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Abstract This note reviews the role of superallowed tran-
sitions in determining the strength of the weak interaction
among the lightest quarks and in searching for new physics
beyond the standard electroweak model. The two sets of
superallowed decays in nuclei considered here are pure Fermi
and mirror transitions. The first have been scrutinized for
more than 50 years. The most relevant results are presented
and the role of the nucleus-dependent radiative correction and
nucleus-independent inner radiative correction are reviewed.
In this context, the systematic study of mirror transitions
started about 15 years ago. Despite the significant progress
made since then, the data is still limited by experimental
uncertainties. Combining the results from all superallowed
transitions, which are fully consistent, provides a test of uni-
tarity of the first row of the Cabibbo-Kobayashi-Maskawa
matrix, which displays a 2o tension with the standard model.

1 Introduction

Experimental and theoretical studies of nuclear and neutron
decays have been instrumental in establishing the structure of
the electroweak sector of the Standard Model (SM). Despite
its tremendous success, a number of fundamental questions
remain unanswered such as the origin of maximal parity vio-
lation, the source of the matter-antimatter asymmetry in the
Universe, the nature of dark matter and others, which nec-
essarily involve New Physics (NP) and hence an extended
theoretical framework.
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Superallowed transitions in beta decay are considered to
be the “cleanest” ones in terms of hadronic contributions
arising from the nuclear medium. These transitions have been
identified since the early days in the study of beta decay
and have played a crucial role in determining the strength of
weak processes involving the lightest # and d quarks. They
offer today a sensitive window to search for NP through high
precision measurements.

This paper reviews the contributions of pure Fermi and
mirror superallowed transitions, to determine parameters
within the SM or to constrain NP. It relies in particular on the
results of four recent reviews and global analyses which can
be found in Refs. [1-4]. Although neutron decay is the sim-
plest mirror transition, the recent progress in neutron decay
is not covered here besides mentioning the most relevant
results.

2 Review of beta decay

Beta decay transitions for which the two leptons do not carry
away any orbital angular momentum and for which there
is no change in the parity of the nuclear states have tradi-
tionally been called allowed transitions. If in addition the
decay occurs within an isospin multiplet, the transition is
then termed superallowed.

From a nuclear structure perspective, the description of
allowed transitions is simple because the nuclear matrix ele-
ments are independent of the orbital angular momentum of
the leptons. The inclusion of angular momentum to higher
orders in the lepton wave-functions gives rise to the higher
degrees of forbiddenness. The maximum overlap between the
initial and final nuclear states occurs when only a change in
the third component of isospin takes place. Such “fast” tran-
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sitions were identified very early in the study of beta decay as
ameans to probe the weak interaction without being affected
by hadronic effects induced by nuclear structure.

When the nuclear spins of both the initial and final states
are zero, J; = J y= 0, the two leptons couple to a total spin
S = 0 and the process is called a pure Fermi transition,
whereas when the two nuclear spins are equal but different
from zero, the two leptons can couple to S = 0 and § = 1.
When this occurs within a same isospin doublet (7" = 1/2)
such transitions are called mirror transitions.

2.1 The beta decay strength

The strength of an interaction drives the decay time involved
in a process. To eliminate the very strong dependence of the
phase space integral on the available energy in a beta decay,
one uses the ft value to characterize how fast a transition is,
where f is the so-called statistical rate function and ¢ is the
partial half-life of the transition of interest. However, the ft
value is still transition dependent and additional corrections
need to be included. The expressions introduced in this sec-
tion assume the SM framework and their modifications due
to the possible presence of NP are explained in Sect. 2.2.

The beta decay rate from a nuclear state with partial half-
life ¢, is given by

1 -GV
k/lnz—;—fEOT, (1
where Gr/(hc)® = 1.1663787(6) x 107> GeV~? is the
Fermi coupling constant, V4 is the element of the Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix which
describes the reduction of the coupling of the W* bosons
to the u and d quarks and K = 27377 In2/ (m§c4) is a com-
bination of physical constants. The quantity &p, like f, is
also transition dependent and, for allowed transitions and, to
lowest order, has the form

£y =2C3 M7 4+ 2C3 M2, )

where My and M7 are the dominant matrix elements for
Fermi and Gamow-Teller transitions and Cy and Cy are the
relative amplitudes, in units of (G FVua/ ﬁ), of the terms
driven by the vector and axial-vector operators of the beta
decay Hamiltonian [1]. This expression implicitly assumes
maximal parity violation for both interactions.

