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Flavor SU(3) Relations for 
Beta Decays of Octet Baryons in the Cabibbo Model.

Here µp = 1.7928, µn = -1.9130, and g2 = 0 for all decays.  The SU(6) prediction F/D = 2/3
combined with g1/f1 = 1.267 = F + D for neutron beta decay yields D = 0.760 and F = 0.507.
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*Since f1(0) = 0 for , the last three columns for that process contain results for f2Σ Λ± ±→ e ν
and g1 rather than f2/f1 and g1/f1.
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CKM Unitarity 
 

Towner & Hardy 
 
 

|Vud|2 + |Vus|
2 + |Vub|2 = 1 - ∆  

 
 
 
 

|Vud| = 0.9740(5) 
 

|Vus| = 0.2196(23) 
 

|Vub| ≈ 10-5 
 
 
 

∆ = 0.0032(14) 
 

2.3 s.d. 
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■ Abstract We review the status of hyperon semileptonic decays. The central issue
is theVus element of the CKM matrix, for which we obtainVus = 0.2250(27). This
value is similar in precision to the one derived fromKl3, but higher, and in better
agreement with the unitarity requirement,|Vud|2+|Vus|2+|Vub|2 = 1. We find that the
Cabibbo model gives an excellent fit to baryon–beta-decay form-factor data (χ2 = 2.96
for 3 degrees of freedom) withF + D = 1.2670± 0.0030,F − D = −0.341± 0.016,
and no indication of flavor-SU(3)–breaking effects. We indicate the need for more
experimental and theoretical work, both on hyperon beta decays and onKl3 decays.
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Using a technique that is not subject to first-order SU(3) symmetry breaking effects, we determine
the Vus element of the Cabibbo-Kobayashi-Maskawa matrix from data on semileptonic hyperon decays.
We obtain Vus � 0:2250�27�, where the quoted uncertainty is purely experimental. This value is of
similar experimental precision to the one derived from Kl3, but it is higher and thus in better agreement
with the unitarity requirement, jVudj

2 � jVusj
2 � jVubj

2 � 1. An overall fit, including the axial
contributions and neglecting SU(3) breaking corrections, yields F�D � 1:2670 � 0:0035 and F�
D � �0:341� 0:016 with �2 � 2:96=3 degrees of freedom.

DOI: 10.1103/PhysRevLett.92.251803 PACS numbers: 12.15.Hh, 13.30.Ce, 14.20.Jn

The determination of the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1,2] is one of the
main ingredients for evaluating the solidity of the stan-
dard model of elementary particles. This is a vast subject
which has seen important progress with the determina-
tion [3,4] of 
0=
 and the observation [5,6] ofCP violation
in B decays.

While a lot of attention has recently been justly de-
voted to the higher mass sector of the CKM matrix, it is
the low mass sector, in particular, Vud and Vus, where the
highest precision can be attained. The most sensitive test
of the unitarity of the CKM matrix is provided by the
relation jVudj

2 � jVusj
2 � jVubj

2 � 1� 
. Clearly, the
unitarity condition is 
 � 0. The jVubj2 contribution [7]
is negligible (10�5) at the current level of precision. The
value Vud � 0:9740� 0:0005 is obtained from superal-
lowed pure Fermi nuclear decays [8]. In combination with
Vus � 0:2196� 0:0023, derived from Ke3 decay [9,10],
this yields 
 � 0:0032� 0:0014. At face value, this
represents a 2.3 standard deviation departure from uni-
tarity [8].

In this Letter we reconsider the contribution that the
hyperon beta decays can give to the determination of Vus.
The conventional analysis of hyperon beta decay in terms
of the parameters F;D and Vus is marred by the expec-
tation of first-order SU(3) breaking effects in the axial-
vector contribution. The situation is only made worse if
one introduces adjustable SU(3) breaking parameters, as
this increases the number of degrees of freedom (DOF)
and degrades the precision. If on the contrary, as we do
here, one focuses the analysis on the vector form factors,
treating the rates and g1=f1 [11] as the basic experimental
data, one has direct access to the f1 form factor for each

decay, and this in turn allows for a redundant determi-
nation of Vus. The consistency of the values of Vus deter-
mined from the different decays is a first confirmation of
the overall consistency of the model. A more detailed
discussion may be found in the Annual Reviews of
Nuclear and Particle Sciences [12].

