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Exclusive nonleptonic decays of bottom and charm baryons are studied within a relativistic three-quark
model with a Gaussian shape for the momentum dependence of the baryon–three-quark vertex. We include
factorizing as well as nonfactorizing contributions to the decay amplitudes. For heavy-to-light transitionsQ
→qud the total contribution of the nonfactorizing diagrams amount up to;60% of the factorizing contribu-

tions in amplitude, and up to;30% for b→cūd transitions. We calculate the rates and the polarization
asymmetry parameters for various nonleptonic decays and compare them to existing data and to the results of
other model calculations.@S0556-2821~98!03807-7#
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I. INTRODUCTION

During the past several years there has been signifi
progress in the experimental study of nonleptonic decay
heavy baryons@1#. New results on the mass spectrum, lif
times, branching ratios, and asymmetry parameters in
decays of the heavy baryonsLc

1 , Sc , Jc , Lb
0 , . . . were

reported by various experiments by the ALEPH, ARGU
ACCMOR, CLEO, OPAL Collaborations, etc. The hea
baryon mass spectrum has been determined with good p
sion~within an accuracy of a few percent!. As to nonleptonic
branching ratios, the accuracy of the measurements doe
exceed 25–30 % even for the better studied Cabibbo-favo

decay modesLc
1→L01p1 andLc

1→p1K̄0. For the decay
Lb

0→J/cL and the Cabibbo-suppressed decayLc
1→pf the

experimental errors are even larger. The first observatio
theLc

1→pf decay was reported by the NA32 Collaborati
@2#. They quoted a branching ratio ofB(Lc

1→pf)/B(Lc
1

→pK2p1)50.04060.027. A more recent measurement
theLc

1→pf decay rate by the CLEO Collaboration result
in a ratio of branching ratios B(Lc

1→pf)/B(Lc
1

→pK2p1)50.02460.00660.003 @3#. The baryonic decay
Lb

0→J/cL was first observed by the UA1 Collaboration@4#.
The measured branching ratio was found to beB(Lb

0

→J/cL)5(1.460.9)% @1#. The OPAL Collaboration ob-
tained an upper limit for the branching ratio ofB(Lb

0

→J/cL),1.1% @5#. Recently the Collider Detector at Fe
milab ~CDF! Collaboration has reported a much smal
value for the same quantity B(Lb

0→J/cL)
5(0.03760.01760.004)% from a larger data sample@6#.
570556-2821/98/57~9!/5632~21!/$15.00
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From a theoretical point of view theLc
1→pf and Lb

0

→J/cL decays are simple inasmuch as they are descr
by factorizing quark diagrams alone. Their study can sh
light on the nature of the nonleptonic interactions and m
serve as an additional source for determining the Cabib
Kobayashi-Maskawa~CKM! elements and the values of th
short-distance Wilson coefficients in the effective nonle
tonic Lagrangian@7–11#. In the near future one can expe
large quantities of new data on exclusive charm and bot
baryon nonleptonic decays which calls for a comprehens
theoretical analysis of these decays.

There exist a number of theoretical analyses of exclus
nonleptonic heavy baryon decays in the literature~see, e.g.,
Refs.@12–27#! including predictions for their angular deca
distributions. The analysis of nonleptonic baryon decays
complicated by the necessity of having to include nonfact
izing contributions. One thus has to go beyond the factori
tion approximation which had proved quite useful in t
analysis of the exclusive nonleptonic decays of heavy m
sons. There have been some theoretical attempts to ana
nonleptonic heavy baryon decays using factorizing contri
tions alone@26#, the argument being thatW-exchange con-
tributions can be neglected in analogy with the power s
pressed W-exchange contributions in the inclusiv
nonleptonic decays of heavy baryons. One might even
tempted to drop the nonfactorizing contributions on acco
of the fact that they are superficially proportional to 1/Nc .
However, sinceNc baryons containNc quarks an extra com
binatorial factor proportional toNc appears in the amplitude
which cancels the explicit diagrammatic 1/Nc factor @14,17#.
There is now ample empirical evidence in thec→s sectors
5632 © 1998 The American Physical Society
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57 5633EXCLUSIVE NONLEPTONIC DECAYS OF BOTTOM AND . . .
that nonfactorizing diagrams cannot be neglected. For
ample, in the charm sector the two observed decaysLc

1

→J0K1 andLc
1→Sp can only proceed via nonfactorizin

diagrams. Their sizeable observed branching ratios may
serve to obtain a measure of the size of the nonfactoriz
contributions.

