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Non-SM vector interactions
NP "hidden": 
 
 
 

NP probable through precise Vud, Vus extractions  
→ (Ft-values) superallowed beta decays!  
 
 
 
 

Competitive probe!  

Important to improve the bound, or strengthen its reliability;  

Error dominated by theory (RC);
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They affect differential distributions  
→ nuclear matrix element cancel!  
→ precise SM predictions;  

Hadronic matrix elements do not cancel  
→ huge recent progress: δgS,T < 10% 
     [backup slide]
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Future: shape measurements? 
"we present an analytical description of the allowed β 
spectrum shape accurate to ~10-4 down to 1 keV for low to 
medium Z nuclei, thereby extending the work by previous 
authors by nearly an order of magnitude."  
[Hayen et al., Rev.Mod.Phys. 1709.07530]
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Scalar & Tensor interactions
They affect differential distributions  
→ nuclear matrix element cancel!  
→ precise SM predictions;  

Hadronic matrix elements do not cancel  
→ huge recent progress: δgS,T < 10% 
     [backup slide]  

Competitive w LHC?

b = # gS εS + # gT εT 
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LHC8, 20fb-1

LHC14, 50fb-1

Drell-Yan  
pp → e+ ν 

Contact  
interactions:  
E2/v2 enhancement!

[Cirigliano, MGA & Graesser’2012]
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Atomic PV

[Falkowski, MGA & Mimouni, 2017]
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[Wood et al.,  
Science, 1997]
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Atomic PV
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LHC run 2 & HL-LHC  
→ ~10-4 level bounds  
[Greljo-Marzocca, 2017]

[Wood et al.,  
Science, 1997]
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Atomic PV

[Falkowski, MGA & Mimouni, 2017]

clq x 103

LHC run 2 & HL-LHC  
→ ~10-4 level bounds  
[Greljo-Marzocca, 2017]

"The ion Ra+ renders the possibility for a 5x 
improvement in the accuracy of sin2 �w within 
1 week of measurement time"

[Wood et al.,  
Science, 1997]



weak	interac>on	studies	in	radionuclides

u

u

d

d

0νββ-decay

β decays

• nature of neutrino 
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atomic parity violation 
• access sin2(ΘW ) at low energy 
• strong enhancement in 
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K. K. Vos et al., Rev. Mod. Phys. 87, 1483 (2015) 2
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weak	interac>on	studies	in	β	decays	at	ISOLDE

NICOLE ISOLTRAP COLLAPS

WIZArDVITO

beamlines for ‘traveling setups’• dilution refrigerator setup  
• recently: 60Co, 67Cu for 

limits on tensor currents

• Penning trap 
• precise transition 

energies   

• laser spectroscopy 
• charge radius of 

superallowed 26mAl as 
input for theory 
(ongoing)  

• 32Ar for scalar currents 

• branching ratio (10C, 37K) 
• half-lives (recently 38,39Ca, 37K) 
• β spectrum: miniBETA

1.4 GeV protons

target stations example	2:	in	prepara>on

example	3:	future	use@ISOLDE

N. Severijns and B. Blank, J. Phys. G: Nucl. Part. Phys. 44, 074002 (2017) 

MR-ToFs & MIRACLS
towards new opportunities for  
• ISOLDE beam purification 
• optical pumping for polarised nuclei 

• optical polarisation of nuclei 
• feasibility study of 35Ar for Vud 

(ongoing) 
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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

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)

Superallowed  
nuclear β decays
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lifetime
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T
U
R
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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)
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with	state-of-the-art	detectors
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B. Blank et al., NIM A 776, 34 (2015)

HPGe	detector	with	high	precision	efficiency

∆!<5‰ ∆!<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
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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.
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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
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energies (BR2505 is the probability to have both γ rays, the 1173 keV
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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
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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 
• analysis ongoing 
• would benefit of future beam purification 

capabilities at ISOLDE
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WISArD:	Weak-interac>on	studies	with	32Ar	decay
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• major advance over previous experiments: ∆Ep measurement (instead of Ep) 
• goal: limit on aβν of the order of 0.1% (factor ∼6 improvement) 

• timeline: proof-of-principle before LS2, data taking after LS2
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Hayen et al., accepted 
Rev.Mod.Phys., arXiv:1709.07530 

d�BSM = d�SM (1 + k
1

E�
bF )

Fierz term:  
scalar / tensor 
weak currents

• β-spectrum shape:

43

Table VII Overview of the features present in the � spectrum shape (Eq. (4)), and the e↵ects incorporated into the Beta
Spectrum Generator Code (Hayen and Severijns, TBP). Here the magnitudes are listed as the maximal typical deviation for
medium Z nuclei with a few MeV endpoint energy. Some of these corrections fall o↵ very quickly (e.g., the exchange correction,
X) but can be sizeable in a small energy region. Varying Z or W0 can obviously allow for some migration within categories for
several correction terms.

