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Skyrme model and nonleptonic hyperon decays
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This Brief Report is an attempt to explain boths- andp-wave nonleptonic hyperon decays by means of the
QCD enhanced effective weak Hamiltonian supplemented by the SU~3! Skyrme model used to estimate
nonperturbative matrix elements. The model has only one free parameter, namely, the Skyrme chargee, which
is fixed through the experimental values of the octet-decuplet mass splittingD and the axial vector coupling
constantgA . Such a dynamical approach produces nonleptonic hyperon decay amplitudes that agree with
experimental data reasonably well.
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In the Skyrme model, baryons emerge as soliton confi
rations of pseudoscalar mesons@1–5#. The extension of the
model to the strange sector, in order to account for a la
strange quark mass, requires that appropriate chiral sym
try breaking terms are included. The resulting effective L
grangian can be treated by starting from a flavor symme
formulation in which the kaon fields arise from rigid rot
tions of the classical pion field@3,6,7#. The associated col
lective coordinates are canonically quantized to gene
states that possess quantum numbers of the physical str
baryons @3,5,6#. It turns out that the resulting collectiv
Hamiltonian can be diagonalized exactly even in the pr
ence of the flavor symmetry breaking~SB! @4#. This ap-
proach leads to a good description of hyperon masses, ch
radii, magnetic moments, etc.@5#. It should be noted that in
the first phenomenological applications of the Skyrme mo
one attempted to fit absolute baryon masses, which requ
a ridiculously small pion decay constant@2,7#. Nowadays it
is understood that there exist 1/Nc corrections to the tota
baryon masses that are not fully under control and there
only masssplittings can be reliably reproduced. In this ap
proachf p is kept at its experimental value. Hence the resu
for nonleptonic hyperon decays~NHD! @8# need to be up-
dated accordingly.

Both s- andp-wave NHD amplitudes were quite succes
fully predicted by using quark models with QCD enhanc
ment factors@9–11#. Note that there are not only curren
algebra and ground-state exchange pole-diagram terms
there exist other important contributions to boths and p
waves. The so-calledfactorizablecontributions and/or kaon
poles were estimated in@9,10#. Pole-diagram contributions to
p waves from the (1/21)-Rooper type of resonances and
s-waves through the (1/22)-resonance exchange were calc
lated in @12#.

This Brief Report is an attempt to test whether the eff
tive weak Hamiltonian and the extended SU~3! Skyrme
model are able to predict boths- and p-wave NHD ampli-
tudes.The minimal number of couplingsSkyrme model is
used to estimate only the nonperturbative matrix element
the 4-quark operators@8#. All remaining quantities entering
the expressions for the decay amplitudes such as mass
ferences, coupling constants, etc., are taken from experim
0556-2821/2001/64~9!/097502~4!/$20.00 64 0975
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This approach uses only one free parameter, i.e., the Sky
chargee. In order to avoid the unnecessary numerical b
den, throughout this Brief Report we use the arctan ans
for the Skyrme profile function@13#.

The starting point of our analysis of NHD in the fram
work of the standard model@9# is the effective weak Hamil-
tonian in the form of the current̂ current interaction, en-
hanced by QCD. It is obtained by integrating out heav
quark andW-boson fields. This Hamiltonian contains th
4-quark operatorsOi and the well-known Wilson coefficient
@9,10#. For the most recent values, see Ref.@11#. For the
purpose of this paper, we use the Wilson coefficients fr
Ref. @10#: c1521.9020.61z, c250.1410.020z, c3

5c4/5, c450.4910.005z, with z5Vtd* Vts /Vud* Vus . With-
out QCD short-distance corrections, the Wilson coefficie
would bec1521, c251/5, c352/15, andc452/3. In this
paper we simply consider both possibilities and compare
results.

Note that there exists a different approach of Refs.@14,15#
in which meson-baryon couplings are directly obtained fro
the chiral Lagrangian. There, the effective phenomenolog
constants extracted from experiment take into account
QCD effects hidden in the structure of the effective Ham
tonian ~including theenhancement factorsembodied in the
values of theci constants!. This approach gives comparab
results for thes-waves but fails for thep-waves@15#.

The techniques used to describe NHD (1/21→1/21102

reactions! are known as a modified current-algebra~CA! ap-
proach. The general form is

^p~q!B8~p8!uHw
e f fuB~p!&5ū~p8!@A~q!1g5B~q!#u~p!

