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first	physics	cases:	
• 34-?Mg:	Island	of	Inversion

• 96,98Cd:	N=50	shell	closure		in	vicinity	of	100Sn

was completed by measurements with the new method on
31Mg (! 2" 105 ions=s) and 21Mg (!5"104 ions=s).
Degrader plates were used in the latter case [30] to shield
the detectors from the contaminant beam, whose ! decay
is much less energetic. By recording the hyperfine structure
with left-hand and right-hand circular laser polarization
and fitting both simultaneously, one is able to extract
information on the magnetic field and the laser power in
a self-consistent way. Apart from the moments, radii, and
spins the new method is also sensitive to the value and sign
of the integral !-decay asymmetry parameter. This quan-
tity can be used, for instance, to aid spin-parity assign-
ments in the daughter nuclei. Such a discussion, however,
as well as a detailed description of the numerical approach
extend beyond the scope of this Letter and will be pub-
lished separately.

Typical spectra of all studied isotopes are shown in
Fig. 1. Changes in mean square charge radii are extracted
from the isotope shifts through a King-plot procedure using
the radii [31] of the stable isotopes. The corresponding
specific mass shift and the electronic factor of the transition
are in excellent agreement with theory [32]. All results are
presented in Table I. The systematic errors of the isotope
shifts correspond to a 10#4 relative uncertainty of the beam
energy [28]. These do not influence the extracted radii as
they only affect the mass shifts obtained from the King plot
[33,34]. This means the accuracy of the radii differences
and the absolute radii is essentially determined by the
uncertainties of the reference radii. Hence, the correspond-
ing systematic errors are correlated and play no role for the
physics discussion.

The total rms charge radii of magnesium spanning the
complete sd shell are plotted in Fig. 2(a). Clearly, the
experimental points lie on three separate slopes signifying
three distinct modes of the nuclear size along the chain.
This is also evident in Fig. 2(b), which in essence repre-
sents the derivative. The physical meaning of the differen-
tial plot is an increase of the mean square charge radius by
the addition of two neutrons. There is a striking correspon-
dence between the data points and the neutron sd orbitals.
Beginning with 21Mg the charge distribution is compressed
with filling the d5=2 orbital up to

26Mg (N ¼ 14). A similar
effect has also been observed in neon [23,34]. The addition
of two neutrons on either s1=2 or d3=2 in the range 28-30Mg
results in a steady increase of the radius represented by the
middle level in Fig. 2(b). Finally, 31Mg and 32Mg define a
third level, which is associated with the island of inversion
and in terms of the shell structure would correspond to a
cross-shell excitation of two neutrons [12,21]. In 27Mg one
of the neutrons added to 25Mg fills the last d5=2 hole and the
other populates the s1=2 subshell, resulting in the inter-
mediate position in Fig. 2(b). Already from a general
perspective three important conclusions can be made.
First, an island ‘‘of inversion’’ does exist in terms of the
rms charge radius and has a well-defined border between

30Mg and 31Mg, as previously anticipated [12,35]. Second,
the odd-even staggering is well pronounced except for
31Mg. This indicates a structural change with a prominent
effect already in the first isotope of the island. Third, the
charge (proton) distribution is strongly correlated with the
neutron shell structure.
The role of the quadrupole deformation in the above

observations needs to be disentangled from other effects
that may contribute. In the mean-field picture the addition
of neutrons increases the radius of the mean field for
protons, causing the proton distribution to expand. More
neutrons also support more binding for protons as the
proton-neutron interaction is more attractive than the
proton-proton interaction, thus causing the charge distri-
bution to shrink. Alternatively, in the spherical shell model
changing trends of the charge radii could be considered as
changing contributions from the two major oscillator shells
involved, which have different radii and may be associated
with different polarizations of the proton distribution. In an
attempt to understand these mechanisms we employ the

FIG. 2 (color online). Experimental rms charge radii of mag-
nesium (a) compared to theory and differential mean square radii
(b). The correlated systematic uncertainties (Table I) are not
depicted. Dotted lines and boxes have an illustrative purpose
only.
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30	keV	MR-ToF:		
new	opportuni:es	for	purified	beams	
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PUMA: Pbar Unstable Matter Annihilation

Storage of antiprotons at CERN/AD/ELENA 
at the GBAR experiment

Transport the antiprotons…

… to ISOLDE at CERN 
for unstable ion annihilation.

PUMA  
trap for antiprotons

❑ Transport antiprotons from ELENA (CERN) to ISOLDE  
❑ Device to be build (funded from 01/2018, for 5 years) 
❑ First experiment at ISOLDE foreseen in 2022 
❑ Pioneer experiment with antiprotons as a probe for short-lived nuclei
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“Day one” physics cases
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Nucleus T1/2 Statistics 
1 day beam Expected ρn/ρp

6He 807 ms 107 Neutron halo 
> 100

8He 119 ms 4. 106 Thick skin 
70(10)

11Li 8 ms 2 103 Neutron halo 
> 100

17Ne 109 ms 104 Proton halo 
< 0.010

31Ne 3 ms 5. 102 Neutron halo 
> 100

104-138Sn >103 Progression of skin: 
From 1.0(2) to 4.0(6)

Production rates at ISOLDE

❑ Example of yield estimate: 
- At relative energy of about 100 eV, the capture cross section is 10-16 cm2 (100 Mbarns) 
- 107 cm-2 antiproton « target », 6-cm long 
- trapping time of 10 ms: ions go through antiprotons 104 times each 
- 1000 pps production rate of radioactive Ion (10 ions / bunch of 10 ms) 
- this least to an annihilation rate of 1 / minute (102 / day) 
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density	tail
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Figure 1. (Left) Sketch of the apparatus to be designed and build for the proposed experiment. (right) 
Simulation of antiproton-proton annihilation resulting into the emission of 4 charged pions, detected in the 
time-projection chamber. The projection of charges onto the detection plane is shown. In this example, the 
total sum of detected charges is zero. 
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standard deviations. Is there any way the |Vud | value in Eq. (10)
could possibly be shifted to this value? It can be seen in
Eq. (8) that |Vud |2 is inversely proportional to both F t and
(1 + !V

R). For F t to account for such a shift, it would have to
decrease by six standard deviations. That is unlikely enough
but, because all 14 measured transitions agree with one another
and with CVC, all 14 would have to undergo the same shift, a
virtual impossibility. The only other possibility is a shift in the
nucleus-independent radiative correction, !V

R, which would
have to be reduced from 2.36(4)% to 2.24%. This is a change
equal to three times the stated uncertainty which, while not
impossible, is rather unlikely.

(4) f+(0), fK/fπ correct, Kℓ3, Kℓ2 correct, unitarity
not satisfied. With |Vus | determined from Kℓ3 decays and
|Vus |/|Vud | from Kℓ2 decays, each with the Nf = 2 + 1 + 1
lattice coupling constants, a value of |Vud | can be obtained from
their ratio. The result, |Vud | = 0.9670(44), has a somewhat
larger error bar than other determinations from kaon physics
because no constraint to satisfy unitarity has been imposed.
Nevertheless, the result is two of its standard deviations away
from the nuclear β-decay value for |Vud | and the unitarity
sum is likewise not satisfied, with |Vu|2 = 0.985(9) and a
deficit, !CKM = −0.015(9), of 1.8 standard deviations. For
the β-decay value of |Vud | to be shifted into agreement with
this kaon-derived value would require the nucleus-independent
radiative correction !V

R to be increased from 2.36(4)% to
3.88%, 40 times its stated uncertainty. Surely this can be ruled
out.

One must conclude that there is no definitive answer for
|Vus | as of now since the two approaches to its measurement
from kaon decay are not completely consistent with one
another. On balance, though, the result for |Vus |/|Vud | obtained
from Kℓ2 and pion decays seems the most reliable because it
shows the greatest consistency as the lattice calculations have
improved, which reinforces the idea that systematic errors are
reduced when a ratio is used. If we then accept the Nf =
2 + 1 + 1 result on line 4 of Table XIII and combine it with
our result for |Vud | from Eq. (10), we get |Vus | = 0.2248(6)
and a unitary sum of |Vu|2 = 0.999 56(49).

D. Scalar currents

1. Fundamental scalar current

The standard model prescribes the weak interaction to be
an equal mix of vector (V ) and axial-vector (A) interactions
that maximizes parity violation. Searches for physics beyond
the standard model therefore seek evidence that parity is
not maximally violated (owing to the presence of right-hand
currents) or that the interaction is not pure V − A (owing to the
presence of scalar or tensor currents). The data in this survey
allow us to contribute to the search for a scalar interaction
because, if present, it would have a measurable effect on
superallowed 0+ → 0+ β transitions.

A scalar interaction would generate an additional term [5]
to the shape-correction function, which forms part of the
integrand of the statistical rate function, f , an integral over
the β-decay phase space. The additional term takes the form
(1 + bF γ1/W ), where W is the total electron energy in electron

Z of daughter
2010 30 400

3070

3080

3090

3060

FIG. 7. Corrected F t values from Table IX plotted as a function
of the charge on the daughter nucleus, Z. The curved lines represent
the approximate loci the F t values would follow if a scalar current
existed with bF = ±0.004.

rest-mass units, and γ1 =
√

[1 − (αZ)2]. The strength of the
scalar interaction is contained in the unknown constant, bF ,
which is called the Fierz interference term [218]. Thus, the
impact of a scalar interaction on the F t values would be to
introduce a dependence on ⟨1/W ⟩, the average inverse decay
energy of each β+ transition. No longer would the F t values
be constant over the whole range of nuclei but they would
instead exhibit a smooth dependence on ⟨1/W ⟩. Since ⟨1/W ⟩
is largest for the lightest nuclei, and decreases monotonically
with increasing Z and A, the largest deviation of F t from
constancy would occur for the cases of 10C and 14O.

