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Polarization properties of the charmed baryonLc
¿ in the Lc

¿\p¿KÀ¿p¿¿p0 decay

A. Ya. Berdnikov,* Ya. A. Berdnikov,† A. N. Ivanov,‡,§ V. F. Kosmach,i M. D. Scadron,¶ and N. I. Troitskaya**
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The polarization properties of the charmedLc
1 baryon are investigated in the weak nonleptonic four-body

Lc
1→p1K21p11p0 decay. The probability of this decay and the angular distribution of the probability are

calculated in the effective quark model with chiral U(3)3U(3) symmetry incorporating heavy quark effective
theory and the extended Nambu–Jona-Lasinio model with a linear realization of chiral U(3)3U(3) symmetry.
The theoretical value of the probability of the decayLc

1→p1K21p11p0 relative to the probability of the
decayLc

1→p1K21p1 does not contain free parameters and fits experimental data well. The application of
the obtained results to the analysis of the polarization of theLc

1 produced in the processes of photo- and
hadroproduction is discussed.
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I. INTRODUCTION

It is known that in reactions of photo- and hadroprodu
tion the charmed baryonLc

1 is produced polarized@1#. The
analysis of theLc

1 polarization via the investigation of th
decay products should give an understanding of the me
nism of the charmed baryon production at high energies

Recently@2# we have given a theoretical analysis of t
polarization properties of theLc

1 in the modeLc
1→p1K2

1p1. This is the most favorable mode of theLc
1 decays

from the experimental point of view. From the theoretic
point of view this mode is the most difficult case of th
analysis of the weak nonleptonic decays of theLc

1 baryon
@1,2#. Indeed, for the calculation of the matrix element of t
transitionLc

1→p1K21p1 the baryonic and mesonic de
grees of freedom cannot be fully factorized.

In spite of these theoretical difficulties the problem of t
theoretical analysis of the decayLc

1→p1K21p1 has been
successfully solved within the effective quark model w
chiral U(3)3U(3) symmetry incorporating heavy quark e
fective theory~HQET! @3,4# and the extended Nambu–Jon
Lasinio ~ENJL! model with a linear realization of chira
U(3)3U(3) symmetry @5–7#.1 Such an effective quark
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1All results obtained below are valid for the linear sigma mod

(LsM) @8# supplemented by HQET as well.
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model with chiral U(3)3U(3) symmetry motivated by the
low-energy effective QCD with a linearly rising interquar
potential responsible for a quark confinement@9# describes
well low-energy properties of light and heavy mesons@5,6#
as well as the octet and decuplet of light baryons@7#.

In the effective quark model with chiral U(3)3U(3)
symmetry~i! baryons are the three-quark states@10# and do
not contain any bound diquark states, then~ii ! the spinorial
structure of the three-quark currents is defined as the pro
of the axial-vector diquark densities@qc̄

i(x)gmqj (x)# and a
quark field qk(x) transforming under SU(3)f3SU(3)c
group like (6 f ,3̃c) and (3 f ,3c) multiplets, respectively,
where i , j , and k are the color indices running throughi
51,2,3 andq5u, d, or s quark field. This agrees with the
structure of the three-quark currents used for the invest
tion of the properties of baryons within QCD sum rules a
proach@11#. As has been shown in Ref.@9# this is caused by
the dynamics of strong low-energy interactions imposed b
linearly rising interquark potential. The fixed structure of t
three-quark currents allows us to describe all varieties
low-energy interactions of baryon octet and decuplet
terms of the phenomenological coupling constantgB . The
coupling constantsgpNN , gpND , andggND interactions, and
the spN term of the low-energypN scattering have been
calculated in good agreement with the experimental data
other phenomenological approaches based on QCD@7,12#.

In this paper we apply the effective quark model wi
chiral U(3)3U(3) symmetry@2,5–7# to the investigation of
the polarization properties of theLc

1 baryon in weak non-
leptonic four-body decays and treat the most experiment
favorable four-body modeLc

1→p1K21p11p0. The ex-
perimental value of the probability of this decay is equal
@13#

B~Lc
1→pK2p1p0!exp5~3.461.0!%. ~1!