Item E↵ect Formula Magnitude

1 Phase space factor pW (W0 �W )2
Unity or larger

2 Traditional Fermi function F0 (Eq. (6))

3 Finite size of the nucleus L0 (Eq. (16))

10�1-10�2

4 Radiative corrections R (Eq. (47))

5 Shape factor C (Eq. (100) and (105))

6 Atomic exchange X (Eq. (157))

7 Atomic mismatch r (Eq. (170))

8 Atomic screening S (Eq. (144)) a

10�3-10�4

9 Shake-up See item 7 & Eq. (160) b

10 Shake-o↵ See item 7 & Eq. (163) & �cont
ex (Eq. (164)) c

11 Isovector correction CI (Eq. (113))

12 Distorted Coulomb potential due to recoil Q (Eq. (45))

13 Di↵use nuclear surface U (Eqs. (25) and (29))

14 Nuclear deformation DFS (Eq. (40)) & DC (Eq. (135))

15 Recoiling nucleus RN (Eq. (41))

16 Molecular screening �SMol (Eq. (176))

17 Molecular exchange Case by case

18 Bound state � decay �b/�c (Eq. (171)) d

Smaller than 1 · 10�419 Neutrino mass Negligible

20 Forbidden decays Not incorporated

a Here the Salvat potential of Eq. (147) is used with X (Eq. (145)) set to unity.
b The e↵ect of shake-up on screening was discussed in Sec. VII.C.1 with Eq. (160).
c Shake-o↵ influences on screening and exchange corrections were discussed separately in Sec. VII.C.2. This has to be evaluated in a case
by case scenario.
d This does not a↵ect the spectral shape, as discussed in Sec. VII.E, but does enter the Ft analysis.

the ratio of vector and axial vector f values

Ftmirror ⌘ 2Ft0
+!0+

1 + f
A

f
V

⇢2
. (177)

The separate f values have been calculated by Towner
and Hardy (2015) using the same methods as those used
in Fig. 10. We have now two possibilities to compare
our results. As these are all mirror nuclei, the Holstein
form factor d vanishes identically and CVC allows us to
precisely calculate the weak magnetism term from exist-
ing experimental data (Severijns et al., TBP). On the
other hand, we are able to approximate the latter using
single-particle matrix elements as we have discussed in
Sec. VI.F.2. Both results are shown in Fig. 11.

As expected from the results for superallowed decays,
the agreement in the vector sector is exquisite, with all
di↵erences smaller than 4·10�4. For the axial vector part
the general agreement is good, but there are some dis-
tinct features. We see that for cases where the extreme
single-particle approach is justified, the deviation is in

the 10�4 range both for CVC and single-particle results.
In the cases where this is absolutely not the case, such as
the outliers at 33Cl and 35Ar, the disagreement reaches
1%. A similar failure is then expected in the evaluation
of the ratio of matrix elements in ⇤, defined in Eq. (107).
Important to note, however, is that the shell model has
issues pinning down the right values in these cases as well
(Severijns et al., TBP). The accuracy with which the shell
model is able to explain these values is found to be on the
order of 10% (Severijns et al., TBP), meaning deviations
away from unity in our comparison do not necessarily
stem from a failure in our evaluation of ⇤, and are at
least in part due to the dominant weak magnetism cor-
rection. Judging from the comparison between the CVC
and single-particle results, one would conclude there to
be a complete failure of the extreme single-particle model
to accurately predict the weak magnetism contribution.
A surprising yet pleasant result is found, however, when
one moves from a spherical harmonic oscillator to a de-
formed Woods-Saxon potential but retains the extreme

• requires accurate knowledge of shape of SM β-
spectrum (to a few parts in 10−4)
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collaboration Leuven, Krakow
K. Lojek et al., Nucl. Instrum. Meth. Phys. Res. A 611 (2009) 284. 
K. Lojek et al., Nucl. Instrum. Meth. Phys. Res. A 802 (2015) 38.

• Concept: energy detector  (scintillator) +  backscattering recognition (drift chamber) 
• status: tracking of cosmic muons and β of 90Sr source  
• goals: first 114In, later ‘online’ 

           aimed precision in β-spectrum: ∼0.1 %

source

β
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weak	interac>on	studies		
in	β	decays

particles are detected parallel to the Earth’s rotation axis. It
shows an oscillation with the period of the sidereal rotational
frequency on top of a constant offset. Line (3) shows an
oscillation with twice the period of the sidereal frequency. It
arises when both the polarization and the β particles are
detected in the east-west direction.
In allowed β decay, Lorentz violation was for the first time

tested in polarized 20Na (Müller et al., 2013), by measuring
the spin asymmetry AJ [Eq. (93)]. 20Na first decays with a βþ

2þ → 2þ Gamow-Teller transition, followed by a γ decay of
the daughter nucleus. The parity-odd β decay was used to
determine the polarization P by measuring the β asymmetry
(Müller et al., 2013). The parity-even γ decay was used to
measure the lifetime τ↑ð↓Þ and to determine the γ asymmetry

Aγ ¼
τ↓ − τ↑

τ↑ þ τ↓
¼ PA~~χi · ~j; ð97Þ

where the polarization direction is in the ~j direction. To
reduce systematic errors, the polarization direction is pref-
erably in the ŷ (east-west) direction. The analysis of the setup
in this direction places bounds of the order of Oð10−3Þ
(Sytema et al., 2015).
Lorentz violation has also been searched for in polarized

neutron decay (Bodek et al., 2014). Two different asymme-
tries, that depend on the nuclear polarization and the β
direction, were measured and are currently being analyzed.
The asymmetries depend on combinations of ~~χi and ~χr and
preliminary bounds are Oð10−2Þ (Bodek et al., 2014). This
setup probably also allows for a measurement of AJβ defined
in Eq. (94). Such a measurement would measure the so-far
unconstrained coefficients χ0li .