In 1964, Ademollo and Gatto proved [13] that there is
no first-order correction to the vector form factor,

1f1�0� � 0. This is an important result: since experi-
ments can measure Vusf1�0�, knowing the value of f1�0�
in 
S � 1 decays is essential for determining Vus.

The Ademollo-Gatto theorem suggests an analytic ap-
proach to the available data that first examines the vector
form factor f1 because it is not subject to first-order SU(3)
symmetry breaking effects. An elegant way to do this is
to use the measured value of g1=f1 along with the pre-
dicted values of f1 and f2 to extract a Vus value from the
decay rate for each decay. If the theory is correct, these
should coincide within errors and could be combined to
obtain a best value of Vus. This consistency of the Vus
values obtained from different decays then indicates the
success of the Cabibbo model. A similar approach appears
to have been taken in Ref. [14].

Four hyperon beta decays have sufficient data to per-
form this analysis: � ! pe� ���, 
� ! n e� ���, �� !
� e� ���, and �0 ! 
� e� ��� [9]. Table I shows the results
for them. In this analysis, both model-independent and
model-dependent radiative corrections [11] are applied,
and the q2 variation of f1 and g1 is included. Also SU(3)
values of g2 � 0 and f2 are used along with the numerical
rate expressions tabulated in Ref. [11]. We have not, how-
ever, included SU(3) breaking corrections to the f1 form
factor, which will be discussed in the next section. The
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We present a determination of the Cabibbo-Kobayashi-Maskawa parameter jVusj based on new
measurements of the six largest KL branching fractions and semileptonic form factors by the KTeV
(E832) experiment at Fermilab. We find jVusj � 0:2252� 0:0008KTeV � 0:0021ext, where the errors are
from KTeV measurements and from external sources. We also use the measured branching fractions to
determine the CP violation parameter j���j � �2:228� 0:005KTeV � 0:009ext� 	 10�3.

DOI: 10.1103/PhysRevLett.93.181802 PACS numbers: 12.15.Hh, 13.20.Eb, 13.25.Es

The Cabibbo-Kobayashi-Maskawa (CKM) matrix
[1,2] describes the charged current couplings of the u,
c, and t quarks to the d, s, and b quarks. The first row of
this matrix provides the most stringent test of the unitar-
ity of the matrix. Current measurements [3] deviate from
unitarity at the 2.2 sigma level: 1� �jVudj2 � jVusj2 �
jVubj2� � 0:0043� 0:0019. jVusj, which contributes an
uncertainty of 0.0010 to this unitarity test, has been
determined from charged and neutral kaon semileptonic
decay rates. This determination is based on the partial
width for semileptonic K decay, �K‘3:

�K‘3 �
G2
FM

5
K

192�3 SEW�1� �‘K�C
2jVusj

2f2��0�I
‘
K; (1)

where ‘ refers to either e or �, GF is the Fermi constant,
MK is the kaon mass, SEW is the short-distance radiative
correction, �‘K is the mode-dependent long-distance ra-
diative correction, f��0� is the calculated form factor at
zero momentum transfer for the ‘� system, and I‘K is the
phase-space integral, which depends on measured semi-
leptonic form factors. C2 is one (1=2) for neutral
(charged) kaon decays. The current Particle Data Group

(PDG) determination of jVusj is based only on K ! �e�
decays; K ! ��� decays have not been used because of
large uncertainties in I�K .

In this Letter, we present a determination of jVusj by
the KTeV (E832) experiment at Fermilab based on mea-
surements of the KL ! ��e�� and KL ! ����� partial
widths and form factors. These measurements are de-
scribed in detail elsewhere [4,5]; a brief summary is given
here. Our jVusj determination also makes use of a new
treatment of radiative corrections [6].

To determine the KL ! ��e�� and KL ! �����
partial widths, we measure the following five ratios:

�K�3=�Ke3 � ��KL ! ������=��KL ! ��e��� (2)

���0=�Ke3 � ��KL ! �����0�=��KL ! ��e��� (3)

�000=�Ke3 � ��KL ! �0�0�0�=��KL ! ��e��� (4)

���=�Ke3 � ��KL ! �����=��KL ! ��e��� (5)

�00=�000 � ��KL ! �0�0�=��KL ! �0�0�0�; (6)
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