Relative to the decayLc
1→p1K21p1 the experimental

probability of which is B(Lc
1→pK2p1)50.05060.013

@13# the probability of the decayLc
1→p1K21p11p0

reads
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A. YA. BERDNIKOV et al. PHYSICAL REVIEW D 64 014027
B~Lc
1→pK2p1p0/Lc

1→pK2p1!exp5~0.6860.27!.
~2!

We would like to emphasize that the weak nonleptonic fo
body modeLc

1→p1K21p11p0 as well as the mode
Lc

1→p1K21p1 is rather difficult for the theoretica
analysis@1,2#, since baryonic and mesonic degrees of fre
dom cannot be fully factorized.

For the theoretical analysis of the weak nonleptonic
cays of theLc

1 baryon we would use the effective low
energy Lagrangian@2# ~see also Refs.@12# and @14#!

Leff~x!52
GF

A2
Vcs* Vud$C1~Lx!@ s̄~x!gm~12g5!c~x!#

3@ ū~x!gm~12g5!d~x!#1C2~Lx!@ ū~x!gm

3~12g5!c~x!#@ s̄~x!gm~12g5!d~x!#%, ~3!

whereGF51.16631025 GeV22 is the Fermi weak constan
Vcs* and Vud are the elements of the Cabibbo-Kobayas
Maskawa-~CKM-!mixing matrix, Ci(Lx) ( i 51,2) are the
Wilson coefficients caused by the strong quark-gluon in
actions at scalesp.Lx ~short-distance contributions!, where
Lx5940 MeV is the scale of spontaneous breaking of ch
symmetry (SBxS) @2,5–7#. The numerical values of the co
efficientsC1(Lx)51.24 andC2(Lx)520.47 have been cal
culated in Ref.@2#.

Following Ref.@2# for the calculation of the probability o
the decayLc

1→p1K21p11p0 we suggest the use of th
effective Lagrangian Eq.~3! reduced to the form

Leff~x!52
GF

A2
Vcs* VudC̄1~Lx!@ s̄~x!gm~12g5!c~x!#

3@ ū~x!gm~12g5!d~x!# ~4!

by means of a Fierz transformation@2#, where C̄1(Lx)
5C1(Lx)1C2(Lx)/N with N53, the number of quark
color degrees of freedom.2

The paper is organized as follows. In Sec. II we calcul
the amplitude of the decay modeLc

1→p1K21p11p0. In
Sec. III we calculate the angular distribution of the probab
ity and the probability of the decayLc

1→p1K21p1

1p0 relative to the probability of theLc
1→p1K21p1. In

Sec. IV we analyze the polarization properties of t
charmed baryonLc

1 . In the Conclusion we discuss the o
tained results. In the Appendix by example of theLc

1→p

1K̄0 decay we estimate the contribution of exchanges bre
ing the factorization of baryonic and mesonic degrees

2We would like to accentuate that our approach to nonlepto
decays of charmed baryons agrees in principle with the curr
algebra analysis of nonleptonic decays of light and charmed b
ons based on (V2A)3(V2A) effective coupling developed by
Scadronet al. in Refs.@15#.
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freedom and find the value of order of magnitude less co
pared with the experimental one fit well by the vacuum
termediate state contribution. This can serve as a justifica
of a dominance of vacuum intermediate state approxima
for the calculation of matrix elements of weak decays of
Lc* @2#.

II. AMPLITUDE OF THE Lc
¿\p¿KÀ¿p¿¿p0 DECAY

The amplitude of the decayLc
1→p1K21p11p0 de-

cay we define in the usual way@2,12#

M@Lc
1~Q!→p~q!K2~q1!p1~q2!p0~q3!#

A2EL
c
1V2EpV2EK2V2Ep1V2Ep0V

5^p~q!K2~q1!p1~q2!p0~q3!uLeff~0!uLc
1~Q!&,

~5!

whereEi( i 5Lc
1 ,p,K2,p1,p0) are the energies of theLc

1 ,
the proton, and mesons, respectively.

Since experimentally the probability of the decay mo
Lc

1→p1K21p11p0 is measured relative to the probab
ity of the Lc

1→p1K21p1 decay, so that we would treat
with respect to the probability of the decayLc

1→p1K2

1p1 the partial width of which has been calculated in R
@2# and reads

G~Lc
1→pK2p1!

5uGFVcs* VudC̄1~Lx!u2FgpNN

4

5

gC

gB

FpLx

m2 G 2

3F 5M
L

c
1

5

512p3
G3 f ~j!. ~6!