In the present paper both factorizing and nonfactoriz
contributions to exclusive nonleptonic decays of bottom a
charm baryons are taken into account. The decay amplitu
are studied within a relativistic three-quark model with
Gaussian shape for the momentum dependence of
baryon-three-quark vertex. It is shown that the total con
bution of the nonfactorizing diagrams can amount to up
;60% of the factorizing contribution for heavy-to-light tran
sitions and up to;30% for b→c transition in amplitude.
We calculate branching ratios and asymmetry parameter
bottom and charm baryon nonleptonic decays within theLa-
grangian spectator modelapproach which generalizes th
spectator quark model approach@28,29#. We compare our
results with existing data and other theoretical approach

The layout of the paper is as follows. In Sec. II we pres
details of ourLagrangian spectator modelapproach. In Sec
III we discuss the calculation of the matrix elements of no
leptonic decays of bottom and charm baryons. In Sec. IV
present the results of our calculations. Section V contains
conclusions.

II. MODEL

A systematic and comprehensive analysis of weak se
leptonic and nonleptonic decays of heavy baryons has b
carried out within the spectator quark model@14,15,28,29#
which is based on the ‘‘equal-velocity’’ approximatio
@28,29#. Namely, it is assumed that all quarks inside a had
have equal velocities coinciding with the velocity of the ha
ron. In other words, the internal relative motion of quar
inside the hadrons is neglected.

The quark-hadron Bethe-Salpeter~BS! wave function sat-
isfies the free-quark Dirac equation in each quark index,
the quarks are assumed to be noninteracting. With the us
the ‘‘equal-velocity’’ assumption the equations of motion f
the wave functions of the individual constituent quarks in
baryon can be rewritten in terms of the hadron velocity, th
imposing restriction on the possible form of the hadronic
wave function@14,15,28,29#. The explicit form of the BS
wave functions for hadron in the initial state is given by

JP5
11

2
: BABC5

1

M
$@~P” 1M !g5C#bgua~P!Ba@bc#

1cycl.~a,a;b,b;g,c!%,

JP5
31

2
: BABC5

1

M
$@~P” 1M !gnC#bgua

n ~P!B$abc%

1cycl.~a,a;b,b;g,c!%,

JP5021: MA
B5@~P” 1M !g5#a

bMa
b ,

JP5122: MA
B5@~P” 1M !«” #a

bMa
b . ~1!
x-
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We have suppressed color indices in~1!. M is the mass of
hadron,P is its total four-momentum, andBa@bc# , B$abc% ,
Ma

b denote the flavor part of the hadronic wave functio
Analogous formulas for the final state hadronic wave fun
tions can easily be derived from Eq.~1!. They can be found
in Ref. @14#. Note that the BS spin wave functions~1! con-
tain an additional ‘‘projector’’ factor

V15
1

2M
~P” 1M !5

v”11

2
, ~2!

wherev is the ‘‘on-shell’’ four-velocity of hadron, i.e.,v2

51. The factorV1 ensures that in the c.m. frame only th
positive-energy components of the full BS wave functi
survive, as it should indeed be, when the quarks are no
teracting.

Once the explicit form of the hadron wave functions
given, the transition matrix elements for weak decays
parametrized by a few overlap integrals in terms of the sp
independent spatial part of the hadron wave functions. P
viously, the overlap integrals have been treated as phen
enological parameters to be determined from a fit
experimental data@14#.

In order to go beyond the approach@14# one has to de-
velop a microscopic approach to the overlap integrals
pearing in the expressions for the decay amplitudes
equivalently, one has to specify the form of the hadron-qu
transition vertex~hadronic BS wave function! including the
explicit momentum dependence of the Lorentz scalar par
this vertex. In the Lagrangian model considered in this pa
this dependence is given by the baryon form factor wh
appears in the nonlocal interaction vertex coupling the ba
ons to the three quarks. The Lagrangian model has b
successfully applied to the description of a wide class of
low and intermediate energy hadron phenomena both in
light @30–33# and heavy@34# quark sectors.