5
2 i

2 f p
^B8~p8!uĤwuB~p!&uq501P~q!1S~q!. ~1!

Here the first term is the CA contribution, the second is
modified pole term, and the third is a term that vanishes
the soft-meson limit. TheP(q) term contains the contribu
tion from the surface term, the soft-meson Born-term co
traction, and the baryon pole term, which are combined i
well-known way @9,10#. It represents a continuation of th
CA result from the soft-meson limit. Further continuation
©2001 The American Physical Society02-1
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contained in the factorizable termS(q), which is propor-
tional to the meson four-momenta.

The parity-violating amplitudesA receive contributions
Ac from CA commutator terms, factorizable termsS(q), and
pole terms from the (1/22)-resonance exchange. The ma
contributions to theB amplitudes come from the baryon po
termsP(q), including both the ground state and the radia
excited states.

The current-algebraAc and baryon-poleBP amplitudes
are well known from the literature. They contain weak m
trix elements defined asaBB85^B8uHw

PCuB&, which have the
following general structure:

aBB85A2GFVud* Vuŝ B8uciOi
PCuB&. ~2!

The factorizable termS(q) is calculated by inserting
vacuum states. It is therefore a factorized product of t
current matrix elements, where the first two-quark curren
sandwiched between baryon states, while the second
quark current is responsible for pion emission.

The CA and the baryon-pole terms contain the 4-qu
operator matrix elements, which are nonperturbative qua
ties. This is exactly the point at which the Skyrme model c
be used. Each of the operatorsOi from Eq. ~2! contains four
types of operators, namely,d̄uūs, d̄sūu, d̄sd̄d, d̄ss̄s, and
takes the form of the product of two Noether SU~3! currents,
which can be found in Refs.@8,16#. In our calculations we
use four operatorsÔi . The first of them is

Ô15
1

4
q̄Lgm~l12 il2!qLq̄Lgm~l41 il5!qL , ~3!

where the SU~3! properties are expressed explicitly in term
of the Gell-Mannl-matrices. The connection with the effe
tive Hamiltonian operatorsOi is obvious.

In order to estimate the matrix elements entering Eq.~2!,
we take the SU~3! extended Skyrme Lagrangian@5,16#:

L5L SK
(1)1L SK

(2)1LSB1LWZ ,
~4!

L SK
(1)5

f p
2

4 E d4x Tr~]mU]mU†!, etc.

whereL SK
(1,2) , LSB, andLWZ denote thes-model, Skyrme,

symmetry breaking~SB!, and Wess-Zumino~WZ! terms, re-
spectively. ForU(x)PSU(2), the SB and WZterms vanish.
The f p593 MeV is the pion decay constant. Here t
space-time-dependent matrix fieldU(rW,t)PSU(3) takes the
form

U~rW,t !5A~ t !U~rW !A†~ t !, ~5!

whereU(rW) is the SU~3! matrix in which the Skyrme SU~2!
ansatz is embedded:

U~rW !5S exp„i tW•nW F~r !… 0

0 1
D . ~6!
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The time-dependent collective coordinate matrixA(t)
PSU(3) defines the generalized velocitiesA†(t)Ȧ(t)
5 i /2(a51

8 laȧa and the profile functionF(r ) is interpreted
as a chiral angle that parametrizes the soliton.

In this work we use the arctan ansatz forF(r ) @13#:

F~r !52 arctan@~r 0 /r !2#. ~7!

Here r 0—the soliton size—is the variational parameter a
the second power ofr 0 /r is determined by the long-distanc
behavior of the massless equations of motion. After resca
x5re fp , one obtainsr 0 /r 5x0 /x. The quantityx0 has the
meaning of adimensionlesssize of a soliton and it is deter
mined by minimizing the classical massEcl . All relevant
integrals involving the profile function turn into an integr
representation of the Euler beta functions, which can
evaluatedanalytically. The accuracy of this method with re
spect to the numerical calculations is of the order of a f
percent. In the chiral limit of the SU~2! Skyrme model, we
obtain x05A15/4 and the arctan ansatz reproduces nucl
static properties well@7,17#. Moreover we gain an insigh
into how different quantities depend on the soliton siz
which in turn is a function of the symmetry breaker ande.