The functionf (j) is determined by the integral@2#

f ~j!5E
j

11j2/4S 12
3

5
x1

2

15
x21

7

60
j22

2

5

j2

x D xAx22j2dx

50.065, ~7!

where j52M p /ML
c
1. The numerical value has been o

tained atML
c
152285 andM p5938 MeV, the mass of the

Lc
1 baryon and the proton, respectively, and in the ch

limit, i.e., at zero masses of daughter mesons. The co
ling constantsgB and gC determine the interactions of th
proton and theLc

1 baryon with the three-quark curren

hN(x)52« i jk@ ūi
c(x)gmuj (x)#gmg5dk(x) and h̄L

c
1(x)

5« i jk c̄i(x)gmg5@ d̄ j (x)gmuk
c(x)#, respectively@2,7#:

Lint~x!5
gB

A2
c̄p~x!hN~x!1

gC

A2
h̄L

c
1~x!cL

c
1~x!1H.c.

~8!
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POLARIZATION PROPERTIES OF THE CHARMED . . . PHYSICAL REVIEW D64 014027
Here cp(x) and cL
c
1(x) are the interpolating fields of th

proton and theLc
1 baryon. The coupling constantgB has

been related in Ref. @7# to the quark condensat

^q̄(0)q(0)&52255 MeV,3 the constituent quark massm
5330 MeV calculated in the chiral limit,3 the leptonic cou-
pling constantFp592.4 MeV of pions calculated in the ch
ral limit, thepNN coupling constantgpNN513.4 and as well
as the mass of the protonMp :

gpNN5gB
2 2m

3Fp

^q̄~0!q~0!&2

M p
2

. ~9!

Numerically gB is equal togB51.3431024MeV @7#. The
coupling constantgC has been fixed in Ref.@2# through the
experimental value of the partial width of the decayLc

1

→p1K21p1. The coupling constantgC appears in all par-
tial widths of the decay modes of theLc

1 baryon and cancels
itself in the ratio

B~Lc
1→pK2p1p0/Lc

1→pK2p1!

5
G~Lc

1→pK2p1p0!

G~Lc
1→pK2p1!

. ~10!

The amplitude of the decayLc
1→p1K21p11p0 we cal-

culate in the three-meson approximation and in the ch
limit @2#

M@Lc
1~Q!→p~q!K2~q1!p1~q2!p0~q3!#

A2EL
c
1V2EpV2EK2V2Ep1V2Ep0V

5^p~q!K2~q1!p1~q2!p0~q3!uLeff~0!uLc
1~Q!&

52
GF

A2
Vcs* VudC̄1~Lx!

3^p~q!K2~q1!us̄~0!gm~12g5!c~0!uLc
1~Q!&

3^p1~q2!p0~q3!uū~0!gm~12g5!d~0!u0&.

~11!

The matrix element of the transitionLc
1→p1K2 has been

calculated in Ref.@2# and reads

A2EL
c
1V2EpV2EK2V^p~q!K2~q2!us̄

3~0!gm~12g5!c~0!uLc
1~Q!&

5 igpNN

4

5

gC

gB

Lx

m2
ūp~q,s8!@2vm~12g5!

1gm~11g5!#uL
c
1~Q,s!

3This agrees with the results obtained by Elias and Scadron@16#.
01402
l

5 igpNN

4

5

gC

gB

Lx

m2
ūp~q,s8!

3~12g5!~2vm1gm!uL
c
1~Q,s!, ~12!

where ūp(q,s8) and uL
c
1(Q,s) are the Dirac bispinors o

the proton and theLc
1 baryon,vm is a four-velocity of the

Lc
1 baryon defined byQm5ML

c
1vm.

The matrix element of the transition 0→p11p0 has
been calculated in Ref.@5# and reads

A2Ep1V2Ep0V^p1~q2!p0~q3!uū~0!gm~12g5!d~0!u0&

52A2~q22q3!m. ~13!

Hence the amplitude of the decayLc
1→p1K21p11p0 is

given by

M@Lc
1~Q!→p~q!K2~q1!p1~q2!p0~q3!#

5 iGFVcs* VudC̄1~Lx!
4

5

gpNN

ML
c
1
FgC

gB

Lx

m2G ūp~q,s8!

