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Abstract. In the Standard Model of elementary particles, quark-mixing is expressed in terms of a 3 x 3
unitary matrix V, the so called Cabibbo-Kobayashi-Maskawa (CKM) matrix. Significant unitarity checks
are so far possible for the first row of this matrix. This article reviews the experimental and theoretical
information on these matrix elements. On the experimental side, we find a 2.2 ¢ to 2.7 o deviation from

unitarity, which conflicts with the Standard Model.

1 Introduction

The fundamental constituents of matter are the quarks
and the leptons. The quark-mixing Cabibbo-Kobayashi-
Maskawa (CKM) matrix parametrizes the weak charged
current interactions of quarks. The Standard Model does
not predict the content of the CKM matrix; and the values
of individual matrix elements are determined from weak
decays of the relevant quarks. In this context, weak decays
of nuclei, hadrons and CP violating processes play an im-
portant role. The CKM matrix is required to be unitary.
One possible direct precision test of unitarity involves the
top row of V', namely

|VUd|2+|Vus|2+|Vub|2: 1-A. (1)

In the Standard Model with a unitary CKM matrix, A is
zero. The test fails for unknown reasons and a deviation
from unitarity has been found with nuclear 3-decay [1] and
neutron-g-decay data [2].

Four parameters describe a unitary 3 x 3 matrix. The
“standard” parametrization utilizes 3 angles and one phase.
Table 1 shows the matrix elements of the CKM matrix as
assessed by the Particle Data Group [3]. The range corre-
sponds to 90% CL limits on the angles and the phase. The
unitarity constraint has pushed |V,4| about two to three
standard deviations higher than given by the experiments.
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Table 1. CKM quark-mixing matrix with 90%. C.L. from a
global fit to angles and phase [3]. The unitarity constraint has
pushed |V,q| about two to three standard deviations higher
than given by the experiments

0.9741 to 0.9756
0.219 to 0.226
0.004 to 0.014

0.219 to 0.226
0.9732 to 0.9748
0.037 to 0.044

0.0025 to 0.0048
0.038 to 0.044
0.9990 to 0.9993

This article summarizes current knowledge on the
CKM matrix from a workshop at Heidelberg in September
2002 [4]. The workshop reviewed the information to date
on the inputs for the unitarity check from the experimental
and theoretical side. Dedicated to quark-mixing of the first
row of the CKM matrix, the meeting collected complemen-
tary information to the CKM workshops held at CERN and
Durham [5,6] and had its main emphasis on |V,,4|. Due to its
large size, a determination of |V, 4| is most important. It has
been derived from a series of experiments on superallowed
nuclear §-decay through determination of phase space and
measurements of partial lifetimes as will be explained in
Sect. 2. With the inclusion of nuclear structure effect cor-
rections, a value of [V,4| = 0.9740(5) [1] emerges in good
agreement of different, independent measurements in nine
nuclei. Combined with |V,,s| = 0.2196(23) from kaon-decays
and |Vip| = 0.0036(9) from B-decays, this leads to A =
0.0031(14), signaling a deviation from the Unitarity condi-
tion by 2.2 ¢ standard deviations. The quoted uncertainty
in |V,q| is dominated by the uncertainties in the theoreti-
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cal correction terms, and, as described in Sect. 2, current
nuclear experiments are focused on testing and refining
those correction terms that depend on nuclear structure.
Such terms are avoided entirely in neutron [-decay (see
Sect. 3) and in pion [(-decay. Recently, the mixing of the
down quark has been studied in the decay of free neutrons.
With the measurement of the neutron decay g-asymmetry
Ay, using a highly polarized cold neutron beam with an
improved instrument and the world average of the neutron
lifetime 7 one is now capable of extracting a value for the
first entry of the CKM-quark-mixing matrix, whilst avoid-
ing large corrections to the raw-data or problems linked
to nuclear structure. With neutron-decay data, |V,q| =
0.9717(13) leads to significant deviation A = 0.0076(28),
which is 2.7 times the stated error. The pion (-decay has
been measured recently at the PSI. The pion has a differ-
ent hadron structure compared with neutron or nucleons
and it offers another possibility in determining |V,,4|. The
preliminary result is |V,,4/=0.9771(56) [7]. The error is still
too large to allow a significant unitarity check.

A violation of unitarity in the first row of the CKM
matrix is a challenge to the three generation Standard
Model. The data available so far do not preclude there
being more than three generations; CKM matrix entries
deduced from unitarity might be altered when the CKM
matrix is expanded to accommodate more generations [3,8].
A deviation A has been related to concepts beyond the
Standard Model, such as couplings to exotic fermions [9,
10], to the existence of an additional Z boson [11,12], to
supersymmetry or to the existence of right-handed currents
in the weak interaction [13]. Non-unitarity of the CKM
matrix in models with an extended quark sector give rise
to an induced neutron electric dipole moment that can be
within reach of the next generation of experiments [14].

