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UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo
CERN, Geneva, Switzerland
(Received 29 April 1963)

We present here an analysis of leptonic decays
based on the unitary symmetry for strong inter-
actions, in the version known as “eightfold way,’?
and the V-A theory for weak interactions.??® Our
basic assumptions on J wr the weak current of
strong interacting particles, are as follows:

(1) J,, transforms according to the eightfold
representation of SUy. This means that we neg-
lect currents with AS=-AQ, or AI=3/2, which
should belong to other representations. This
limits the scope of the analysis, and we are not

able to treat the complex of K° leptonic decays,
or Z*~n+e* +v in which AS=-AQ currents play
a role. For the other processes we make the
hypothesis that the main contributions come from
that part of J m which is in the eightfold represen-
tation.

(2) The vector part of J,, is in the same octet as
the electromagnetic current. The vector contri-

bution can then be deduced from the electromag-
netic properties of strong interacting particles.
For AS=0, this assumption is equivalent to vector-
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6=0.26. (5) Table I. Predictions for the leptonic decays of hy-

.. . perons.
The two determinations coincide within experi-
mental errors; in the following we use 6=0.26. Branching ratio
We go now to the leptonic decays of the baryons, From Present Type of
of the type A =B +e +v. The matrix element of Decay reference 2  work interaction

any member of an octet of currents among two

- - -3
baryon states (also members of octets) can be IZ\' p++e v 51)‘11 Z/? (1)';5 xig_s g'g‘ggﬁ
. . — +p o 0 . X +0,
expressed in terms of two reduced matrix ele- c_Tnre vy -
pt§5 ET—~A+e +7 1.4 %  0.35x107%  v+0.024
ments E-—20+e"+7 0.14%  0.07x107% Vv-1,254
El—zt+em+7 0.28%  0.26x107% V-1.254

- (2) @), o . .
<A|]u +gu lB)—zfABZ,O“+dABZ,Eu, (6)
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g /f,=+1.267 for n —pe V is a
"V - A" Matrix Element.

In V,;, j =d for AS =0 decays, and j =s for AS=1.
V,q= cos(0) V, = sin(0p)

For all decays, g, is a linear combination of F and D.



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

Here p, = 1.7928, u, = -1.9130, and g, = 0 for all decays. The SU(6) prediction F/D = 2/3
combined with g,/f; = 1.267 = F + D for neutron beta decay yields D = 0.760 and F = 0.507.

Decay Scale | f,(0) £.(0) g,(0) f, /f, £,/f, | g/f
n- pe v \ 1 [TRESTH D+F M, (H, ~H,) 1.855 |F+D
M, 2
=" L =%V Vi -1 =(K, +21,) D-F M_ (W, +24,) |[-1432 | F-D
M, 2
 * 5 Ae*v Vi 0* _\F 2 M. [3y, 1.490 \F
2t 37 "™ 22 3P
ST L% v | Va | 2 | @te) S F M, @u,+p) | 0534 | F
V2 o V2 e
0L 5fe"V Vi 2 Qu, +u,) -2 F M, (2u, +1,) 0.531 -F
F| et | e | deon
=0, 3s%e v | Vi 1 [TRETR D+F Mo (1, - H,) 2597 |F+D
M, 2
= . 3% v | Vi 1 (M, —H,) 1 M. (1, -1, 2609 | F+D
2 2 7z P*H M, 2
5" - ne Vv | Vi -1 =, +20) D-F M. (,+24,) |-1.297 | F-D
M, 2
ZO g pe_v VUS _L _(”p+2”n) L (D_F) Mz” (up+2UH) _1'292 F _D
V2 V2 Np) M, 2
A > pe V Vs | 3 _\F L M, H, 1.0659 | F+D
2 2 N AR B Vi 3
= L AeV | Vi 3 _\F R M_ (4, +y,) | 0.085 | F-D
N B P BN I VIR 3

*Since f,(0) =0 for £ - Ae* Vv, the last three columns for that process contain results for f,

and g, rather than f,/f, and g, f,.




OBSERVABLES

(Allowed Order)

K, o Eg = |g,/1)]

o, O, Ly
S¢S, Sg g/t

Separate “Internal” and “External” Analysis.