In its present form, this model is not immediately app
cable to the study of the heavy baryon nonleptonic dec
since it does not reproduce the results of the spectator m
analysis@14#. The purpose of our present investigation w
consist in embedding, step by step, the spectator model
structure in our Lagrangian approach. Put differently, we
tempt to reformulate the spectator model using the Lagra
ian language in order to be able to calculate all quanti
appearing in the description of the nonleptonic decays
heavy baryons with the use of the Feynman diagram te
nique.

Let us begin with the formulation of the basic notions
the Lagrangian model taking into account at every step
spin structure imposed by the spectator picture.

The problem of the choice of baryonic currents was d
cussed in Ref.@34# ~see also Refs.@35–39# and@40–42#!. Let
us briefly review the basic notions. Suppose that a baryo
a bound state of three quarks. Letyi ~i51,2,3! be the position
space four-coordinate of quarki with massmi . They are
expressed through the center of mass coordinate (x) and the
relative Jacobi coordinates (j1 , . . . ) as
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y15x23j1

m21m3

(
i

mi

,

y25x13j1

m1

(
i

mi

22j2A3
m3

m21m3
,

y35x13j1

m1

(
i

mi

12j2A3
m2

m21m3
,

where x5

(
i

miyi

(
i

mi

, j15
1

3 S m2y21m3y3

m21m3
2y1D ,

j25
y32y2

2A3
. ~3!

In the case of light baryons we shall work in the limit
SU~3! invariance by assuming that the masses ofu,d, ands
quarks are equal to each other in Eq.~3!. The breaking of
SU~3! symmetry through the position space variablesyi ~via
a difference of strangems and nonstrangem quark masses
ms2mÞ0) was found to be insignificant@34#. Thus, for
light baryons composed ofu, d, or s quarks the coordinate
of the quarks may be written as

y15x22j1 , y25x1j12j2A3, y35x1j11j2A3.

For a heavy-light baryon withm1@m2 , m3 one has in-
stead

y15yQ5x, y25yq1
5x13j12j2A3,

y35yq2
5x13j11j2A3.

We assume that the momentum distribution of the c
stituents inside a baryon is modelled by an effective rela
istic vertex function given by

FS LB
2

18(i , j
~yi2yj !

2D ,
-
-

which depends only on the sum of the relative coordina
squared in the coordinate space and on a cutoff param
LB . Generally speaking, the shape of this function should
determined from the bound state equation and may dep
on the flavors of the quarks involved. In order to reduce
number of free parameters we will use a common Gaus
function for all flavors but we allow for flavor depende
values of the cutoff parameterLB . The Gaussian shap
guarantees ultraviolet convergence of the matrix eleme
The vertex function models the long distance QCD inter
tions between quarks. For the present application, there a
least three different values forLB corresponding to the
(s,d,u), (c,d,u), and (b,d,u) sectors. However, in order to
recover the Isgur-Wise symmetry in the heavy quark lim
(mQ→`) the cutoff parameterLB has to be the same fo
charm and bottom baryons.

The Lagrangian describing the interaction of baryons w
the three-quark current is written as

LB
int~x!5gBB̄~x!E dy1E dy2E dy3

3dS x2

(
i

miyi

(
i

mi

D FS LB
2

18(i , j
~yi2yj !

2D
3JB~y1 ,y2 ,y3!1H.c., ~4!

whereJB(y1 ,y2 ,y3) is the three-quark current with quantu
numbers of a baryonB:

JB~y1 ,y2 ,y3!5G1qa1~y1!qa2~y2!CG2qa3~y3!«a1a2a3.
~5!

Here G1,2 are strings of Dirac matrices,C5g0g2 is the
charge conjugation matrix andai are the color indices. The
strong coupling constantgB in ~4! can be calculated fromthe
compositeness condition~see Refs.@34,37–39#!, i.e., the
renormalization constant of the hadron wave function is

TABLE I. Quantum numbers of heavy-light baryons.

Baryon Quark content JP (Sqq ,I qq) Mass~GeV!