We have reevaluated the statistical rate function, f , for
each transition using a shape-correction function that includes
the presence of the scalar interaction via a Fierz interference
term, bF , which we treat as an adjustable parameter. We then
obtained a value of bF that minimized the χ2 in a least-squares
fit to the expression F t = constant. The result we obtained is

bF = −0.0028 ± 0.0026, (17)

a marginally larger result than the value from our last survey [6]
but with the same uncertainty. Note that the uncertainty quoted
here is one standard deviation (68% CL), as obtained from the
fit. In Fig. 7 we illustrate the sensitivity of this analysis by
plotting the measured F t values together with the loci of F t
values that would be expected if bF = ±0.004. There is no
statistically compelling evidence for bF to be nonzero.1

The result in Eq. (17) can also be expressed in terms of
the coupling constants that Jackson, Treiman, and Wyld [218]
introduced to write a general form for the weak-interaction
Hamiltonian. Since we are dealing only with Fermi superal-
lowed transitions, we can restrict ourselves to scalar and vector
couplings, for which the Hamiltonian becomes

HS+V = (ψpψn)
(
CSφeφνe

+ C ′
Sφeγ5φνe

)

+ (ψpγµψn)
[
CV φeγµ(1 + γ5)φνe

]
, (18)

in the notation and metric of Ref. [218]. We have taken the
vector current to be maximally parity violating, as indicated

1It is interesting to note that if we were to derive an averageF t value
from the data while allowing bF to vary freely, the corresponding
value for |Vud | would become 0.9745(4), a result quite consistent
with the one we quote in Eq. (10), but with an uncertainty nearly
twice as large.

025501-20

J. C. Hardy and I. S. Towner, Phys. Rev. C 91, 025501 (2015)

superallowed 0+→ 0+ Fermi transitions

10C 
• high sensitivity to scalar currents 
• limited by BR 

G. Savard et al, PRL 74, 1521 (1995) 
B.K. Fujikawa et al., PLB 449, 6(1999)

BR
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In Table IV we compare these limits with current right-handed
β-decay bounds and bounds from the LHC. The estimates
from the neutrino mass are currently the strongest bounds on
right-handed currents. They are more than an order of
magnitude stronger than the β-decay bounds and comparable
to the LHC bounds. For the bounds in Eq. (54) we have used
the updated neutrino mass from the Planck space observatory,
which might further improve in the future. The given bounds
are conservative estimates, but nevertheless they show the
large impact of the neutrino mass on β-decay measurements.
Even stronger constraints of Oð10−5Þ from the neutrino mass
have been derived in Wang (2007).

D. Conclusions and outlook

We summarized the current status of the bounds on real
right-handed vector, scalar, pseudoscalar, and tensor inter-
actions in β decay. We compared these bounds with those
obtained from proton-proton collisions at the LHC experi-
ments and the upper limit on the neutrino mass, mainly
focusing on scalar and tensor interactions. The best current
bounds are given in Table IV. We distinguished between
bounds on left- and right-handed scalar and tensor inter-
actions, where left or right denotes the chirality of the
neutrino. The constraints on left-handed interactions are
equally constrained by the LHC and β-decay experiments.
On the other hand, β-decay experiments measuring right-
handed interactions would have to improve orders of magni-
tude to compete with the bounds from the LHC experiments
and the neutrino mass. This is illustrated in Fig. 6 for scalar
interactions and in Fig. 7 for tensor interactions. Table V
projects the competitive accuracies required for different β-
decay parameters. For left-handed currents we give the
necessary precision to compete with projected future LHC
bounds (Naviliat-Cuncic and González-Alonso, 2013). For
right-handed bounds, we give two accuracies. The first
corresponds to the required sensitivity to compete with current
LHC bounds; the number in brackets corresponds to the
required precision to compete with the bounds from the
neutrino mass (see Table IV).
The bounds on left-handed couplings are best pursued via

measurements of the Fierz-interference coefficient b. For left-
handed scalar couplings AL the bound is most stringent
because of the vast effort in the study of superallowed
Fermi transitions. These studies also provide the best current
value for Vud. The left-handed tensor coupling αL requires a
larger effort, for which several measurements need to be
combined. The best current bounds are from the global fit in
which neutron and nuclear data are combined. In this fit,
especially the uncertainties in the neutron lifetime and the A
coefficient of the neutron have a significant impact. We
pointed out that the large spread in the available A measure-
ments influences the obtained bound significantly. The
Gamow-Teller part bGT of the Fierz-interference term and
Vud can also be constrained in mirror nuclei, in analogy to the
superallowed Fermi transitions. However, this also requires
the measurement of at least one correlation coefficient.
Measurements with this aim are undertaken (Ban et al., 2013).
In Gamow-Teller transitions, measurements of the Fierz-

interference term bGT allow for bounds on the left-handed

tensor terms. In Seattle, a 6He factory has been set up to study
this term. The lifetime of 6He was already measured with high
precision (Knecht et al., 2012), but the shell-model calcu-
lations are not sufficiently accurate as yet to search for tensor
interactions. One straightforward, but not so simple, approach
is to measure the decay spectrum precisely. This would
give access to bGT. These measurements would also have
to consider contributions from the SM weak magnetism
[cf. Eq. (4)]. Measurements of bGT from electron-antineutrino
correlation ~aβν and the spectrum are both ongoing and being
set up (Fléchard et al., 2008, 2011; Knecht et al., 2011; Aviv
et al., 2012; Naviliat-Cuncic, 2014; Severijns, 2014). If these
measurements reach b < 10−3, they would allow for a strong
limit on αL. Such a precision is necessary to compete with the
projected bounds from the 14 TeV run of the LHC. In neutron
decay, many efforts are undertaken to improve the measure-
ments of aβν and A (Baessler et al., 2008, 2014Märkisch et al.,
2009; Počanić et al., 2009; Wietfeldt et al., 2009; Konrad
et al., 2012). For comparison, limits on the Fierz terms from
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FIG. 6 (color online). Scalar bounds from nuclear β decay as in
Fig. 1 combined with limits derived from the neutrino mass
(horizontal lines) and constraints from the LHC experiments
(circular bounds).
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(horizontal lines) and constraints from the LHC experiments
(circular bounds).

1498 Vos, Wilschut, and Timmermans: Symmetry violations in nuclear and neutron …

Rev. Mod. Phys., Vol. 87, No. 4, October–December 2015

K. K. Vos et al., Rev. Mod. Phys. 87, 1483 (2015)



5

Fierz	term,	scalar	currents,	and	the	case	of	10C
J. C. HARDY AND I. S. TOWNER PHYSICAL REVIEW C 91, 025501 (2015)

standard deviations. Is there any way the |Vud | value in Eq. (10)
could possibly be shifted to this value? It can be seen in
Eq. (8) that |Vud |2 is inversely proportional to both F t and
(1 + !V

R). For F t to account for such a shift, it would have to
decrease by six standard deviations. That is unlikely enough
but, because all 14 measured transitions agree with one another
and with CVC, all 14 would have to undergo the same shift, a
virtual impossibility. The only other possibility is a shift in the
nucleus-independent radiative correction, !V

R, which would
have to be reduced from 2.36(4)% to 2.24%. This is a change
equal to three times the stated uncertainty which, while not
impossible, is rather unlikely.

(4) f+(0), fK/fπ correct, Kℓ3, Kℓ2 correct, unitarity
not satisfied. With |Vus | determined from Kℓ3 decays and
|Vus |/|Vud | from Kℓ2 decays, each with the Nf = 2 + 1 + 1
lattice coupling constants, a value of |Vud | can be obtained from
their ratio. The result, |Vud | = 0.9670(44), has a somewhat
larger error bar than other determinations from kaon physics
because no constraint to satisfy unitarity has been imposed.
Nevertheless, the result is two of its standard deviations away
from the nuclear β-decay value for |Vud | and the unitarity
sum is likewise not satisfied, with |Vu|2 = 0.985(9) and a
deficit, !CKM = −0.015(9), of 1.8 standard deviations. For
the β-decay value of |Vud | to be shifted into agreement with
this kaon-derived value would require the nucleus-independent
radiative correction !V

R to be increased from 2.36(4)% to
3.88%, 40 times its stated uncertainty. Surely this can be ruled
out.

One must conclude that there is no definitive answer for
|Vus | as of now since the two approaches to its measurement
from kaon decay are not completely consistent with one
another. On balance, though, the result for |Vus |/|Vud | obtained
from Kℓ2 and pion decays seems the most reliable because it
shows the greatest consistency as the lattice calculations have
improved, which reinforces the idea that systematic errors are
reduced when a ratio is used. If we then accept the Nf =
2 + 1 + 1 result on line 4 of Table XIII and combine it with
our result for |Vud | from Eq. (10), we get |Vus | = 0.2248(6)
and a unitary sum of |Vu|2 = 0.999 56(49).