2 |V,4| from superallowed 0t — 07 beta decay

Currently, superallowed 0% — 0% nuclear 3-decay provides
the most precisely determined value for V4, the up-down
quark mixing element of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. This value is also the most precise result
for any element in the CKM matrix and leads to the most
demanding test available of CKM unitarity, a test which
apparently fails by more than two standard deviations [15,
16]: With |V,,s| = 0.2196(23) and the negligibly small | V|
= 0.0036(9), one gets

Vad|? + [Vas|? + |Vas|? = 1 — A = 0.9969 4+ 0.0014, (2)

and A = 0.0031(14). Nuclei have the singular advantage
that transitions with specific desirable characteristics can
be selected and then isolated for study. The case of 07 — 0T
[O-transitions between 7' = 1 analog states is an excellent
example, since angular momentum limits such transitions
uniquely to the vector part of the weak interaction, thus
eliminating the need for special experiments designed to
account separately for the vector and axial-vector parts.
Furthermore, the nuclear matrix element is given by the ex-
pectation value of the isospin ladder operator and, since the

parent and daughter states for these transitions are analogs
of one another, the result should be independent of any
details of nuclear structure to the extent that isospin sym-
metry is preserved. Of course, there are corrections to this
simple picture, originating from charge-dependent mixing
and other electromagnetic effects, but these corrections are
small — of order 1% — and calculable.

The measured intensity of a particular g-transition is
expressed as an ft-value. This ft-value is determined by
three measured parameters: the transition energy Qgc,
which is used in calculating the statistical rate function,
f; the half-life of the S-emitter and the branching ratio for
the transition of interest, which together yield the partial
half-life, t. The experimentally determined ft-value relates
to the Fermi constant, G g via the relationship [15, 16]

K
Ft=ft(14 0k +0ns) (1—68c) = 2Vea2G2 (1 1 AY)’
u F R

(3)
where K is a known constant. The small correction terms
comprise ¢, the isospin-symmetry-breaking correction; 0%
and dyg, the transition-dependent parts of the radiative
correction; and Ay, the transition-independent part. Here
we have also defined Ft as the “corrected” ft-value. Note
that, of the four calculated correction terms, two — ¢ and
dnys — depend on nuclear structure and their influence in
(3) is effectively in the form (6c — dng).

To date, there are nine nuclear 0T — 0% transitions
whose ft-values have been measured with a precision of
~ 0.1% or better. Many separate measurements and ex-
perimental teams have contributed to this body of data
and the results can be considered extremely robust, most
input data having been obtained from several independent
and consistent measurements [15,17]. The decay parents
_ 1OC’ 1407 26mA1, 3401’ 38mK7 428(2, 46V, 501\/[n and 54CO
— also span a wide range of nuclear masses. Nevertheless,
as anticipated by the Conserved Vector Current hypothe-
sis, CVC, all nine yield consistent Ft-values and hence a
unique value for Gy .

The value of V,4 is obtained by relating the vector
constant, GGy, determined from the self-consistent nuclear
Ft-values, to the weak coupling constant from muon decay.
This result, V,q = 0.9740 &+ 0.0005, leads to the unitarity
test already displayed in (2). (In deriving these results we
have used the Particle Data Group’s [3] recommended val-
ues for the muon coupling constant and for V,,; and Vyy.)
It is informative to dissect the contributions to the uncer-
tainty obtained for V,4. The contributions to the overall
40.0005 uncertainty are 0.0001 from experiment, 0.0001
from 0%, 0.0003 from (6c — dns), and 0.0004 from AY.
Thus, if the unitarity test is to be sharpened, then the
most pressing objective must be to reduce the uncertain-
ties on AY and (6¢c — dnsg).

Improvements in AY are a purely theoretical challenge,
the solution of which will not depend on further experi-
ments. However, experiments can play a role in improving
the next most important contributor to the uncertainty
on V.4, namely (¢ — dng). Clearly this correction applies
only to the results from superallowed beta decay and, in

the event that improvements are made in AY, will then
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limit the precision with which V,4 can be determined by
this route. Recently, a new set of consistent calculations
for (6c —dns) have appeared [16] not only for the nine well
known superallowed transitions but for eleven other super-
allowed transitions that are potentially accessible to precise
measurements in the future. Experimental activity is now
focused on probing these nuclear-structure-dependent cor-
rections with a view to reducing the uncertainty that they
introduce into the unitarity test.

2.1 The future

The approach being taken by current experiments is
to choose as yet unmeasured superallowed transitions for
which it is predicted that the structure-dependent correc-
tions, (6o —dng), are particularly large, or to choose several
such transitions that cover a wide range of calculated cor-
rections. If a transition with a much larger correction than
any currently known yields an Ft-value that also agrees
with the current average — i.e., is consistent with CVC —
then this would constitute a critical test of the accuracy
of the calculated structure-dependent corrections. If such
measurements are found to support the calculations, then
this would validate those calculations and act to reduce
the uncertainties attributed to them, uncertainties that
currently are based only on theoretical estimates.