Lc
1 c@ud# 1

2
1 ~0,0! 2.285

Jc
1 c@us# 1

2
1 ~0,1/2! 2.470

Jc
0 c@ds# 1

2
1 ~0,1/2! 2.466

Jc8
1 c$us% 1

2
1 ~1,1/2! 2.470

Jc8
0 c$ds% 1

2
1 ~1,1/2! 2.466

Sc
0 c$dd% 1

2
1 ~1,1! 2.453

Vc
0 c$ss% 1

2
1 ~1,0! 2.704

Lb
0 b@ud# 1

2
1 ~0,0! 5.640

Jb
0 b@us# 1

2
1 ~0,1/2! 5.800

Vb
2 b$ss% 1

2
1 ~1,0! 6.040
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equal to zero,ZH512gH
2 SB8 (MH)50, with SH being the

hadron mass operator andMH denotes a hadron mass. No
that the latter condition is equivalent to the well-known re
tivistic normalization condition for the hadronic Beth
Salpeter~BS! wave function. However, for technical reaso
it is more convenient to use the normalization condition
the elastic vector form factor at zero recoil which, of cour
e

s
.

o
o

th
k

ig

e
d

-

r
,

is completely equivalent to the compositeness condition~see
discussion in Ref.@34#!.

Possible choices of light and heavy-light baryonic cu
rents have been studied in Refs.@35–39# and @40–42#. For
the octet of light baryons, for theL-type heavy-light baryons
(LQ , JQ) with a light spin zero diquark system, and for th
V-type heavy-light baryons (VQ , SQ) with a light spin one
diquark system the currents are written as follows@34#:
Light baryon currents

vector variant JB
V~y1 ,y2 ,y3!5gmg5qa1~y1!qa2~y2!Cgmqa3~y3!«a1a2a3,

tensor variant JB
T~y1 ,y2 ,y3!5smng5qa1~y1!qa2~y2!Csmnqa3~y3!«a1a2a3.

~6!

Heavy-light baryon currents

pseudoscalar variant JLQ

P 5«abcQaubCg5dc,

axial variant JLQ

A 5«abcgmQaubCgmg5dc,

vector variant JVQ

V 5«abcgmg5QasbCgmsc, J
V

Q
!

V;m
5«abcQasbCgmsc,

tensor variant JVQ

T 5«abcsmng5QasbCsmnsc, J
V

Q
!

T;m
52 i«abcgnQasbCsmnsc. ~7!
ce
the

d

ians
ctor
s
ects,
e-

r
be
In Table I we give the quark content, the quantum numb
~spin-parityJP, spin Sqq , and isospinI qq of light diquark!,
and the experimental~when available! and theoretical mas
spectrum of the heavy baryons@1,15# analyzed in this paper
Square brackets@ . . . # and curly brackets$ . . . % denote an-
tisymmetric and symmetric flavor and spin combinations
the light degrees of freedom. The masses of the light bary
are taken from the Particle Data Group~PDG! book @1#.

Next we write down the Lagrangian which describes
interaction ofLQ baryon with quarks in the heavy quar
limit ( mQ→`), i.e., to leading order in the 1/mQ expansion:

LLQ

int ~x!5gLQ
L̄Q~x!G1Qa~x!E dj1E dj2

3F~LBQ

2
•@j1

21j2
2# !ub~x13j12j2A3!CG2

3dc~x13j11j2A3!«abc1H.c., ~8!

where

G1^ CG25H I ^ Cg5 pseudoscalar current,

gm ^ Cgmg5 axial vector current.

One can see that the heavy quark is factorized from the l
degrees of freedom in this limit. The vertex form factorF
characterizes the distribution ofu and d quarks inside the
LQ baryon. It is readily seen that the Lagrangian~8! exhibits
the heavy quark flavor symmetry~symmetry under exchang
b with c! if the parameterLBQ

is the same for charm an
bottom baryons.
rs

f
ns

e

ht

In what follows we shall work with the momentum spa
representation of the interaction Lagrangians. Performing
requisite Fourier transformation, e.g., for the case of theLQ
baryon we obtain

LLQ

int ~p!5gLBQ
L̄Q~p!E dp1E dp2E dp3E dk1E dk2

3d„k123~p21p3!…d„k22A3~p32p2!…

3dS p2(
i

pi D FS k1
21k2

2

LBQ

2 D G1Qa~p1!ub~p2!

3CG2dc~p3!«abc1H.c., ~9!

wherep and p1 ,p2 ,p3 are the momenta of the baryon an
the constituent quarks, respectively. The relative momentak1
andk2 may be expressed in terms of the quark momentapi
in a standard manner@34#.