It is clear from Egs. (1) and (2) that, at this level, the quan-
tity which appears to be transition independent is the product
ft&y. However, due to historical reasons and practices which
are difficult to change, it is the product f¢, along with some
small corrections, which has traditionally been used in the
surveys of pure Fermi transitions [2].
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For allowed transitions, the Fermi integral, or statistical
rate function, is given by

W
f= / ' F(Z, W)S(Z, W)pW (W — W)2dW , (3)
1

where W is the total energy of the beta particle in units of
the electron rest mass, p = (W — 1D'/2 is its momentum
and Wy is its maximal total energy. The function F(Z, W)
is the Fermi function and accounts for the Coulomb interac-
tion with the electrostatic field of the nuclear daughter, with
atomic number Z, and the function S(Z, W) is a shape cor-
rection which accounts for screening of atomic electrons and
higher order effects [5,6].

The partial half-life of a particular decay branch is deter-
mined from the half-life and the branching ratio, BR, to
the particular final state. Since all practical transitions decay
through B emission, the partial half-life has to be corrected
for the electron capture probability Pgc/Pg+ as

12 Pgc
r= 22 (14 ZEC)). 4
BR( +Pl3+) @

The electron capture probabilities can be calculated with suf-
ficient accuracy so that the uncertainty on ¢ is dominated by
those on the half-life and branching ratio, which are extracted
from decay spectroscopy measurements. It appears then from
Eqgs. (3) and (4) that a high precision extraction of the product
[t requires three experimental properties to be measured: the
half-life, #; ;> of the decaying state, the branching ratio of the
transition of interest, B R, and the maximum beta energy W
which is related to the masses of the initial and final nuclei.
Since for allowed transitions, f varies with the 5th power
of Wy, its precise determination requires very high precision
mass determinations [7]. Typical relative uncertainties for the
Fermi integral, f, are at the level of a few parts in 10™4, with
the most precise reaching 4.5 x 107 for 3K and *Mn.

The term éo in Eq. (2) contains the dynamics of the nuclear
process. It has been a common practice to include corrections
which depend on the B-particle energy as factors along with
others which are independent of the B-particle energy. The
product f&y can be generalized under the form [4]

fé =201+ 3;)[fv65M§0 (1 +8X5 — ag)

+ faCAM21o(1 + 80 g — 59)], 5)

where the different terms are described here below. Under
such conditions, it is finally the product fr&. which is tran-
sition independent and only determined by the strength,

2K
22
GFVud

ftéc = (6)
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The correction terms in Eq. (5) are the nucleus-dependent
radiative corrections, 8% and Syg, often called the “outer
radiative corrections” since they are external to the weak
interaction, and the isospin symmetry-breaking correction,
dc. A nucleus-independent electroweak radiative correction,
the “inner radiative correction”, is embedded into C v such
that, in the limit of negligible momentum transfer C_“z, =
1+ Ag.

The 8}, term, which is typically of the order of 1.5 %, is a
function of Z and Wy and hence depends on the nucleus. It
is mainly obtained from a standard QED calculation that has
been completed to orders « and Za? and estimated to order
Z?a [8-10]. The 8y 5 term which typically ranges from 0.02
to 0.40 %, requires a detailed nuclear-structure calculation,
details on which can be found in Refs. [2,11-13]. Whereas 8%
is the same for both Fermi and Gamow-Teller transitions, the
contributions s and Ay differ for both types of transitions
so that these terms include a superscript V or A to make the
distinction.

