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The Vud element of the Cabibbo-Kobayashi-Maskawa quark mixing matrix has traditionally been

determined from the analysis of data in nuclear superallowed 0þ ! 0þ transitions, neutron decay, and

pion beta decay. After providing a new test of the conserved vector current hypothesis, we present here a

new independent determination of jVudj from a set of five T ¼ 1=2 nuclear mirror transitions. The

extracted value, jVudj ¼ 0:9719� 0:0017, is at 1.2 combined standard deviations from the value obtained

from superallowed 0þ ! 0þ transitions and has a precision comparable to the value obtained from

neutron decay experiments.
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The unitarity conditions of the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix [1,2] provide sen-
sitive means to test the consistency of the three generation
standard electroweak model and to search for new physics
beyond. A stringent test is obtained from the elements of
the first row

V2
ud þ V2

us þ V2
ub ¼ 1; (1)

where Vuj denotes the amplitude of the quark mass eigen-

state j into the quark weak eigenstate d0, in the standard
notation [3]. The accuracy in the verification of this con-
dition is due to the dominant values and errors of the Vud

and Vus elements, the first being obtained from weak decay
processes involving the lightest quarks, and the second
from K-meson decays.

Three traditional sources to extract jVudj from experi-
ments have been considered during the past decades,
namely, nuclear superallowed 0þ ! 0þ pure Fermi tran-
sitions, neutron decay and pion beta decay, and the status
of the determination of jVudj from these sources has regu-
larly been reviewed [4–6].

The corrected partial half-lives, F t, of nine nuclear
superallowed 0þ ! 0þ transitions have been studied in
great detail in the past and the set has recently been
extended to include a total of 13 transitions [7].
Measurements of lifetimes, masses, and branching ratios
reached precisions such that the required inputs for the
determination of F t values are obtained at a level of few
parts in 10�4. The most recent survey yields [7]

jVudj ¼ 0:974 25ð22Þ ðsuperallowed 0þ ! 0þÞ; (2)

where the error is dominated by uncertainties in theoretical
radiative corrections.

Neutron decay involves both the vector and the axial-
vector interactions so that the determination of jVudj, al-
though free of nuclear structure corrections, requires here
the analysis of at least two observables. The most precise
determinations have so far been obtained by combining the

neutron lifetime with the beta asymmetry parameter. The
first attempt to determine jVudj using only neutron decay
data [8] yielded the value jVudj ¼ 0:9790ð30Þ. The present
world average recommended value for the neutron life-
time, �n ¼ 885:7ð8Þ s [3], combined with the world aver-
age value for the beta asymmetry parameter, An ¼
�0:1173ð13Þ [3], yields

jVudj ¼ 0:9746ð19Þ ðneutron decayÞ: (3)

The improvement in the error by a factor of about 1.5 over
almost two decades shows the difficulty of the associated
experiments [9,10]. Other values have, however, been re-
ported [10,11] by taking selected results of the most pre-
cise experimental data, but those do not account for the
spread in the existing results [3].
Finally, the absolute pion beta decay rate provides a

clean observable for the determination of jVudj. The main
experimental difficulty arises from the very weak (10�8)
branching of the beta decay channel. The most recent
experimental determination yields [12]

jVudj ¼ 0:9728ð30Þ ðpion decayÞ: (4)

We consider here a new source for the determination of
jVudj, namely, the beta decay transitions between T ¼ 1=2
isospin doublets in mirror nuclei. Three such transitions
(including neutron decay) have been considered in the past
for a test of the Cabibbo angle universality [13], but errors
in the experimental data led then to speculations about a
possible cancellation of the Cabibbo angle in some decays.
Mirror transitions are mixed (Fermi–Gamow-Teller)

and, like neutron decay, are driven by the vector and
axial-vector interactions. Since the axial-vector current is
not conserved in nuclear decays [14,15], the extraction of
jVudj proceeds in analogy with neutron decay, except for
corrections associated with the nuclear system. The cor-
rections for the determination of the F t values in these
transitions have recently been surveyed [16] and were
obtained with sufficient precision for their consideration
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in the analysis reported here. We use then below the results
of this survey but include some new updated values. We
adopt also the definitions and notations given there unless
possible ambiguities require it otherwise.