D. Scalar currents

1. Fundamental scalar current

The standard model prescribes the weak interaction to be
an equal mix of vector (V ) and axial-vector (A) interactions
that maximizes parity violation. Searches for physics beyond
the standard model therefore seek evidence that parity is
not maximally violated (owing to the presence of right-hand
currents) or that the interaction is not pure V − A (owing to the
presence of scalar or tensor currents). The data in this survey
allow us to contribute to the search for a scalar interaction
because, if present, it would have a measurable effect on
superallowed 0+ → 0+ β transitions.

A scalar interaction would generate an additional term [5]
to the shape-correction function, which forms part of the
integrand of the statistical rate function, f , an integral over
the β-decay phase space. The additional term takes the form
(1 + bF γ1/W ), where W is the total electron energy in electron
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FIG. 7. Corrected F t values from Table IX plotted as a function
of the charge on the daughter nucleus, Z. The curved lines represent
the approximate loci the F t values would follow if a scalar current
existed with bF = ±0.004.

rest-mass units, and γ1 =
√

[1 − (αZ)2]. The strength of the
scalar interaction is contained in the unknown constant, bF ,
which is called the Fierz interference term [218]. Thus, the
impact of a scalar interaction on the F t values would be to
introduce a dependence on ⟨1/W ⟩, the average inverse decay
energy of each β+ transition. No longer would the F t values
be constant over the whole range of nuclei but they would
instead exhibit a smooth dependence on ⟨1/W ⟩. Since ⟨1/W ⟩
is largest for the lightest nuclei, and decreases monotonically
with increasing Z and A, the largest deviation of F t from
constancy would occur for the cases of 10C and 14O.

We have reevaluated the statistical rate function, f , for
each transition using a shape-correction function that includes
the presence of the scalar interaction via a Fierz interference
term, bF , which we treat as an adjustable parameter. We then
obtained a value of bF that minimized the χ2 in a least-squares
fit to the expression F t = constant. The result we obtained is

bF = −0.0028 ± 0.0026, (17)

a marginally larger result than the value from our last survey [6]
but with the same uncertainty. Note that the uncertainty quoted
here is one standard deviation (68% CL), as obtained from the
fit. In Fig. 7 we illustrate the sensitivity of this analysis by
plotting the measured F t values together with the loci of F t
values that would be expected if bF = ±0.004. There is no
statistically compelling evidence for bF to be nonzero.1

The result in Eq. (17) can also be expressed in terms of
the coupling constants that Jackson, Treiman, and Wyld [218]
introduced to write a general form for the weak-interaction
Hamiltonian. Since we are dealing only with Fermi superal-
lowed transitions, we can restrict ourselves to scalar and vector
couplings, for which the Hamiltonian becomes

HS+V = (ψpψn)
(
CSφeφνe

+ C ′
Sφeγ5φνe

)

+ (ψpγµψn)
[
CV φeγµ(1 + γ5)φνe

]
, (18)

in the notation and metric of Ref. [218]. We have taken the
vector current to be maximally parity violating, as indicated

1It is interesting to note that if we were to derive an averageF t value
from the data while allowing bF to vary freely, the corresponding
value for |Vud | would become 0.9745(4), a result quite consistent
with the one we quote in Eq. (10), but with an uncertainty nearly
twice as large.
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In Table IV we compare these limits with current right-handed
β-decay bounds and bounds from the LHC. The estimates
from the neutrino mass are currently the strongest bounds on
right-handed currents. They are more than an order of
magnitude stronger than the β-decay bounds and comparable
to the LHC bounds. For the bounds in Eq. (54) we have used
the updated neutrino mass from the Planck space observatory,
which might further improve in the future. The given bounds
are conservative estimates, but nevertheless they show the
large impact of the neutrino mass on β-decay measurements.
Even stronger constraints of Oð10−5Þ from the neutrino mass
have been derived in Wang (2007).

D. Conclusions and outlook

We summarized the current status of the bounds on real
right-handed vector, scalar, pseudoscalar, and tensor inter-
actions in β decay. We compared these bounds with those
obtained from proton-proton collisions at the LHC experi-
ments and the upper limit on the neutrino mass, mainly
focusing on scalar and tensor interactions. The best current
bounds are given in Table IV. We distinguished between
bounds on left- and right-handed scalar and tensor inter-
actions, where left or right denotes the chirality of the
neutrino. The constraints on left-handed interactions are
equally constrained by the LHC and β-decay experiments.
On the other hand, β-decay experiments measuring right-
handed interactions would have to improve orders of magni-
tude to compete with the bounds from the LHC experiments
and the neutrino mass. This is illustrated in Fig. 6 for scalar
interactions and in Fig. 7 for tensor interactions. Table V
projects the competitive accuracies required for different β-
decay parameters. For left-handed currents we give the
necessary precision to compete with projected future LHC
bounds (Naviliat-Cuncic and González-Alonso, 2013). For
right-handed bounds, we give two accuracies. The first
corresponds to the required sensitivity to compete with current
LHC bounds; the number in brackets corresponds to the
required precision to compete with the bounds from the
neutrino mass (see Table IV).
The bounds on left-handed couplings are best pursued via

measurements of the Fierz-interference coefficient b. For left-
handed scalar couplings AL the bound is most stringent
because of the vast effort in the study of superallowed
Fermi transitions. These studies also provide the best current
value for Vud. The left-handed tensor coupling αL requires a
larger effort, for which several measurements need to be
combined. The best current bounds are from the global fit in
which neutron and nuclear data are combined. In this fit,
especially the uncertainties in the neutron lifetime and the A
coefficient of the neutron have a significant impact. We
pointed out that the large spread in the available A measure-
ments influences the obtained bound significantly. The
Gamow-Teller part bGT of the Fierz-interference term and
Vud can also be constrained in mirror nuclei, in analogy to the
superallowed Fermi transitions. However, this also requires
the measurement of at least one correlation coefficient.
Measurements with this aim are undertaken (Ban et al., 2013).
In Gamow-Teller transitions, measurements of the Fierz-

interference term bGT allow for bounds on the left-handed

tensor terms. In Seattle, a 6He factory has been set up to study
this term. The lifetime of 6He was already measured with high
precision (Knecht et al., 2012), but the shell-model calcu-
lations are not sufficiently accurate as yet to search for tensor
interactions. One straightforward, but not so simple, approach
is to measure the decay spectrum precisely. This would
give access to bGT. These measurements would also have
to consider contributions from the SM weak magnetism
[cf. Eq. (4)]. Measurements of bGT from electron-antineutrino
correlation ~aβν and the spectrum are both ongoing and being
set up (Fléchard et al., 2008, 2011; Knecht et al., 2011; Aviv
et al., 2012; Naviliat-Cuncic, 2014; Severijns, 2014). If these
measurements reach b < 10−3, they would allow for a strong
limit on αL. Such a precision is necessary to compete with the
projected bounds from the 14 TeV run of the LHC. In neutron
decay, many efforts are undertaken to improve the measure-
ments of aβν and A (Baessler et al., 2008, 2014Märkisch et al.,
2009; Počanić et al., 2009; Wietfeldt et al., 2009; Konrad
et al., 2012). For comparison, limits on the Fierz terms from
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FIG. 6 (color online). Scalar bounds from nuclear β decay as in
Fig. 1 combined with limits derived from the neutrino mass
(horizontal lines) and constraints from the LHC experiments
(circular bounds).
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standard deviations. Is there any way the |Vud | value in Eq. (10)
could possibly be shifted to this value? It can be seen in
Eq. (8) that |Vud |2 is inversely proportional to both F t and
(1 + !V

R). For F t to account for such a shift, it would have to
decrease by six standard deviations. That is unlikely enough
but, because all 14 measured transitions agree with one another
and with CVC, all 14 would have to undergo the same shift, a
virtual impossibility. The only other possibility is a shift in the
nucleus-independent radiative correction, !V

R, which would
have to be reduced from 2.36(4)% to 2.24%. This is a change
equal to three times the stated uncertainty which, while not
impossible, is rather unlikely.

(4) f+(0), fK/fπ correct, Kℓ3, Kℓ2 correct, unitarity
not satisfied. With |Vus | determined from Kℓ3 decays and
|Vus |/|Vud | from Kℓ2 decays, each with the Nf = 2 + 1 + 1
lattice coupling constants, a value of |Vud | can be obtained from
their ratio. The result, |Vud | = 0.9670(44), has a somewhat
larger error bar than other determinations from kaon physics
because no constraint to satisfy unitarity has been imposed.
Nevertheless, the result is two of its standard deviations away
from the nuclear β-decay value for |Vud | and the unitarity
sum is likewise not satisfied, with |Vu|2 = 0.985(9) and a
deficit, !CKM = −0.015(9), of 1.8 standard deviations. For
the β-decay value of |Vud | to be shifted into agreement with
this kaon-derived value would require the nucleus-independent
radiative correction !V

R to be increased from 2.36(4)% to
3.88%, 40 times its stated uncertainty. Surely this can be ruled
out.

One must conclude that there is no definitive answer for
|Vus | as of now since the two approaches to its measurement
from kaon decay are not completely consistent with one
another. On balance, though, the result for |Vus |/|Vud | obtained
from Kℓ2 and pion decays seems the most reliable because it
shows the greatest consistency as the lattice calculations have
improved, which reinforces the idea that systematic errors are
reduced when a ratio is used. If we then accept the Nf =
2 + 1 + 1 result on line 4 of Table XIII and combine it with
our result for |Vud | from Eq. (10), we get |Vus | = 0.2248(6)
and a unitary sum of |Vu|2 = 0.999 56(49).