Rate = H ~

T

G|V, If] [1+3(§] lp(1+€,)

1

InV,, j=dfor AS = 0 decays, and j =s for AS=1.
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FIG. 2. Plan view of the experimental apparatus.
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Measurement of the Up-Down Asymmetries in the § Decay of Polarized A Hyperons
(Argonne—Chicago—Ohio State—Washington University Collaboration)*

J. Lindquist, R. L. Sumner, J. M. Watson,T R. Winston, ¥ and D. M. Wolfe$§
Envico Fermi Institute and Department of Physics, Univevsity of Chicago, Chicago, Illinois 60637

P. R. Phillips and E. C. Swallow||
Washington University, St. Louis, Missouri 63130

K. Reibel, D. M. Schwartz, and A. J. Stevens
Ohio State University, Columbus, Ohio 43210

T. A. Romanowski
Avgonne National Laboratory, Avgomne, Illinois 60439, and Ohio State University, Columbus, Ohio 43210
(Received 24 March 1971)

We report results from a counter and optical spark-chamber—spectrometer experi-
ment on the 8 decay of polarized A hyperons. A sample of 218 decays, constituting ap-
proximately one third of the total data, has been identified. The measured up-down
asymmetries from a selected subsample of 173 events are 4,=0.67 +0.18, A,=0.14
#0.17, and A,=—0.55+0.18. When interpreted in the framework of a V—A theory with
no second-class currents g,=0), they confirm the sign of the form-factor ratio g,/f; as
given by the Cabibbo model, but favor a somewhat smaller magnitude.

We have performed an experiment on the decay
A®~pe 7 at the Argonne National Laboratory
zero-gradient synchrotron using optical spark-
chamber and counter techniques. Our objective
was to study the form of the weak interaction in
this decay by measuring the up-down asymme-
tries of neutrinos, electrons, and protons with
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respect to the A spin.

Polarized A hyperons were produced in the re-
action 7 "p — A°K® using (1025+3)-MeV/c 7~ (just
below ZK threshold) incident on a liquid-hydrogen
target.! The e~ and p momenta for each A —pev
event were measured with a magnetic spectrom-
eter. We determined the plane of production
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Hyperon Production by Neutrinos in an SU; Model*

N. CaBiBBot
Lawrence Radiation Laboratory, University of California, Berkeley, California

AND

Frank CHILTON
Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California
(Received 5 November 1964)

An SU; model of weak interactions is used to discuss amplitudes and cross sections for hyperon pro-
duction by neutrinos. Numerical results for the cross sections are given. The notion of first- and second-class
currents is extended to currents transforming like multiplets under SUs.

I. INTRODUCTION

HIS paper presents a study of the production of
hyperons by neutrinos through the elastic”
mechanism!
7+N — B+l.

Using an SU; model of weak interactions due to one
of us,2 we make detailed predictions of cross sections
and polarizations for all the possible processes of

Formulas for the differential cross section,®° polari-
zation,’*!1 and total cross section® have been given by
one of us, among others.

Let us review briefly the relevant facts. The matrix
element has the form

<Bll TINI_J): (G/ﬁ)(Bl])\le>1Zz’Y)‘(1+¢75)M; (4)

The matrix element of Jy, the weak current of strongly
interactine particles. can be expressed in a general form
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Nicola Cabibbo Model (1964)

Predicts o0, =—0.60 = 0.04
“Like the others™ o. =+0.28 £ 0.03

Experiment
1968 oe =—0.26 £ 0.37

1970  0g=+0.36 % 0.39
1972 0=+0.39+0.53
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COMMENTS

Implications of Recent Data on = ™ ne v for the Cabibbo Model

A. Garcia*
Departamento de Fisica, Centro de Investigacion y de Estudios Avanzados, Instituto Politécnico Nacional,
México 14, D,F.

and

E. C. Swallowf
The Envico Fevmi Institute, Univevrsity of Chicago, Chicago, Illinois 60637
(Received 9 June 1975)

A recent measurement of the electron-neutrino angular correlation in Z° —nev, taken
by itself, is shown to be in remarkable agreement with the Cabibbo model., In contrast,

the electron-spin asymmetry combines with it to distinctly favor the wrong sign for the
axial-vector—to—vector form-factor ratio.

A precise measurement of the electron-neu- ever, when they are combined with the available
trino angular distribution in the decay X" —nev phase-sensitive measurements, the wrong sign
has recently been reported.! The magnitude of is favored. ,
the axial-vector-to-vector form-factor ratio was First, it is important to recognize that the lev-
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Plan view of the experimental apparatus.
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High-precision measurement of polarized-2 ~ beta decay

S. Y. Hsueh,* D. Miiller, J. Tang, R. Winston, and G. ZapalacJr
Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637

E. C. Swallow
Department of Physics, ElImhurst College, Elmhurst, Illinois 60126
and Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637