3~12g5!@2Q•~q22q3!1ML
c
1

3~ q̂22q̂3!#uL
c
1~Q,s!. ~14!

Now we can proceed to the evaluation of the probability
the Lc

1→p1K21p11p0 decay.

III. PROBABILITY AND ANGULAR DISTRIBUTION
OF THE DECAY Lc

¿\p¿KÀ¿p¿¿p0

The differential partial width of theLc
1→p1K21p1

1p0 decay is determined by

dG~Lc
1→pK2p1p0!

5
1

2ML
c
1

uM@Lc
1~Q!→p~q!K2~q1!p1~q2!p0~q3!#u2

3~2p!4d (4)~Q2q2q12q22q3!
d3q

~2p!32Ep

3
d3q1

~2p!32EK2

d3q2

~2p!32Ep1

d3q1

~2p!32Ep0

. ~15!

We calculate the quantity

uM@Lc
1~Q!→p~q!K2~q1!p1~q2!p0~q3!#u2

for the polarizedLc
1 and unpolarized proton
7-3
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uM~Lc
1~Q!→p~q!K2~q1!p1~q2!p0~q3!!u2

5uGFVcs* VudC̄1~Lx!u2F4

5

gpNN

ML
c
1

gC

gB

Lx

m2G 2
1

2
tr

3$~ML
c
11Q̂!~11g5v̂L

c
1!@2Q•~q22q3!

1ML
c
1~ q̂22q̂3!#~11g5!~M p1q̂!~12g5!

3@2Q•~q22q3!1ML
c
1~ q̂22q̂3!#%, ~16!

wherev
L1
m

is a spacelike unit vector,v
L1
2

521, orthogonal
01402
to the four-momentum of theLc
1 , Q•vL

c
150. It is related

to the direction of theLc
1 spin defined by

v
L

c
1

m
5S QW •vW L

c
1

ML
c
1

,vW L
c
11

QW ~QW •vW L
c
1!

ML
c
1~EL

c
11ML

c
1!
D , ~17!

wherevW
L

c
1

2
51. At the rest frame of theLc

1 we havev
L

c
1

m

5(0,vW L
c
1).

For the differential branching ratio B(Lc
1

→pK2p1p0/Lc
1→pK2p1) defined by Eq.~10! we get
ntial
c c

dB~Lc
1→pK2p1p0/Lc

1→pK2p1!5
1024p3

1.3M
L

c
1

8

1

Fp
2

1

2
tr$~ML

c
11Q̂!~11g5v̂L

c
1!@2Q•~q22q3!1ML

c
1~ q̂22q̂3!#~11g5!

3~M p1q̂!~12g5!@2Q•~q22q3!1ML
c
1~ q̂22q̂3!#%~2p!4

3d (4)~Q2q2q12q22q3!
d3q

~2p!32Ep

d3q1

~2p!32EK2

d3q2

~2p!32Ep1

d3q3

~2p!32Ep0

.

~18!

The trace amounts to

1

2
tr$•••%516Q•q@Q•~q22q3!#21ML

c
1$16Q•qQ•~q22q3!~q22q3!•vL

c
1232@Q•~q22q3!#2q•vL

c
1%

1M
L

c
1

2
@24Q•~q22q3!q•~q22q3!24Q•q~q22q3!2#1M

L
c
1

3
@8q•~q22q3!~q22q3!•vL

c
124~q22q3!2q•vL

c
1#.

~19!

For the integration over the momenta ofp mesons it is useful to apply the formula@2#

E ~q22q3!a~q22q3!bd (4)~P2q22q3!
d3q2

2Ep1

d3q3

2Ep0

5
p

6
~2P2gab1PaPb!, ~20!

where P5Q2q2q1. Integrating over the momenta of pions we arrive at the following expression for the differe
branching ratioB(Lc

1→pK2p1p0/Lc
1→pK2p1):

dB~Lc
1→pK2p1p0/Lc

1→pK2p1!5
2.1

4p4

1

M
L

c
1

8

1

Fp
2
„4Q•q@~Q•P!22Q2P2#1ML

c
1$4Q•qQ•PP•vL

c
1

28@~Q•P!22Q2P2#P•vL
c
1%1M

L
c
1

2
~23Q•qP216Q•Pq•P!