In the SU~3! extended Lagrangian~4! we have a new se
of parameters, namely, x̂536.4, b8522.98
31025 GeV2, d854.1631025 GeV4, determined from
the masses and decay constants of the pseudoscalar m
@5#. Owing to the presence of theb8 andd8 terms inEcl , x0
becomes a function ofe, f p , b8, andd8, and it is equal to

x80
25

15

8 F11
6b8

f p
2

1AS 11
6b8

f p
2 D 2

1
30d8

e2f p
4 G21

, ~8!

where we use the symbolx08 to distinguish it from the SU~2!
case. After introducing the SB terms into the Lagrangian~4!,
one can either treat them as a perturbation@7# or one can try
to sum up the perturbation series by numerically diagona
ing the resulting Hamiltonian@4#.

The fitting procedure employed in this work is based
taking the physical values forf p and f K which takes care of
the SU~3! symmetry breaking. In fact the SB affects the ca
culations in three different ways:~a! through the soliton size
x08 ; ~b! via the explicit SB in the currents;~c! through the
admixture of the higher SU~3! representations in the baryo
wave functions. It was shown in Ref.@16# that the latter
contributions to NHD are small, since the higher represen
tions enter with small weights. Our estimate shows that th
are of the order of 15%. This uncertainty is of the order
the accuracy of the model which is reflected in the variat
of the Skyrme parametere depending on which static prop
erty is used in the fitting procedure. In the remainder of t
paper we use the SU~3! symmetric wave functions.

For the evaluation of NHD, the important baryon sta
properties are the octet-decuplet mass splittingD and the
axial decay coupling constantgA . The value of the only free
parametere'4 was successfully adjusted to the mass diff
enceD of the low-lying 1/21 and 3/21 baryons@5#. How-
ever, if we fixD, the constantgA is underestimated. This is
2-2
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BRIEF REPORTS PHYSICAL REVIEW D 64 097502
well-known problem of the Skyrme model, which can
cured in the more sophisticated chiral models involvi
quarks@18#.

Therefore, we determine two values of the chargee
through fixingD and gA to their experimental values. Th
arctan ansatz gives

D5
3

2lc~x08!
, ~9!

gA5
14p

15e2
~2x80

21p!1~12 x̂!
16pb8

225e2f p
2

x80
2

1
7A2Nc

192e fp

x08

ls~x08!
, ~10!

where

lc~x08!5
A2p2

3e3f p
F6S 112

b8

f p
2 D x80

31
25

4
x08G , ~11!

ls~x08!5
A2p2

4e3f p
F4S 122~112x̂!

b8

f p
2 D x80

31
9

4
x08G .

~12!

The quantitylc(x08) represents the rotation moment of ine
tia in coordinate space, while thels(x08) is the moment of
inertia for flavor rotations in the direction of the strange d
grees of freedom, except for the eighth direction@5,7#. The
static kaon fluctuations were omitted@19# in the derivations
of Eqs.~9!–~12!.

For the LagrangianL, we calculate the matrix element o
the product of two (V2A) currents between the octet stat
using of the Clebsch-Gordan decomposition@8#:

^B2uÔ(SK)uB1&5FSK3(
R

CR ~13!

whereFSK is a dynamical constant andCR denotes the per
tinent sum of the SU~3! Clebsch-Gordan coefficients in th
intermediate representationR. The total matrix element is
simply a sum̂ Ôi

(SK)1Ôi
(WZ)1Ôi

(SB)&, with i 51, . . . ,4. The
quantitiesF are given by the overlap integrals of the profi
function. Using the arctan anzatz~7!, we obtain analytical
expressions for the integrals as functions ofx08 :

FSK53A2p2S 2x081
15

2x08
1

847

64

1

x08
3D f p

3

e
,

FWZ5
231

512

A2

p2

1

x08
3 ~e fp!3, ~14!

FSB5~12 x̂!b8
4p2

A2
S x081

45

8x08
D f p

e
.

For theÔ1 operator,R58a,s or 27; then
09750
-

^p↑uÔ1uS1↑&52 1
4 ~ 2

25 u81 1
675 u27)F

SK

2 1
4 ~ 2

25 u82 1
75 u27)F

WZ

2 1
4 ~ 7

75 u81 17
1050u27!F

SB. ~15!

The 27-piece is very small, which is an important proof
the octet dominance.

By fixing D andgA to their experimental values, we ob
tain e54.228 ande53.385, respectively. In further calcula
tions of the NHD amplitudes, we use the mean valuee
53.81 @20# andx08ue53.8150.8782, i.e., 10% less than in th
massless case. Forf p593 MeV ande53.81, we obtain the
following numerical values of the integrals~14! in units of
GeV3:

FSK50.264, FWZ50.004, FSB50.005. ~16!