Experimental attention is currently focused on two se-
ries of 07 nuclei: the even-Z, T, = —1 nuclei with 18 < A <
42, and the odd-Z, T, = 0 nuclei with A > 62. Both re-
gions include transitions with larger calculated values [16]
for (0c — dns) than any of the nine currently well-known
transitions. Of the heavier T, = 0 nuclei, °2Ga and "*Rb are
receiving the greatest attention at this time (see [18] and
experimental references therein). The decays of nuclei in
this series are of higher energy than any previously studied
and each therefore involves numerous weak Gamow-Teller
transitions in addition to the superallowed transition [18].
Branching-ratio measurements are thus very demanding,
particularly with the limited intensities likely to be avail-
able initially for most of the rather exotic nuclei in this
series. Nevertheless, with the help of shell-model calcula-
tions [18], a combination of detailed (- and ~y-ray spectro-
scopic measurements has recently been used to obtain a
precise value for the superallowed branching ratio in the
decay of prolifically produced ™Rb [19].

More accessible in the short term are the T, = —1 su-
perallowed emitters with 18 < A < 42. The nuclear-model
space used in the calculation of (¢ — dng) for these nu-
clei is exactly the same as that used for some of the nine
transitions already studied. If the wide range of values pre-
dicted for the corrections are confirmed by the measured
ft-values, then it will do much to increase our confidence
(and reduce the uncertainties) in the corrections already
being used. To be sure, these decays also provide an ex-
perimental challenge, particularly in the measurement of
their branching ratios, which involve strong Gamow-Teller
transitions, but sufficiently precise results have just been
obtained [20] for the half life and superallowed branching
ratio for the decay of 22Mg and work on 3*Ar decay is well

advanced. New precise ft-values should not be long in ap-
pearing. It would be virtually impossible for them to have
any effect on the central value already obtained for V4
but they may be expected ultimately to lead to reduced
uncertainties on that value.

3 |Vua| from neutron 3-decay

Recently, |V,q| has been derived not from nuclear 3-decay
but from neutron decay data [2]. In this way, the unitarity
check of (1) is based solely on particle data, i.e. neutron
[-decay, K-decays, and B-decays, where nuclear structure
effects are absent. So much progress has been made using
highly polarized cold neutron beams with an improved
detector setup that one is now capable of extracting a
value |V,q| = 0.9717(13). Here, the unitarity test
|‘/ud|2 + |Vus|2 + |‘/ub|2 =1-A= 09924(28) (4)

fails by A = 0.0076+0.0028, or 2.7 times the stated error o.
Earlier experiments [21-23] gave significantly lower values
for the neutron decay [-symmetry Ag. Averaging over the
new result and previous results, the Particle Data Group [3]
arrives at a new world average for |V,4| from neutron -
decay which leads to a 2.2 ¢ deviation from unitarity.

Since the Fermi decay constant is known from muon
decay, the Standard Model describes neutron §-decay with
only two additional parameters. One parameter is the first
entry |Viq| of the CKM-matrix. The other one is A, the
ratio of the vector coupling constant and the axial vector
constant. In principle, the ratio A can be determined from
QCD lattice gauge theory calculation, but the results of
the best calculations vary by up to 30%. In neutron decay,
several observables are accessible to experiments, which
depend on these parameters, so the problem is overde-
termined and, together with other data from particle and
nuclear physics, many tests of the Standard Model become
possible. |V, 4| results significantly from the neutron life-
time 7 and the B-asymmetry parameter Ag. The ft-value
is given by

K
t(146%) = ,
1 ®) [Vaud|?G% (14 3X%) (1 + Ag)

(5)
where f =1.6886 is the phase space factor. The model in-
dependent radiative correction §% and other small terms
changes the phase space factor by 1.5% to ff* = 1.71335(15)
[24,25]. Ar = 0.0240(8) is the model dependent radia-
tive correction to the neutron decay rate [1,26]. The §-
asymmetry Ag is a simple function of A, the ratio of the
axial vector to vector coupling constant

AN+ 1)

Ag= -2 )
0 1+3)2°

(6)
where we have assumed that A is real.

With recent experiments [2,27], one obtains Ay =
—0.1189(7) and A = -1.2739(19). With this value, and the
world average for 7 = 885.7(7) s, one finds that |V,4| =
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0.9717(13). The main contribution to the overall £0.0013
uncertainty is the experimental error from the §-asymmetry
Ag with +0.0012. In these -asymmetry experiments, the
total correction to the raw data is 2.0%. We favour this
result over earlier experiments [21-23], where large correc-
tions had to be made for neutron polarization, electron-
magnetic mirror effects or background, which were all in the
15% to 30% range. The world average value for the neutron
mean lifetime includes 11 individual measurements, using
different techniques summarized as ”beam methods” and
"bottle methods”. The measurements agree nicely with a
x? of 0.95 but the world average value is dominated by
a single experiment [28]. The error contribution to |V,4|
with +0.0004 from the neutron lifetime is small and the
same as the error from Ag. The contribution to f from 0%
is with £0.00004 completely negligible.

For comparison, information about |V,4| and A are
shown in Fig. 1. The bands represent the one sigma er-
ror of the measurements. The -asymmetry Ag in neutron
decay depends only on A, while the neutron lifetime 7 de-
pends both on A and |V,4|. The intersection between the
bands derived from 7 and Ag defines |V, 4| within one stan-
dard deviation, which is indicated by the error ellipse. For
comparison, |V,,4| derived from nuclear 8-decay as well as a
value |Vyg| = /1 — [Vys|? + |Vius|? predicted from unitarity
are shown, too.