1M
L

c
1

3
~P2q•vL

c
112q•PP•vL

c
1!…

d3q

Ep

d3q1

EK2

. ~21!
7-4
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After the integration over the momenta of theK2 meson and
the energies of the proton we obtain the angular distribu
of the probability of the decay modeLc

1→p1K21p1

1p0 relative to the probability of the decayLc
1→p1K2

1p1 in the rest frame of theLc
1 baryon:

4p
dB

dVnW p

~Lc
1→pK2p1p0/Lc

1→pK2p1!

50.87~120.09nW p•vW L
c
1!, ~22!

wherenW p5qW /uqW u is a unit vector directed along the mome
tum of the proton andVnW p

is the solid angle of the uni

vectornW p .
Integrating the angular distribution Eq.~22! over the solid

angleVnW p
we obtain the total branching ratio

B~Lc
1→pK2p1p0/Lc

1→pK2p1!50.87. ~23!

The theoretical value fits well the experimental data Eq.~2!:
B(Lc

1→pK2p1p0/Lc
1→pK2p1)exp5(0.6860.27).

IV. POLARIZATION OF THE CHARMED BARYON Lc
¿

The formula Eq.~22! describes the polarization of th
charmedLc

1 baryon relative to the momentum of the proto
in the decay modeLc

1→p1K21p11p0. If the spin of the
Lc

1 is parallel to the momentum of the proton, the righ

handed~R! polarization, the scalar productvW L
c
1•nW p amounts

to vW L
c
1•nW p5cosq. The angular distribution of the probabi

ity reads

4p
dB

dVnW p

~Lc
1→pK2p1p0/Lc

1→pK2p1!(R)

50.87~120.09 cosq!. ~24!

In turn, for the left-handed~L! polarization of theLc
1 , the

spin of theLc
1 is antiparallel to the momentum of the proto

the scalar product reads (vW L
c
1•nW p)52cosq and the angular

distribution becomes equal to

4p
dB

dVnW p

~Lc
1→pK2p1p0/Lc

1→pK2p1!(L)

50.87~110.09 cosq!. ~25!

Since the coefficient in front of cosq is rather small, so tha
the angular distribution of the probability of the decays
practically isotropic. Therefore one can conclude that in
four-body mode Lc

1→p1K21p11p0 the charmed
baryonLc

1 seems to be practically unpolarized.

V. CONCLUSION

We have considered the four-body mode of the weak n
leptonic decay of the charmedLc

1 baryon: Lc
1→p1K1
01402
n

e

-

1p11p0. Experimentally this is the most favorable mod
among the four-body modes of theLc

1 decays. From the
theoretical point of view this mode is rather difficult for th
calculation, since baryonic and mesonic degrees of freed
are not fully factorized. However, as has been shown in R
@2# this problem has been overcome for the three-body m
Lc

1→p1K21p1 within the effective quark model with
chiral U(3)3U(3) symmetry incorporating heavy quark e
fective theory~HQET! and the ENJL model@2#.

Following Ref.@2# we have calculated in the chiral limi
the probability and angular distribution of the probability
the modeLc

1→p1K11p11p0 in the rest frame of the
Lc

1 baryon and relative to the momentum of the daugh
proton. The probability of the modeLc

1→p1K11p1

1p0 is obtained with respect to the probability of the mo
Lc

1→p1K11p1. The theoretical prediction B(Lc
1

→pK2p1p0/Lc
1→pK2p1)50.87 fits well the experi-

mental data B(Lc
1→pK2p1p0/Lc

1→pK2p1)exp5(0.68
60.27). We would like to accentuate that in our approa
the probabilityB(Lc

1→pK2p1p0/Lc
1→pK2p1) does not

contain free parameters. Hence such an agreement with
perimental data testifies a correct description of low-ene
dynamics of strong interactions in our approach.