J. P. Berge, A. E. Brenner,* P. S. Cooper, P. Grafstrom,’ E. gastrzembski,“ J. Lach,
J. Marriner, R. Raja, and V. J. Smith t
Fermi National Accelerator Laboratory, Batavia, Illinois 60510

E. McCliment and C. Newsom
Department of Physics, University of Iowa, Iowa City, Iowa 52442

E. W. Anderson
Department of Physics, Iowa State University, Ames, Iowa 50011

A. S. Denisov, V. T. Grachev, V. A. Schegelsky, D. M. Seliverstov, N. N. Smirnov, N. K. Terentyev,
I. I. Tkatch, and A. A. Vorobyov
Leningrad Nuclear Physics Institute, Leningrad, Union of Soviet Socialist Republics

P. Razis‘* and L. J. Teig®
J. W. Gibbs Laboratory, Yale University, New Haven, Connecticut 06511
(Received 22 January 1988)

We report the results of a polarized-= ~ beta-decay experiment carried out in the Fermilab Proton
Center charged-hyperon beam. These results are based on 49 671 observed 2 ~— ne ~v decays. The
2~ beam had a nominal momentum of 250 GeV/c and was produced by 400-GeV/c protons im-
pinging on a Cu target. At a production angle of 2.5 mrad, the polarization was (23.6+4.3)%. The
decay asymmetries of the electron (a, = —0.5191+0.104), neutron (a, = +0.509+0.102), and an-
tineutrino (a,= —0.230+0.061) were measured and used to establish sign and approximate magni-
tude of the axial-vector-to-vector form-factor ratio g,/f,. The form-factor ratios |g,/f,| and
f2/f, were determined most sensitively from the neutron and electron center-of-mass spectra, re-
spectively. We obtain |g,/f; —0.237g,/f, | =0.327+£0.007£0.019 and f£,(0)/f,(0)=—0.96
+0.07£0.13, where the stated errors are statistical and systematic, respectively. A general fit that
includes the asymmetries and makes the conventional assumption g, =0 gives the final value
81(0)/f,(0)=—0.328+0.019. The data are also compatible with positive values for g,/f, com-
bined with corresponding reduced values for |g,/f, |.
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Octet Baryon Beta Decay

V . Analysis
Decay Rate g/t ¥
A —>pe V| 3161(58) | 0.718(15) | 02224:0.0034
S _spnev| 6.8824) -0.340 (17) | 0.2282+ 0.0049
= S Aev| 3.44019) 0.25(5) 0.2367 + 0.0099
= _53e | 0.876(71) |1.32(+.22/-.18)]| 0.209 +0.027
Combined

0.2250 £+ 0.0027

¥? = 2.26/3d.f.




CKM Unitarity
Towner & Hardy

|Vud|2 + |Vus|2 + |Vub|2 =1-A

IVuq| = 0.9740(5)
IV,s| = 0.2196(23)
|Vub| ~ 105

A = 0.0032(14)
2.3 s.d.
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SEmILEPTONIC HYPERON DECAYS

Nicola Cabibbo,! Earl C. Swallow,?2 and Roland Winston*

1Department of Physics, University of Rome-La Sapienza, Piazzale A. Moro 5,

00185 Rome, Italy; email: nicola.cabibbo@romal.infn.it

°Department of Physics, Elmhurst College, EImhurst, lllinois 60E@yico Fermi

Institute, The University of Chicago, Chicago, lllinois 60637; email: earls@elmhurst.edu
“Division of Natural Sciences, University of California, Merced, Merced, California
95344; email: rwinston@ucmerced.edu

Key Words beta decay, Cabibbo angle, CKM matrix, weak interaction, baryon
PACS Codes 12.15.Hh, 13.30.Ce, 14.20.Jn

m Abstract We review the status of hyperon semileptonic decays. The central issue
is the Vs element of the CKM matrix, for which we obtaM,s = 0.2250(27). This
value is similar in precision to the one derived frdfys, but higher, and in better
agreement with the unitarity requiremeiM,q|2+ | Vys|? + [ Vup|? = 1. We find that the
Cabibbo model gives an excellent fit to baryon—beta-decay form-factorfata .96

for 3 degrees of freedom) with + 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 aKg olecays.
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Semileptonic Hyperon Decays and Cabibbo-Kobayashi-Maskawa Unitarity

Nicola Cabibbo™

Department of Physics, University of Rome-La Sapienza
and INFN, Sezione di Roma 1, Piazzale A. Moro 5, 00185 Rome, Italy

Earl C. Swallow"

Department of Physics, Elmhurst College, Elmhurst, Illinois 60126, USA
and Enrico Fermi Institute, The University of Chicago, Chicago, Illinois, USA

Roland Winston*

Division of Natural Sciences, The University of California-Merced, Merced, California 95344, USA
(Received 11 June 2003; published 23 June 2004)

Using a technique that is not subject to first-order SU(3) symmetry breaking effects, we determine
the V,, element of the Cabibbo-Kobayashi-Maskawa matrix from data on semileptonic hyperon decays.
We obtain V,, = 0.2250(27), where the quoted uncertainty is purely experimental. This value is of
similar experimental precision to the one derived from K3, but it is higher and thus in better agreement
with the unitarity requirement, |V,,;|> + |V, > + |V,,|> = 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 y*> = 2.96/3 degrees of freedom.

