x). (2.3)

From this one obtains the β-decay Hamiltonian

HF (x) =
GF√

2
(V cµ(x)lc†µ (x) + lcµ(x)V c†

µ (x)). (2.4)

This Hamiltonian allows to explain and calculate the probability for β-decay,
electron capture and neutrino scattering on electrons. The neutrino itself was
discovered experimentally by Reines and Cowan [Rein 53] almost 20 years
after its postulation by theory.

According to gauge theory, the mediator of the charged weak interaction
is a gauge boson (W+, W−) with a mass of 82 GeV. Such a mass corresponds
to a range of the force of 10−3fm. This is why for low-energy phenomena the
point-like approximation assumed in the Fermi theory works fine (Fig. 2.1).

2.2 V-A Interaction in the Standard Model

The Fermi theory described above is in fact a vector type theory. It allows
only β-transitions without spin and parity changes. It does not allow for



2.2. V-A Interaction in the Standard Model 9

Gamow-Teller decays where a spin change of 1 unit and no parity change oc-
curs. Together with theK+ meson decay puzzle this led Lee and Yang [Lee 56]
to point out that parity conservation in β-decay was never tested experimen-
tally. The first clear evidence that parity is strongly violated came from the
measurement of polarized 60Co β-decay [Wu 57]. In this measurement the
asymmetry of the β-emission with respect to the nuclear spin was shown.
The result of the experiment revealed maximal parity violation in β-decay.
After a series of theoretical and experimental investigations Fermi’s current-
current interaction was generalized by Feynman and Gell-Mann (1958) to the
form

HV −A(x) =
GF√

2
Jcµ(x)Jc†

µ (x), (2.5)

where

Jc
µ = hc

µ + lcµ. (2.6)

In these formulas hadronic (hc
µ) and leptonic (lcµ) currents are generalized to

hc†
µ (x) = ψp(x)γµ(1 − cAγ5)ψn(x), (2.7)

lcµ(x) = ψe(x)γµ(1 − γ5)ψν(x). (2.8)

Here the quantity ψγµψ represents the vector component (V ), which was
already present in Fermi’s theory (Eq. 2.2, 2.3) and ψγµγ5ψ the axial vector
component (A) of the interaction, which allows Gamow-Teller transitions.
The overall structure of the weak interaction Hamiltonian is now said to
be V -A relating to the opposite relative sign of the contributions to weak
processes. All β-decay experiments to date are consistent with this structure.

The present framework of electroweak interaction roots in the unification
of electromagnetic and weak gauge theories. This theory was established by
Glashow, Weinberg and Salam. The renormalizability of this theory is the
work of ’t Hooft and Veltman. Here the electromagnetic and the weak inter-
actions are represented as different components of a single gauge theory. After
incorporating also quantum chromodynamics as a description of the strong
interaction a unified theory emerged which nowadays is referred to as the
Standard Model. The SM describes the electroweak and strong interactions
quantitatively. It agrees very well with experimental data to date such as ob-
tained from the BaBar experiment [Aube 02]. In the SM the discrete symme-
tries charge conjugation (C), parity (P), and time reversal (T) are all broken
symmetries. However, the combined CPT symmetry [Schw 51], [Lued 54],
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[Paul 55] remains unbroken. All these symmetry violations have been ob-
served experimentally [Bala 06]. The V-A structure of the weak interaction
in the SM is responsible for the parity violation in β-decays. The combined
parity and charge conjugation (CP) is violated, e.g., in K0 decays. It has
been pointed out by Sakharov [Sakh 67] that at thermal nonequilibrium CP

violation and baryon number violation could explain the matter-antimatter
asymmetry in the universe. However, the known CP violation from K0 decays
is not sufficient to explain the observed discrepancy. Therefore experimental
searches for new sources of CP violation are strongly motivated. Although
the SM describes experimental findings to high accuracy, several intriguing
questions still remain to be answered. Among those are:

• The number of exactly three particle generations remains a mystery.

• In the SM only V -A terms are used to describe the weak interac-
tion. There is no fundamental principle prohibiting other terms (tensor,
scalar, pseudoscalar as well as V +A) to be used. This particular aspect
can be tested by β-decay and will be discussed in the following section.