For the isospin-symmetry breaking correction ¢, which is
due to the presence of Coulomb and other charge-dependent
forces and ranges between 0.2 and 1.7 %, a distinction
between Fermi and Gamow-Teller transitions should again
be made. In the isospin-symmetry limit the Fermi matrix ele-
ment, Mro, is exactly known and given by M%O = 2 fora
pure Fermi transition within a 7 = 1 multiplet and M%O =
1 for a mirror transition within a 7 = 1/2 multiplet. The
isospin-symmetry breaking correction is then incorporated
as

M2 = M, (1 _ag). @)

In principle, a similar expression can be written for the
Gamow-Teller matrix element but as its value in the isospin
symmetry limitis not known, the distinction cannot be clearly
made. The correction § g is typically separated into two parts

88 =80 + 8¢ 8)

The first component takes into account the charge-
dependent configuration mixing and the resulting difference
in wave functions for the parent and daughter nuclei. The sec-
ond and largest component accounts for the differences in the
single-particle neutron and proton radial wave functions.

The impact of the nuclear structure-dependent corrections,
Sns and 8¢, and the inner radiative correction, Ag, on the
extraction of the f téc values and V,,4 is discussed below.

Having then determined the fr£. values from a set of
beta transitions, one can extract the product G g V,,4 from Eq.
(6). Since the Fermi coupling G r is deduced most precisely
from the measurement of the muon lifetime [14], the strength
V..a of the weak coupling to the lightest quarks can then be
determined.

2.2 The decay strength beyond the SM

For the study of NP effects in beta decay, it is common to use
the effective couplings introduced by Lee and Yang [15], just
before the V-A nature of the weak interaction was established.
The general Hamiltonian includes scalar, pseudo-scalar, vec-
tor, axial-vector and tensor interactions and was used to cal-
culate the expressions of correlation coefficients [16] ignor-
ing the contribution of the pseudo-scalar interaction. Today,
the use of such formalism is justified because we know that
the effects due to NP are small, and are described by the
strength of the so-called “exotic” scalar, tensor and pseudo-
scalar interactions.

When no assumptions are made about maximal parity vio-
lation and allowing for the presence of NP, the expression of
£ in Eq. (2) becomes [15]

§ =M} [C3+CF+Ch+CF]
+MZ, [éﬁ +Ci+CE+ é/TZ] . )
Along with this change in the overall strength, the allowed
spectrum in Eq. (3) receives an additional factor (14 by /W)

which, after integration, results in a term such that Eq. (6)
transforms into

e 2K 1
GLV2, 1+ by(1/W)’

(10)

where (1/ W) denotes the averaging of the inverse of the beta
particle energy over the statistical rate function and b is the
Fierz interference term [16]

bE = —2[M} (CyCs + CyCy) + MEr (CaCr + C4CY)].
(1D

with y = +/1 —a?Z?, « the fine structure constant, and,
assuming time-reversal invariance, all couplings were taken
to be real.

A non-zero Fierz term has then two main consequences on
the properties discussed above: (i) it distorts the shape of the
beta energy spectrum from the allowed distribution and (ii)
it induces a transition dependence of the product f¢& which
are otherwise expected to be the same within the SM.

Pure Fermi transitions (Mgr = 0) are driven by the vector
coupling and are sensitive to the presence of scalar couplings
whereas mirror transitions are driven by both, the vector and
axial-vector couplings and are then said to be mixed. They are
sensitive to all couplings and depend on the nuclear matrix
elements through the mixing ratio p ~ CaM Gr/ (C_' vMF).
The definition including radiative corrections is given in Eq.
(17) below.

The procedure described in Sect. 2.1 to extract V,,4 within
the SM is affected by the non-standard terms. As a result,
the quantity extracted is V,,4(1 4+ éyp), where the Sy p is a

@ Springer
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function of the nonstandard interactions which contribute to
Eq. (9). A non-zero value for this correction would entail an
apparent violation of the CKM unitarity.

3 Fermi transitions

Soon after establishing the V-A nature of the weak interac-
tion, it was postulated that the vector part of the interaction
was independent of the nuclear transition, the so-called Con-
servation of the Vector Current (CVC) [17]. One of the con-
sequences of the CVC is that the f¢£. values forall 7 = 1
Fermi transitions must be the same. This has enabled the
extraction of parameters within the SM and also the search
for NP.

