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SU„3… symmetry breaking in hyperon semileptonic decays
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Flavor SU(3) symmetry breaking in hyperon semileptonic decay form factors is analyzed using the 1/Nc

expansion. A detailed comparison with experimental data shows that corrections tof 1 are approximately 10%,
which agrees with theoretical expectations. Corrections tog1 are compatible with first-order symmetry break-
ing. A fit to the experimental data allows one to predict theg1 form factor for J0→S1 decay. The proton
matrix element of theT8 component of the axial vector current@which is equal to 3F2D in the SU(3)
symmetry limit# is found to be'0.34– 0.46.
@S0556-2821~98!02421-7#

PACS number~s!: 13.30.Ce, 11.15.Pg, 11.30.Hv
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I. INTRODUCTION

In order to determine the Cabibbo-Kobayashi-Maska
~CKM! mixing matrix from hyperon semileptonic decay
~HSD!, it is important to understand flavorSU(3) symmetry
breaking effects in the hyperonb-decay form factors. At
present,Vud can be precisely obtained from superallow
01→01 b decays, butVus can be more reliably determine
from Ke3 decays than HSD@1# because there are larger u
certainties due to first-order symmetry breaking correcti
in the HSD axial-vector form factors than in kaon matr
elements. Quark model calculations including symme
breaking corrections@2,3# predict that the vector form facto
f 1 is smaller than itsSU(3) symmetric value. The value fo
Vus obtained using this prediction is incompatible with t
one obtained fromKe3 decays@4#, Vus50.219660.0023.
However, a recent analysis of the data favoredf 1 larger than
its SU(3) symmetric value, which yields aVus value consis-
tent with theKe3 extraction@4#.

In this paper we incorporateSU(3) symmetry breaking
corrections into the HSD form factors within the framewo
of the 1/Nc expansion of QCD. The HSD form factors a
analyzed in a combined expansion in 1/Nc andSU(3) flavor
symmetry breaking. We will base our analysis on the form
ism described in Ref.@5#. The organization of this paper is a
follows. Section II gives a brief introduction to the wea
form factors relevant for HSD. The 1/Nc expansion of the
HSD form factors is derived in Sec. III. In order to make th
article self-contained, a brief description of the basics of
1/Nc expansion is given as well. In Sec. IV we perform
detailed comparison of the theoretical expressions with
available experimental data@1# for the decay rates, angula
correlations and angular spin-asymmetry coefficients of
octet baryons, and for the widths~converted to axial-vecto
couplings through the Goldberger-Treiman relation! of the
decuplet baryons. Results and conclusions are presente
Sec. V. We find that the best fit values forf 1 are larger than
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theSU(3) symmetric values and yield aVus value consistent
with that obtained fromKe3 decays. The fit also gives a goo
description ofSU(3) symmetry breaking for the axial form
factorg1 . The Fermilab KTeV Collaboration will soon pub
lish their initial results forJ0→S1 b-decay @6#. Our fit
predictsf 1;1.1 andg1;1.02– 1.07 for this decay.

II. HYPERON SEMILEPTONIC DECAYS

The low-energy weak interaction Hamiltonian for sem
leptonic decays is given by

HW5
G

&
JmLm1H.c., ~2.1!

where the leptonic current

Lm5c̄eg
m~12g5!cne

1c̄mgm~12g5!cnm
, ~2.2!

and the hadronic current expressed in terms of the ve
(Vm) and axial-vector (Am) currents is

Jm5Vm2Am ,

Vm5Vudūgmd1Vusūgms,

Am5Vudūgmg5d1Vusūgmg5s. ~2.3!

G is the weak coupling constant, andVud and Vus are ele-
ments of the CKM matrix. For definiteness, the notation a
conventions of Ref.@7# are adopted in the present work.

The matrix elements of the hadronic current betwe
spin-1/2 states can be written as

^B8uVmuB&5VCKMūB8~p2!

3F f 1~q2!gm1
f 2~q2!

M1
smnqn1

f 3~q2!

M1
qmG

3uB~p1!, ~2.4!
0,
©1998 The American Physical Society28-1
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^B8uAmuB&5VCKMūB8~p2!

3Fg1~q2!gm1
g2~q2!

M1
smnqn1

g3~q2!

M1
qmG

3g5uB~p1!, ~2.5!

where uB(p1), p1 , M1 @ ūB8(p2),p2 ,M2# are the Dirac
spinor, the four-momentum, and the mass of the initial@final#
hyperon, q5p12p2 is the four-momentum transfer an
VCKM stands for eitherVud or Vus . The quantitiesf 1 andg1
are the vector and axial-vector form factors,f 2 andg2 are the
weak magnetism and electricity form factors, whilef 3 and
g3 are the induced scalar and pseudoscalar form factors
spectively. Time reversal invariance requires that the fo
factors be real. The six form factors are functions ofq2 and,
unless explicitly noted otherwise, their values atq250 are
discussed.f 3 andg3 may be safely ignored in decays to a
electron, because their contributions to the different obse
ables are suppressed by the electron mass.

In the limit of exact flavorSU(3) symmetry, the hadronic
weak vector and axial-vector currents belong toSU(3) oc-
tets, so the form factors of different HSD are related
SU(3) flavor symmetry,

f k~q2!5CF
B8BFk~q2!1CD

B8BDk~q2!, ~2.6!

gk~q2!5CF
B8BFk13~q2!1CD

B8BDk13~q2!, ~2.7!

whereFi(q
2) andDi(q

2) are reduced form factors andCF
B8B

andCD
B8B are well-known Clebsch-Gordan coefficients. T

weak currents and the electromagnetic current are mem
of the sameSU(3) octet, so all the vector form factors fo
HSD are related atq250 to the electric charges and th
anomalous magnetic moments of the nucleonskp,n . In par-
ticular, F1(0)51, D1(0)50, F2(0)5kp1 1

2 kn , D2(0)
52 3

2 kn . Additionally, the conservation of the electroma
netic current impliesF3(q2)5D3(q2)50 so that the form
factor f 3(q2) vanishes for all HSD in theSU(3) symmetry
limit.