• The SM is insufficient to describe the matter-antimatter asymmetry in
the universe as well as dark matter and dark energy.

• The SM has many parameters which are not derived from a fundamental
principle, but have to be taken from experiments. For example, the
minimal version of the model has already 21 free parameters, assuming
massless neutrinos and not counting electric charge assignments.

• The left-right asymmetry which is incorporated in the SM is also not
derived from fundamental principles and is considered to be accidental.

These and many more concerns lead to intense searches for physics beyond
the SM. Investigations of the SM by β-decay experiments have recently been
reviewed by [Herc 01] and [Seve 06].

2.3 Beta Decay Beyond the Standard Model

As discussed in Sec. 2.1, in β-decay we can use a point-like approximation.
The most general Lorenz-invariant β-decay Hamiltonian which contains all
possible types of interactions ([Jack 57], [Lee 56]) can be written in this case
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Symmetry violation Ci and C ′
i

C ReC 6= and ReC ′ 6= 0 or
ImC 6= and ImC ′ 6= 0

P C 6= 0 and C ′ 6= 0

T ImC 6= 0 or ImC ′ 6= 0

Table 2.1: Conditions for coupling constants for the cases of discrete symmetry

violations.

as

Hint = (ψpψn)(CSψeψν + C ′
Sψeγ5ψν)

+ (ψpγµψn)(CV ψeγµψν + C ′
V ψeγµγ5ψν)

+
1

2
(ψpσλµψn)(CTψeσλµψν + C ′

Tψeσλµγ5ψν)

− (ψpγµγ5ψn)(CAψeγµγ5ψν + C ′
Aψeγµψν)

+ (ψpγ5ψn)(CPψeγ5ψν + C ′
Pψeψν) + h.c.,

(2.9)

where the tensor operator is σλµ = − i
2(γλγµ−γµγλ). The C and C ′ coefficients

give the relative amplitudes of scalar (S), vector (V ), tensor (T ), axial-vector
(A) and pseudoscalar (P ) interactions. The terms with primed coefficients
are parity-nonconserving interactions. The hermitian conjugate (h.c.) part
is necessary to describe β+ and β− decay and warrants the Hamiltonian to
be hermitian. C and C ′ characterize different symmetry breaking terms (see
Tab. 2.1). Taking into account that C and C ′ can be complex, β-decay is
characterized by 20 parameters. In fact, β-decay is sensitive only to 16 of
them. Two (complex) coefficients do not contribute significantly due to the
fact that at low momentum transfer the pseudo-scalar term ψpγ5ψn vanishes.
For allowed β-transitions from oriented nuclei the β − ν distribution can be
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written as a triple differential decay rate

ω(〈J〉 | Ee,Ωe,Ων)dEedΩedΩν =

F (±Z,Ee)

(2π)5
peEe(E0 − Ee)

2dEedΩedΩν ×

1

2
ξ

{

1 + a
pe · pν

EeEν
+ b

me

Ee

+c

[
pe · pν

3EeEν
− (pe · j)(pν · j)

EeEν

] [
J(J + 1) − 3〈(J · j)2〉

J(2J − 1)

]

+
〈J〉
J

·
[

A
pe

Ee
+B

pν

Eν
+D

pe × pν

EeEν

]}

, (2.10)

where Ee, pe and Ωe and the equivalent quantities with subscript ν denote
the total energy, momentum, and angular coordinates of the β particle and
for the neutrino; E0 is the total energy available in the transition; m is the
electron rest mass; F (±Z,Ee) is the Fermi function which corrects for the
Coulomb interaction between the nucleus and the β-particle; ξ is a transition
strength which is proportional to the decay rate and contains the nuclear
matrix elements MF and MGT :

ξ = |MF |2 (| CS |2 + | C ′
S |2 + | CV |2 + | C ′

V |2)
+ |MGT |2 (| CA |2 + | C ′

A |2 + | CT |2 + | C ′
T |2). (2.11)

The ± sign in Eq. 2.10 corresponds to β− and β+ decays, respectively. Ex-
pressions for the coefficients a, b, c, A,B and D can be found in the literature
[Jack 57], [Seve 06]. They contain model- and nucleus independent Coulomb
corrections of order αZ. These corrections are accurate to 10% [Voge 83]. For
more accurate calculations higher order effects like induced weak currents, for-
bidden matrix elements, radiative corrections, nuclear finite size effects, etc.,
must be considered.