2. Forbidden β decay

“Forbidden” (slow) transitions are suppressed with respect
to allowed transitions, because the lepton pair carries away
angular momentum. Theoretically, the simplest of these
transitions are the unique first-forbidden transitions
(ΔJ ¼ 2), since they depend on only one nuclear matrix
element. Because Lorentz violation includes rotational vio-
lation, it also implies the violation of angular-momentum
conservation. Forbidden β decays are then more sensitive to
rotational invariance violation in the weak interaction. In the
1970s, two experiments were performed with this motivation.
Newman and Wiesner (1976) searched for anisotropies in the
angular distribution of β particles in first-forbidden 90Y decay.
Ullman (1978) searched for sidereal modulations of the count
rates for first-forbidden 137Cs β decay and second-forbidden
99Tc β decay. The strongest bounds were found in the
experiment by Newman and Wiesner (1976). In this experi-
ment the β-decay distribution of 90Y from a high-intensity
source was measured in a rotating setup. Schematically, the
setup is depicted in Fig. 13. The rotation of the setup allowed
for the determination of three decay asymmetries
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Sidereal days

A
F

FIG. 11 (color online). Illustration of the oscillation of the
asymmetry AF in Eq. (91), for X0l

r ¼ 0.1 and ζ ¼ 45°. Three
different detection directions of the β particles are depicted. When
β particles are detected parallel ð∥Þ to the Earth’s rotation axis
there is no sidereal variation (thick line). The top curve shows the
asymmetry when the β particles are detected in the east-west
direction ð⊥Þ and the black line shows when they are detected
perpendicular to the Earth’s surface ð↑↓Þ. Both show a sidereal
variation, the latter with a constant offset.
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FIG. 12 (color online). Illustration of the possible sidereal
variations of tensor Lorentz violation parametrized as χlkr jlp̂k

e,
with Xlk

r ¼ 0.1. Line (1) shows the modulations when ~j is in the ẑ
(up-down) direction and p̂e in the ŷ (east-west) direction. Line (2)
is for ~j in the ẑ direction and the β particles detected parallel to the
Earth’s rotation axis. Line (3) shows the modulations when both ~j
and p̂e are in the east-west direction.

FIG. 13 (color online). Schematic setup of the rotating 90Y
experiment of Newman and Wiesner (1976).
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Figure 7 90% CL limits on the CP-violating scalar and tensor NP
couplings Im(ϵS,T ) from measurements of the triple correlation R
in neutron decay [41] (diagonal maroon band) and 8Li [46] (vertical
green band). Notice that both ϵS and ϵT scales are different than
in Fig. 6.

Using the recent lattice QCD determination of the
form factors g S,T [9] we obtain the bounds shown in
Fig 7.

Likewise, the bound on the relative phase between CV

and C A given in Eq. (23) from the measurement of the
D correlation coefficient in neutron decay [49] can be
casted in the quark-level language as

Im(ϵR) = −(1.1 ± 4.0) × 10−4 (90% CL). (30)

It is worth mentioning that additional T-odd correla-
tions with potential NP sensitivity can be constructed in
the radiative β decay of nuclei and neutron, as shown in
Refs. [60, 61].

Like for the CP-conserving coefficients, the ratio
Rπ = $(π → eν)/$(π → µν) offers strong constraints
on Im(ϵS,T ) since they generate radiatively a non-zero
Im(ϵP ) [11].

Using the high-energy effective Lagrangian of Eq. (8),
it is possible to show that the same SU(2)L × U(1)Y in-
variant effective operators that generate at low-energy
the coefficients ϵR,S,T also generate contributions to
different EDMs [62], which generates much stronger
bounds than those given in Eqs. (28)–(30). In fact, the in-
direct limit on the D coefficient from the current neu-
tron EDM bound is of the order 10−7 [62], whereas for
the R coefficient the current Thallium EDM bound im-
plies an indirect bound at the level of 10−8 [63]. These

bounds from EDMs could be avoided assuming an al-
most complete cancellation with other effective opera-
tors contributing to the EDMs. Although such a scenario
is very unnatural from a purely EFT point of view, in a
specific NP model the different Wilson coefficients are
related to the more fundamental coupling constants and
masses and such a cancellation could occur in a less
unnatural way. In this sense, direct bounds from β de-
cays complement EDM experiments in the search of new
sources of CP-violation. Moreover, this comparison with
EDM relies on the use of the high-energy effective La-
grangian of Eq. (8), that in turn relies on some assump-
tions about the structure of the underlying NP.

We can see that the situation is very different from
the CP-conserving coefficients, where direct limits from
β decays are very competitive and for some interactions
they actually offer the best bound.

5.4 Limits from the LHC

If the new particles are too heavy to be produced on-shell
at the LHC we can connect collider searches with low-
energy experiments in an elegant model-independent
way using the high-energy effective Lagrangian of Eq. (8)
to analyze collider data. The natural channel to study at
the LHC is the search for electrons and missing trans-
verse energy (MET), pp → e + MET + X , since the un-
derlying partonic process is the same as in β decay (ūd →
eν̄) and so we expect it to be sensitive to the same kind
of NP.