3.1 The future

The main corrections in recent neutron decay asymme-
try experiments [2] are due to neutron beam polarization
(1.1%), background (0.5%) and flipper efficiency (0.3%).
The total correction is 2.0%, the total relative error is
0.68%. For the future, the plan is to further reduce all cor-
rections. Major improvements both in neutron flux and de-
gree of neutron polarization have already been made: First,
the new ballistic supermirror guide at the Institute-Laue

1 \/1 — |Vus|? + |Vus|? predicted from unitarity, from
F't values of nuclear 5-decays, and neutron (3-decay

Langevin in Grenoble gives an increase of about a factor of
4 in the cold neutron flux [29]. Second, a new arrangement
of two supermirror polarizers allows to achieve an unprece-
dented degree of neutron polarization P of between 99.5%
and 100% over the full cross section of the beam [30]. Third,
systematic limitations of polarization measurements have
been investigated: The beam polarization can now be mea-
sured with a new method using an opaque *He spin filter
with an uncertainty of 0.1% [31,32]. As a consequence, we
will be able to improve on the main uncertainties in reduc-
ing the main correction of 1.1% to less than 0.5% with an
error of 0.1%. Future trends have been presented on the
workshop ” Quark-mixing, CKM Unitarity” [4]. Regarding
lifetime measurements, several independent experiments
with a projected accuracy of one second or better are car-
ried out. One of them uses the storage of ultra-cold neutrons
in a material trap with a gravitational valve [33]. The coat-
ing of the trap surface allows to obtain a storage time of
870s, which is very close to the neutron lifetime. The use
of two traps with different sizes and the method of size
extrapolation expect an accuracy for the neutron lifetime
at the level of one second. In a different approach, neutrons
are trapped magnetically with permanent magnets [34] or
with the superconducting magnets [35,36]. Regarding the
unitarity problem, about half a dozen new instruments
are planned or are under construction for beta-neutrino
correlation a and beta-correlation A measurements at the
sub-1072 level, which should result in a value of |V, 4| whose
error is dominated by the theoretical uncertainties in the
radiative corrections (see Sect. 4).

4 Electroweak radiative corrections

In order to obtain accurate values for the V,4 element of
the CKM matrix from nuclear, neutron and pion beta de-
cays, we need precise radiative correction calculations for
their observables. For this purpose, one has to deal with
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several different kinds of Feynman diagrams. In addition
to the W boson mediating the beta decay process, further
electroweak bosons (photon, W and Z bosons) can be cre-
ated and absorbed by the fermions, and these bosons can
change slightly the various decay probabilities.

In order to compute the radiative corrections, both
the virtual and the photon bremsstrahlung contributions
have to be evaluated. Usually, the bremsstrahlung pho-
tons are not detected in beta decay experiments, therefore
one has to integrate these photons down to zero energy.
These bremsstrahlung integrals are infinite: they have in-
frared divergency. However, adding the contributions of the
virtual diagrams to the bremsstrahlung integrals, the in-
frared divergency disappears. The bremsstrahlung photons
can leave the small space-time region of the beta decay,
and their momenta can be of similar magnitude as the
momenta of the other particles involved in the decay pro-
cess. Therefore, these photons can change the beta decay
kinematics (in contrast to the virtual photons, which have
no effect to the kinematics). It is important to take into
account this fact, in order to obtain meaningful radiative
correction results. We refer to [37,38] for detailed explana-
tion of this photon bremsstrahlung kinematics effect. The
photon bremsstrahlung calculation is theoretically simple
and reliable. Due to their small energy, the bremsstrahlung
photons see only the hadron charges, therefore this part
of the radiative correction calculation has no uncertainties
related with strong interaction models. On the other hand,
technically it is more complicated. In order to evaluate the
many-dimensional integrals occurring in the computation
of arbitrary observables, the Monte Carlo method seems
to be expedient to use [39].

In order to compute the virtual correction, the energy
and momentum of the virtual photon has to be integrated
from zero to infinity. The small energy part of the virtual
integrals has similar properties to the bremsstrahlung cor-
rection (infrared divergence, almost no strong interaction
dependence, sensitivity to external particle momenta).
Therefore, it is expedient to separate this part of the virtual
correction from the larger photon energy region contribu-
tions. Sirlin has introduced in his prominent paper [40] a
separation of the order-a radiative correction into model
independent (MI) and model dependent (MD) parts. The
MI (outer) correction is defined as the sum of the photon
bremsstrahlung correction and the small energy part of the
virtual correction. The MD (inner) correction contains the
medium and large energy (asymptotic) parts of the virtual
contributions. It was proved in [40] that neglecting some
small terms of order 0.01 %, the MD correction can be
absorbed into the dominant vector and axial vector form
factors and is not taken into account in a determination
of A from the B-asymmetry parameter Ag.