The leading axial-vectorg1 form factor is given in terms
of two reduced form factors,D and F. The g2 form factor
for diagonal matrix elements of hermitian curren
(e.g. ^Buūgmg5u2d̄gmg5duB&) vanishes by hermiticity and
time-reversal invariance.SU(3) symmetry then implies tha
g250 in the symmetry limit.

For the decuplet baryons, we will follow a formalism co
sistent with chiral symmetry adopted in Ref.@8# and origi-
nally introduced by Peccei@9#. In this formalism, the width
of a decuplet baryonB8 decaying to an octet baryonB is
given by

GB85
g2C~B,B8!2~EB1MB!qp

3

24p f p
2 MB8

, ~2.8!

whereEB and qp are the octet baryon energy and the pi
three-momentum in the rest frame ofB8, f p593 MeV is the
pion decay constant,g is the axial-vector coupling and
09402
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C(B,B8) is a Clebsch-Gordan coefficient@C(B,B8)51,
1/&, 1/), 1/& for D→Np, S*→Lp, S*→Sp, J*
→Jp, respectively#.

III. OPERATOR ANALYSIS

In the Nc→` limit, it has been shown that the baryo
sector has a contractedSU(2F) spin-flavor symmetry, where
F is the number of light quark flavors@10,11#. Corrections to
the large Nc limit can be expressed in terms o
1/Nc-suppressed operators with well-defined spin-flav
transformation properties@10#. Recently, the 1/Nc expansion
has yielded predictions for properties of baryons such
axial-vector couplings and magnetic moments@12,5,8# which
are in good agreement with the experimental data. The 1Nc
expansion of QCD using quark operators as the operator
sis @13,14,5# provides a framework for studying the spin
flavor structure of baryons. In the case of three flavors,
lowest lying baryon states fall into a representation of
spin-flavor groupSU(6). When Nc53, this corresponds to
the very well-known 56 dimensional representation o
SU(6).

A complete set of operators can be constructed using
zero-body operator1 and the one-body operators

Ji5q†S s i

2
^ 1Dq ~1,1!,

Ta5q†S 1^
la

2 Dq ~0,8!,

Gia5q†S s i

2
^

la

2 Dq ~1,8!, ~3.1!

whereJi are the baryon spin generators,Ta are the baryon
flavor generators, andGia are the baryon spin-flavor genera
tors. The transformation properties of these generators u
SU(2)3SU(3) are given explicitly in Eq.~3.1! as (j ,d),
where j is the spin andd is the dimension of theSU(3)
flavor representation.

Any QCD one-body operator transforming according to
given SU(2)3SU(3) representation has a 1/Nc expansion
of the form

OQCD5 (
n50

Nc

cn

1

Nc
n21 On , ~3.2!

wherecn(1/Nc) are unknown coefficients which have pow
series expansions in 1/Nc beginning at order unity. The sum
in Eq. ~3.2! is over all possible independentn-body operators
On with the same spin and flavor quantum numbers
OQCD. The use of operator identities@5# reduces the operato
basis to independent operators. In this analysis we are
cerned with the 1/Nc expansions of the QCD vector and axi
vector currents, whose matrix elements betweenSU(6) sym-
metric states give the HSD form factors.

The 1/Nc expansion for the HSD amplitudes is derived
first order in flavor symmetry breaking, and to leading ord
8-2
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SU(3) SYMMETRY BREAKING IN HYPERON . . . PHYSICAL REVIEW D 58 094028
in 1/Nc for most of the form factors. For thef 1 form factor,
however, we include second-order flavor symmetry break
corrections, since the Ademollo-Gatto theorem states
there are no first order corrections, so that the leading s
metry breaking correction tof 1 is of second order. A chira
perturbation theory calculation shows that~formally! second-
order symmetry breaking effects actually contribute at fi
order in symmetry breaking@15,16#,1 so we have included
these effects. Thef 2 form factor is multiplied byq, and so
makes a small contribution to the HSD amplitude. Sinceq is
of order the hyperon mass differences, the contribution of
first orderSU(3) symmetry breaking correction inf 2 to the
HSD amplitude is comparable to a second-order symm
breaking effect, and is neglected. In the symmetry limitf 2
can be determined from the baryon anomalous magnetic
ments, and that is what we do here. The axial form factorg1
is computed to first order in symmetry breaking. Theg2 form
factor vanishes in the symmetry limit, so its contribution
comparable to symmetry breaking terms inf 2 , and is ne-
glected. Finally,f 3 andg3 contributions are proportional to
the electron mass, and also will be neglected.

A. Vector form factor f 1

We begin by deriving the 1/Nc expansion for the baryon
vector current in theSU(3) flavor symmetry limit. Atq2

50, the hyperon matrix elements for the vector current
given by the matrix elements of the associated charge
SU(3) generator. LetV0a denote the flavor octet baryo
charge2

V0a5K B8US q̄g0
la

2
qD

QCD
UBL , ~3.3!

whose matrix elements betweenSU(6) symmetric states
give the values of the leading vector form factorf 1 . V0a is
spin-0 and a flavor octet, so it transforms as~0,8! under
SU(2)3SU(3).