DOI: 10.1103/PhysRevLett.92.251803

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 €’/ € and the observation [5,6] of CP 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, V,,; and V,,, where the
highest precision can be attained. The most sensitive test
of the unitarity of the CKM matrix is provided by the
relation |V, 4> + |V,,]*> + |V,,|> =1 — A. Clearly, the

ettt i A 2 A Ny Tha 1T 12 ottt ~en T

PACS numbers: 12.15.Hh, 13.30.Ce, 14.20.Jn

decay, and this in turn allows for a redundant determi-
nation of V. The consistency of the values of V, 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,
A'f,(0) = 0. This is an important result: since experi-
ments can measure V,,f;(0), knowing the value of f,(0)
in AS = 1 decays is essential for determining V.

The Ademollo-Gatto theorem suggests an analytic ap-
proach to the available data that first examines the vector

Lt Fartmer € Thamattom 4 2a vt crilhtant £ Bt ~evedas CT TN
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A Determination of the Cabibbo-Kobayashi-Maskawa Parameter |V, | Using K; Decays

T. Alexopoulos,'' M. Arenton,'” R. E Barbosa,”* A.R. Barker,”' L. Bellantoni,” A. Bellavance,” E. Blucher,*
G.J. Bock,” E. Cheu,' S. Childress,” R. Coleman,” M. D. Corcoran,’ B. Cox,"” A.R. Erwin,'' R. Ford,” A. Glazov,*
A. Golossanov,'° J. Graham,* J. Hamm,' K. Hanagaki,8 Y. B. Hsiung,7 H. Huang,5 V. Jejer,10 D. A. Jensen,” R. Kessler,*
H. G. E. Kobrak,® K. Kotera,® J. LaDue,’ A. Ledovskoy,'® P. L. McBride,” E. Monnier,** K. S. Nelson,'® H. Nguyen,’
R. Niclasen,’ V. Prasad,* X.R. Qi,7 E. J Ramberg,7 R.E. Ray,7 M. Ronquest,10 E. Santos,”® P. Shanahan,’ J. Shields,'®
W. Slater,” D. Smith,'® N. Solomey,* E. C. Swallow,*® P. A. Toale,’ R. Tschirhart,” Y.W. Wah,* J. Wang,' H. B. White,’
J. Whitmore,” M. Wilking,5 B. Winstein,* R. Winston,* E.T. Worcester,* T. Yamanaka,® and E. D. Zimmerman®

(KTeV Collaboration)

1Univemity of Arizona, Tucson, Arizona 85721, USA
*University of California at Los Angeles, Los Angeles, California 90095, USA
3University of California at San Diego, La Jolla, California 92093, USA
“The Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637, USA
5University of Colorado, Boulder, Colorado 80309, USA
SElmhurst College, Elmhurst, Illinois 60126, USA
"Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
80saka University, Toyonaka, Osaka 560-0043 Japan
°Rice University, Houston, Texas 77005, USA
9The Department of Physics and Institute of Nuclear and Particle Physics, University of Virginia,
Charlottesville, Virginia 22901, USA
"University of Wisconsin, Madison, Wisconsin 53706, USA
(Received 1 June 2004; published 25 October 2004)

We present a determination of the Cabibbo-Kobayashi-Maskawa parameter |V,,| based on new
measurements of the six largest K; branching fractions and semileptonic form factors by the KTeV
(E832) experiment at Fermilab. We find |V | = 0.2252 * 0.0008g ey = 0.0021,,,, where the errors are
from KTeV measurements and from external sources. We also use the measured branching fractions to
determine the CP violation parameter |1, _| = (2.228 = 0.005g1ey * 0.009,,) X 1073,

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



CKM Unitarity — Nov., 2009
Blucher & Marciano Review

|Vud|2 T |Vus|2 T |Vub|2 =1-A

IV.uq| = 0.97425(22)
[Vus| = 0.2252(9)
|Vub| ~ 10-5

A = 0.0001(6)
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