The theoretical angular distribution of the probability
the decay modeLc

1→p1K21p11p0 predicts a rather
weak polarization of the charmed baryonLc

1 . This means
that for the experimental analysis of the polarization prop
ties of theLc

1 produced in reactions of photo- and hadropr
duction the three-body decay modeLc

1→p1K21p1

seems to be preferable with respect to the four-bodyLc
1

FIG. 1. Feynman diagrams describing the contribution of
changes breaking the factorization of baryonic and mesonic deg
of freedom for the calculation of the matrix element of theLc

1

→p1K̄0 decay.
7-5
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→p1K21p11p0. Nevertheless, the theoretical analysis
polarization properties of the charmed baryonLc

1 in the
weak nonleptonic four-body modes like~1! Lc

1→L1p1

1p11p2, ~2! Lc
1→S01p11p11p2, and ~3! Lc

1→p

1K̄01p11p2 with branching ratios@13#

B~Lc
1→Lp1p1p2!exp5~3.361.0!%,

B~Lc
1→S0p1p1p2!exp5~1.160.4!%,

B~Lc
1→pK̄0p1p2!exp5~2.660.7!%

comeasurable with the branching ratio of the modeLc
1→p

1K21p11p0 is rather actual and would be carried out
our forthcoming publications.

In the Appendix by example of the decayLc
1→p1K̄0 we

have estimated the contribution of exchanges leading
breaking of the factorization of baryonic and mesonic d
grees of freedom. We show that the contribution of su
exchanges is about an order of magnitude less comp
with the contribution of vacuum intermediate state fitting t
experimental data well. This justifies a dominance of
bu
ay

-

01402
f

to
-
h
ed

e

vacuum intermediate state approximation for calculations
matrix elements of weak decays of theLc

1 baryon.

APPENDIX: THE UNFACTORIZED CONTRIBUTIONS

The main point of our approach to the calculation of a
plitudes of weak transitions of theLc

1 baryon is in the domi-
nance of the vacuum intermediate state approximation or
ferently the vacuum saturation approximation factorizi
either partly, for example, for the decayLc

1→p1K21p1

or fully, for the decayLc
1→p1K̄0 and so, mesonic and

baryonic degrees of freedom. In order to justify the valid
of this approach one should estimate the contributions c
ing from meson-baryon loop exchanges and breaking fu
the factorization of mesonic and baryonic degrees of fr
dom. Below we demonstrate the validity to neglect the co
tribution of exchanges breaking fully a factorization meso
and baryonic degrees of freedom. For simplicity we treat
decayLc

1→p1K̄0. The probability of this decay has bee
calculated in Ref.@2# and earlier by Karlson and Scadro
@17#. The Feynman diagrams of the exchanges breaking
factorization of mesonic and baryonic degrees of freedom
the decayLc

1→p1K̄0 are depicted in Fig. 1. The analytica
expressions of these diagrams read
M@Lc
1~Q!→p~q!K̄0~q8!#unfact.52GFVcs* VudC̄2~Lx!FKgD0K̄0p 0

gpNN
2

8p2
ūp~q,s8!E d4k

p2i
g5

1

Mp2q̂2 k̂
g5

3
q8•~2k1q8!

MD0
2

2~k1q8!2

1

Mp0
2

2k2
uL

c
1~Q,s!2GFVcs* VudC̄2~Lx!FKgD1K̄0p 1

gpNN
2

8p2
ūp

3~q,s8!E d4k

p2i
g5

1

Mn2q̂2 k̂
g5

q8•~2k1q8!

MD1
2

2~k1q8!2

1

Mp1
2

2k2
uL

c
1~Q,s!, ~A1!
where for simplicity we have setgL
c
1 D0p5gL

c
1 D1n

5A2gpNN . Then,FK51.23FpMeV @13# is a leptonic cou-
pling constant ofK mesons,Mn5Mp5938 MeV, C̄2(Lx)
520.057 @2#, gD0K̄0p 05(7.2560.37), andgD1K̄0p 15(4.10
60.07) are effective coupling constants describing contri
tions of strong interactions to the amplitudes of weak dec
D0→K̄01p0 and D1→K̄01p1, respectively, estimated
from the experimental data@13#. The amplitudes of the de
caysD0→K̄01p0 andD1→K̄01p1 we define as

M@D0~p!→K̄0~pK!p0~pp0!#

52GFVcs* VudC̄2~Lx!FKgD0K̄0p 0~p1pp0!•pK ,

M@D1~p!→K̄0~pK!p1~pp1!#

52GFVcs* VudC̄2~Lx!FKgD1K̄0p 1~p1pp1!•pK .

~A2!
-
s

On mass shell of interacting particles we have

M@D0~p!→K̄0~pK!p0~pp0!#

52GFVcs* VudC̄2~Lx!FKgD0K̄0p 0~MD0
2

2Mp0
2

!,

M@D1~p!→K̄0~pK!p1~pp1!#

52GFVcs* VudC̄2~Lx!FKgD1K̄0p 1~MD0
2

2Mp1
2

!.