The 1/Nc expansion for a~0,8! operator was obtained in
Ref. @17#. Operator reduction rules imply that onlyn-body
operators with a single factor of eitherTa or Gia appear.
Thus, the allowed one- and two-body operators are

O 1
a5Ta, ~3.4!

O 2
a5$Ji ,Gia%. ~3.5!

The remaining operators are obtained from these opera
by anticommuting withJ2, On125$J2,On%. Thus, the 1/Nc
expansion ofV0a has the form

1For a more detailed explanation of this seemingly contradict
statement, see Ref.@16#.

2The subscript QCD emphasizes the fact thatq̄ and q are QCD
quark fields, not the quark creation and annihilation operators of
quark representation.
09402
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V0a5 (
n51

Nc

cn

1

Nc
n21 O n

a . ~3.6!

The operatorV0a at q250 is a special~0,8! operator; it is the
generator ofSU(3) symmetry transformations. This fixes

c151, cn50, n.1. ~3.7!

Thus, the 1/Nc expansion ofV0a in the limit of exactSU(3)
flavor symmetry reduces to

V0a5Ta, ~3.8!

to all orders in the 1/Nc expansion. The matrix elements o
Eq. ~3.8! will be denoted byf 1

SU(3) hereafter.

B. Vector form factor with perturbative SU„3… breaking

In QCD, flavorSU(3) symmetry breaking is due to th
strange quark massms , and transforms as a flavor octet.
order to construct the most general 1/Nc expansion forV0a

up to second order in symmetry breaking, we need to c
sider the spin-0SU(2)3SU(3) representations of the quar
operators contained in theSU(6) representations1, 35, 405
and 2695, i.e. ~0,1!, ~0,8!, ~0,27!, ~0,64!, and (0,10110),
since the baryon 1/Nc expansion extends only to three-bod
operators if we restrict ourselves to physical baryon stat3

The 1/Nc expansions for the above representations w
computed in Ref.@17#; the results can be summarized
follows.

The 1/Nc expansion for a~0,1! QCD operator starts with
the zero-body operatorO051. Additional operators are ob
tained by anticommuting withJ2.

The 1/Nc expansion for a~0,8! operator has the sam
form as Eq.~3.6! and will not be repeated here. The 1/Nc
expansion for a~0,27! operator contains the two- and thre
body operators

O 2
ab5$Ta,Tb%, ~3.9!

O 3
ab5ˆTa,$Ji ,Gib%‰1ˆTb,$Ji ,Gia%‰, ~3.10!

where the flavor singlet and octet components of the ab
operators have to be subtracted off. As for a~0,64! operator,
the 1/Nc expansion starts with a single three-body operat

O 3
abc5ˆTa,$Tb,Tc%‰, ~3.11!

where it is understood that the singlet, octet and 27 com
nents are subtracted off in such a way that only the 64 co
ponent remains. Finally, for a (0,10110) operator, one ob-
tains

O 3
ab5ˆTa,$Ji ,Gib%‰2ˆTb,$Ji ,Gia%‰. ~3.12!

y

e 3The (0,10210) representation is not allowed by time revers
invariance.
8-3
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First-order symmetry breaking terms inV0a are given by setting one free flavor index equal to 8 in the operators desc
above. At second-order in the symmetry breaking, two free flavor indices are set equal to 8. This gives

V0a1dV0a5~11ea1!Ta1ea2

1

Nc
$Ji ,Gia%1ea3

1

Nc
2 $J2,Ta%1eb1dab8Tb1eb2

1

Nc
dab8$Ji ,Gib%1eb3

1

Nc
2 dab8$J2,Tb%

1ea4

1

Nc
$Ta,T8%1ea5

1

Nc
2 ~ˆTa,$Ji ,Gi8%‰1ˆT8,$Ji ,Gia%‰!1ea6

1

Nc
2 ~ˆTa,$Ji ,Gi8%‰2ˆT8,$Ji ,Gia%‰!

1e2b4

1

Nc
dab8$Tb,T8%1e2a7

1

Nc
2 ˆT

a,$T8,T8%‰1e2b5

1

Nc
2 dab8~ˆTb,$Ji ,Gi8%‰1ˆT8,$Ji ,Gib%‰!

1e2b6

1

Nc
2 dab8~ˆTb,$Ji ,Gi8%‰2ˆT8,$Ji ,Gib%‰!, ~3.13!
e
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wheree;ms is a ~dimensionless! measure ofSU(3) break-
ing. Observe that similar terms with thed symbol replaced
by an f symbol are ruled out by time reversal invarianc
None of the~0,1! operators contributes toV0a for DS50 and
uDSu51 weak decays, so they have been omitted in
~3.13!. Note that the coefficients in Eq.~3.13! must be such
that there is no symmetry breaking for theDS50 weak de-
cays, since isospin symmetry is not broken by the stra
quark mass.

Equation~3.13! can be rewritten in terms of the numb
of strange quarks,Ns , and the strange quark spin,Js

i , using
@5#

T85
1

2)
~Nc23Ns!, ~3.14!

Gi85
1

2)
~Ji23Js

i !. ~3.15!

After making use of the identity@8#

JiGia/J25
2

3 S Ta1
1

2
$Ta,Ns% D , ~3.16!

valid for DS52DI transitions, rearranging terms and abso
ing factors ofNc

21 andNc
22 we obtain a rather compact form

for V0a, namely,

V0a5Ta,

for DS50 decays, and

V0a5~11v18!Ta1v28$T
a,Ns%1v38$T

a,Ns
2%

1v48$T
a,J2%1v58$T

a,2I 21Js
2%, ~3.17!

for uDSu51 decays. HereI is the isospin. For the decays w
are considering, thev38 and v48 terms are not independen
and can be written as linear combinations of thev18 andv28
terms. Thus, Eq.~3.17! reduces to
09402
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V0a5~11v1!Ta1v2$T
a,Ns%1v3$T

a,2I 21Js
2%.