3.1 V,4 within the SM from Fermi transitions

At the fundamental level of leptons and quarks, the vector
strength is driven by the product GrV,,4. For pure Fermi
transitions one has Mpg = V2, Mgr = 0, and fy = f.
The correction to the fr values becomes, within the SM,
£ — Ep =4(1+8)(1 + 8y g — 80)(1 + Ag). The Fermi
matrix element and the three correcting factors have tradi-
tionally been split such that the quoted value for pure Fermi
transitions is defined as [2,18]

FO0 = (1 4 8p) (1 + 85 — 8¥)

K

= : (12)
22 Vv
2G3V2,(1+ AY)

The precise determination of a single F¢ value would be
sufficient to extract V,,4. For several pure Fermi transitions,
the careful selection of the relevant experimental data and
the critical studies of the associated theoretical corrections
have been carried out by Hardy and Towner over almost five
decades. The left panel in Fig. 1 shows the recommended
values produced by those surveys along with their associated
total uncertainties as a function of time.

It is observed that from 1990 on, the central values are
about 10 s smaller than those published in the 70’s. It was
then stated that the largest shift resulted from revisions in the
calculations of 8% [19]. This also coincides with the consid-
eration of the unitarity test of the first row of CKM matrix
performed since then using the data from these transitions.
From 1990 on, the central values are relatively stable and their
total uncertainties became smaller until the result quoted in
2015. The last evaluation [2] quotes however a total uncer-
tainty which is a factor of 2.6 larger than the 2015 survey
[20]. This is associated with theoretical uncertainties of the
radiative correction 51‘6 g Whereas the statistical uncertainty
of the experimental data has slightly improved. For 81‘\/, 5> two
small contributions in addition to the traditional ones were
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recently pointed outin Refs. [21] and [13]. For § V. alternative
approaches have been reported in Refs. [22] and [23].

The 2020 survey of data produced the following values
[2]

— 0t =0t
7% 230722441855, (13)

|Via| = 0.97373 £ 0.00031  (Fermi). (14)

When combined with the values of V,;, and V,, the test
of unitarity resulting from the first row of the CKM matrix
displays a 2.20 tension [28]. This is due to a reduction of the
central value of V4 which is not concomitant with a change
in the Ft value (Fig. 1 left panel). It appears that recent
calculations of AX [21,29-33] yielded a more precise but
also larger value of the electroweak radiative correction than
the previously adopted one [34], reducing thereby the value
of V,q [Eq. (12)]. The unitarity test will be reviewed below
when considering the input from all superallowed transitions.

3.2 Constraints on scalar couplings

When allowing the presence of exotic scalar interactions and
neglecting quadratic terms, the expression of F¢ in Eq. (12)
is extended following Eq.(10) to become

fl0+*>0+ ~ K 1
BV TGV (1 + AR L+ by (1/ W)

(15)

where b is the Fierz term for pure Fermi transitions. Assum-
ing all couplings to be real and maximal parity violation for
all interactions, the Fierz term translates to linear order into
br =~ —2Cg/Cy. The weighting factors (1/W) appear to
decrease with the mass or atomic number of the decaying
nucleus because the endpoint energies, Wy, increase [2]. The
departure from a constant of Eq. (15) enables then constrain-
ing the presence of a non-zero value for bF.

It is impressive that the first systematic determinations
of ft values in pure Fermi transitions in 1958 [35] already
attempted using the Fierz term to determine the nature of the
weak interaction. The first constraint obtained by Gerhart
was |br| < 0.12 [35].

The right panel in Fig. 1 shows the evolution of the 90%
C.L. constraint on the scalar coupling extracted from the anal-
yses of the Ft values, over the same time interval than the
left panel. It is seen that in 1975, this procedure provided a
value of b consistent with zero [24] even when the abso-
lute average Ft value was off by 10 s compared with the
currently recommended value. It is the internal consistency
among the Ft values together with the different weighting
factors (1/ W) which provide sensitivity to the Fierz term.
It is also noted that the limit of a few 10~3 obtained on the
scalar coupling has remained rather constant over the past
three decades. This calls the exploration of alternative means
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Fig. 1 Left: evolution of the average F 19" =0" values over about 50
years extracted from global surveys performed by Hardy and Towner.
The error bars include both, the statistical and the systematic uncertain-
ties which were sometimes combined linearly and sometimes quadrat-

to possibly improve the sensitivity on the Fierz term in pure
Fermi transitions.