Using the matching conditions between Wilson coef-
ficients of the low- and high-energy effective Lagrangians
[9, 10] it is possible to express collider observables in
terms of the coefficients of the low-energy effective the-
ory, ϵi and ϵ̃i . In particular the cross-section σ ( pp → e +
MET + X) with transverse mass higher than mT takes the
following form6:

σ (mT >mT ) = σW
!""1 + ϵ(v)

L

""2 + |ϵ̃L |2 + |ϵR|2#

− 2 σWL Re
$
ϵ(c)

L + ϵ(c)
L ϵ(v)

L
∗%

+ σR
!
|ϵ̃R|2+ |ϵ(c)

L |2#

+ σS
!
|ϵS|2+ |ϵ̃S|2+ |ϵP |2+ |ϵ̃P |2#

+ σT
!
|ϵT |2+ |ϵ̃T |2#, (31)

6 Notice that high-energy searches probe separately the vertex
correction ϵ(v)

L , and contact ϵ(c)
L contributions to the coupling ϵL ,

defined in Ref. [10].
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Figure 2 Constraints on real scalar couplings obtained from most
precise observables in nuclear β decay. The straight lines are de-
duced from the Fierz interference term in super-allowed pure Fermi
transitions [24]. The circular bounds are deduced from measure-
ments of the βν angular correlation in 38mK decay [27] (red lines)
and in 32Ar [28] decay (purple lines). The limits are calculated at the
90% CL.

theoretical corrections which have here an important ef-
fect. The opportunities for improving the errors of the
F t-values have recently been discussed in Ref. [3] in con-
nection with the determination of Vud from pure Fermi
transitions for the unitarity test of the CKM matrix.

The other measured observable providing comple-
mentary constraints to those resulting from the F t-
values is the βν angular correlation a. The most precise
result obtained so far was in the pure Fermi decay of
38mK. The experiment used the TRIUMF Neutral Atom
Trap setup [27] which is a Magneto Optical Trap (MOT)
system composed of two traps. The βν correlation was
determined from the shape of the time-of-flight spectra
of recoil ions measured in coincidence relative to the β

particle. Since 38mK is a positron emitter, the detection of
positively charged recoil ions relies on the double or mul-
tiple shake-off of electrons following β decay. The statis-
tical precision of the result is 3 × 10−3 and the systematic
error is comparable, arising from several instrumental
sources [27]. A similar precision has been achieved with
an indirect method, by measuring the energy spectrum
shape of the delayed proton in the decay of 32Ar [28]. The
bounds obtained from these two experiments are shown

by the circles in Fig. 2 and are extracted from

ã = a
1 + b⟨m/Ee⟩

. (17)

It is interesting to stress that, for each decay, the ab-
scissa, xC , and ordinate, yC , of the center of the circles
in Fig. 2 are essentially given by xC ≈ yC ≈ ⟨m/Ee⟩/2, and
that the mean radius of the circular band, RM, is given by
RM ≈ ⟨m/Ee⟩/

√
2. This indicates the importance of the

value of the sensitivity factor ⟨m/Ee⟩ of the Fierz term,
in defining the exclusion plot and hence the interval of
allowed values for the exotic couplings.

The value for a possible real scalar coupling obtained
from the most recent global analysis [2] including data
from experiments in nuclear and neutron decays trans-
lates into

Re
!

CS + C ′
S

CV

"
= 0.0026(42) (90% CL), (18)

for a three parameters fit with left-handed couplings
(CS = C ′

S). The fit also includes data from F t-values and
the measurement of ã in 38mK and 32Ar decays discussed
above. Although the compilation of F t-values used in
Ref. [2] was not the same than for the value quoted in Eq.
(16), the result in Eq. (18) is clearly dominated by the F t-
values.

The most stringent limits on tensor couplings aris-
ing from single observables is obtained from the ratio
between polarizations of β particles emitted from pure
Fermi and pure Gamow-Teller transitions PF /PGT . The
longitudinal polarizations are governed by the correla-
tion coefficients G of each decay, and the ratio pro-
vides constraints on both scalar and tensor contribu-
tions. These experiments were motivated by the search
for deviations from maximal parity violation due to the
presence of e.g. right-handed currents which would cou-
ple through V and A interactions. The polarization ra-
tio PF /PGT has been measured with high precision by
two groups [29–31]. The first experiment compared the
longitudinal polarization of positrons from 26mAl and
30P decays using Bhabha scattering in a magnetized foil
[29]. The second group detected positrons from 10C and
14O [30, 31] and used the polarimetry technique based
on time-resolved spectroscopy of hyperfine positronium
decay. Here again, it is the contribution of the Fierz term
to G that provides the constraints on exotic couplings de-
duced from these experiments. At the 90% CL, the value
deduced for the difference between the scalar and tensor
terms reads [31]

Re
!