~3.18!

The baryons are eigenstates ofJ2, I 2, Js
2 , and Ns , so the

matrix elements of Eq.~3.18! can be computed straightfor
wardly. They are listed in Table I for the processes we
concerned with.

C. Axial-vector form factor g1

The 1/Nc expansion for the axial-vector currentAia was
discussed in great detail in Ref.@5# and we will only state the
answer here. The axial current matrix elements can be w
ten as

1

2
Aia5aGia1bJiTa1Da~c1Gia1c2JiTa!1c3$G

ia,Ns%

1c4$T
a,Js

i %1
1

)
da8Wi

2
d

2 S $J2,Gia%2
1

2
$Ji ,$Jj ,Gja%% D , ~3.19!

where

Wi5~c422c1!Js
i 1~c322c2!NsJ

i23~c31c4!NsJs
i ,

~3.20!

TABLE I. Operator matrix elements for the vector form fact
f 1 .

Transition f 1
SU(3) v1 v2 v3

n→p 1 0 0 0
S6→L 0 0 0 0
L→p 2A3/2 2A3/2 2A3/2 0
S2→n 21 21 21 2
J2→L A3/2 A3/2 3A3/2 A6
J2→S0 1/& 1/& 3/& 0
J0→S1 1 1 3 0
8-4
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TABLE II. Operator matrix elements for the axial form factorg1 .

Transition a b d c1 c2 c3 c4

D→N 22 0 9/2 0 0 0 0
S*→L 22 0 9/2 0 0 24 0
S*→S 22 0 9/2 0 0 24 8
J*→J 22 0 9/2 0 0 28 4
n→p 5/3 1 0 0 0 0 0
S6→L A2/3 0 0 0 0 A8/3 0
L→p 2A3/2 2A3/2 0 2A3/2 2A3/2 2A3/2 2A3/2
S2→n 1/3 21 0 1/3 21 1/3 1/3
J2→L 1/A6 A3/2 0 1/A6 A3/2 A3/2 7/A6
J2→S0 5/A18 1/& 0 5/A18 1/& 5/& 1/&
J0→S1 5/3 1 0 5/3 1 5 1
A

-

am

e

h
le

in
re
f

-

-

e-

-
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g
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and Da51 for a54,5,6, or 7 and equals zero otherwise.
term proportional tod has been added in order for theSU(3)
symmetric parametersD, F, and C @18# to have arbitrary
values. Adding this term will avoid the mixing between sym
metry breaking effects and 1/Nc corrections in the symmetric
couplings. Furthermore, the couplings have been par
etrized in such a way that only the parametersa, b, andd
contribute to processes which take place in the strangen
zero sector. IncludingSU(3) breaking, the reduced form
factorsD andF are defined as

D5a, F5
2

3
a1b, ~3.21!

so thatg1 / f 15D1F is positive for neutron decay, whic
fixes all other signs. Thus, for any process, the matrix e
ments ofAia are given as the sum of the parametersa, b, d,
c1 ,...,c4 times matrix elements of the operators involved
the expansion~3.19!. The operator matrix elements we
computed in Ref.@8# and are listed in Table II for the sake o
completeness.

D. Weak magnetism form factor f 2

In the limit of exactSU(3) flavor symmetry, the weak
magnetism form factorsf 2 are directly related to the anoma
lous magnetic moments of the nucleons, and are given
terms of two invariantsm1 andm2 . Since the magnetic mo
ment is a spin-1 octet operator, it has a 1/Nc expansion iden-

TABLE III. Operator matrix elements for the weak electrici
form factorg2 .

Transition b1 b2 b3

n→p 0 0 0
S6→L 0 0 1
L→p 2A3/2 2A3/2 21
S2→n 1/3 21 0
J2→L 1/A6 A3/2 1
J2→S0 5/A18 1/& 0
J0→S1 5/3 1 0
09402
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tical in structure to the axial current. It is convenient to d
fine the two parametersm1 andm2 by

Mi5m1GiQ1m2JiTQ,

whereQ represents theSU(3) generator which is the elec
tric charge, soGiQ[Gi31Gi8/), and TQ[T31T8/).
The parametersm1,2 can be determined from the anomalo
magnetic moments of the hyperons.

The contributions off 2 to the different observables o
HSD in theSU(3) limit are first-order symmetry breakin
contributions because of the kinematic factor ofq. Previous
work @4,19# has shown that reasonable shifts from theSU(3)
predictions off 2 do not have any observable effect uponx2

or g1 in a global fit to experimental data. We will use th
best fit values@8# m152.87 andm2520.077 obtained from
the baryon anomalous magnetic moments to fixf 2 .

E. Weak electricity form factor g2

In the SU(3) flavor symmetry limit, the form factorg2
vanishes, so thatg2 is proportional toSU(3) symmetry
breaking at leading order.g2 transforms oppositely tog1 and
f 2 under time reversal, and therefore has a different 1Nc
operator expansion.