3.3 Global fits

The procedure described in Sect. 3.1 to extract V,,; assumes
br = 0, whereas the procedure in Sec. 3.2 to extract
br assumes some constant value for V,;. This is how
those analysis have traditionally been performed in the past
[2,5,19,20]. The two parameters, V4 and bf, are however
fully correlated and it is appropriate to extract them includ-
ing their correlation. Such a procedure has been performed
in Ref. [1] for the first time, using the values of the 2015
survey [20] and the then adopted value for AX [34]. In par-
ticular, due to the correlation, the uncertainty on the value of
Vi.a extracted from such a global fit, where both parameters
are free, is a factor of about 3 larger than the value extracted
within the SM [1]. The inclusion of the correlation allows us
to extract the value for V,4 in a framework involving new
physics.

4 Mirror transitions

As already indicated in Sect. 2.2, within the SM, superal-
lowed mirror transitions involve both, vector and axial-vector
interactions and are therefore mixed. Beyond the SM, they
can probe not only scalar but, in addition, also tensor inter-
actions as possible signatures of NP. The occurrence of the
Gamow-Teller matrix element, which cannot be calculated
with sufficient accuracy for precision tests, adds a complica-
tion for the use of mirror transitions.

The consideration of mirror transitions to extract V,; is
more recent [36] than the use of Fermi transitions but con-
siderable progress has been made for the construction of a
robust data set and to address the required theoretical correc-
tions [4,37].

04 F ]
02 F E
0.0
02 F E
04 E

I ! I ! |

1970 1980 1990 2000 2010 2020
Year of publication

C/Cy (%)

ically in the recommended values. The data are from Refs. [2,5,18-
20,24-27]. Right: Evolution of the 90% C.L. constraint on the scalar
coupling obtained from some of the surveys for which the Fr values
are shown in the left panel

4.1 V,4 within the SM from mirror transitions

For mixed transitions in which both, the Fermi and Gamow-
Teller matrix elements can contribute, the product ft&. can
be written as

ftée =2 fytCyMyo(1 4+ 8p)(1+8Y5 — 8%) |:1 + %/ﬂ]
1%
(16)
where
~ A AL T1/2 _
o= CaMgro | (14385 —8¢) _ CaMaro W)
CvMpo | (14 SZ‘GS - 53) CyMrpo ’

is the Gamow-Teller-to-Fermi mixing ratio introduced above,
but including here higher order corrections.

The expression for Fermi transitions can be recovered
from Eq. (16) by setting M%O = 2and p = 0.Inamixed tran-
sition within an isospin doublet (7 = 1/2) one has M 1%“0 =1
and p can possibly be different from zero. The following
expressions can then be derived [4]

vy fvt(1+8p) (1 + 855 —8¢) +fvp
(18)
— Jymirror [1 + f_Ap2:| = 2]:t0+_)0+ (19)
Jv

It appears then that, to extract V,4, mirror transitions
require two additional parameters relative to pure Fermi
ones: fa which, like fy, is calculated theoretically using
the value of the end-point energy, and p which is extracted
from independent measurements of other observables in the
same decay.

Using the approximation f4 =~ fy in Eq. (19), Masson
and Quin extracted the values of p from the calculated Fr
values in Fermi transitions and in the mirror transitions of the
neutron, !7F, ®Ne, 2P and ¥ Ar [38]. From the values of p

@ Springer
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Fig. 2 Left: evolution of the —~ 0.8 e — - -
relative uncertainties on Ft § gggg -
values in mirror transitions up to = 0.7 h 0.975 | ]
mass A = 39 from the 2008 c 06| ) Unitarity
survey of Ref. [37] (red) and o ’
from the 2023 survey of Ref. [4] -E‘ 0.5 8 °
(blue). Right: current values of T ~
| Vyua| from the three sets of data g 0.4 f 1 5 oo7a [T s e
in superallowed transitions. The e 03} § ) T
grey band shows the value >
deduced from the unitarity g 0.2} 71 T _________________________________
condition and the dotted lines = 01t |
show the interval of the mean o) :
value from the three sets o 0.0 L ! ! ! L ! ! 0.973 ) ) )

0 5 10 15 20 25 30 35 40 Fermi Mirrors  Neutron

Mass A of parent nucleus

they then calculated the expected value of the S-asymmetry
parameter, A [16], and compared these with experimental
results. This provided a first test of CVC in that set of mirror
transitions, although this implicitly included the test of CVC
in the Fermi transitions.