The order-a M1 radiative corrections to the total decay
rates of allowed beta decays can be simply computed by the
universal Sirlin function [40]. For example, in neutron decay
this correction increases the decay rate by 1.5 %. On the
other hand, the MI correction to the asymmetry parameters
is rather small [38,42—44]. Due to this correction, the value
of the parameter A from a measurement of the g-asymmetry

parameter is changed by 0.0003, which is far below the
present experimental error of 0.0019. Other observables
for determining A have larger corrections. For example for
the proton spectrum in unpolarized neutron decay, the
change of X is 0.01 due to the MI correction [45] and the
main part of this large correction comes from the photon
bremsstrahlung kinematic effect mentioned above.

4.1 One and two loop electroweak corrections

Modulo the Fermi function, electroweak radiative correc-
tions to superallowed 0t — 0T nuclear beta decays are
traditionally factored into two contributions called inner
and outer corrections. The outer (or long distance) correc-
tion 1 + 0% + dng is given by

L+ 5 (9 (B, Bua) +20x5) + 02 (Z,E), (T)

where g(F, Epax) is the universal Sirlin function [40] which
depends on the nucleus through F,, ., the positron or elec-
tron end point energy. C'y g is a nuclear structure dependent
contribution induced by axial-current nucleon-nucleon in-
teractions [46] and do is an O(Za?) correction partly in-
duced by factorization of the Fermi function and outer
radiative corrections [47].

The contribution from ¢(F,Emax) is quite large
(~ 1.3% for O) due to a 3In(m,/FEmax) term which
generally dominates. Summation of (alnmy,/Emax)™, n =
2,3... contributions from higher orders gives an additional
0.028% correction [25] while additional O(a?) effects are
estimated to be < 0.01%.

Cns and 02(Z, E) are nucleus dependent. The leading
contribution to d5 is of the form Za? Inm,,/ E where Z is the
charge of the daughter nucleus. Just as in the case of the
Fermi function, do is usually given for positron emitters
(since that is appropriate for superallowed decays). For
electron emitters the sign of Z should be changed in both
the Fermi function and 62 (Z, F). Unfortunately, as pointed
out by Czarnecki, Marciano and Sirlin [25], that sign change
was not made in the case of neutron decay. As a result,
the often quoted 0.0004 contribution from J> to neutron
[B-decay should be changed to —0.00043, an overall shift of
—0.083%. With those corrections, the overall uncertainty
in the outer radiative corrections is now estimated to be
about +0.01%.

The inner radiative correction factor 1 + Ay is given
(at one loop level) by

1+a(4lnmz+lnmp+Ag+2C>7 8)
2 my ma

where the 27“ Inmz/m, ~ 0.0213 universal short- distance
correction dominates [48]. The contributions induced by
axial- vector effects are relatively small but carry the bulk
of the theoretical uncertainty

(07

[ln Mp. + A, + 20} ~—0.0015 £ 0.0008. (9)
2 ma
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It stems from an uncertainty in the effective value of m 4
that should be employed. The quoted uncertainty in (3)
allows for a conservative factor of 2 uncertainty in that
quantity. It would be difficult to significantly reduce the
uncertainty for nuclei or the neutron. In the case of pion
beta decay, the uncertainty is likely to a factor of 2 or
more smaller.

High order (alnmz/mp)", n = 2,3... leading log con-
tributions are expected to dominate the multi-loop effects.
They have been summed by renormalization group tech-
niques [8], resulting in an increase in (8) by 0.0012. Next
to leading logs of O(a?Inmy/m,) have been estimated to
give —0.0002 £ 0.0002 while O(a?) effects are expected to
be negligible. In total, a recent update finds [25]

Inner R. C. Factor = 1.0240 + 0.0008, (10)
which is essentially the same as the value given by Sirlin
in 1994 [49]. It leads to

[Va| = 0.9740 = 0.0001 + 0.0001 4 0.0003 + 0.0004, (11)

extracted from super-allowed beta decays, where the errors
stem from the experimental uncertainty, the two transition
dependent parts of the radiative corrections §% and d¢ —
Ons, and the inner radiative correction A} respectively.
In the case of neutron decay, the radiative corrections
carry asimilar structure and uncertainty. Correcting for the
sign error in the Za? effect, one finds the master formula [25)

4908 + 4sec

Voal? = 22— =00
[Vad n (1 + 3)2)

(12)

Employing 7, = 885.7(7)s and A = 1.2739(19) then implies
Via| = 0.9717 4 0.0004 = 0.0012 £ 0.00004 % 0.0004 (13)

where the errors stem from the experimental uncertainty
in the neutron lifetime, the g-asymmetry Ay and the the-
oretical outer and inner radiative correction 6y and Ay
respectively. In the case of pion beta decay, the theory un-
certainty in |V,4| is probably £0.0002 or smaller, but the
small (~ 10~%) branching ratio makes a precision measure-
ment very difficult.

5 |V.s| from hyperon and kaon-decays

Hyperon or K decays determine V,s. The analysis of hy-
peron data has larger theoretical uncertainties because dif-
ferent calculations of SU(3) symmetry breaking effects dis-
agree. Therefore the Particle Data Group relies on the K
decay data, based on a derivation in 1984 [50].