Let Wia be the operator whose matrix elements give
values ofg2 . At first order inSU(3) symmetry breaking, the
contribution tog2 transforms as~1,8! and (1,10210) under

TABLE IV. Experimental data on three measuredDS50 hy-
peron semileptonic decays. The units ofR are 1023 s21 for neutron
decay and 106 s21 for the remaining decays.

n→pe2n̄e
S1→Le1ne S2→Le2n̄e

R 1.127460.0025 0.25060.063 0.38760.018
aen 20.076660.0036 20.3560.15 20.40460.044
ae 20.0855960.00086
an 0.99060.008
A 0.0760.07
B 0.8560.07
g1 / f 1 1.260160.0025
8-5



FLORES-MENDIETA, JENKINS, AND MANOHAR PHYSICAL REVIEW D58 094028
TABLE V. Experimental data on four measureduDSu51 hyperon semileptonic decays. The units ofR are
106 s21.

L→pe2n̄e S2→ne2n̄e J2→Le2n̄e J2→S0e2n̄e

R 3.16160.058 6.87660.235 3.43560.192 0.53160.104
aen 20.01960.013 0.34760.024 0.5360.10
ae 0.12560.066 20.51960.104
an 0.82160.060 20.23060.061
aB 20.50860.065 0.50960.102
A 0.6260.10
g1 / f 1 0.71860.015 20.34060.017 0.2560.05 1.28760.158
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spin and flavor. The~1,8! expansion is given by

dW8
ia} ib1f ab8Gib1 ib2f ab8

JiTb

Nc
, ~3.22!

which involves thef symbol, rather than thed symbol since
g2 has the opposite time-reversal properties fromg1 and f 2 .
The (1,10210) expansion has not been presented previou
in the literature. The operator$Gig,Th%2$Gih,Tg%, which
contains (10110), can be split into 10 and10 representa-
tions by contracting withf acgdbch @5#. The resulting operato
containsi (10210), which isT-even. This procedure leads t
the contribution

dW10210
ia } i f 8cgdach~$Gig,Th%2$Tg,Gih%!

52 i f acgd8ch~$Gig,Th%2$Tg,Gih%!. ~3.23!

For HSD, the three operators~3.22! and ~3.23! are linear
combinations of the three allowed invariants

Tr@Ta,T8#B̄B, Tr B̄@Ta,T8#B,

Tr B̄Ta Tr BT82Tr B̄T8 Tr BTa ~3.24!

given by a generalSU(3) analysis@7# neglecting isospin
breaking. We choose as independent parametersb1 andb2 in
Eq. ~3.22!, andb3 that multiplies the third invariant in Eq
~3.24!. The matrix elements are listed in Table III. For a
process, the matrix elements ofWia can be given as a sum o
the parametersb123 times the operator matrix elemen
listed in Table III.

The parametersb123 are proportional toe. As mentioned
in the introductory remarks to this section,g2 should be ne-
glected for a consistent analysis. Nevertheless, we trie
see if we could obtain some information ong2 from the
experimental data using the above formulas forg2 . How-
ever, the data are not accurate enough for an extraction o
small g2-dependence of the decay amplitudes. One exp
that g2 should be about 25% off 2 , so thatg2 is &0.5.

TABLE VI. Experimental values of axial-vector couplings i
decuplet-to-octet processes.

D→Np S*→Lp S*→Sp J*→Jp

g 22.0460.01 21.7160.03 21.6060.13 21.4260.04
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IV. FITTING THE DATA

The experimentally measured quantities@1# in HSD are
the total decay rateR, angular correlation coefficientsaen ,
and angular spin-asymmetry coefficientsae , an , aB , A,
and B. Often, the data is presented in terms ofR and the
ratio g1 / f 1 for the decay. This information is displayed i
Tables IV and V for the measured decays. The theoret
expressions for the total decay rates and angular coeffici
can be found in Ref.@7#. The radiative corrections and th
four-momentum-transfer contribution to the form factors a
also discussed in this reference. In the present analysis
will take these corrections into account.4 The experimentally
measured quantity for the decuplet baryons is the de
width, which has been converted to an axial-vector coupl
for each decay using the Goldberger-Treiman relation
Eq. ~2.8!. This information is displayed in Table VI.

In this section we perform a number of different fits to t
experimental data. The experimental data which are used
the decay rates and the spin and angular correlation co
cients. The value ofg1 / f 1 is not included, since it is deter
mined from the other quantities and is not an independ
measurement. ForJ2→S0 decay, we have usedg1 / f 1 ,
however, since the spin and angular correlation coefficie
have not been measured. The parameters to be fitted
those arising from the 1/Nc expansions for the couplings
namely,v123 for f 1 introduced in Eq.~3.18! and a, b, d,
c124 for g1 given in Eq. ~3.19!. We also attempted to fi
b123 for g2 , but the experimental data is not sufficient
accurate to determine the smallg2 contribution to the decay
amplitude. We therefore neglectg2 in the rest of the analysis
Finally, in the first stage of the analysis we use as inputs
PDG values ofVud andVus @1# ~which are primarily obtained
from nuclearb decay andKe3 decay, respectively!. We later
proceed to fit for them as well.

A. SU„3… fit

The simplest possible fit is anSU(3) symmetric fit to
HSD ~ignoring the decuplet decays! which involves only two

4In this work we have adopted a dipole form for the leading vec
and axial-vector form factors, with massesMV50.84 GeV and
MA50.96 GeV for DS50 transitions, andMV50.97 GeV and
MA51.11 GeV for uDSu51 processes@7#. In Ref. @8# somewhat
different values ofMV andMA were used. Our results are insens
tive to this difference.
8-6
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TABLE VII. Best fitted parameters for the vector and axial-vector form factors.Vud andVus in fits A and
B are inputs. Errors are from thex2 fit only, and do not include any theoretical uncertainties.