The vector part of the corrected statistical decay rate
function is given by [16]

F t � fVtð1þ �0
RÞð1þ �V

NS � �V
CÞ; (5)

where fV is the uncorrected statistical rate function, �0
R

denotes nuclear dependent radiative corrections obtained
from QED calculations, �V

NS are nuclear structure correc-

tions, and �V
C are isospin symmetry breaking corrections

for the vector contribution. For mixed transitions, F t is
related to Vud by [16]

F t ¼ K

G2
FV

2
ud

1

C2
V jM0

Fj2ð1þ�V
RÞ½1þ ðfA=fVÞ�02� ; (6)

where K=ð@cÞ6 ¼ 2�3 ln2@=ðmec
2Þ5 and has the value

K=ð@cÞ6 ¼ 8120:278ð4Þ � 10�10 GeV�4 s, GF=ð@cÞ3 ¼
1:16637ð1Þ � 10�5 GeV�2 is the Fermi constant [3],CV ¼
1 is the vector coupling constant, �V

R is a transition-
independent radiative correction [17], fA is the statistical
rate function for the axial-vector part of the interaction, and
�0 is the Gamow-Teller to Fermi mixing ratio. This ratio is
defined by [16]

�0 ¼ CAM
0
GT

CVM
0
F

�ð1þ �A
NS � �A

CÞð1þ�A
RÞ

ð1þ �V
NS � �V

CÞð1þ�V
RÞ
�
1=2

(7)

�
�ð1þ �A

NSÞ
ð1þ �V

NSÞ
�
1=2

�; (8)

where the square root in Eq. (7) contains the nuclear
structure, isospin symmetry breaking, and nucleus inde-
pendent radiative corrections for the vector and axial-
vector contributions, CA is the axial-vector coupling con-
stant, and M0

F and M0
GT are the isospin symmetry limit

values of the Fermi and Gamow-Teller matrix elements,
with jM0

Fj2 ¼ 1 for the Ti ¼ Tf ¼ 1=2 mirror transitions.

In the following it is assumed that �0 � �.
From the terms in Eq. (6) we define the quantity

F t0 ¼ F tC2
V jM0

Fj2½1þ ðfA=fVÞ�2�; (9)

which groups all terms associated with a given nuclear
decay. Since the remaining terms are fundamental physical
constants (GF and K) and parameters associated with the
electroweak interaction (Vud and �V

R) the F t0 values
should be constant and furthermore independent of the
isospin within the transition, provided the vector coupling
be constant, as results from the conserved vector current
(CVC) hypothesis [18].

With the corrected F t values from the recent compila-
tion [16], jVudj can be obtained from Eq. (6) using another
observable measured with sufficient precision to deduce �.
In the present analysis we consider three correlation co-
efficients: the beta-neutrino angular correlation a��, the

beta asymmetry parameter A�, and the neutrino asymmetry

parameter B�. For �
þ mirror transitions, their expressions

in the limit of zero momentum transfer are [19]

a��ð0Þ ¼ ð1� �2=3Þ=ð1þ �2Þ; (10)

A�ð0Þ ¼ �2 � 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þp

ð1þ �2ÞðJ þ 1Þ ; (11)

B�ð0Þ ¼ ��2 þ 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þp

ð1þ �2ÞðJ þ 1Þ ; (12)

where J denotes the spin of the initial and final states in the
transition. At a precision level of about 1%, the impact of
recoil effects has, however, to be considered. To first order
in recoil, assuming time reversal invariance and the ab-
sence of second class currents [20], the correlation coef-
ficients for a �þ transition within a common isotopic
multiplet are given by [21]

a��ðEÞ ¼ f2ðEÞ=f1ðEÞ; (13)

A�ðEÞ ¼ f4ðEÞ=f1ðEÞ; (14)