To extract V,,4 from mirror transitions independently from
Fermi ones, it is necessary to include all corrections which
appear in Eq. (18). Those corrections were made available
in Ref. [37] enabling a formal test of CVC and the first
extraction of V,; [36]. The analysis included updated Fr
values as well as the results from measurements of the Sv-
angular correlation, a, the f-asymmetry parameter, A and
the v-asymmetry parameter, B, to extract the mixing ratios
[36].

Since then, significant progress has been made in the deter-
mination of Ft values from measurements of spectroscopic
quantities. The Ft values currently have relative uncertain-
ties smaller than 0.2% for all transitions up to 39Ca [4].
The left panel in Fig. 2 illustrates the evolution in precision
between 2008 and 2023. All transitions have now reached a
level comparable to those of 13N, 33C1 and 3 Ar, which were
already rather precise and did not improved much.

But an improved extraction of V,,4 requires also high pre-
cision measurements of correlation parameters in order to
extract p, and the progress here has been rather moderate.
Since the first determination of V4 in 2009 [36], only one
new measurement has been performed to extract p. This was
the B-asymmetry parameter in 3K decay [39]. The exper-
iment measured the absolute § asymmetry as a function of
the B-particle energy from 37K atoms stored in a magneto-
optical trap. For this purpose, the polarization of the sample
has been determined to an unprecedented level of precision.
In the same context, an old measurement of the f-asymmetry
parameter performed in '°Ne decay has been revisited but has
not yet been published [40]. Other correlation measurements
have been performed using trapped '°Ne and 3 Ar ions but
they were either analyzed within the SM for other purposes
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Source of data

[41,42] or the associated uncertainty was too large to have
any significant impact [43].

An update of the data from six mirror transitions has been
provided in Ref. [3] and the data were used in global fits
under several assumptions. In a most recent survey [4], the
data from mirror transitions has been reviewed and selected
following standard criteria. For the six mirror transitions
included in Ref. [3], the Ft values for !’F, ¥ Ar, and 37K
extracted in Ref. [4] have uncertainties which are respec-
tively a factor of 1.4, 1.2 and 1.5 smaller than those quoted
in Ref. [3]. The data from !7F was however not used in Ref.
[4] for further analysis. The average values quoted in Ref.
[4] of Fr™mor(] 4 f4p?/fv) in Eq. (19), which is noted
Fty, and of |V,4|, resulting from five mirror decays, where
the values of p were extracted from measurements of various
correlation coefficients, are

Fto=06138.7x11.1s,
[Via| = 0.97419 £ 0.00089  (mirrors).

(20)
21

The value in Eq. (21) was deduced using the same
weighted average for the nucleus-independent inner radia-
tive correction than the one used to extract the value in Eq.
(14),i.e. AY = 0.02454(19) [2,30,31].

4.2 Superallowed transitions and CKM unitarity

For comparison purposes, the value extracted in Ref. [4] from
neutron decay data, using the same inner radiative correction
indicated above, is

[Vial = 0.97434 £+ 0.00064 (neutron). 22)

In contrast to the value quoted in Ref. [3], this value
includes also new results for the Bv-angular correlation [44]
and for the neutron lifetime [45]. The approach used in Ref.
[4] is also more conservative in the sense that a factor was
properly applied to account for the internal inconsistency
among the extracted values for p.
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Table 1 Values of V,; resulting from the three data sets, using the
indicated value for the nucleus independent inner radiative correction
[2,30,31]

AY 0.02454 (19)
Fermi 0.97373 (31)
Mirrors 0.97419 (89)
Neutron 0.97434 (64)
Superallowed 0.97384 (29)

The three results quoted in Egs. (14), (21) and (22) are
statistically independent (except for the common effect AX)
and display an excellent internal consistency (right panel of
Fig. 2). The impact on V,4 of the different values of AK
has been discussed in more detail in Ref. [3] along with a
parametrization that consistently included this common sys-
tematic correction in global fits.