The rates of K3 has the form [50, 51]

GE

I =
19273

MR Vs PCP[FO)P|I(1 +6)(1+ 4)

(14)

with phase space integral I, form factor f, M} the kaon
mass, Clebsch-Gordan coefficient C? and radiative correc-
tions [52,53] A = 2.12+0.08% and § = -2% for K5 decays

Table 2. Current and expected precision of CKM matrix el-
ements. Prospective measurements are listed for linear ete™
colliders. The second column is taken from [59]. The second
error is due to an uncertainty of Iiop of 1%

current uncertainty projected for new collider

V| £0.0005 +0.0028

[Vus|  £0.0023 +0.0124

[Vus|  £0.008 40.011

|V.a|  +0.016 +0.0072

|Ves|  £0.16 +0.0017

V| £0.0019 +0.11

Vial  [Vial/|Vis| < 0.24  +0.026 + 0.35
[Vis|  £0.008 40.006 & 0.0002
Vis|  +0.29,-0.12) +0.000008 =+ 0.005

and 6 = 0.5% for KY; decays. Updates of |V,,s| with revised
radiative corrections [54] are in agreement with the current
PDG value |V,s| = 0.219640.0023 [3,50] and even indicate
a decrease of the central value by up to 1%. However, a
very recent report of the K :3 branching ratio from E865
at BNL results in a larger |V,s| = 0.2272(30) [55]. With
this value of |V,s| alone, we find no significant deviation
from CKM unitarity. On the other hand, the discrepancy
between this BNL |V,s| value and a value from KY is on
the 3 o level. New, ongoing or prepared K, 3 measurements
(e.g. CMD2, NA48, KTEV, KLOE) [4,6] will help to solve
this K-decay problem. After this workshop, a new analy-
sis of hyperon decays by Cabibbo, Swallow and Winston
that is insensitive to first order SU(3) breaking effect ap-
peared [56]. It found |V,,5| = 0.2250(27) which is in better
agreement with unitarity and the E865 K3 results than
previous studies, thus providing additional motivation for
further experimental work on |Vy].

6 CKM matrix elements from decays
of W bosons and top quarks

Decays of W+ bosons produced at LEP2 have been used to
measure the Cabibbo-Kobayashi-Maskawa matrix element
|Ves| with a precision of 1.3% without the need of a form
factor. The same data set has been used to test the unitarity
of the first two rows of the matrix at the 2% level. At a future
ete™ linear collider, with a data sample of few million of
W decays a precision of 0.1% can be reached.

6.1 Determination of the W branching ratio

The observation of W decays offers another way to deter-
mine the CKM matrix elements. In the Standard Model the
branching fraction of the W boson decays depends on the six
CKM matrix elements which do not involve the top quark.
Measuring the W production rates for different flavours
gives access to the individual CKM matrix elements with-
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out parameterization of non-perturbative QCD:

C(O&S)GFME\)’N

I'W—dq) =—-2—W
( q'q) 6. Vo

[Vij|? = (707 £ 1)|Vy;|*MeV,

where

Clas) =3 |1+ ZM

R ™
1=1,3

is the QCD colour factor, up to the third order in as(M%,),
the strong coupling constant. Furthermore, 'on shell’ W
bosons decay before the hadronization process starts, and
the quark transition occurs in a perturbative QCD regime.
Hence, W boson decays offer a complementary way to de-
termine the CKM matrix elements.

In a similar way one can relate the top quark transition
B(t — ¢W) to the CKM matrix elements |V,].

From 1997 to 2000 the LEP ete~collider has been op-
erated at energies above the threshold for W-pair pro-
duction. This offered a unique opportunity to study the
hadronic decays of W boson in a clean environment and to
investigate the coupling strength of W bosons to different
quark flavours.

The leptonic branching fraction of the W boson
B(W — (1) is related to the six CKM elements not in-
volving the top quark by:

1
B(W — éﬁ[)

>

i =(u,c),
i =(ds.b)

=3 1+[1+ [V |
™

Using as(M%,)=0.119 + 0.002, the measured leptonic
branching fraction of the W yields

>

i =(u,c),
J =(d,s,b)

Vi = 2.026 + 0.026 + 0.001,  (15)

where the first error is due to the uncertainty on the branch-
ing fraction measurement and the second to the uncertainty
on g [57]. This result is consistent with the unitarity of
the first two rows of the CKM matrix at the 1.5% level, as
in the Standard Model:

2

i =(u,c),
j =(d,s,b)

[Vii|? = 2. (16)

No assumption on the values of the single CKM elements
are made.

Using the experimental knowledge [3] of the sum
[Vad? + Vs 2+ [Vab 2+ [Vea 2+ [Ven |2 = 1.047740.0074,
the above result can also be interpreted as a measurement
of [Vesl:

[Ves| = 0.989 + 0.014.
The error includes a £0.0006 contribution from the uncer-

tainty on ag and a +0.004 contribution from the uncer-
tainties on the other CKM matrix elements, the largest of

which is that on |[Veq|. These contributions are negligible
compared to the experimental error from the measurement
of the W branching fractions, +0.014.