B�ðEÞ ¼ h6ðEÞ=f1ðEÞ; (15)

with the spectral functions [22]

f1ðEÞ¼a2þc2�2E0

3M
ðc2þcbÞþ 2E

3M
ð3a2þ5c2þ2cbÞ

� 2m2
e

3EM
ðc2þcbÞ; (16)

f2ðEÞ ¼ a2 � 1

3
c2 þ 2E0

3M
ðc2 þ cbÞ � 4E

3M
ð3c2 þ cbÞ;

(17)

f4ðEÞ¼�
�

J

Jþ1

�
1=2

�
2ac�2E0

3M
ðacþabÞ

þ 2E

3M
ð7acþabÞ

�
þ
�

1

Jþ1

�

�
�
c2�2E0

3M
ðc2þcbÞþ E

3M
ð11c2þ5cbÞ

�
; (18)

and

h6ðEÞ ¼ �
�

J

J þ 1

�
1=2

�
2acþ E

M
ð5acþ abÞ

� m2
e

EM
ðacþ abÞ

�
�

�
1

J þ 1

�

�
�
c2 � E0

M
ðc2 þ cbÞ þ E

2M
ð7c2 þ 3cbÞ

� m2
e

2EM
ðc2 þ cbÞ

�
: (19)

Here E and E0 denote, respectively, the total and the total
maximal positron energies, M is the average mass of the
mother and daughter isotopes, and me is the electron mass.
In this notation [21] a, b, and c designate, respectively, the
Fermi, weak magnetism, and Gamow-Teller form factors,

a ¼ CVMF; c ¼ CAMGT; (20)
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and

b ¼ A½ðJ þ 1Þ=J�1=2MF�; (21)

where A is the mass number and � ¼ ½�ðT3Þ �
�ðT0

3Þ�=ðT3 � T0
3Þ the isovector contribution to the mag-

netic moment, with T3 the third component of the isospin
(in the convention where T3 ¼ þ1=2 for a proton) and
�ðT3Þ and �ðT0

3Þ the magnetic moments of the mother and

daughter nuclei.
With the experimental data for the correlation coeffi-

cients, Eqs. (13) to (15) are then solved to yield the values
of � ¼ c=a, the signs of which were taken to be the same
as in Ref. [16].

The data included in the present analysis are summa-
rized in Table I. The mirror transitions are those in 19Ne,
21Na, 29P, 35Ar, and 37K. The beta asymmetry parameter
A� has also been measured in 17F [33], but the sensitivity of

this result to � turns out to be very weak so that it was not
included here. The values for E used in Eqs. (13) to (15)
and listed in Table I are averages determined from the
experimental conditions.

The consideration of recoil effects in the determination
of the F t values was found to have a negligible impact.
Electromagnetic corrections [34] other than the dominant
Coulomb effects contained in the energy-dependent Fermi
function FðZ; EÞ and included in the fV;A factors, were

verified to be negligible at the present level of precision.
The beta asymmetry parameter in 19Ne decay has been

measured twice [28,35]. The value reported in Ref. [35],
A� ¼ �0:036 03ð83Þ, is more precise than the result

quoted in Ref. [28] but was not included here since the

result has never been published. In 35Ar decay, the beta
asymmetry parameter has reliably been measured twice,
with the results A� ¼ 0:49ð10Þ [30] and A� ¼ 0:427ð23Þ
[31]. The weighted mean of these (Table I), is dominated
by the most recent result. Except for 19Ne, recoil correc-
tions appeared not to have a significant impact in the
determination of �. For 19Ne, Eq. (11) yields � ¼
1:6015ð45Þ what differs from the value obtained from
Eq. (14), and quoted in Table I, by about half a standard
deviation.
A fit by a constant of theF t0 values listed in Table I and

presented in Fig. 1 yields

F t 0 ¼ 6173� 22 s; (22)

with �2=� ¼ 0:75. This provides a test of CVC in these
mirror transitions at the 3:6� 10�3 level. It is the first
consistent test of CVC in a set of nuclear decays other
than superallowed pure Fermi transitions. This value is to
be compared with 2F tð0þ ! 0þÞ ¼ 6143:7ð17Þ s [7] ob-
tained from superallowed pure Fermi transitions. Because
of their larger uncertainties, the values from 29P and 37K do
not contribute significantly to the result in Eq. (22).
Following this test of CVC, the value of jVudj can be

obtained from

V2
ud ¼ K

F t0G
2
Fð1þ �V

RÞ
; (23)

where �V
R ¼ 2:361ð38Þ% [17], yielding

jVudj ¼ 0:9719ð17Þ ðnuclear mirror transitionsÞ: (24)

This result is more precise than the value obtained from

TABLE I. Input data used to determine the values of � and F t0.