D. Scalar currents

1. Fundamental scalar current

The standard model prescribes the weak interaction to be
an equal mix of vector (V ) and axial-vector (A) interactions
that maximizes parity violation. Searches for physics beyond
the standard model therefore seek evidence that parity is
not maximally violated (owing to the presence of right-hand
currents) or that the interaction is not pure V − A (owing to the
presence of scalar or tensor currents). The data in this survey
allow us to contribute to the search for a scalar interaction
because, if present, it would have a measurable effect on
superallowed 0+ → 0+ β transitions.

A scalar interaction would generate an additional term [5]
to the shape-correction function, which forms part of the
integrand of the statistical rate function, f , an integral over
the β-decay phase space. The additional term takes the form
(1 + bF γ1/W ), where W is the total electron energy in electron
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FIG. 7. Corrected F t values from Table IX plotted as a function
of the charge on the daughter nucleus, Z. The curved lines represent
the approximate loci the F t values would follow if a scalar current
existed with bF = ±0.004.

rest-mass units, and γ1 =
√

[1 − (αZ)2]. The strength of the
scalar interaction is contained in the unknown constant, bF ,
which is called the Fierz interference term [218]. Thus, the
impact of a scalar interaction on the F t values would be to
introduce a dependence on ⟨1/W ⟩, the average inverse decay
energy of each β+ transition. No longer would the F t values
be constant over the whole range of nuclei but they would
instead exhibit a smooth dependence on ⟨1/W ⟩. Since ⟨1/W ⟩
is largest for the lightest nuclei, and decreases monotonically
with increasing Z and A, the largest deviation of F t from
constancy would occur for the cases of 10C and 14O.

We have reevaluated the statistical rate function, f , for
each transition using a shape-correction function that includes
the presence of the scalar interaction via a Fierz interference
term, bF , which we treat as an adjustable parameter. We then
obtained a value of bF that minimized the χ2 in a least-squares
fit to the expression F t = constant. The result we obtained is

bF = −0.0028 ± 0.0026, (17)

a marginally larger result than the value from our last survey [6]
but with the same uncertainty. Note that the uncertainty quoted
here is one standard deviation (68% CL), as obtained from the
fit. In Fig. 7 we illustrate the sensitivity of this analysis by
plotting the measured F t values together with the loci of F t
values that would be expected if bF = ±0.004. There is no
statistically compelling evidence for bF to be nonzero.1

The result in Eq. (17) can also be expressed in terms of
the coupling constants that Jackson, Treiman, and Wyld [218]
introduced to write a general form for the weak-interaction
Hamiltonian. Since we are dealing only with Fermi superal-
lowed transitions, we can restrict ourselves to scalar and vector
couplings, for which the Hamiltonian becomes

HS+V = (ψpψn)
(
CSφeφνe

+ C ′
Sφeγ5φνe

)

+ (ψpγµψn)
[
CV φeγµ(1 + γ5)φνe

]
, (18)

in the notation and metric of Ref. [218]. We have taken the
vector current to be maximally parity violating, as indicated

1It is interesting to note that if we were to derive an averageF t value
from the data while allowing bF to vary freely, the corresponding
value for |Vud | would become 0.9745(4), a result quite consistent
with the one we quote in Eq. (10), but with an uncertainty nearly
twice as large.
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In Table IV we compare these limits with current right-handed
β-decay bounds and bounds from the LHC. The estimates
from the neutrino mass are currently the strongest bounds on
right-handed currents. They are more than an order of
magnitude stronger than the β-decay bounds and comparable
to the LHC bounds. For the bounds in Eq. (54) we have used
the updated neutrino mass from the Planck space observatory,
which might further improve in the future. The given bounds
are conservative estimates, but nevertheless they show the
large impact of the neutrino mass on β-decay measurements.
Even stronger constraints of Oð10−5Þ from the neutrino mass
have been derived in Wang (2007).

D. Conclusions and outlook

We summarized the current status of the bounds on real
right-handed vector, scalar, pseudoscalar, and tensor inter-
actions in β decay. We compared these bounds with those
obtained from proton-proton collisions at the LHC experi-
ments and the upper limit on the neutrino mass, mainly
focusing on scalar and tensor interactions. The best current
bounds are given in Table IV. We distinguished between
bounds on left- and right-handed scalar and tensor inter-
actions, where left or right denotes the chirality of the
neutrino. The constraints on left-handed interactions are
equally constrained by the LHC and β-decay experiments.
On the other hand, β-decay experiments measuring right-
handed interactions would have to improve orders of magni-
tude to compete with the bounds from the LHC experiments
and the neutrino mass. This is illustrated in Fig. 6 for scalar
interactions and in Fig. 7 for tensor interactions. Table V
projects the competitive accuracies required for different β-
decay parameters. For left-handed currents we give the
necessary precision to compete with projected future LHC
bounds (Naviliat-Cuncic and González-Alonso, 2013). For
right-handed bounds, we give two accuracies. The first
corresponds to the required sensitivity to compete with current
LHC bounds; the number in brackets corresponds to the
required precision to compete with the bounds from the
neutrino mass (see Table IV).
The bounds on left-handed couplings are best pursued via

measurements of the Fierz-interference coefficient b. For left-
handed scalar couplings AL the bound is most stringent
because of the vast effort in the study of superallowed
Fermi transitions. These studies also provide the best current
value for Vud. The left-handed tensor coupling αL requires a
larger effort, for which several measurements need to be
combined. The best current bounds are from the global fit in
which neutron and nuclear data are combined. In this fit,
especially the uncertainties in the neutron lifetime and the A
coefficient of the neutron have a significant impact. We
pointed out that the large spread in the available A measure-
ments influences the obtained bound significantly. The
Gamow-Teller part bGT of the Fierz-interference term and
Vud can also be constrained in mirror nuclei, in analogy to the
superallowed Fermi transitions. However, this also requires
the measurement of at least one correlation coefficient.
Measurements with this aim are undertaken (Ban et al., 2013).
In Gamow-Teller transitions, measurements of the Fierz-

interference term bGT allow for bounds on the left-handed

tensor terms. In Seattle, a 6He factory has been set up to study
this term. The lifetime of 6He was already measured with high
precision (Knecht et al., 2012), but the shell-model calcu-
lations are not sufficiently accurate as yet to search for tensor
interactions. One straightforward, but not so simple, approach
is to measure the decay spectrum precisely. This would
give access to bGT. These measurements would also have
to consider contributions from the SM weak magnetism
[cf. Eq. (4)]. Measurements of bGT from electron-antineutrino
correlation ~aβν and the spectrum are both ongoing and being
set up (Fléchard et al., 2008, 2011; Knecht et al., 2011; Aviv
et al., 2012; Naviliat-Cuncic, 2014; Severijns, 2014). If these
measurements reach b < 10−3, they would allow for a strong
limit on αL. Such a precision is necessary to compete with the
projected bounds from the 14 TeV run of the LHC. In neutron
decay, many efforts are undertaken to improve the measure-
ments of aβν and A (Baessler et al., 2008, 2014Märkisch et al.,
2009; Počanić et al., 2009; Wietfeldt et al., 2009; Konrad
et al., 2012). For comparison, limits on the Fierz terms from
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FIG. 6 (color online). Scalar bounds from nuclear β decay as in
Fig. 1 combined with limits derived from the neutrino mass
(horizontal lines) and constraints from the LHC experiments
(circular bounds).
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FIG. 7 (color online). Tensor bounds from nuclear β decay as in
Fig. 2 combined with limits derived from the neutrino mass
(horizontal lines) and constraints from the LHC experiments
(circular bounds).
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HPGe	detector	with	high	precision	efficiency

∆𝜺<5‰ ∆𝜺<1.5‰

The main problem in this procedure is to have a source with an
activity precision of the order of 0.1%. We possess two different
sources with this precision prepared by the Laboratoire National
Henri Becquerel (LNHB) at Saclay, France [24]. They were cali-
brated at LNHB using the 4πβγ coincidence method [25]. Widely
implemented in radionuclide laboratories, this primary method is
well adapted to the standardization of βγ emitters such as 60Co.
The detection system used at LNHB is based on a proportional
counter (filled with methane at atmospheric pressure) in the β
channel and a 3″! 3″ NaI(Tl) detector in the γ channel. The
associated electronics for coincidence counting is designed using
extendable dead times and the live-time technique [26]. In the
case of 60Co, an uncertainty of 0.09% on the activity measurement
is obtained. These sources allow us to determine the efficiency of
our detector at the 60Co γ-ray energies of 1173 keV and 1332 keV.
These efficiencies are 0.2175(3)% and 0.1996(3)%, respectively. The
measurements with the two sources agreed within error bars. We
used as a total activity uncertainty for the combined measure-
ments 0.09% taking thus into account that the two sources have
been calibrated in the same way in the same laboratory.

These measurements have been performed at different periods
over more than one year. During this time, the detector was warmed
up at several occasions, also for longer periods of several weeks.
However, we did not observe any change in efficiency and conclude
thus that the efficiency is constant over time.