The W decay branching fractions, B(W — ff/), are de-
termined from the cross sections for the individual WW—
4f decay channels measured by the four experiments at all
energies above 161 GeV. These branching fractions can be
derived with and without the assumption of lepton uni-
versality. In the fit with lepton universality, the branching
fraction to hadrons is determined from that to leptons by
constraining the sum to unity.

Assuming lepton universality, the measured hadronic
branching fraction is 67.77 + 0.18(stat.) £ 0.22(syst.)%
and the measured leptonic branching fraction is 10.74 +
0.06(stat.)+0.07(syst.)%. These results are consistent with
the Standard Model expectations, 67.51% and 10.83% re-
spectively [58]. In this case, the high x? of 20.8 for 11
degrees degrees of freedom is mainly due to the L3 results
for W decays to muons and taus.

7 Conclusion

The presently poorly satisfied unitarity condition for the
CKM matrix presents a puzzle in which a deviation A from
unitarity may point towards new physics. The unitarity
tests fails by up to 2.7 standard deviations. The origin of
deviation A is unclear.

In |Vyq| from nuclear 0t — 07 transitions with de-
viation A = 0.0032+0.0014, the error is dominated by
theoretical uncertainties, where errors of nuclear structure
dependent corrections are no larger than those of transition
independent corrections. Restoration of unitarity would re-
quire a 2.3 o shift of these corrections. In |V,,4| from neu-
tron decay, with deviation A = 0.00764+0.0028, the error
is dominated by experimental uncertainties. Restoration
of unitarity would require a 3 o shift in the present value
of the f-decay asymmetry A, or a 8 o shift in the neutron
lifetime 7. Alternatively, radiative corrections would have
to be wrong by 8 o. If the deviation is due to errors in |Vys|,
its presently accepted value would have to shift by 7 ¢ in
order to explain the neutron result, or by 3 o to explain the
nuclear 07 — 07 result. However, very recent preliminary
results hint that the last world on |V,s| is not yet spoken.
On the other hand, |V,,;| is completely negligible in this
context. Other sources such as pion or W decay may have
smaller theoretical errors, but their present experimental
errors are not yet competitive.

Acknowledgements. The work on nuclear (-decay was done
in collaboration with I.S. Towner. It was supported by the
U.S.Department of Energy under Grant No. DE-FGO03-
93ER40773 and by the Robert A. Welch Foundation. J.C.H.
should also like to thank the Institute for Nuclear Theory at
the University of Washington for its hospitality and support
during part of this work. The work of W.J.M. was supported by
DOE contract DE-AC02-98-CH10886 and a Senior Research
Award from the Humboldt Foundation. The work on neutron -
decay was funded by the German Federal Ministry for Research



and
wor

H. Abele et al.: Quark mixing, CKM unitarity

Education under contract number 06HD953. The two day
kshop Quark-Mizing, CKM-Unitarity was sponsored by the

Deutsche Forschungsgemeinschaft (German Research Founda-
tion).

Re

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.

27
28

ferences

. L.S. Towner and J.C. Hardy, J. Phys. G: Nucl. Part. Phys.
29, 197 (2003)

. H. Abele et al., Phys. Rev. Lett. 88, 211801 (2002)

. K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002)

. H. Abele and D. Mund (eds.), workshop proceedings
of Quark-Mixing, CKM-Unitarity, Heidelberg, Sep. 2002
(Mattes-Verlag, Heidelberg, 2003)

. M. Battaglia, A.J. Buras, P. Gambino, and A. Stoc-
chi (eds.), Proceedings of the First Workshop on the
CKM Unitarity Triangle, CERN, Feb 2002, arXiv:hep-
ph/0304132

. P. Ball, J.M. Flynn, P. Kluit, and A. Stocchi (eds.), Pro-
ceedings of the 2nd Workshop on the CKM Unitarity
Triangle, IPPP Durham, April 2003 (Electronic Proceed-
ings Archive eConf C0304052, 2003)

. D. Pocanic, PIBETA: a precise measurement of the pion
B-decay rate to determine Va4, [4]

. W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 56, 22
(1986)

. P. Langacker and D. London, Phys. Rev. D 38, 886 (1988)

J. Maalampi and M. Roos, Phys. Rep. 186, 53 (1990)

P. Langacker and M. Luo, Phys. Rev. D 45, 278 (1992)

W.J. Marciano and A. Sirlin, Phys. Rev. D 35, 1672

(1987)

J. Deutsch, in: Workshop on the breaking of fundamental

symmetries in nuclei, Santa Fe, 1988; B.R. Holstein and

S.B. Treiman, Phys. Rev. D 16, 2369 (1977)

Y. Liao and X. Li, Phys. Lett. B 503, 301 (2001)

1.S. Towner and J.C. Hardy, Proc. of the V Int. WEIN

Symposium: Physics Beyond the Standard Model, Santa

Fe, NM, June 1998, edited by P. Herczeg, C.M. Hoff-

man, and H.V. Klapdor-Kleingrothaus (World Scientific,

Singapore, 1999), pp. 338-359

1.S. Towner and J.C. Hardy, Phys. Rev. C 66, 035501

(2002).