CS + C ′
S

CV

"
− Re

!
CT + C ′

T

C A

"
= 0.003(18). (19)
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spectrometer during which the energy of the ion motion perpendicular to the magnetic field
lines was converted into longitudinal kinetic energy. This could then be probed in the
homogeneous low field region by retarding the ions with a well-defined electrostatic potential.
Ions that passed this analysis plane were re-accelerated to about 10 keV and observed with a
micro-channel plate (MCP) detector [114, 115]. By varying the retardation voltage the int-
egral recoil-ion spectrum could be measured.

After several improvements and upgrades to overcome the ion background in the
system [111, 116, 117], the proof of principle was demonstrated [42] and initial

Figure 10. Limits on tensor coupling constants ¢C C,T T relative to the axial-vector
coupling constant, CA, from several bn correlation and β-asymmetry parameter
measurements, i.e. the bn correlation of 6He (grey) [90], the b n a– – correlation in the β
decay of 8Li and subsequent α-particle breakup of the 8Be* daughter (green circle) [30],
the β-asymmetry parameter of 60Co (red band) [28] and the β-asymmetry parameter of
67Cu discussed here (blue band) [104]. Allowed regions are indicated by the double
arrows. The common overlap between the allowed region from all four experiments is
the yellow rectangular region in the centre of the graph which includes the Standard
Model values = ¢C CT T = 0.

Figure 11. Schematic view of the WITCH Penning ion traps in the 6 T magnetic field,
the retardation spectrometer, with the analysing plane in the centre of a 0.1 T magnet
field, and the detector region. Magnetic field lines and the trajectory of a recoil ion are
also shown.
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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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particles are detected parallel to the Earth’s rotation axis. It
shows an oscillation with the period of the sidereal rotational
frequency on top of a constant offset. Line (3) shows an
oscillation with twice the period of the sidereal frequency. It
arises when both the polarization and the β particles are
detected in the east-west direction.
In allowed β decay, Lorentz violation was for the first time

tested in polarized 20Na (Müller et al., 2013), by measuring
the spin asymmetry AJ [Eq. (93)]. 20Na first decays with a βþ

2þ → 2þ Gamow-Teller transition, followed by a γ decay of
the daughter nucleus. The parity-odd β decay was used to
determine the polarization P by measuring the β asymmetry
(Müller et al., 2013). The parity-even γ decay was used to
measure the lifetime τ↑ð↓Þ and to determine the γ asymmetry

Aγ ¼
τ↓ − τ↑

τ↑ þ τ↓
¼ PA~~χi · ~j; ð97Þ

where the polarization direction is in the ~j direction. To
reduce systematic errors, the polarization direction is pref-
erably in the ŷ (east-west) direction. The analysis of the setup
in this direction places bounds of the order of Oð10−3Þ
(Sytema et al., 2015).
Lorentz violation has also been searched for in polarized

neutron decay (Bodek et al., 2014). Two different asymme-
tries, that depend on the nuclear polarization and the β
direction, were measured and are currently being analyzed.
The asymmetries depend on combinations of ~~χi and ~χr and
preliminary bounds are Oð10−2Þ (Bodek et al., 2014). This
setup probably also allows for a measurement of AJβ defined
in Eq. (94). Such a measurement would measure the so-far
unconstrained coefficients χ0li .

2. Forbidden β decay

“Forbidden” (slow) transitions are suppressed with respect
to allowed transitions, because the lepton pair carries away
angular momentum. Theoretically, the simplest of these
transitions are the unique first-forbidden transitions
(ΔJ ¼ 2), since they depend on only one nuclear matrix
element. Because Lorentz violation includes rotational vio-
lation, it also implies the violation of angular-momentum
conservation. Forbidden β decays are then more sensitive to
rotational invariance violation in the weak interaction. In the
1970s, two experiments were performed with this motivation.
Newman and Wiesner (1976) searched for anisotropies in the
angular distribution of β particles in first-forbidden 90Y decay.
Ullman (1978) searched for sidereal modulations of the count
rates for first-forbidden 137Cs β decay and second-forbidden
99Tc β decay. The strongest bounds were found in the
experiment by Newman and Wiesner (1976). In this experi-
ment the β-decay distribution of 90Y from a high-intensity
source was measured in a rotating setup. Schematically, the
setup is depicted in Fig. 13. The rotation of the setup allowed
for the determination of three decay asymmetries

0 1 2

0.3

0

0.3

Sidereal days

A
F

FIG. 11 (color online). Illustration of the oscillation of the
asymmetry AF in Eq. (91), for X0l

r ¼ 0.1 and ζ ¼ 45°. Three
different detection directions of the β particles are depicted. When
β particles are detected parallel ð∥Þ to the Earth’s rotation axis
there is no sidereal variation (thick line). The top curve shows the
asymmetry when the β particles are detected in the east-west
direction ð⊥Þ and the black line shows when they are detected
perpendicular to the Earth’s surface ð↑↓Þ. Both show a sidereal
variation, the latter with a constant offset.
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FIG. 12 (color online). Illustration of the possible sidereal
variations of tensor Lorentz violation parametrized as χlkr jlp̂k

e,
with Xlk

r ¼ 0.1. Line (1) shows the modulations when ~j is in the ẑ
(up-down) direction and p̂e in the ŷ (east-west) direction. Line (2)
is for ~j in the ẑ direction and the β particles detected parallel to the
Earth’s rotation axis. Line (3) shows the modulations when both ~j
and p̂e are in the east-west direction.