Absolute efficiency from γ–γ coincidences: The absolute efficiency of
a germanium detector can also be determined from γ–γ coincidences.
For this purpose, one needs a source with a high-branching-ratio γ–γ
cascade without any cross-over γ ray. The 60Co as well as the 24Na
sources have these characteristics. However, the short half-life of 24Na
prevents from using this source for this purpose.

We have performed a series of measurements with a 25 kBq
60Co source. By determining the number of counts in the two γ-ray
peaks at 1173 keV and at 1332 keV as well as in the sum peak at
2505 keV, one can establish three equations for three unknowns:

N1173 ¼ ϵFE1173nAnBR1173nð1$ϵt1332nw12Þ

N1332 ¼ ϵFE1332nAnBR1332nð1$ϵt1173nw12Þ

N2505 ¼ ϵFE1173nϵ
FE
1332nAnBR2505nw12

Nx are the numbers of counts in the full-energy peaks at energy
x, A is the source activity, BRx is the branching ratio for the different
energies (BR2505 is the probability to have both γ rays, the 1173 keV
and the 1332 keV γ rays, in coincidence), ϵt is the total efficiency,
and w12 is the correction due to the γ–γ angular correlation.

In these equations, the three unknowns are the efficiencies at
the two energies and the activity. All the other quantities are either
determined from the spectrum (Nx), from other measurements (ϵt),
or from calculations (w12). In the present procedure, the acquisition
dead-time as well as, to a large extent, pile-up can be neglected as
they affect all peaks in the same way. However, there is one effect
which has to be corrected for the sum peak. This is the probability
that a 1173 keV γ ray from one event is added to a 1332 keV γ ray
from another event and vice versa and add to the sum energy peak
at 2505 keV. This effect is not negligible, as can be seen from the
presence of small but visible peaks at 2346 keV and 2664 keV, twice
the energies of the individual γ rays. We used the counting rates in
these two sum peaks, corrected for the detection efficiency of the
respective other γ-ray energy, and determined thus the number of
counts to be subtracted from the 2505 keV sum peak.

The angular correlation correction w12 was determined in a
Monte-Carlo simulation with the CYLTRAN code, where we com-
pared the sum energy peak in a simulation with angular correla-
tion to a simulation for an isotropic emission of the γ rays. The
result of these simulations is quite close to a calculation of the

angular correlation correction at a fixed angle of 01 which does not
take into account the opening angle of the detector and thus the
contribution of γ–γ angles larger than zero.

From our data, we determine efficiencies of 0.2186(7)% and
0.1996(7)% at 1173 keV and 1332 keV, respectively. These efficien-
cies are in excellent agreement with the values determined with the
high-precision sources. The precision is somewhat less than from
the high-precision sources. This is exclusively due to the fact that
one needs a high number of counts in the sum energy peak and this
implies very long measuring times. In our case, we performed
measurements over several months.

Final efficiency for the 60Co γ-ray energies: From both the above
methods to determine the absolute efficiency for the 60Co γ rays, we
arrive at a final efficiency of 0.2177(4)% and 0.1996(3)% at 1173 keV
and 1332 keV, respectively. These experimental efficiencies can be
compared to the results of our MC simulations of 0.2173(2)% and
0.1997(2)%. This precision corresponds to about 1.5–2‰. To arrive at
this agreement, we adjusted the detector parameters mainly with
the detectors scans and the 60Co measurements. Once the simula-
tions matched these, only minor additional adjustments were
necessary with the other sources (see next paragraph).

5.3.3. Full-energy peak efficiency with other sources
The sources used for the determination of the full-energy

efficiency curve are given in Table 2 with the information pertinent

Fig. 11. (a) Absolute γ-ray efficiency at a distance of 15 cm between the source and
the detector entrance window. As explained in the text, the shape of the curve is
determined with the γ rays given in Table 2, whereas the absolute height of the
curve was determined by means of 60Co sources. The curve is not completely
smooth, as what is presented is not the single γ-ray efficiencies, but full-energy
peak efficiencies determined with the complete decay schemes from the sources.
(b) Relative differences (in %) between the experimental data and the simulations
with the detector model are presented. The dashed lines give the final precisions
adopted.

B. Blank et al. / Nuclear Instruments and Methods in Physics Research A 776 (2015) 34–4442

calibration program:

• x-ray photography

• source measurements 
- >20 different sources 
- some made at ISOLDE 

• MC simulations: 
- CYLTRAN,  
- GEANT4

• scan of the crystal with 
collimated source: 

Results for remaining 
uncertainty in efficiency

status	BR	of	10C
• goal: <0.15% in BR 
• focus on systematics 
• 1st data taking completed at ISOLDE 
• will benefit of future beam purification 

capabilities 
• will benefit from intensity gain
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FIG. 6. Values of Vud as determined from superallowed 0+ →
0+ β decays plotted as a function of analysis date, spanning the past
two and a half decades. In order, from the earliest date to the most
recent, the values are taken from Refs. [4], [210], [211], [5], [6], and
this work.

not currently have sufficient precision to challenge the results
from kaon decays, are not considered here.

For the semileptonic K → πℓνℓ (Kℓ3) decays, there are
four separate decay channels that may be studied: charged
kaons or neutral kaons (long or short) decaying to either
electrons or muons. Results from these experiments have been
evaluated by the FlaviaNet group [212], with updates discussed
at the CKM14 conference by Moulson [213]. Extracted from
the experimental data is the product

f+(0)|Vus | = 0.2165(4), (11)

where f+(0) is the semileptonic-decay form factor at zero-
momentum transfer. Its value is close to unity. In the exact
SU(3) symmetry limit, the CVC hypothesis would require its
value to be exactly one but, in Kℓ3 decays, SU(3) symmetry is
broken at second order and a theoretical calculation is required
to estimate the extent of the symmetry breaking. Today, lattice

QCD calculations are used for this purpose, replacing former
semianalytic methods based on chiral perturbation theory.

For purely leptonic kaon decays, K± → µ±ν (Kℓ2), it
is their ratio to leptonic pion decays, π± → µ±ν, that is
measured because hadronic uncertainties can be minimized
in the ratio. The resulting experimental output is the ratio of
CKM matrix elements |Vus |/|Vud | multiplied by the ratio of
decay constants fK/fπ . The current recommended value from
Moulson [213] is

fK

fπ

|Vus |
|Vud |

= 0.2760(4). (12)

Again a lattice QCD calculation is required to evaluate the
ratio of decay constants.

In the past few years, there has been a rapid expansion
in large-scale numerical simulations in lattice QCD aimed
at determining the low-energy constants of flavor physics.
A Flavor Lattice Averaging Group (FLAG) formed in 2007
has been enlarged and the first report from the expanded
group has just been released [214]. Their recommended values
for the low-energy constants depend on Nf , the number of
dynamical quark flavors included in the lattice simulations.
The earliest results with Nf = 2 included just up and down
quarks; more recently strange quarks were added, so those
calculations are designated by Nf = 2 + 1. Most recently,
calculations with Nf = 2 + 1 + 1 have been reported, in
which charm quarks are incorporated as well. The FLAG
group gives results separately for Nf = 2, Nf = 2 + 1, and
Nf = 2 + 1 + 1, arguing that they have no a priori way to
estimate quantitatively the differences among results produced
in simulations with different numbers of dynamical quarks.

In Table XIII we give recommended values for f+(0) and
fK/fπ that lead to values of |Vus | in rows 1 to 3 and |Vus |/|Vud |
in rows 4 to 6. The entries for Nf = 2 and Nf = 2 + 1 are
the FLAG averages from [214]. Those for Nf = 2 + 1 + 1

TABLE XIII. Lattice QCD values for f+(0) and fK/fπ appear in columns 2 and 3, respectively, distinguished by the number of quark
flavors present in the simulations. The values corresponding to Nf = 2 and Nf = 2 + 1 are averages taken from FLAG [214]. The results
for Nf = 2 + 1 + 1 are from more recent publications [215,216]. The deduced values of |Vus | (for Kℓ3 decays) and those of |Vus |/|Vud | (for
Kℓ2 decays) appear in columns 4 and 5, respectively. The unitarity sums in column 6 incorporate Vud from Eq. (10) and Vub from Eq. (14).
Their residuals, %CKM, are in column 7 and, if unitarity is not met within the quoted uncertainty, the number of standard deviations, σ , of the
discrepancy appears in column 8. Rows 7 to 9 give |Vus | obtained by our fitting three data—|Vud | from β decay, |Vus | from Kℓ3 decays, and
|Vus |/|Vud | from Kℓ2 decays—with two free parameters, |Vud | and |Vus |, for each of the specified values of Nf . The Particle Data Group |Vus |
value [185] is given in the last row.