The coefficients a and b, also known as β − ν correlation coefficient and
Fierz interference term, can be used for searching scalar and tensor parts of
the interaction [Burc 95]. Including Coulomb corrections they can be written
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as

aξ = |MF |2 ×
[

| CV |2 + | C ′
V |2 − | CS |2 − | C ′

S |2 ∓αZm
pe

2Im
(
CSC

∗
V + C ′

SC
′∗
V

)
]

+
|MGT |2

3
×

[

| CT |2 + | C ′
T |2 − | CA |2 − | C ′

A |2 ±
αZm

pe
2Im

(
CTC

∗
A + C ′

TC
′∗
A

) ]

, (2.12)

bξ = ±2ΓRe
[

|MF |2
(
CSC

∗
V + C ′

SC
′∗
V

)

+ |MGT |2
(
CTC

?
A + C ′

TC
′?
A

) ]

, (2.13)

with Γ =
(
1 − α2Z2

)1/2
and α the fine structure constant giving the strength

of the electromagnetic interaction. In the SM of the weak interaction only V-A
interactions are present (CV = C ′

V = 1, CA = C ′
A = −1.26992(69) [Seve 06],

CS = C ′
S = CT = C ′

T = CP = C ′
P = 0). For pure Fermi transitions only the

first term in Eq. 2.12 remains. It is only a vector interaction and therefore
aF = 1. The β-particle and the ν are emitted in the same direction and
∆J = 0 (Fig. 2.2). In the extreme non-SM case for a Fermi interaction with
only scalar and no vector part we have aF = −1, which means that the β
and the ν are emitted in opposite directions. To satisfy the ∆J = 0 condition
here the spin of the β must be oriented antiparallel to its momentum.

In pure Gamow-Teller transitions only the second term in Eq. 2.12 re-
mains. In the SM only the axial vector contribution contributes and aGT =
−1/3. In this case the β-particle and the ν are emitted in opposite directions
(Fig. 2.2). In the extreme case, when only the tensor components contribute,
we have aGT = 1/3. That means that the β and the ν are preferably emitted
in the same direction. To satisfy the condition for a Gamow-Teller transition
the β-particle must change the direction of its spin (see Fig. 2.2).

The parameter b is not linked to any product of observables and hence con-
tributes in any correlation measurement. In the SM, b = 0 (see Eq. 2.13). The
parameter b is sensitive to possible interferences between scalar and vector as
well as tensor and axial vector components. The coefficient c is mentioned
here for completeness and has no additional implications for parity conserva-
tion, charge conjugation invariance or time reversal violation [Jack 57] other
than the parameter a.
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Figure 2.2: a) Fermi decay (Vector interaction): The spins of the β-particle and

the neutrino ν are antiparallel. For a tensor contribution the β−particle changes

the direction of the spin. b) Gamow-Teller decay (Axial vector interaction): The

β-particle and ν spins are aligned. For a scalar contribution the β-particle changes

the direction of the spin.

Figure 2.3: 21Na β-decay scheme.

For 21Na the nuclear matrix elements have been calculated. The Fermi
matrix element is fully determined by the CVC hypothesis and the simple
isospin structure of a mirror transition, which implies |MF | = 1. The Gamow-
Teller matrix element depends on the nuclear structure of the states involved
and can be derived from the ft values. Decays to the ground state (Fig. 2.3)
are described by CAMGT = ±(0.704 ± 0.003) [Scie 03] and the excited state
decays by CAMGT = ±(0.391 ± 0.005).

Taking into account the MF and MGT values the parameter a can be
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calculated within the SM to be a(21Na) = 0.558 [Scie 04]. An uncertainty
of ∆a = ±0.003 arises from the uncertainties in the end point energy, the
half-life and the branching ratio values.