~A3!

In the chiral limitq8→0 andMp→0 the amplitude Eq.~A1!
is defined by
7-6
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M@Lc
1~Q!→p~q!K̄0~q8!#unfact.

5GFVcs* VudC̄2~Lx!FKgD0K̄0p 0

gpNN
2

4p2
ūp~q,s8!

3E d4k

p2i
g5

1

Mp2q̂2 k̂
g5

q8•k

MD0
2

2k2

1

k2
uL

c
1

3~Q,s!1GFVcs* VudC̄2~Lx!FKgD1K̄0p 1

3
gpNN

2

4p2
ūp~q,s8!E d4k

p2i
g5

1

Mp2q̂2 k̂
g5

3
q8•k

MD1
2

2k2

1

k2
uL

c
1~Q,s!. ~A4!
01402
According to our prescription@2,6# we should keep only di-
vergent contributions. This yields

M@Lc
1~Q!→p~q!K̄0~q8!#unfact.

52GFVcs* VudC̄2~Lx!FK~gD0K̄0p 0

1gD1K̄0p 1!
gpNN

2

16p2
~ML

c
12M p!

3E d4k

p2i

1

Mp
22k2

1

MD1
2

2k2

3@ ūp~q,s8!uL
c
1~Q,s!#. ~A5!

Integrating overk0 we obtain the expression
ta
M@Lc
1~Q!→p~q!K̄0~q8!#unfact.52GFVcs* VudC̄2~Lx!FK~gD0K̄0p 01gD1K̄0p 1!

gpNN
2

14p2

ML
c
12M p

MD
2 2M p

2

3E
0

L

dukW uS kW2

AM p
21kW2

2
kW2

AMD
2 1kW2D @ ūp~q,s8!uL

c
1~Q,s!#

5GFVcs* VudC̄2~Lx!FK~gD0K̄0p 01gD1K̄0p 1!
gpNN

2

8p2
~ML

c
12M p!@ ūp~q,s8!uL

c
1~Q,s!#

3FLAL21MD
2 2LAL21M p

22MD
2 lnS L

MD
1A11

L2

MD
2 D

1M p
2 lnS L

M p
1A11

L2

M p
2D G , ~A6!

where we have setMD05MD15MD51870 MeV and the cutoffL5Lx /A25670 MeV restricts from above three-momen
of virtual particles@6#.

The partial width of the decayLc
1→p1K̄0 caused by unfactorized exchanges is equal to

G~Lc
1→K̄0p!unfact.5H GFVcs* VudC̄2~Lx!FK~gD0K̄0p 01gD1K̄0p 1!

gpNN
2

8p2

ML
c
12M p

MD
2 2M p

2

3FLAL21MD
2 2LAL21M p

22MD
2 lnS L

MD
1A11

L2

MD
2 D 1M p

2 lnS L

M p
1A11

L2

M p
2D G J 2

ML
c
1

16p

3F S 11
Mp

ML
c
1
D 2

2
MK̄0

2

M
L

c
1

2 GAF 12
~Mp1MK̄0!2

M
L

c
1

2 GF 12
~Mp2MK̄0!2

M
L

c
1

2 G . ~A7!
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The numerical value ofG(Lc
1→K̄0p)unfact. calculated at

MK̄05498 MeV @13# amounts to

G~Lc
1→K̄0p!unfact.5~4.6060.50!310213 MeV.

~A8!

The experimental value of the partial width of the dec
Lc

1→K̄0p is @13#

G~Lc
1→K̄0p!exp5~7.3661.97!310211 MeV. ~A9!
I.

lk
re
96

.

,

s.

01402
Thus the unfactorized exchanges make the contribution
the amplitude of the decayLc

1→p1K̄0 of order of magni-
tude less compared with the experimental one. Hence su
contribution does not exceed the experimental error of
partial width and can be neglected without damage for
description.

Since the contribution of a vacuum intermediate state
the amplitude of the decayLc

1→p1K̄0 fits well the experi-
mental value of the partial width@2#, this estimate can serv
as a justification of the dominance of vacuum intermedi
state approximation for the calculation of matrix elements
weak decays of theLc

1 .
.

r.

.
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