FIG. 13 (color online). Schematic setup of the rotating 90Y
experiment of Newman and Wiesner (1976).
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Figure 7 90% CL limits on the CP-violating scalar and tensor NP
couplings Im(ϵS,T ) from measurements of the triple correlation R
in neutron decay [41] (diagonal maroon band) and 8Li [46] (vertical
green band). Notice that both ϵS and ϵT scales are different than
in Fig. 6.

Using the recent lattice QCD determination of the
form factors g S,T [9] we obtain the bounds shown in
Fig 7.

Likewise, the bound on the relative phase between CV

and C A given in Eq. (23) from the measurement of the
D correlation coefficient in neutron decay [49] can be
casted in the quark-level language as

Im(ϵR) = −(1.1 ± 4.0) × 10−4 (90% CL). (30)

It is worth mentioning that additional T-odd correla-
tions with potential NP sensitivity can be constructed in
the radiative β decay of nuclei and neutron, as shown in
Refs. [60, 61].

Like for the CP-conserving coefficients, the ratio
Rπ = $(π → eν)/$(π → µν) offers strong constraints
on Im(ϵS,T ) since they generate radiatively a non-zero
Im(ϵP ) [11].

Using the high-energy effective Lagrangian of Eq. (8),
it is possible to show that the same SU(2)L × U(1)Y in-
variant effective operators that generate at low-energy
the coefficients ϵR,S,T also generate contributions to
different EDMs [62], which generates much stronger
bounds than those given in Eqs. (28)–(30). In fact, the in-
direct limit on the D coefficient from the current neu-
tron EDM bound is of the order 10−7 [62], whereas for
the R coefficient the current Thallium EDM bound im-
plies an indirect bound at the level of 10−8 [63]. These

bounds from EDMs could be avoided assuming an al-
most complete cancellation with other effective opera-
tors contributing to the EDMs. Although such a scenario
is very unnatural from a purely EFT point of view, in a
specific NP model the different Wilson coefficients are
related to the more fundamental coupling constants and
masses and such a cancellation could occur in a less
unnatural way. In this sense, direct bounds from β de-
cays complement EDM experiments in the search of new
sources of CP-violation. Moreover, this comparison with
EDM relies on the use of the high-energy effective La-
grangian of Eq. (8), that in turn relies on some assump-
tions about the structure of the underlying NP.

We can see that the situation is very different from
the CP-conserving coefficients, where direct limits from
β decays are very competitive and for some interactions
they actually offer the best bound.

5.4 Limits from the LHC

If the new particles are too heavy to be produced on-shell
at the LHC we can connect collider searches with low-
energy experiments in an elegant model-independent
way using the high-energy effective Lagrangian of Eq. (8)
to analyze collider data. The natural channel to study at
the LHC is the search for electrons and missing trans-
verse energy (MET), pp → e + MET + X , since the un-
derlying partonic process is the same as in β decay (ūd →
eν̄) and so we expect it to be sensitive to the same kind
of NP.

Using the matching conditions between Wilson coef-
ficients of the low- and high-energy effective Lagrangians
[9, 10] it is possible to express collider observables in
terms of the coefficients of the low-energy effective the-
ory, ϵi and ϵ̃i . In particular the cross-section σ ( pp → e +
MET + X) with transverse mass higher than mT takes the
following form6:

σ (mT >mT ) = σW
!""1 + ϵ(v)

L

""2 + |ϵ̃L |2 + |ϵR|2#

− 2 σWL Re
$
ϵ(c)

L + ϵ(c)
L ϵ(v)

L
∗%

+ σR
!
|ϵ̃R|2+ |ϵ(c)

L |2#

+ σS
!
|ϵS|2+ |ϵ̃S|2+ |ϵP |2+ |ϵ̃P |2#

+ σT
!
|ϵT |2+ |ϵ̃T |2#, (31)

6 Notice that high-energy searches probe separately the vertex
correction ϵ(v)

L , and contact ϵ(c)
L contributions to the coupling ϵL ,

defined in Ref. [10].
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Figure 2 Constraints on real scalar couplings obtained from most
precise observables in nuclear β decay. The straight lines are de-
duced from the Fierz interference term in super-allowed pure Fermi
transitions [24]. The circular bounds are deduced from measure-
ments of the βν angular correlation in 38mK decay [27] (red lines)
and in 32Ar [28] decay (purple lines). The limits are calculated at the
90% CL.

theoretical corrections which have here an important ef-
fect. The opportunities for improving the errors of the
F t-values have recently been discussed in Ref. [3] in con-
nection with the determination of Vud from pure Fermi
transitions for the unitarity test of the CKM matrix.