f+(0) fK/fπ |Vus | |Vus |/|Vud | |Vu|2 %CKM σ

Nf = 2 + 1 + 1 0.9704(32)a 0.2232(9) 0.9988(6) −0.0012(6) 2.1
Nf = 2 + 1 0.9661(32) 0.2241(9) 0.9992(6) −0.0008(6) 1.4
Nf = 2 0.9560(84) 0.2265(20) 1.0003(10) 0.0003(10)
Nf = 2 + 1 + 1 1.1960(25)b 0.2308(6) 0.9996(5) −0.0004(5)
Nf = 2 + 1 1.192(5) 0.2315(10) 0.9999(6) −0.0001(6)
Nf = 2 1.205(18) 0.2290(34) 0.9988(15) −0.0012(15)
Nf = 2 + 1 + 1 0.2243(8) 0.9993(8) −0.0007(8)
Nf = 2 + 1 0.2247(7) 0.9995(6) −0.0005(6)
Nf = 2 0.2256(17) 0.9999(9) −0.0001(9)
PDG 14 0.2253(8) 0.9998(6) −0.0002(6)

aThis recent result from Ref. [215] replaces the FLAG average [214], which is less precise.
bThis recent result from Ref. [216] with symmetrized uncertainty replaces the FLAG average [214], which is less precise.
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Superallowed 0+ → 0+ nuclear β decays: 2014 critical survey, with precise results
for Vud and CKM unitarity
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A new critical survey is presented of all half-life, decay-energy, and branching-ratio measurements related to 20
superallowed 0+ → 0+β decays. Included are 222 individual measurements of comparable precision obtained
from 177 published references. Compared with our last review in 2008, we have added results from 24 new
publications and eliminated 9 references, the results from which having been superseded by much more precise
modern data. We obtain world-average f t values for each of the 18 transitions that have a complete set of data,
then apply radiative and isospin-symmetry-breaking corrections to extract “corrected” F t values. Fourteen of
these F t values now have a precision of order 0.1% or better. In the process of obtaining these results we carefully
evaluate the available calculations of the isospin-symmetry-breaking corrections by testing the extent to which
they lead toF t values consistent with conservation of the vector current. Only one set of calculations satisfactorily
meets this condition. The resultant average F t value, when combined with the muon lifetime, yields the up-down
quark-mixing element of the Cabibbo-Kobayashi-Maskawa matrix, Vud = 0.974 17 ± 0.000 21. The unitarity
test on the top row of the matrix becomes |Vud |2 + |Vus |2 + |Vub|2 = 0.999 78 ± 0.000 55 if the Particle Data
Group (PDG) recommended value for Vus is used. However, recent lattice QCD calculations, not included yet
in the PDG evaluation, have introduced some inconsistency into kaon-decay measurements of Vus and Vus/Vud .

We examine the impact of these new results on the unitarity test and conclude that there is no evidence of any
statistically significant violation of unitarity. Finally, from the F t-value data we also set limits on the possible
existence of scalar interactions.

DOI: 10.1103/PhysRevC.91.025501 PACS number(s): 23.40.Bw, 12.15.Hh, 12.60.−i

I. INTRODUCTION

Precise measurements of the β decay between nuclear
analog states of spin, J π = 0+, and isospin, T = 1, provide
demanding and fundamental tests of the properties of the elec-
troweak interaction. Collectively, these transitions sensitively
probe the conservation of the vector weak current, set tight
limits on the presence of scalar currents, and provide the most
precise value for Vud , the up-down quark-mixing element of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. This latter
result has become a linchpin in the most demanding available
test of the unitarity of the CKM matrix, a property which is
fundamental to the electroweak standard model.

We have published six previous surveys of 0+ → 0+

superallowed transitions [1–6], the first having appeared over
40 years ago and the most recent 6 years ago. In each,
we published a complete survey of all relevant nuclear data
that pertained to these superallowed transitions and used the
results to set limits on the weak-interaction parameters that
were important at the time. Notably, since Vud became the
quantity of greatest interest 25 years ago, its value as obtained
from our surveys of superallowed decays has improved by a
factor of five in precision but has never strayed outside of the
uncertainties quoted in preceding surveys. This consistency is
testimony to the robustness of what is by now a very large
body of nuclear data.

*hardy@comp.tamu.edu
†towner@comp.tamu.edu

Since our last survey closed in September 2008, there has
continued to be a great deal of activity in this field, both in
experiment and in theory. This activity in honing Vud has been
matched by efforts to make similar improvements in the value
of Vus , the second important element in the top-row unitarity
sum. (The third element, Vub, is too small to play a significant
role.) Because the value of Vus has undergone some unexpected
changes in the past decade and has not yet settled at a reliably
stable result, interest in the CKM unitarity test continues to
stimulate work in the field. Since 2008, new measurements
relating to 0+ → 0+ superallowed transitions have appeared in
24 publications, and the new more-precise results they contain
have made 9 of the references accumulated in 2008 entirely
obsolete and left 11 more with some results replaced, in all
cases because new values had uncertainties a factor of ten or
more smaller. Altogether, this means that, of the references in
this 2014 survey, about 15% are new and, being among the
most precise, their influence is disproportionately greater than
that.

In addition to new measurements, there have also been
important theoretical contributions to the small isospin-
symmetry-breaking corrections that must be applied to the
data to extract Vud and the values of other weak-interaction
parameters. In the past 6 years, a number of different groups
have published their results for these terms, with calculations
based upon a variety of different models. The diversity of
results has prompted development of a test that allows each
set of correction terms to be judged by its ability to produce
F t values that are consistent with conservation of the vector
current (CVC). As part of our survey, we apply this test to
all sets that cover at least half the number of well-measured

0556-2813/2015/91(2)/025501(27) 025501-1 ©2015 American Physical Society
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FIG. 6. Values of Vud as determined from superallowed 0+ →
0+ β decays plotted as a function of analysis date, spanning the past
two and a half decades. In order, from the earliest date to the most
recent, the values are taken from Refs. [4], [210], [211], [5], [6], and
this work.

not currently have sufficient precision to challenge the results
from kaon decays, are not considered here.

For the semileptonic K → πℓνℓ (Kℓ3) decays, there are
four separate decay channels that may be studied: charged
kaons or neutral kaons (long or short) decaying to either
electrons or muons. Results from these experiments have been
evaluated by the FlaviaNet group [212], with updates discussed
at the CKM14 conference by Moulson [213]. Extracted from
the experimental data is the product

f+(0)|Vus | = 0.2165(4), (11)

where f+(0) is the semileptonic-decay form factor at zero-
momentum transfer. Its value is close to unity. In the exact
SU(3) symmetry limit, the CVC hypothesis would require its
value to be exactly one but, in Kℓ3 decays, SU(3) symmetry is
broken at second order and a theoretical calculation is required
to estimate the extent of the symmetry breaking. Today, lattice

QCD calculations are used for this purpose, replacing former
semianalytic methods based on chiral perturbation theory.

For purely leptonic kaon decays, K± → µ±ν (Kℓ2), it
is their ratio to leptonic pion decays, π± → µ±ν, that is
measured because hadronic uncertainties can be minimized
in the ratio. The resulting experimental output is the ratio of
CKM matrix elements |Vus |/|Vud | multiplied by the ratio of
decay constants fK/fπ . The current recommended value from
Moulson [213] is

fK

fπ

|Vus |
|Vud |

= 0.2760(4). (12)

Again a lattice QCD calculation is required to evaluate the
ratio of decay constants.

In the past few years, there has been a rapid expansion
in large-scale numerical simulations in lattice QCD aimed
at determining the low-energy constants of flavor physics.
A Flavor Lattice Averaging Group (FLAG) formed in 2007
has been enlarged and the first report from the expanded
group has just been released [214]. Their recommended values
for the low-energy constants depend on Nf , the number of
dynamical quark flavors included in the lattice simulations.
The earliest results with Nf = 2 included just up and down
quarks; more recently strange quarks were added, so those
calculations are designated by Nf = 2 + 1. Most recently,
calculations with Nf = 2 + 1 + 1 have been reported, in
which charm quarks are incorporated as well. The FLAG
group gives results separately for Nf = 2, Nf = 2 + 1, and
Nf = 2 + 1 + 1, arguing that they have no a priori way to
estimate quantitatively the differences among results produced
in simulations with different numbers of dynamical quarks.

In Table XIII we give recommended values for f+(0) and
fK/fπ that lead to values of |Vus | in rows 1 to 3 and |Vus |/|Vud |
in rows 4 to 6. The entries for Nf = 2 and Nf = 2 + 1 are
the FLAG averages from [214]. Those for Nf = 2 + 1 + 1

TABLE XIII. Lattice QCD values for f+(0) and fK/fπ appear in columns 2 and 3, respectively, distinguished by the number of quark
flavors present in the simulations. The values corresponding to Nf = 2 and Nf = 2 + 1 are averages taken from FLAG [214]. The results
for Nf = 2 + 1 + 1 are from more recent publications [215,216]. The deduced values of |Vus | (for Kℓ3 decays) and those of |Vus |/|Vud | (for
Kℓ2 decays) appear in columns 4 and 5, respectively. The unitarity sums in column 6 incorporate Vud from Eq. (10) and Vub from Eq. (14).
Their residuals, %CKM, are in column 7 and, if unitarity is not met within the quoted uncertainty, the number of standard deviations, σ , of the
discrepancy appears in column 8. Rows 7 to 9 give |Vus | obtained by our fitting three data—|Vud | from β decay, |Vus | from Kℓ3 decays, and
|Vus |/|Vud | from Kℓ2 decays—with two free parameters, |Vud | and |Vus |, for each of the specified values of Nf . The Particle Data Group |Vus |
value [185] is given in the last row.