For our purposes we also need the effective Lagrang
that describe the coupling of pions, kaons, and the ve
mesonsr, f, and J/c to their quark constituents. In thi
paper we also assume that the mesons are pointlike obj
i.e., their interaction with the constituent quarks are d
scribed by a local nonderivative Lagrangian

LM~p!5gMM ~p!E dp1E dp2d~p2p12p2!

3q̄~p1!GMlMq~p2!1H.c., ~10!

where GM and lM are spin and flavor matrices. In othe
words, we choose the effective meson vertex functions to
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constants in momentum space. This is a reliable approxi
tion for the light mesons. For heavy mesons we expect
form factor effects in the meson vertex become importa
This prevents us from extending the present approach
cases with heavy mesons in the final states, such asLb

0

→Lc
11Ds

2 . In general the form factor effects in the deca
involving heavy mesons in the final state are expected
suppress their rates relative to those obtained from a po
like vertex. Exclusive nonleptonic bottom baryon decays
volving heavy mesons form the subject of a separate piec
work.

To reproduce the spin amplitude structure of the spect
~or static quark! model analysis@14,15# we assign the pro-
jector V15(v”11)/2 to each light quark field in the baryon
quark vertex, wherev is the ‘‘on-shell’’ four-velocity of had-
ron as in Ref.@14#. The conjugate antiquark fields in th
mesons are multiplied by the projectorV25(2v”11)/2. We
shall also use the static approximation foru, d, ands quark
propagators

^0uT$q~x!q̄~y!%u0&5
1

Lq
d~4!~x2y!, ~11!

where Lq is the free parameter having the dimension
mass. We choose this parameter to have the same valuL
for u andd quarks and a different valueLs for the strange
quark. The model obtained with the use of the above p
scriptions will be referred to as theLagrangian spectator
modelin what follows.

An important property of the Lagrangian spectator mo
is that the structure of the interaction Lagrangians of lig
and heavy-light baryons with quarks is simplified. Name
the different options for the choice of baryon currents
become equivalent. For example, the vector and tensor fo
of the interaction Lagrangians ofJP51/21 light baryons are
completely equivalent. For the proton the interaction L
grangian takes the form

LP
int~p!54gpp̄~p!E dk1E dk2FS 12

k1
21k2

21k1k2

LBq

2 D
3V1ua1~k11p!ua2~k2!Cg5

3V1da3~2k12k2!«a1a2a31H.c.

[2gpp̄~p!E dk1E dk2FS 12
k1

21k2
21k1k2

LBq

2 D
3V1gmg5da1~k11p!ua2~k2!Cgm

3V1ua3~2k12k2!«a1a2a31H.c. ~12!

In Appendix A we provide a full list of the effective inter
action Lagrangians for light baryons in the Lagrangian sp
tator model.

In the Lagrangian spectator model the leptonic coupl
constantsf p and f K are determined by the integrals

f p5
Ncgp

4p2

1

MpL2Ereg

d4k

p2
, f K5

NcgK

4p2

1

MKLLs
E

reg

d4k

p2
.

~13!
a-
at
t.
to

to
t-
-
of

or

f

-

l
t
,
l
s

-

c-

g

FIG. 1. Diagrams contributing to the matrix element of hea
baryon nonleptonic decay: factorizing diagram~I!, nonfactorizing
diagrams~II a!, (IIb!, and~III !.
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The meson coupling constantsgp andgK Eq. ~13! are deter-
mined fromthe compositeness condition@34# which reads

15
Ncgp

2

4p2

1

Mp
2 L2Ereg

d4k

p2
, 15

NcgK
2

4p2

1

MK
2 LLs

E
reg

d4k

p2
.

~14!

Equations~13! and ~14! contain the ultraviolet divergenc
since the mesons in our scheme are pointlike objects.
regularize these quantities we introduce an ultraviolet cu
parameterLcut . In order to reduce the number of free p
rameters in the model we relate the cutoff parameter in E
~13! and~14! to the parametersL andLs appearing in static
light quark propagator~11! via Lcut5Lq1

Lq2
/(Lq1

1Lq2
).

Hereqi corresponds to the flavor of the light quark being t
constituent. After that we get

f p5
ANc

8p
L, f K5

ANc

2p

~LLs!
3/2

~L1Ls!
2

. ~15!

Substituting experimental values forf p 5 131 MeV andf K
5 160 MeV in Eqs. ~15! we obtain L51.90 GeV and
Ls53.29 GeV.