From Eqs.~15! and~16! we find the following structure for a
typical matrix element:

^p↑uÔ1uS1↑&5~220.37FSK216.67FWZ227.38FSB!1023

5~25.38uSK20.06uWZ20.14uSB!1023 GeV3.

~17!

TABLE I. The s-wave (A) and p-wave (B) NHD amplitudes.
Choices~off, on! correspond to the amplitudes without and wi
inclusion of short-distance corrections, respectively. For the sak
comparison, we have added the constituent quark-model evalua
of the Ac andBP amplitudes@9,10#.

Amplitude (1027) (L2
0 ) (J2

2) (S0
1) (S1

1)

Ac(0) o f f 2.02 22.94 22.28 0.02
on 3.84 25.56 24.34 0.04

AS(mp
2 ) o f f 0.03 20.57 20.49 0

@9# on 20.42 0.25 20.01 0

A(mp
2 ) o f f 2.05 23.51 22.77 0.02

~this work! on 3.42 25.31 24.35 0.04

Expt. @22# 3.35 24.85 23.27 0.13

Ac(0) o f f 0.78 21.86 21.36 0
CQM @9# on 1.49 23.53 22.59 0

B(1/21)
P (mp

2 ) o f f 20.1 21.8 13.7 14.8

on 38.1 41.4 25.9 28.2

BS(mp
2 ) o f f 3.6 21.5 20.4 0

@9# on 6.0 22.4 0.4 0

B(mp
2 ) o f f 23.7 20.3 13.3 14.8

~this work! on 43.4 38.2 26.3 28.2

Expt. @22# 22.3 17.4 26.6 42.2

B(1/21)
P (mp

2 ) o f f 2.9 7.8 7.3 10.4

CQM @9# on 5.6 14.8 13.9 19.7
2-3
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It is clear that on top of the octet dominance we also find
dominance of the Skyrme Lagrangian currents over the
and SB currents in the evaluation of a typical weak ma
element between two hyperon states. Fore'4, the SB and
WZ terms are of comparable size and their coherent con
bution to Eq.~17! is below 4%. We see therefore from Eq
~14! that within this accuracy the result for Eq.~17! scales
like 1/e ~up to 5% due to the small variations of the solito
size which weakly depends one). The change ofe between
3.385 and 4.228 produces 14% variations of the amplitu
Ac(0) andBP(mp

2 ) around their mean values given in Tab
I.

In this work we have added factorizable,AS(mp
2 ) and

BS(mp
2 ), contributions to the Skyrme model amplitud

Ac(0) andBP(mp
2 ). The complete results are given in Tab

I. Comparison of the total amplitudesA(mp
2 ) and B(mp

2 )
with experiment shows the following:

~a! Short-distance corrections to the effective we
Hamiltonian are without a doubt very important.

~b! Signs and order of magnitudes of all amplitudes
always correctly reproduced.

~c! s waves are in good agreement with experiment.
~d! The Pati-Woo theorem violation@21# and the 27-

contaminations are found to be small. It is clear that
nonvanishingA(S1

1) amplitude is still too small, in good
accord with small values of the 27-contamination@23#, and
that additional contributions are needed@12#.
tt

e,

l.
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~e! p waves are subject to some uncertainties. Namely
Ref. @14# it was shown that, in the Skyrme model, a conta
term appeared and should be added to the results
p-waves. That has been taken care of in Ref.@15# and is not
present in our approach. In our opinion,B(mp

2 ) amplitudes
are not fully described by our formulas; nevertheless, th
agree with experiment reasonably well.

~f! Finally, the factorizable contributions are small, a
represent the fine tuning to the total amplitudes.

To conclude, we would like to emphasize the fact that
pure Skyrme model LagrangianL cannot explain nonlep-
tonic hyperon decays@15,16#. However, the QCD-corrected
weak HamiltonianHw

e f f , together with the inclusion of othe
possible types of contribution to the total amplitud
@K, K* -poles, and/or factorization; (1/26* )-poles, etc.#
supplemented by the Skyrme model, leads to a correct
swer. This includes the explanation of the octet dominan
the uDI u51/2 selection rule,A(S1

1)Þ0, and thep/s-wave
puzzle. Nevertheless, this is certainly a matter for anot
series of studies.
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