f+(0) fK/fπ |Vus | |Vus |/|Vud | |Vu|2 %CKM σ

Nf = 2 + 1 + 1 0.9704(32)a 0.2232(9) 0.9988(6) −0.0012(6) 2.1
Nf = 2 + 1 0.9661(32) 0.2241(9) 0.9992(6) −0.0008(6) 1.4
Nf = 2 0.9560(84) 0.2265(20) 1.0003(10) 0.0003(10)
Nf = 2 + 1 + 1 1.1960(25)b 0.2308(6) 0.9996(5) −0.0004(5)
Nf = 2 + 1 1.192(5) 0.2315(10) 0.9999(6) −0.0001(6)
Nf = 2 1.205(18) 0.2290(34) 0.9988(15) −0.0012(15)
Nf = 2 + 1 + 1 0.2243(8) 0.9993(8) −0.0007(8)
Nf = 2 + 1 0.2247(7) 0.9995(6) −0.0005(6)
Nf = 2 0.2256(17) 0.9999(9) −0.0001(9)
PDG 14 0.2253(8) 0.9998(6) −0.0002(6)

aThis recent result from Ref. [215] replaces the FLAG average [214], which is less precise.
bThis recent result from Ref. [216] with symmetrized uncertainty replaces the FLAG average [214], which is less precise.
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Figure 2.20: Comparison of the most recent shell-model ISB corrections with
radial wave-functions from Saxon-Woods [73] and Hartree-Fock po-
tentials [15], both performed by Towner and Hardy.

nian H = H0 + VC are treated perturbatively on top of a charge independent
Hamiltonian H0 [85]. For �+-decays between eigenstates of H0 the nuclear tran-
sition matrix element would follow the derived relations due to the isospin raising
operator T+, hence, MF =

p
2 for a decay within a T = 1 multiplet. Auerbauch

considers the Coulomb part as the dominant part of the charge dependent part VC ,
which is approximated by a uniformly charged sphere inside a radius R.

VC(r) = �Ze2

R3

AX

i=1

⇣r2
i

2
� 3R2

2

⌘⇣1

2
� tz(i)

⌘
r  R (2.82)

of which the isovector part is linked to the giant isovector monopole state. This
relationship is used to calculate the matrix element and a simple equation for the
ISB correction is obtained.

�C = 8
V1

41⇠A2/3
✏21 (2.83)

The symmetry potential strength V1 and the model dependent ⇠ are chosen by Auer-
bach to be V1 = 100 MeV and ⇠ = 3. For the isospin admixture ✏21 several models
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for Vud and CKM unitarity

J. C. Hardy* and I. S. Towner†

Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA
(Received 21 November 2014; published 12 February 2015)

A new critical survey is presented of all half-life, decay-energy, and branching-ratio measurements related to 20
superallowed 0+ → 0+β decays. Included are 222 individual measurements of comparable precision obtained
from 177 published references. Compared with our last review in 2008, we have added results from 24 new
publications and eliminated 9 references, the results from which having been superseded by much more precise
modern data. We obtain world-average f t values for each of the 18 transitions that have a complete set of data,
then apply radiative and isospin-symmetry-breaking corrections to extract “corrected” F t values. Fourteen of
these F t values now have a precision of order 0.1% or better. In the process of obtaining these results we carefully
evaluate the available calculations of the isospin-symmetry-breaking corrections by testing the extent to which
they lead toF t values consistent with conservation of the vector current. Only one set of calculations satisfactorily
meets this condition. The resultant average F t value, when combined with the muon lifetime, yields the up-down
quark-mixing element of the Cabibbo-Kobayashi-Maskawa matrix, Vud = 0.974 17 ± 0.000 21. The unitarity
test on the top row of the matrix becomes |Vud |2 + |Vus |2 + |Vub|2 = 0.999 78 ± 0.000 55 if the Particle Data
Group (PDG) recommended value for Vus is used. However, recent lattice QCD calculations, not included yet
in the PDG evaluation, have introduced some inconsistency into kaon-decay measurements of Vus and Vus/Vud .

We examine the impact of these new results on the unitarity test and conclude that there is no evidence of any
statistically significant violation of unitarity. Finally, from the F t-value data we also set limits on the possible
existence of scalar interactions.

DOI: 10.1103/PhysRevC.91.025501 PACS number(s): 23.40.Bw, 12.15.Hh, 12.60.−i

I. INTRODUCTION

Precise measurements of the β decay between nuclear
analog states of spin, J π = 0+, and isospin, T = 1, provide
demanding and fundamental tests of the properties of the elec-
troweak interaction. Collectively, these transitions sensitively
probe the conservation of the vector weak current, set tight
limits on the presence of scalar currents, and provide the most
precise value for Vud , the up-down quark-mixing element of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. This latter
result has become a linchpin in the most demanding available
test of the unitarity of the CKM matrix, a property which is
fundamental to the electroweak standard model.

We have published six previous surveys of 0+ → 0+

superallowed transitions [1–6], the first having appeared over
40 years ago and the most recent 6 years ago. In each,
we published a complete survey of all relevant nuclear data
that pertained to these superallowed transitions and used the
results to set limits on the weak-interaction parameters that
were important at the time. Notably, since Vud became the
quantity of greatest interest 25 years ago, its value as obtained
from our surveys of superallowed decays has improved by a
factor of five in precision but has never strayed outside of the
uncertainties quoted in preceding surveys. This consistency is
testimony to the robustness of what is by now a very large
body of nuclear data.

*hardy@comp.tamu.edu
†towner@comp.tamu.edu

Since our last survey closed in September 2008, there has
continued to be a great deal of activity in this field, both in
experiment and in theory. This activity in honing Vud has been
matched by efforts to make similar improvements in the value
of Vus , the second important element in the top-row unitarity
sum. (The third element, Vub, is too small to play a significant
role.) Because the value of Vus has undergone some unexpected
changes in the past decade and has not yet settled at a reliably
stable result, interest in the CKM unitarity test continues to
stimulate work in the field. Since 2008, new measurements
relating to 0+ → 0+ superallowed transitions have appeared in
24 publications, and the new more-precise results they contain
have made 9 of the references accumulated in 2008 entirely
obsolete and left 11 more with some results replaced, in all
cases because new values had uncertainties a factor of ten or
more smaller. Altogether, this means that, of the references in
this 2014 survey, about 15% are new and, being among the
most precise, their influence is disproportionately greater than
that.

In addition to new measurements, there have also been
important theoretical contributions to the small isospin-
symmetry-breaking corrections that must be applied to the
data to extract Vud and the values of other weak-interaction
parameters. In the past 6 years, a number of different groups
have published their results for these terms, with calculations
based upon a variety of different models. The diversity of
results has prompted development of a test that allows each
set of correction terms to be judged by its ability to produce
F t values that are consistent with conservation of the vector
current (CVC). As part of our survey, we apply this test to
all sets that cover at least half the number of well-measured
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FIG. 6. Values of Vud as determined from superallowed 0+ →
0+ β decays plotted as a function of analysis date, spanning the past
two and a half decades. In order, from the earliest date to the most
recent, the values are taken from Refs. [4], [210], [211], [5], [6], and
this work.

not currently have sufficient precision to challenge the results
from kaon decays, are not considered here.

For the semileptonic K → πℓνℓ (Kℓ3) decays, there are
four separate decay channels that may be studied: charged
kaons or neutral kaons (long or short) decaying to either
electrons or muons. Results from these experiments have been
evaluated by the FlaviaNet group [212], with updates discussed
at the CKM14 conference by Moulson [213]. Extracted from
the experimental data is the product

f+(0)|Vus | = 0.2165(4), (11)

where f+(0) is the semileptonic-decay form factor at zero-
momentum transfer. Its value is close to unity. In the exact
SU(3) symmetry limit, the CVC hypothesis would require its
value to be exactly one but, in Kℓ3 decays, SU(3) symmetry is
broken at second order and a theoretical calculation is required
to estimate the extent of the symmetry breaking. Today, lattice

QCD calculations are used for this purpose, replacing former
semianalytic methods based on chiral perturbation theory.

For purely leptonic kaon decays, K± → µ±ν (Kℓ2), it
is their ratio to leptonic pion decays, π± → µ±ν, that is
measured because hadronic uncertainties can be minimized
in the ratio. The resulting experimental output is the ratio of
CKM matrix elements |Vus |/|Vud | multiplied by the ratio of
decay constants fK/fπ . The current recommended value from
Moulson [213] is

fK

fπ

|Vus |
|Vud |

= 0.2760(4). (12)

Again a lattice QCD calculation is required to evaluate the
ratio of decay constants.

In the past few years, there has been a rapid expansion
in large-scale numerical simulations in lattice QCD aimed
at determining the low-energy constants of flavor physics.
A Flavor Lattice Averaging Group (FLAG) formed in 2007
has been enlarged and the first report from the expanded
group has just been released [214]. Their recommended values
for the low-energy constants depend on Nf , the number of
dynamical quark flavors included in the lattice simulations.
The earliest results with Nf = 2 included just up and down
quarks; more recently strange quarks were added, so those
calculations are designated by Nf = 2 + 1. Most recently,
calculations with Nf = 2 + 1 + 1 have been reported, in
which charm quarks are incorporated as well. The FLAG
group gives results separately for Nf = 2, Nf = 2 + 1, and
Nf = 2 + 1 + 1, arguing that they have no a priori way to
estimate quantitatively the differences among results produced
in simulations with different numbers of dynamical quarks.