19Ne 21Na 29P 35Ar 37K

J 1=2 3=2 1=2 3=2 3=2
F t [s]a 1720.3(30) 4085(12) 4809(19) 5688.6(72) 4562(28)

fA=fV
b 1.0143(29) 1.0180(36) 1.0223(45) 0.9894(21) 1.0046(9)

E0 [MeV]c 2.728 31(17) 3.036 58(70) 4.431 45(60) 5.455 14(70) 5.636 46(23)

E [MeV]d 0.511 1.60 2.39 3.14 3.35

M [amu]e 19.000 141 99(9) 20.995 750 9(4) 28.979 147 65(30) 34.972 055 1(4) 36.970 076 11(12)

bf �148:5605ð26Þ 82.6366(27) 89.920(15) �8:5704ð90Þ �44:99ð24Þ
a�� 0.5502(60)g

A� �0:0391ð14Þh 0.681(86)i 0.430(22)j

B� �0:755ð24Þk
� 1.5995(45) �0:7136ð72Þ �0:593ð104Þ �0:279ð16Þ 0.561(27)

F t0 [s] 6184(30) 6202(48) 6537(606) 6128(49) 6006(146)

aFrom Ref. [16] and for 19Ne using the mass excess from Refs. [23,24].
bFrom Ref. [16] and using a 20% relative error on the deviation of fA=fV from unity as adopted there.
cTotal end point energy of the decay from Ref. [25] and for 19Ne using the mass excess from Refs. [23,24].
dAverage total energy weighted over the beta spectrum considered in the extraction of the correlation coefficient from experiment.
eAverage mass of the mother and daughter nuclei, using data from Ref. [25] and for 19Ne from Ref. [23].
fCalculated with the magnetic moments listed in Ref. [26].
gFrom Ref. [27].
hValue for E ¼ me from Ref. [28].
iFrom Ref. [29].
jWeighted mean of values from Refs. [30,31].
kFrom Ref. [32].
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pion decay, Eq. (4), it has a similar precision to the value
obtained from neutron decay, Eq. (3), and is consistent
within 1.2 combined standard deviations with the value
obtained from nuclear superallowed 0þ ! 0þ transitions,
Eq. (2). Such a result is remarkable considering that none
of the experimental inputs included in the analysis above
was obtained from a measurement explicitly motivated by
the determination of jVudj. This shows that nuclear mirror
transitions provide an additional sensitive source for the
determination of this matrix element and deserve therefore
further theoretical studies and experimental investigations
to improve the required inputs. The error on the value
quoted in Eq. (24) is dominated by those in the experimen-
tal data, and more specifically by the errors on the mixing
ratios �. The prospects and sensitivities for new precision
correlation measurements to improve the determinations of
the mixing ratios in mirror transitions were discussed else-
where [36].

In conclusion, we have performed a new test of the
conserved vector current hypothesis using data frommirror
transitions in 19Ne, 21Na, 29P, 35Ar, and 37K. Furthermore,
a new independent value of the Vud element of the CKM
matrix was obtained. The result provides the second most
precise determination of jVudj and demonstrates that nu-
clear mirror transitions constitute a sensitive source to this
end. Additional theoretical studies as well as precise deter-
minations of the experimental inputs, and, in particular, of
the correlation coefficients, are desirable for further
improvements.

We acknowledge discussions with B. Blank, I. S.
Towner, S. Triambak, and C. Volpe.
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FIG. 1. F t0 values deduced for five mirror transitions as a
function of the mass number of the mirror nuclei. The horizontal
band shows the �1	 limits of the result from the fit.
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