J.C. Hardy, 1.S. Towner, V.T. Koslowsky, E. Hagberg,

and H. Schmeing, Nucl. Phys A 509, 429 (1990)

J.C. Hardy and L.S. Towner, Phys. Rev. Lett. 88, 252501

(2002)

A. Piechaczek et al., Phys. Rev. C 67, 051305(R) (2003)

J.C. Hardy et al., Phys. Rev. Lett. 91, 082501 (2003)

P. Bopp et al., Phys. Rev. Lett. 56, 919 (1988)

B.G. Yerozolimsky et al. Phys. Lett. B 412, 240 (1997);

B.G. Erozolimskii et al., Phys. Lett. B 263, 33 (1991)

K. Schreckenbach et al., Phys. Lett. B 349, 427 (1995);

P. Liaud et al., Nucl. Phys. A 612, 53 (1997)

D.H. Wilkinson, Nucl. Phys. A 377, 474 (1982)

A. Czarnecki, W. Marciano, and A. Sirlin, preprint in

preparation.

I.S. Towner, Nucl. Phys. A 540, 478 (1992)

. H. Abele et al., Phys. Lett. B 407, 212 (1997)

. S. Arzumanov et al., Phys. Lett. B 483, 15 (2000)

29

30.
31.

32.
33.

34.

35.

36.

37.

38.
39.

40.
41.

42.
43.
44.
45.

46.
47.

48.

49.

50.
51.
52.
53.

54.

55.

56.

57.

58.

59

. H. Haese et al., Nucl. Instrum. Methods Phys. Res. A
485, 453 (2002)

T. Soldner, Recent progress in neutron polarization andits
analysis, [4]

W. Heil et al., Physica B 241, 56 (1998)

O. Zimmer et al., Nucl. Instr. & Meth. A 440, 764 (2000)
A. Fomin et al., in: Proceedings of the workshop Ultracold
and Cold Neutrons, Physics and Sources, St. Petersburg,
June 2003

V.F. Ezhov et al., in: Proceedings of the workshop Ul-
tracold and Cold Neutrons, Physics and Sources, St. Pe-
tersburg, June 2003

F.J. Hartmann, A magnetic storage device, [4]

P.R. Huffman et al., Progress Towards Measurement of the
Neutron Lifetime Using Magnetically Trapped Ultracold
Neutrons, [4]

F. Glick and I. Jo6, Phys. Lett. B 340, 240 (1994),
F. Gliick, Nucl. Phys. A 628, 493 (1998)

F. Gliick, Phys. Lett. B 436, 25 (1998)

F. Gliick and I. Jo6, Comp. Phys. Comm. 107, 92 (1997),
F. Gluck, Comp. Phys. Comm. 101, 223 (1997)

A. Sirlin, Phys. Rev. 164, 1767 (1967)

F. Gliick, I. Joé, and J. Last, Nucl. Phys. A 593, 125
(1995)

R.T. Shann, Nuovo Cimento 5A, 591 (1971)

F. Gliick and K. Té6th, Phys. Rev. D 46, 2090 (1992)
F. Gliick, Phys. Lett. B 376, 25 (1996)

F. Gluck, Phys. Rev. D 47, 2840 (1993)

I. Towner and J. Hardy, Phys. Rev. C 66, 035501 (2002)
W. Jaus and G. Rasche, Nucl. Phys. A 143, 202 (1970);
Phys. Rev. D 35, 3420 (1987); A. Sirlin and R. Zucchini,
Phys. Rev. Lett. 57, 1994 (1986); A. Sirlin, Phys. Rev.
D 35, 3423 (1987)

A. Sirlin, Nucl. Phys. B 71, 29 (1974); Rev. Mod. Phys.
50, 573 (1978)

A. Sirlin, in: Precision Tests of the Standard Electroweak
Model, edited by P. Langacker, World Scientific Advanced
Series on Directions in High Energy Physics — Vol 14.
(1995), p. 776

H. Leutwyler, Z. Phys. C 25, 91 (1984).

M. Bargiotti et al., Riv. Nuovo Cimento 23, 1 (2000)
W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 56, 22
(1986)

H.H. Williams et al., Phys. Rev. Lett. 33, 240 (1974),
T. Becherrawy, Phys. Rev. D 1, 1452 (1970)

V. Cirigliano et al., Eur. Phys. J. C 23, 121 (2002);
A. Bytev et al., Eur. Phys. J. C 27, 57 (2003); G. Calderon
and G. Lopez Castro, Phys. Rev. D 65, 073032 (2002);
J. Bijnens and T. Talavera, arXiv:hep-ph/0303103

A. Sher et al., arXiv:hep-ex/0305042; J. Thompson et
al., Proceedings of the 2nd Workshop on the CKM Uni-
tarity Triangle, IPPP Durham, April 2003, arXiv:hep-
ph/0307053

N. Cabibbo, E. Swallow, and R. Winston, arXiv:hep-
ph/0307214
http://lepewwg.web.cern.ch/LEPEWWG /lepww /4f/
and references therein

W. Beenakker et al., WW Cross-Sections and Distribu-
tions, in: Physics at LEP2, edited by G. Altarelli et al.,
CERN 96-01

. J. Letts and P. Mattig, Eur. Phys. J. C 21, 211 (2001)