Table 1 summarizes the results discussed above. The sec-
ond column reproduces the individual values quoted in Egs.
(14), (21) and (22). The value on the line noted “Superal-
lowed” results from a fit of the fr&. values from all three
sources to which the correction with the value of AX was
then applied [Eq. (18)]. It is seen that the data from mirror
transitions and from the neutron tend to increase the cen-
tral value obtained from Fermi transitions but their statistical
weight is limited.

Using the values of |V,s| = 0.22430(80) and |V,5| =
0.00382(20) recommended by the Particle Data Group [28]
along with the value |V, 4| = 0.97384(29) from all superal-
lowed transitions (Table 1), the unitarity sum from the first
row of the CKM matrix reads

[Vial? + [Vus|? + [Vup|*> = 0.99869 £ 0.00067, (23)

and shows a 20 tension with the standard model. The values
of |V,,4| in Table 1 are shown in the right panel of Fig. 2. The
value of the mean from all superallowed transitions is also
shown by the band with dashed lines and the value deduced
from the unitarity condition is shown by the grey band.

4.3 Constraints on exotic couplings

Precision measurements from nuclear mirror transitions have
also been considered in the past as sensitive means to
constrain signatures from NP. The combination of the -
asymmetry parameter with the F values in !°Ne decay and
in pure Fermi transitions served for instance to constrain devi-
ations from maximal parity violation in a model dependent
way [46]. The measurement of the v-asymmetry parame-
ter [47] and the B-asymmetry parameter [39] in 3’K decay
provided also windows to constrain models restoring the par-
ity symmetry. Measurements of the Sv-angular correlation
in 2'Na decay enabled to constrain the couplings describ-

ing scalar and tensor interactions [48], although the analysis
reported there is inconsistent since it assumed the presence
of NP in the correlation parameter but not in the F¢ values
from which the mixing ratio was extracted.

This point deserves some attention related to the use of the
mixing ratio. With the V4 value from superallowed decays
and the Fr values of mirror decays, it is possible to extract,
within the SM, precise values of the mixing ratios using Eq.
(19) and from there to provide precise SM values for various
correlation coefficients. This was performed in Ref. [37] and
updated in Ref. [49]. When confronted to a new measure-
ment, the calculated SM value of a correlation coefficient
would enable to indicate a possible deviation but cannot be
used to extract or constraint new interactions using directly
the expression of the correlation coefficient from Ref. [16].
Such an analysis was performed in Ref. [48] and is inconsis-
tent for the reason mentioned above. When new interactions
are assumed to be present, the analysis has to be made with
a global fit, in which the mixing ratios and the amplitudes
of non-standard couplings are extracted simultaneously, so
that the extracted mixing ratios take into account the contri-
butions of new interactions to the F7 values.

The first global fit using consistently the data from the
mirror decays of I7F 19Ne, 2INa, 2P and ¥ Ar was recently
reported in Ref. [3]. The analysis included the most recent
data of Ft values in pure Fermi transitions, the most sensitive
data in neutron decay as well as measurements of correlation
parameters in pure Fermi and pure Gamow-Teller transitions.
The update of data for mirror transitions has been surveyed
in Ref. [4] and the details were given above.