For the heavy quark propagatorSQ we will use the lead-
ing term in the inverse mass expansion. Supposep5MBQ

v
is the heavy baryon momentum. We introduce the param
L̄$q1q2%5M $Qq1q2%2mQ which is the difference between th

heavy baryon massM $Qq1q2%[MBQ
and the heavy quark

mass. Keeping in mind that the vertex function falls off su
ficiently fast such that the conditionuku!mQ holds (k is the
virtual momentum of light quarks! one has

SQ~p1k!5
1

mQ2~p”1k” !
5

mQ1MBQ
v”1k”

mQ
2 2MBQ

2 22MBQ
vk2k2

5Sv~k,L̄$q1q2%!1OS 1

mQ
D ,

Sv~k,L̄$q1q2%!52
~11v” !

2~v•k1L̄$q1q2%!
. ~16!

In what follows we will assume thatL̄[L̄uu5L̄dd5L̄du ,
L̄s[L̄us5L̄ds . Thus there are altogether three independ
parameters:L̄, L̄s , andL̄ss.

The vertex functionF in the baryon-quark interaction
Lagrangians is an arbitrary function except that it sho
render the Feynman diagrams ultraviolet finite as was m
tioned before. In@30–34# it was found that the basic physica
observables of pion and nucleon low-energy physics dep
only weakly on the choice of the vertex functions. In t
present paper we choose a Gaussian vertex function for
plicity. In Minkowski space we write
o
ff

s.

er

-

t

d
n-

nd

m-

FS k1
21k2

2

LB
2 D 5expS k1

21k2
2

LB
2 D ,

whereLB is the Gaussian range parameter which is rela
to the size of a baryon. Note that all calculations are done
the Euclidean region (ki

252kiE
2 ) where the above vertex

function decreases very rapidly. We consider two differe
values of theLB cutoff parameter:LBq

for light baryons

composed from light (u,d,s) quarks andLBQ
for baryons

containing a single heavy quark (b or c). The requirement of
the unit normalization of the baryonic IW functionsz(v)
andj1(v) at zero recoilv51 „z(1)51, j1(1)51… imposes
the restrictionLBb

5LBc
. This can be seen by expressing t

baryonic IW functions for arbitrary values ofLBQ
as

z~v!5
F„A2LBb

2 LBc

2 /~LBb

2 1LBc

2 !,v…

AF~LBb
,1!AF~LBc

,1!
, ~17!

F~LBQ
,w!5LBQ

6 ~v11!E
0

`

duuE
0

1

dxexpF218u2

236u2x~12x!~v21!136u
L̄

LBQ

G .

Equation~17! shows that one recoversz(1)51 only when
LBb

5LBc
. As was mentioned above, the parameterLBQ

5LBb
5LBc

is one of the adjustable parameters in our c
culation.

Thus there is the following set of adjustable parameter
our model: the cutoff parametersLB (LBq

andLBQ
), and a

set ofL̄$q1q2% binding energy parameters:L̄, L̄s , andL̄$ss% .

III. MATRIX ELEMENTS OF WEAK DECAYS OF HEAVY
BARYONS

The weak nonleptonic decays of bottom and charm ba
ons are described by the diagrams I, IIa, IIb, and III in
Fig. 1.1

Diagram I corresponds to the so-called factorizing con
bution. Diagrams IIa, IIb and III correspond to the nonfactor
izing contributions. The verticesOmddOm correspond to
the nonleptonic interaction described by a standard effec
four-fermion Lagrangian,@7–11# For b→cūd and c→sūd
transitions the effective four-fermion vertices read2

1In the terminology of@26# diagram I corresponds to factorizab
external and internalW emission, IIa to nonfactorizable internalW
emission, and IIb and III to nonfactorizableW exchange.

2We employ the notation

g55S 0 2I

2I 0 D.
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Le f f5
GF

A2
VcbVud

† @c1~ c̄a1Omba1!~ d̄a2Omua2!

1c2~ c̄a1Omba2!~ d̄a2Omua1!#

1
GF

A2
VcsVud

† @c1
!~ s̄a1Omca1!~ ūa2Omda2!

1c2
!~ s̄a1Omca2!~ ūa2Omda1!#1H.c.,

Om5gm~11g5!. ~18!