The other measured observable providing comple-
mentary constraints to those resulting from the F t-
values is the βν angular correlation a. The most precise
result obtained so far was in the pure Fermi decay of
38mK. The experiment used the TRIUMF Neutral Atom
Trap setup [27] which is a Magneto Optical Trap (MOT)
system composed of two traps. The βν correlation was
determined from the shape of the time-of-flight spectra
of recoil ions measured in coincidence relative to the β

particle. Since 38mK is a positron emitter, the detection of
positively charged recoil ions relies on the double or mul-
tiple shake-off of electrons following β decay. The statis-
tical precision of the result is 3 × 10−3 and the systematic
error is comparable, arising from several instrumental
sources [27]. A similar precision has been achieved with
an indirect method, by measuring the energy spectrum
shape of the delayed proton in the decay of 32Ar [28]. The
bounds obtained from these two experiments are shown

by the circles in Fig. 2 and are extracted from

ã = a
1 + b⟨m/Ee⟩

. (17)

It is interesting to stress that, for each decay, the ab-
scissa, xC , and ordinate, yC , of the center of the circles
in Fig. 2 are essentially given by xC ≈ yC ≈ ⟨m/Ee⟩/2, and
that the mean radius of the circular band, RM, is given by
RM ≈ ⟨m/Ee⟩/

√
2. This indicates the importance of the

value of the sensitivity factor ⟨m/Ee⟩ of the Fierz term,
in defining the exclusion plot and hence the interval of
allowed values for the exotic couplings.

The value for a possible real scalar coupling obtained
from the most recent global analysis [2] including data
from experiments in nuclear and neutron decays trans-
lates into

Re
!

CS + C ′
S

CV

"
= 0.0026(42) (90% CL), (18)

for a three parameters fit with left-handed couplings
(CS = C ′

S). The fit also includes data from F t-values and
the measurement of ã in 38mK and 32Ar decays discussed
above. Although the compilation of F t-values used in
Ref. [2] was not the same than for the value quoted in Eq.
(16), the result in Eq. (18) is clearly dominated by the F t-
values.

The most stringent limits on tensor couplings aris-
ing from single observables is obtained from the ratio
between polarizations of β particles emitted from pure
Fermi and pure Gamow-Teller transitions PF /PGT . The
longitudinal polarizations are governed by the correla-
tion coefficients G of each decay, and the ratio pro-
vides constraints on both scalar and tensor contribu-
tions. These experiments were motivated by the search
for deviations from maximal parity violation due to the
presence of e.g. right-handed currents which would cou-
ple through V and A interactions. The polarization ra-
tio PF /PGT has been measured with high precision by
two groups [29–31]. The first experiment compared the
longitudinal polarization of positrons from 26mAl and
30P decays using Bhabha scattering in a magnetized foil
[29]. The second group detected positrons from 10C and
14O [30, 31] and used the polarimetry technique based
on time-resolved spectroscopy of hyperfine positronium
decay. Here again, it is the contribution of the Fierz term
to G that provides the constraints on exotic couplings de-
duced from these experiments. At the 90% CL, the value
deduced for the difference between the scalar and tensor
terms reads [31]

Re
!

CS + C ′
S

CV

"
− Re

!
CT + C ′

T

C A

"
= 0.003(18). (19)

606 C⃝ 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.ann-phys.org

spectrometer during which the energy of the ion motion perpendicular to the magnetic field
lines was converted into longitudinal kinetic energy. This could then be probed in the
homogeneous low field region by retarding the ions with a well-defined electrostatic potential.
Ions that passed this analysis plane were re-accelerated to about 10 keV and observed with a
micro-channel plate (MCP) detector [114, 115]. By varying the retardation voltage the int-
egral recoil-ion spectrum could be measured.

After several improvements and upgrades to overcome the ion background in the
system [111, 116, 117], the proof of principle was demonstrated [42] and initial

Figure 10. Limits on tensor coupling constants ¢C C,T T relative to the axial-vector
coupling constant, CA, from several bn correlation and β-asymmetry parameter
measurements, i.e. the bn correlation of 6He (grey) [90], the b n a– – correlation in the β
decay of 8Li and subsequent α-particle breakup of the 8Be* daughter (green circle) [30],
the β-asymmetry parameter of 60Co (red band) [28] and the β-asymmetry parameter of
67Cu discussed here (blue band) [104]. Allowed regions are indicated by the double
arrows. The common overlap between the allowed region from all four experiments is
the yellow rectangular region in the centre of the graph which includes the Standard
Model values = ¢C CT T = 0.

Figure 11. Schematic view of the WITCH Penning ion traps in the 6 T magnetic field,
the retardation spectrometer, with the analysing plane in the centre of a 0.1 T magnet
field, and the detector region. Magnetic field lines and the trajectory of a recoil ion are
also shown.
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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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β decays

• ...	offer	high	sensi>vity	for	BSM

• ...	are	complementary	for	contact	interact.	
(eeqq)	with	similar	sensiVvity	as	LHC

• …	are	heading	towards	new	genera>on	of	experiments
	with	increased	precision	(e.g.	0.1%		in	correl.	exp.)

• …	rely	on	high	yields	and		purity	of	rare	isotope	beams	at	ISOLDE

• …	provide	unique	bounds	on	vertex	
correc>ons	(Vff)		

• …		are	part	of	a	wide	ISOLDE	program	on	weak	interac>on	
e.g.	atomic	parity	violaVon	in	radioacVve	Ra	ions	(KVI)				

improved further by MR-TOF traps as 
developed at ISOLTRAP or MIRACLS
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Theory input: gS, gT
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Atomic PV
[in 10-3 units]

[Falkowski, MGA & Mimouni, 2017]
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Figure 2 Constraints on real scalar couplings obtained from most
precise observables in nuclear β decay. The straight lines are de-
duced from the Fierz interference term in super-allowed pure Fermi
transitions [24]. The circular bounds are deduced from measure-
ments of the βν angular correlation in 38mK decay [27] (red lines)
and in 32Ar [28] decay (purple lines). The limits are calculated at the
90% CL.

theoretical corrections which have here an important ef-
fect. The opportunities for improving the errors of the
F t-values have recently been discussed in Ref. [3] in con-
nection with the determination of Vud from pure Fermi
transitions for the unitarity test of the CKM matrix.