The global fits from Ref. [3] were made within three sce-
narios: (i) in the SM framework; (ii) assuming the NP man-
ifest through interactions involving only left-handed neutri-
nos; and (iii) assuming the NP interactions involve both, left-
and right-handed neutrinos. It is the most comprehensive
analysis of beta decay datarealized so far, which also includes
neutron data. The analysis showed that, although data from
mirror transitions alone are able to constrain parameters
describing both scalar and tensor interactions in scenario (ii),
their sensitivity is about an order of magnitude smaller than
the one of data from pure Fermi transitions and neutron decay,
asused in the global fit of Ref. [1]. The main reason is that the
relative uncertainties of correlation measurements in mirror
transitions are too large compared to those in neutron decay,
having therefore a limited constraining power. The global fit
performed under scenario iii), requires a minimization with
14 free parameters. These are 8 parameters related to the cou-
plings Cs, C, Cy, C},, Ca, C'y, Cr,and C}., in Egs. (9) and
(11) and the 6 mixing ratios of the mirror transitions. The
outcome of the fit showed that data from mirror transitions
have a significant effect in constraining the couplings, with
improvement factors ranging from 1.6 to 2.8 for seven out of
the eight couplings [3].
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A new global fit analysis including mirror transitions,
which incorporates for the first time the effect of NP interac-
tions at the subleading order in recoil momentum, has been
reported in Ref. [50]. In particular, this work studied the
effects of pseudo-scalar interactions between nucleons and
leptons. It was found that nuclear decays set a robust con-
straint on these interactions, which allows one to set simulta-
neous bounds on the exotic pseudo-scalar, scalar, and tensor
currents. Furthermore, the recoil level analysis allows one
to experimentally test the CVC predictions regarding weak
magnetism. The current data shows a 3o evidence for a non-
zero value of nucleon-level weak magnetism, independently
of theory predictions. The evidence is dominated by the neu-
tron decay measurements (lifetime and S-asymmetry), and
is further strengthened by mirror decays. Yet another recoil-
level effect discussed in Ref. [50] is the so-called induced
tensor interactions. The isospin symmetry of QCD predicts
that these interactions should be suppressed so as to give neg-
ligible contributions to observables, however the current data
show a 1.80 preference for a non-zero value.

5 Summary and outlook

Superallowed transitions have been instrumental in establish-
ing the nature of the weak interaction and provide today a sen-
sitive window to search for new physics beyond the standard
model. The detailed study of Fermi transitions with the pur-
pose to extract the strength of the effective vector coupling,
has been ongoing for about 50 years. Since 1990, the value of
|V,.a| has been determined with ever increased precision but
recent revisits of the nucleus-dependent outer radiative cor-
rection resulted in a factor of 2.6 increase on the uncertainty
of the average Ft value [2]. This indicates underestimates
of the uncertainties of such contributions in previous sur-
veys. To a lesser extent, the reconsideration of the nucleus-
independent radiative correction also had an impact by lower-
ing the central values of | V,,4| and putting the CKM unitarity
under some stress. This underlines the utmost importance of
theoretical considerations in order to converge to values for
these corrections with well quantified uncertainties.

For more than three decades, Fermi transitions have pro-
vided the tightest constraints on the couplings of exotic scalar
interactions involving left-handed neutrinos. The progress
has however been rather modest and the question arises about
exploring alternative routes to make a step in sensitivity.
This is for instance being considered in measurements of 8-
delayed protons correlations in the pure Fermi decay of *2Ar
[51]. Another possible avenue is offered by the measurement
of the B-energy spectrum in the decay of 29" Al. This iso-
tope can be copiously produced in radioactive beam facilities
where a calorimetry type technique [52] can be implemented.
The absence of any subsequent y ray provides a clean decay

@ Springer

environment such that the two annihilation photons are to be
detected in coincidence with external ancillary detectors.

The systematic consideration of mirror transitions to
extract the strength of the vector interaction is more recent.
The improvements in the determination of precise F¢ val-
ues has been fast, with many new inputs from nuclear spec-
troscopy experiments [4]. However, the extraction of |V, 4|
also requires the precise determination of the Gamow-Teller-
to-Fermi mixing ratios from correlations measurements and
the number of new results in the past decade has here been
limited. A rather extensive list of ongoing and planned exper-
iments in neutron and nuclear decays was presented in Ref.
[1] and, to a large extent, is still valid today. It is strongly
suited that some of those concerning nuclear mirror transi-
tions be successful and completed soon.

Mirror transitions have been incorporated in global analy-
ses to search for new physics [3], with their strongest impact
in a scenario with interactions involving left- and right-
handed neutrinos. Since the effect of recoil order and radia-
tive corrections can accurately be included in such transitions
[4], the impact of new physics at the subleading order in recoil
has recently been explored [50]. Their study is bringing new
light in the tests of CVC predictions and in the determination
or constraints of genuine or induced couplings.
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