Fit A Fit B Fit C Fit D

Vud 0.973660.0010 0.973660.0010 0.974360.0009 0.974360.0009
Vus 0.219660.0023 0.219660.0023 0.219460.0023 0.219460.0023
v1 20.0360.04 20.0360.04 20.0260.04
v2 0.0560.03 0.0560.03 0.0560.03
v3 20.0160.01 20.0160.01 20.0160.01
a 0.8660.02 0.8760.02 0.8760.02 0.8460.02
b 20.1660.03 20.1860.03 20.1860.03 20.1260.03
d 20.0760.01 20.0760.01 20.0760.01 20.0360.01
c1 20.0360.02 20.0360.02 20.0360.02 20.0160.02
c2 0.0960.04 0.1060.04 0.1060.04 0.0560.04
c3 20.0660.01 20.0760.01 20.0760.01 20.0560.01
c4 0.0460.01 0.0360.01 0.0360.01 0.0260.01
F 0.4160.02 0.4060.02 0.4060.02 0.4360.02
D 0.8660.02 0.8760.02 0.8760.02 0.8460.02
3F2D 0.3760.08 0.3460.08 0.3460.08 0.4660.08
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parametersa, b for g1 ; it corresponds to a fit using onlyF
and D. The results area50.79760.006, b520.059
60.009, which yieldF50.4760.01, D50.8060.01, 3F
2D50.6260.03, withx2562.3 for 23 degrees of freedom
The largex2 of the fit is clear evidence forSU(3) breaking.
A similar fit using the rates andg1 / f 1 ratios was performed
in Ref. @8#. Both results are in very good agreement. We a
followed this reference in order to make a preliminary stu
of DS50 decays only. Our fits produce similar results a
there is no need to show them here.

B. First-order symmetry breaking

The next step is to see how the results are modified o
first-order symmetry breaking is taken into account. To t
order,f 2 will be kept at itsSU(3) symmetric value andg2 is
set to zero. f 1 is also kept at its symmetry-limit value
f 1

SU(3) , because of the Ademollo-Gatto theorem.5 Thus, only
the ordere terms ing1 introduced in Eq.~3.19! will be con-
sidered. Fittinga, b, d, c124 leads to the results listed as fi
A of Table VII, with x2551.6 for 22 degrees of freedom
Comparing the values ofF andD with those of the previous
section, we see that the change due to symmetry brea
corrections is in fact small@compared to a naive estimate
SU(3) breaking#. The leading parametera is order unity,b
is order 1/Nc , d is order 1/Nc

2 , and the values ofc124 are
small or smaller than expected from first-order symme
breaking (e;30%, which is a measure of symmetry brea
ing! and factors of 1/Nc . These results agree with the on
presented in Ref.@8#, which were obtained by using the tot
decay rates andg1 / f 1 ratios as experimental inputs.

Notice that the quantity 3F2D, which is relevant for the
analysis of spin-dependent deep inelastic scattering
smaller than its value determined in theSU(3) limit, and is
considerably smaller than itsSU(6) symmetric value of 1

5We have mentioned earlier that chiral corrections tof 1 are not
necessarily second order. They are included in the next sectio
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@20,21,8,22#. Before drawing any conclusions, however, w
will study in the next section the effect of symmetry brea
ing in f 1 on the different observables, and in particular up
the reduced form factorsF andD.

C. Symmetry breaking in f 1

In the previous sectionsf 1 was fixed at itsSU(3) sym-
metric value,f 1

SU(3) . We now proceed to incorporate sym
metry breaking corrections into thef 1 form factors inuDSu
51 decays. Formally, one expects that these correct
should be second order in symmetry breaking, due to
Ademollo-Gatto theorem. However, we know from explic
computations of chiral loops@15,16# that there are, in fact
corrections which can be considered to be first order in sy
metry breaking. These were not included in Ref.@8#.

The best fit parametersv123 for f 1 anda, b, d, c124 , for
g1 are displayed as fit B in Table VII. The resulting form
factors are given in Tables VIII and IX. The theoretical pr
dictions for the different observables are listed in Tables
XI and XII for the sake of completeness. The fit hasx2

539.2 with 19 degrees of freedom.
From Table IX, we observe thatSU(3) breaking correc-

tions to the leading vector form factorsf 1 are as much as
12%, depending on the strange-quark content of the deca
and emitted baryons. Furthermore, we can observe that
natural trend isf 1 / f 1

SU(3).1, as was pointed out in Refs.@4,
19#. Additionally, the ratiosg1 / f 1 of fit B ~in Tables XI and
XII ! agree with the experimental ones listed in Tables IV a
V. As for the axial-vector couplings of the decuplet baryon
we can see in Table X that the theoretical predictions are
good agreement with their experimental values. The high
contribution tox2 comes fromS*→Lp decay.

In Tables XI and XII, the predictions for the differen
observables are in reasonable agreement with their exp
mental counterparts displayed in Tables IV and V, resp
tively. The highest contributions to the totalx2 arise mainly
from ae (Dx252.7) in n→pe2n̄e , ae (Dx252.4), an

(Dx256.6) in L→pe2n̄e , an (Dx253.8) in S2
8-7
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TABLE VIII. Predicted form factors. Errors are from thex2 fit only, and do not include any theoretical uncertainties.f 2 has the same
values for fits A–D, andf 1 has the same values for fits B–D.