The other measured observable providing comple-
mentary constraints to those resulting from the F t-
values is the βν angular correlation a. The most precise
result obtained so far was in the pure Fermi decay of
38mK. The experiment used the TRIUMF Neutral Atom
Trap setup [27] which is a Magneto Optical Trap (MOT)
system composed of two traps. The βν correlation was
determined from the shape of the time-of-flight spectra
of recoil ions measured in coincidence relative to the β

particle. Since 38mK is a positron emitter, the detection of
positively charged recoil ions relies on the double or mul-
tiple shake-off of electrons following β decay. The statis-
tical precision of the result is 3 × 10−3 and the systematic
error is comparable, arising from several instrumental
sources [27]. A similar precision has been achieved with
an indirect method, by measuring the energy spectrum
shape of the delayed proton in the decay of 32Ar [28]. The
bounds obtained from these two experiments are shown

by the circles in Fig. 2 and are extracted from

ã = a
1 + b⟨m/Ee⟩

. (17)

It is interesting to stress that, for each decay, the ab-
scissa, xC , and ordinate, yC , of the center of the circles
in Fig. 2 are essentially given by xC ≈ yC ≈ ⟨m/Ee⟩/2, and
that the mean radius of the circular band, RM, is given by
RM ≈ ⟨m/Ee⟩/

√
2. This indicates the importance of the

value of the sensitivity factor ⟨m/Ee⟩ of the Fierz term,
in defining the exclusion plot and hence the interval of
allowed values for the exotic couplings.

The value for a possible real scalar coupling obtained
from the most recent global analysis [2] including data
from experiments in nuclear and neutron decays trans-
lates into

Re
!

CS + C ′
S

CV

"
= 0.0026(42) (90% CL), (18)

for a three parameters fit with left-handed couplings
(CS = C ′

S). The fit also includes data from F t-values and
the measurement of ã in 38mK and 32Ar decays discussed
above. Although the compilation of F t-values used in
Ref. [2] was not the same than for the value quoted in Eq.
(16), the result in Eq. (18) is clearly dominated by the F t-
values.

The most stringent limits on tensor couplings aris-
ing from single observables is obtained from the ratio
between polarizations of β particles emitted from pure
Fermi and pure Gamow-Teller transitions PF /PGT . The
longitudinal polarizations are governed by the correla-
tion coefficients G of each decay, and the ratio pro-
vides constraints on both scalar and tensor contribu-
tions. These experiments were motivated by the search
for deviations from maximal parity violation due to the
presence of e.g. right-handed currents which would cou-
ple through V and A interactions. The polarization ra-
tio PF /PGT has been measured with high precision by
two groups [29–31]. The first experiment compared the
longitudinal polarization of positrons from 26mAl and
30P decays using Bhabha scattering in a magnetized foil
[29]. The second group detected positrons from 10C and
14O [30, 31] and used the polarimetry technique based
on time-resolved spectroscopy of hyperfine positronium
decay. Here again, it is the contribution of the Fierz term
to G that provides the constraints on exotic couplings de-
duced from these experiments. At the 90% CL, the value
deduced for the difference between the scalar and tensor
terms reads [31]

Re
!

CS + C ′
S

CV

"
− Re

!
CT + C ′

T

C A

"
= 0.003(18). (19)
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spectrometer during which the energy of the ion motion perpendicular to the magnetic field
lines was converted into longitudinal kinetic energy. This could then be probed in the
homogeneous low field region by retarding the ions with a well-defined electrostatic potential.
Ions that passed this analysis plane were re-accelerated to about 10 keV and observed with a
micro-channel plate (MCP) detector [114, 115]. By varying the retardation voltage the int-
egral recoil-ion spectrum could be measured.

After several improvements and upgrades to overcome the ion background in the
system [111, 116, 117], the proof of principle was demonstrated [42] and initial

Figure 10. Limits on tensor coupling constants ¢C C,T T relative to the axial-vector
coupling constant, CA, from several bn correlation and β-asymmetry parameter
measurements, i.e. the bn correlation of 6He (grey) [90], the b n a– – correlation in the β
decay of 8Li and subsequent α-particle breakup of the 8Be* daughter (green circle) [30],
the β-asymmetry parameter of 60Co (red band) [28] and the β-asymmetry parameter of
67Cu discussed here (blue band) [104]. Allowed regions are indicated by the double
arrows. The common overlap between the allowed region from all four experiments is
the yellow rectangular region in the centre of the graph which includes the Standard
Model values = ¢C CT T = 0.

Figure 11. Schematic view of the WITCH Penning ion traps in the 6 T magnetic field,
the retardation spectrometer, with the analysing plane in the centre of a 0.1 T magnet
field, and the detector region. Magnetic field lines and the trajectory of a recoil ion are
also shown.
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