The parameters A and B describe parity violation as can be seen from
Eq. 2.10. We have

Aξ = |MGT |2 λJ ′J
[

± 2Re
(
CTC

′∗
T − CAC

′∗
A

)
+ 2

αZm

pe
Im
(
CTC

′∗
A + C ′

TC
∗
A

)]

+δJ ′JMFMGT

√

J

J + 1

×
[

2Re
(
CSC

′∗
T + C ′

SC
∗
T − CV C

′∗
A − C ′

V C
∗
A

)

±2
αZm

pe
Im
(
CSC

′∗
A + C ′

SC
∗
A − CV C

′∗
T − C ′

V C
∗
T

)]

(2.14)

and

Bξ = 2Re

{

|MGT |2 λJ ′J

×
[Γm

Ee
(CTC

′∗
A + C ′

TC
∗
A) ± (CTC

′∗
T + CAC

′∗
A )
]

−δJ ′JMFMGT

√

J

J + 1

×
[

(CSC
′∗
T + C ′

SC
∗
T + CV C

′∗
A + C ′

V C
∗
A)

±Γm

Ee
(CSC

′∗
A + C ′

SC
∗
A + CV C

′∗
T + C ′

V C
∗
T )
]
}

(2.15)

where J and J ′ are the spins of the initial and final nuclear states and

λJ ′J =







1 J → J ′ = J − 1
1

J+1 J → J ′ = J

− J
J+1 J → J ′ = J + 1

. (2.16)

The parameters A and B are also known as β and ν asymmetry parameters.
The parameter A was first measured in the (5+ → 4+)β− decay of polarized
60Co nuclei [Wu 57]. As can be seen from Eq. 2.14 and 2.15, A and B can
be used, for example, for searching a tensor component of the interaction in
pure Gamow-Teller transitions. For a mixed transition the situation becomes
more complicated due to the extra interference terms in Eq. 2.14 and 2.15.
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The D coefficient is time-reversal violating and has been studied in a
number of experiments on cold neutrons [Mumm 04] and on 19Ne [Cala 85].
It describes the correlation between the neutrino and β-particle momentum
vectors for decays of spin polarized nuclei

Dξ = δJ ′JMFMGT

√

J

J + 1

×
{

2Im(CSC
∗
T − CV C

∗
A + C ′

SC
′∗
T − C ′

V C
′∗
A )

∓2
αZm

pe
Re(CSC

∗
A − CV C

∗
T

+C ′
SC

′∗
A − C ′

V C
′∗
T )
}

. (2.17)

From Eq. 2.17 it can be seen that D can only be measured in mixed transi-
tions. D is sensitive to the interference of the various amplitudes in particular
vector and axial vector components. It requires that C or C ′ have imaginary
components. In the SM time reversal violation is a higher order effect in the
weak interaction and can be estimated to be of the order of 10−12. Final-state
interactions can mimic time-reversal violation (at the level of 10−4 [Veen 02])
and should be accounted for to accurately determine the time-reversal vio-
lation contribution. Therefore, the level of accuracy of observing D 6= 0 is
limited by the accuracy by which the final-state interaction can be determined
(apart from the experimental accuracy). A measurement of the D coefficient
is one of the main goals in the TRIµP project.

2.4 Conclusion

Measurements of the correlation parameter a, the β-asymmetry parameter
A and the time reversal violating triple correlation parameter D (Eq. 2.10)
are central goals in the TRIµP scientific programme. The β − ν correlation
parameter a (Eq. 2.12) would enable the search for scalar and tensor parts of
the weak interaction. The most precisely measured value of the parameter a
to date for 21Na was measured at LBNL (Sec. 3.4). It appears to deviate from
the SM prediction. This coefficient can be measured for Fermi type transitions
as well as for the Gamow-Teller transitions and for mixed transitions.

The β asymmetry parameter A (Eq. 2.14) can be used to search for tensor
components of the interaction in pure Gamow-Teller transitions. A non zero
value of the time reversal violating D coefficient (Eq. 2.17) would signal a
new source of CP violation, if CPT is assumed to be a valid symmetry. Such
new CP violating sources are searched for at present in various experiments,
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because they could relate to an explanation of matter-antimatter asymmetry
in the universe according to the model of A. Sakharov [Sakh 67]. Therefore D
coefficient measurements are considered urgent, although the required triple
correlations are difficult to measure and polarized samples of nuclides are
required. The coefficient D can be measured only for the case of mixed
transitions.

The decay of the isotope 21Na is a mixed transition and thus 21Na is a
well suited system to study the parameters a, A and D. Experimental con-
siderations for such experiments will be explained in the following chapters.
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