Fit A Fit B Fit C Fit D

Transition f 1 f 2 g1 f 1 g1 g1 g1

n→p 1.00 1.85 1.26960.001 1.00 1.26960.001 1.26860.002 1.26860.002
S6→L 0.00 1.17 0.6060.01 0.00 0.6060.01 0.6060.01 0.6060.01
L→p 21.22 21.10 20.8960.01 21.2560.02 20.8960.01 20.8960.01 20.8960.01
S2→n 21.00 1.02 0.3460.01 21.0460.02 0.3460.01 0.3460.01 0.3460.01
J2→L 1.22 20.07 0.2760.03 1.3560.05 0.2560.03 0.2560.03 0.2560.03
J2→S0 0.71 1.31 0.7360.02 0.7960.03 0.7260.02 0.7260.02 0.7660.02
J0→S1 1.00 1.85 1.0360.02 1.1260.05 1.0260.02 1.0260.03 1.0760.03

TABLE IX. Symmetry breaking forf 1 . The ratio f 1 / f 1
SU(3) is displayed. Errors are from thex2 fit only, and do not include any

theoretical uncertainties.

Transition Fit B, C, D Anderson and Luty@16# Donoghueet al. @2# Krause@15# Schlumpf@3#

L→p 1.0260.02 1.024 0.987 0.943 0.976
S2→n 1.0460.02 1.100 0.987 0.987 0.975
J2→L 1.1060.04 1.059 0.987 0.957 0.976
J2→S0 1.1260.05 1.011 0.987 0.943 0.976
J0→S1 1.1260.05

TABLE X. Theoretical predictions for decuplet-to-octet axial-vector couplingsg. Errors are from thex2 fit only, and do not include any
theoretical uncertainties.

Transition Fit A x2 Fit B x2 Fit C x2

D→N 22.0360.01 0.3 22.0460.01 0.2 22.0460.01 0.2
S*→L 21.7860.02 5.7 21.7760.02 3.7 21.7760.02 3.7
S*→S 21.4960.07 0.7 21.5560.07 0.1 21.5560.07 0.1
J*→J 21.3860.04 0.8 21.3960.04 0.5 21.3960.04 0.5

TABLE XI. Theoretical predictions for threeDS50 hyperon semileptonic decays and their contributions to the totalx2. The units ofR
are 1023 s21 for neutron decay and 106 s21 for the remaining decays. The predictions for fits C and D are the same as for fit B.

n→pe2n̄e
S1→Le1ne S2→Le2n̄e

Fit A x2 Fit B x2 Fit A x2 Fit B x2 Fit A x2 Fit B x2

R 1.13 0.9 1.13 0.9 0.23 0.1 0.23 0.1 0.39 0.0 0.39 0.0
aen 20.08 0.3 20.08 0.3 20.41 0.1 20.41 0.1 20.41 0.1 20.41 0.1
ae 20.09 2.7 20.09 2.7
an 0.99 0.1 0.99 0.1
A 0.05 0.1 0.05 0.1
B 0.88 0.2 0.88 0.2
g1 / f 1 1.27 1.27
094028-8
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TABLE XII. Theoretical predictions for fiveuDSu51 hyperon semileptonic decays and their contributions to the totalx2. The units of
R are 106 s21. The values for fits C and D are the same as for fit B for the first three decay modes. ForJ2→S0 decay, fit C gives the same
values as fit B, and fit D givesR50.4 andg1 / f 150.96.

L→pe2n̄e S2→ne2n̄e J2→Le2n̄e J2→S0e2n̄e J0→S1e2n̄e

Fit A x2 Fit B x2 Fit A x2 Fit B x2 Fit A x2 Fit B x2 Fit A x2 Fit B x2 Fit A Fit B Fit D

R 3.14 0.1 3.19 0.2 6.43 3.6 6.83 0.0 2.87 8.7 3.32 0.4 0.36 2.7 0.38 2.2 0.65 0.68
aen 20.03 1.3 20.02 0.0 0.34 0.2 0.36 0.3 0.60 0.5 0.65 1.5 20.14 20.07 20.10
ae 0.01 2.9 0.02 2.4 20.63 1.2 20.61 0.8 20.11 20.05 20.07
an 0.98 6.9 0.97 6.6 20.35 4.0 20.35 3.8 1.00 1.00 1.00
aB 20.59 1.5 20.59 1.7 0.67 2.4 0.65 1.9 20.52 20.56 20.55
A 0.53 0.8 0.46 2.6 0.71 0.75 0.73
B 0.61 0.56 0.59
g1 / f 1 0.73 0.71 20.34 20.33 0.22 0.18 1.03 0.91 1.03 0.91 0.9
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→ne2n̄e, andR (Dx252.2) andg1 / f 1 (Dx255.7) in J2

→S0e2n̄e . If an in L→pe2n̄e decay is left out, there are
small readjustments of the parameters and predicted obs
ables, some of them almost imperceptible, so that one
draw the same conclusions as above. This fact suggests
there is an experimental inconsistency in the value of
an .

One can redo the above fit includingg2 . The best fit
parameters areb150.960.5, b251.060.2, b3520.0
60.4, andx2 is reduced to 27 for 16 degrees of freedo
The reduction inx2 suggests that there is a non-zerog2 , but
the large error bars indicate that the experimental data is
sufficiently accurate to determineg2 .6 The fit includingg2
gives 3F2D50.360.1, andf 151.460.1, g151.460.1 for
J0→S1 decay.

Finally, we fit the data with the CKM matrix elemen
Vud and Vus as free parameters (neglectingg2). Unfortu-
nately, there is not enough information on theuDSu51 de-
cays to make a detailed analysis and extract a value ofVus
from these data only. We will content ourselves with p
forming a global fit to data allowing bothVud andVus to be
free parameters. The best fit values for the CKM parame
are

Vud50.974360.0009, Vus50.219460.0023. ~4.1!