In Table XIII we give recommended values for f+(0) and
fK/fπ that lead to values of |Vus | in rows 1 to 3 and |Vus |/|Vud |
in rows 4 to 6. The entries for Nf = 2 and Nf = 2 + 1 are
the FLAG averages from [214]. Those for Nf = 2 + 1 + 1

TABLE XIII. Lattice QCD values for f+(0) and fK/fπ appear in columns 2 and 3, respectively, distinguished by the number of quark
flavors present in the simulations. The values corresponding to Nf = 2 and Nf = 2 + 1 are averages taken from FLAG [214]. The results
for Nf = 2 + 1 + 1 are from more recent publications [215,216]. The deduced values of |Vus | (for Kℓ3 decays) and those of |Vus |/|Vud | (for
Kℓ2 decays) appear in columns 4 and 5, respectively. The unitarity sums in column 6 incorporate Vud from Eq. (10) and Vub from Eq. (14).
Their residuals, %CKM, are in column 7 and, if unitarity is not met within the quoted uncertainty, the number of standard deviations, σ , of the
discrepancy appears in column 8. Rows 7 to 9 give |Vus | obtained by our fitting three data—|Vud | from β decay, |Vus | from Kℓ3 decays, and
|Vus |/|Vud | from Kℓ2 decays—with two free parameters, |Vud | and |Vus |, for each of the specified values of Nf . The Particle Data Group |Vus |
value [185] is given in the last row.

f+(0) fK/fπ |Vus | |Vus |/|Vud | |Vu|2 %CKM σ

Nf = 2 + 1 + 1 0.9704(32)a 0.2232(9) 0.9988(6) −0.0012(6) 2.1
Nf = 2 + 1 0.9661(32) 0.2241(9) 0.9992(6) −0.0008(6) 1.4
Nf = 2 0.9560(84) 0.2265(20) 1.0003(10) 0.0003(10)
Nf = 2 + 1 + 1 1.1960(25)b 0.2308(6) 0.9996(5) −0.0004(5)
Nf = 2 + 1 1.192(5) 0.2315(10) 0.9999(6) −0.0001(6)
Nf = 2 1.205(18) 0.2290(34) 0.9988(15) −0.0012(15)
Nf = 2 + 1 + 1 0.2243(8) 0.9993(8) −0.0007(8)
Nf = 2 + 1 0.2247(7) 0.9995(6) −0.0005(6)
Nf = 2 0.2256(17) 0.9999(9) −0.0001(9)
PDG 14 0.2253(8) 0.9998(6) −0.0002(6)

aThis recent result from Ref. [215] replaces the FLAG average [214], which is less precise.
bThis recent result from Ref. [216] with symmetrized uncertainty replaces the FLAG average [214], which is less precise.
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nian H = H0 + VC are treated perturbatively on top of a charge independent
Hamiltonian H0 [85]. For �+-decays between eigenstates of H0 the nuclear tran-
sition matrix element would follow the derived relations due to the isospin raising
operator T+, hence, MF =

p
2 for a decay within a T = 1 multiplet. Auerbauch

considers the Coulomb part as the dominant part of the charge dependent part VC ,
which is approximated by a uniformly charged sphere inside a radius R.

VC(r) = �Ze2

R3

AX

i=1

⇣r2
i

2
� 3R2

2

⌘⇣1

2
� tz(i)

⌘
r  R (2.82)

of which the isovector part is linked to the giant isovector monopole state. This
relationship is used to calculate the matrix element and a simple equation for the
ISB correction is obtained.

�C = 8
V1

41⇠A2/3
✏21 (2.83)

The symmetry potential strength V1 and the model dependent ⇠ are chosen by Auer-
bach to be V1 = 100 MeV and ⇠ = 3. For the isospin admixture ✏21 several models
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FIG. 2. (a) In the top panel are plotted the uncorrected experi-
mental f t values as a function of the charge on the daughter nucleus.
(b) In the bottom panel, the corresponding F t values are given; they
differ from the f t values by the inclusion of the correction terms δ′

R ,
δNS, and δC. The horizontal gray band gives one standard deviation
around the average F t value.

of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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FIG. 3. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions. The bars for δ′

R are only a rough guide to the effect on
each transition of this term’s systematic uncertainty. See text.
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FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final F t values for the 11 other superallowed
transitions. Where the error is cut off with a jagged line at 40 parts in
104, no useful experimental measurement has been made. The bars
for δ′

R are only a rough guide to the effect on each transition of this
term’s systematic uncertainty. See text.
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of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.
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of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.
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Superallowed 0+ → 0+ nuclear β decays: 2014 critical survey, with precise results
for Vud and CKM unitarity
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A new critical survey is presented of all half-life, decay-energy, and branching-ratio measurements related to 20
superallowed 0+ → 0+β decays. Included are 222 individual measurements of comparable precision obtained
from 177 published references. Compared with our last review in 2008, we have added results from 24 new
publications and eliminated 9 references, the results from which having been superseded by much more precise
modern data. We obtain world-average f t values for each of the 18 transitions that have a complete set of data,
then apply radiative and isospin-symmetry-breaking corrections to extract “corrected” F t values. Fourteen of
these F t values now have a precision of order 0.1% or better. In the process of obtaining these results we carefully
evaluate the available calculations of the isospin-symmetry-breaking corrections by testing the extent to which
they lead toF t values consistent with conservation of the vector current. Only one set of calculations satisfactorily
meets this condition. The resultant average F t value, when combined with the muon lifetime, yields the up-down
quark-mixing element of the Cabibbo-Kobayashi-Maskawa matrix, Vud = 0.974 17 ± 0.000 21. The unitarity
test on the top row of the matrix becomes |Vud |2 + |Vus |2 + |Vub|2 = 0.999 78 ± 0.000 55 if the Particle Data
Group (PDG) recommended value for Vus is used. However, recent lattice QCD calculations, not included yet
in the PDG evaluation, have introduced some inconsistency into kaon-decay measurements of Vus and Vus/Vud .

We examine the impact of these new results on the unitarity test and conclude that there is no evidence of any
statistically significant violation of unitarity. Finally, from the F t-value data we also set limits on the possible
existence of scalar interactions.

DOI: 10.1103/PhysRevC.91.025501 PACS number(s): 23.40.Bw, 12.15.Hh, 12.60.−i

I. INTRODUCTION

Precise measurements of the β decay between nuclear
analog states of spin, J π = 0+, and isospin, T = 1, provide
demanding and fundamental tests of the properties of the elec-
troweak interaction. Collectively, these transitions sensitively
probe the conservation of the vector weak current, set tight
limits on the presence of scalar currents, and provide the most
precise value for Vud , the up-down quark-mixing element of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. This latter
result has become a linchpin in the most demanding available
test of the unitarity of the CKM matrix, a property which is
fundamental to the electroweak standard model.

We have published six previous surveys of 0+ → 0+

superallowed transitions [1–6], the first having appeared over
40 years ago and the most recent 6 years ago. In each,
we published a complete survey of all relevant nuclear data
that pertained to these superallowed transitions and used the
results to set limits on the weak-interaction parameters that
were important at the time. Notably, since Vud became the
quantity of greatest interest 25 years ago, its value as obtained
from our surveys of superallowed decays has improved by a
factor of five in precision but has never strayed outside of the
uncertainties quoted in preceding surveys. This consistency is
testimony to the robustness of what is by now a very large
body of nuclear data.

*hardy@comp.tamu.edu
†towner@comp.tamu.edu

Since our last survey closed in September 2008, there has
continued to be a great deal of activity in this field, both in
experiment and in theory. This activity in honing Vud has been
matched by efforts to make similar improvements in the value
of Vus , the second important element in the top-row unitarity
sum. (The third element, Vub, is too small to play a significant
role.) Because the value of Vus has undergone some unexpected
changes in the past decade and has not yet settled at a reliably
stable result, interest in the CKM unitarity test continues to
stimulate work in the field. Since 2008, new measurements
relating to 0+ → 0+ superallowed transitions have appeared in
24 publications, and the new more-precise results they contain
have made 9 of the references accumulated in 2008 entirely
obsolete and left 11 more with some results replaced, in all
cases because new values had uncertainties a factor of ten or
more smaller. Altogether, this means that, of the references in
this 2014 survey, about 15% are new and, being among the
most precise, their influence is disproportionately greater than
that.

In addition to new measurements, there have also been
important theoretical contributions to the small isospin-
symmetry-breaking corrections that must be applied to the
data to extract Vud and the values of other weak-interaction
parameters. In the past 6 years, a number of different groups
have published their results for these terms, with calculations
based upon a variety of different models. The diversity of
results has prompted development of a test that allows each
set of correction terms to be judged by its ability to produce
F t values that are consistent with conservation of the vector
current (CVC). As part of our survey, we apply this test to
all sets that cover at least half the number of well-measured
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FIG. 2. (a) In the top panel are plotted the uncorrected experi-
mental f t values as a function of the charge on the daughter nucleus.
(b) In the bottom panel, the corresponding F t values are given; they
differ from the f t values by the inclusion of the correction terms δ′

R ,
δNS, and δC. The horizontal gray band gives one standard deviation
around the average F t value.

of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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FIG. 3. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions. The bars for δ′

R are only a rough guide to the effect on
each transition of this term’s systematic uncertainty. See text.
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FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final F t values for the 11 other superallowed
transitions. Where the error is cut off with a jagged line at 40 parts in
104, no useful experimental measurement has been made. The bars
for δ′

R are only a rough guide to the effect on each transition of this
term’s systematic uncertainty. See text.
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