These values have to be compared to their Particle D
Group ~PDG! counterparts @1# which are Vud50.9736
60.0010 andVus50.219660.0023. The latter is the on
quoted fromKe3 decays. The best fit values for the oth
parameters are listed as fit C in the tables. The values for
HSD parameters in fit C are indistinguishable from fit B, a
have not been listed separately in Tables XI and XII.

D. Errors

The fits to the experimental data have used theoret
expressions forSU(3) breaking in thef 1 andg1 form factors

6For example, fitting to all the experimental data exceptg1 / f 1 in
J2→S0 decay gives completely different values:b1520.7
61.2, b250.660.4, b350.060.4.
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at leading order in the 1/Nc expansion. The theoretical error
are of ordere/Nc , wheree is a measure ofSU(3) breaking.
In most hadronic quantities,SU(3) breaking is of order 20–
30%, soe/Nc is of order 5–10%. One can also get a meas
of the uncertainty in the results from the fit itself. One c
use the PDG procedure@1# for rescaled errors to reducex2 to
one per degree of freedom. This multiplies all the errors
fit C by 1.4. It is important to keep in mind that the tables l
only the errors obtained fromx2 fits to the data, and do no
include theory errors or any rescaling factors.

The quantity 3F2D is not well determined. Smal
changes in the fit tend to moveF and D in opposite direc-
tions, so that there are large changes in 3F2D. As an ex-
ample of a theoretical uncertainty, consider using Eq.~2.8!
for the decuplet widths with the factor (EB1MB)/MB8 omit-
ted. This modified formula is what is obtained@23# if one
computes the decuplet decay widths using the baryon ch
perturbation theory formalism of Ref.@18#. The modification
of Eq. ~2.8! is equivalent to changes of ordere/Nc in the
theoretical formulas used. The best fit value for 3F2D
changes to 0.46, and forg1 in J0→S1 b-decay becomes
1.07. The fitted parameters are listed as fit D in Table V
The difference between these numbers and those in fit C
be regarded as an estimate of the theoretical uncertaint
the fits.

One can redo the fits using a~fixed! non-zero value ofg2
with b123 of the estimated theoretical size of&0.5. This
changes the value ofg1 in J0→S1 by 5–10%, which is
consistent with the estimated theoretical uncertainty.

V. CONCLUSIONS

In this work we have analyzed the pattern ofSU(3) sym-
metry breaking in the HSD form factors within the 1/Nc
expansion. We have incorporated second-order symme
breaking corrections to the leading vector form factorf 1 ; f 2
was kept at its value predicted bySU(3) symmetry, andg2
was kept at itsSU(3) symmetry value of zero. Additionally
we have corrected the axial-vector form factorsg1 to first
order in symmetry breaking. In the several different fits
the experimental data we found that symmetry breaking c
rections to f 1 increase their magnitudes over theirSU(3)
8-9
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symmetric predictions by up to 12%, and that corrections
g1 are consistent with expectations.

We can predict the form factors forJ0→S1 b-decay,
which will soon be measured by KTeV@6#. Isospin symme-
try relates this decay toJ2→S0, z(J0→S1)5&z(J2

→S0), wherez is any of the form factorsf i or gi . This can
be seen explicitly from the tables. The measurement ofJ0

b-decay will provide some very important information o
SU(3) breaking in HSD. AnSU(3) symmetric fit predicts
that g1 for J0→S1 decay is about 1.27. Directly using th
measured value ofg1 / f 1 for J2→S0 decay and theSU(3)
symmetry value forf 1 predicts thatg1 for J0 decay should
be 1.2960.16. TheSU(3) breaking analysis of this pape
predicts thatg1 should have a smaller value, in the ran
1.02–1.07. This number was obtained from a combined fi
HSD and pionic decays of the decuplet baryons, which
related in the 1/Nc approach. The fit is not entirely satisfa
tory, and it appears that some of the experimental inputs
not consistent. Nevertheless, the result thatg1 for J0 decay
~and also 3F2D) is smaller than itsSU(3) symmetric value
is robust. AnSU(3) breaking fit using only HSD data~with-
out including decuplet decays! would give a value forg1 that
is larger than theSU(3) symmetric value of 1.27. As note
in Ref. @8#, there is clear evidence forSU(3) breaking in the
decuplet decays. At leading order in the 1/Nc expansion, this
necessarily impliesSU(3) breaking in the hyperonb decays,
and leads to smaller values forg1 in theJ b decays than an
SU(3) symmetric fit.

Before closing, let us stress the fact that the pattern
flavor symmetry breaking lowers the values ofF/D and
3F2D with respect to theirSU(6) predictions of 2/3 and 1
respectively, as was observed previously in Refs.@20, 21, 8,
22#. A further improvement on the parameters obtained
.
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the present work can come from additional or better m
surements on the several observables in HSD and decu
baryons. However, with the current available data, the 1Nc
expansion provides a reasonable framework to analyze fla
SU(3) breaking in HSD in a model-independent way. O
can regard fits C and D as best fits toSU(3) breaking with
the current data, and the difference between fits C and D
an estimate of the theoretical uncertainty in the results.

The nucleon matrix element of theT8 component of the
axial vector current, i.e., 3F2D, is needed to extract the
value of the strange quark spin and of the total quark s
from the measured value of the spin-dependent deep inel
structure functions of the proton and neutron. The results
this paper show that there is a significant correction to th
extracted values due toSU~3! symmetry breaking effects in
HSD. One can determine the strange quark spin in the pro
from elastic neutrino-nucleon scattering without having
useSU~3! symmetry@24#. This measurement is currently be
ing performed by the LSND Collaboration. When their r
sults are available, they can be used to test the patter
SU~3! breaking in HSD found in this paper.
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