Here c1 ,c2 are short distance Wilson coefficients forb

→cūd transitions andc1
! ,c2

! are the Wilson coefficients fo

c→sūd transitions. It is well known that the factorizing con
tributions are proportional to the following two linear com
binations:

a15c11
c2

Nc
5c11jc2 , ~19!

a25c21
c1

Nc
5c21jc1 ~20!

and the same fora1
! anda2

!. HereNc is the number of colors
and j51/Nc is the color singlet projection factor. Phenom
enological considerations of the nonleptonic decays ofD and
B mesons give the following values for the Wilson coef
cients:

a1
!'1.260.10'c1 , a2

!'20.560.10'c2 @11#,

a1'1.0560.10, a2'0.2560.05

~see, e.g., references in@10#!.

The phenomenological results for the coefficientsa1,2
! can be

seen to correspond to a suppression of the 1/Nc term in Eq.
~19!. A straightforward calculation of these coefficients
the leading logarithmic approximation has been performe
Refs. @7,8,10#. For D-meson decays it was shown that t
coefficient a1

! is weakly dependent on the choice of th
renormalization scheme for fixed values of the renormali
tion scale and the QCD cutoff parameter:a1

!51.31 6 0.19
~in accordance with phenomenology!. In contrast to this the
value ofa2

! strongly depends on the renormalization schem
in

-

,

ranging from20.4760.15 to 20.6060.22. A detailed dis-
cussion can be found in Ref.@10#. A first calculation of the
Wilson coefficientsai for bottom hadron decays was done
Refs. @7,8#. A more refined analysis of the renormalizatio
coefficients within various renormalization schemes can
found in Ref.@10# where it was shown that the value of th
coefficient a1 depends weakly on details of calculation
a151.0160.02 ~in accordance with phenomenologic
analysis!. The coefficienta2 is more sensitive to the choic
of the renormalization scheme and ranges from 0.1560.05 to
0.2060.05.

The matrix elements describing heavy-to-heavy (b→c)
and heavy-to-light (Q→q) transitions can be written as fol
lows.

Heavy-to-heavy transition.Factorizing contribution, dia-
gram I:

TBb→Bc1M
f ac 5

GF

A2
VcbVq1q2

† x6^BcuJm
V1AuBb&•^M uJm

V1Au0&,

^BcuJm
V1AuBb&5

Nc!gBQ

2

~4p!4Lq1
Lq2

E d4k

p2i
E d4k8

p2i

3expF18k216~2k81k!2

LBQ

2 G
3ū~v2!G2Sv2

~k,L̄ !OmSv1
~k,L̄ !G1u~v1!

3Tr@G28~11v” 2!~11v” 1!G18#. ~21!

For the matrix elements of the current operatorJm
V1A sand-

wiched between one-meson state^M u and the vacuumu0&
we use the standard definitions:

^M P~P3!uAmu0&5 f PP3
m for the pseudoscalar mesons

^MV~P3!uVmu0&5 f VM3«m for the vector mesons.

Herex15a1 for transition with a charged meson in the fin
state andx25a2 for transition with a neutral meson in th
final state.P3 andM3 are the four-momentum and the ma
of the meson, respectively,f P is the leptonic decay constan
of pseudoscalar meson, andf V is the decay constant of vec
tor meson intoe1e2 pair. For f P and f V we use the experi-
mental values@1#: f p 5 131 MeV, f K 5 160 MeV, f f 5 237
MeV, f J/c 5 405 MeV.
Nonfactorizing contributions, diagram IIa:

TBb→Bc1M
II a 5

GF

A2
VcbVq1q2

†
Nc!gBQ

2 gM

~4p!6Lq1
•••Lq4

E d4k

p2i
E d4k8

p2i
E d4k9

p2i

3expF9k219k8213~2k912k82k2p3!213~2k91k82p3!2

LBQ

2 G
3ū~v2!G2Sv2

~k,L̄ !OmSv1
~k,L̄ !G1u~v1!Tr@G28~11v” 2!GM~11v” 3!Om~11v” 1!G18#. ~22!
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Here gM is the meson-quark coupling constant which is calculated with the use of the compositeness condition. Th
structureGM specifies the mesonic final state, i.e.,GM5 ig5 for pseudoscalar mesons andGM5gm for vector mesons.

Diagram IIb:

TBb→Bc1M
II b 5

GF

A2
VcbVq1q2

†
Nc!gBQ

2 gM

~4p!6Lq1
•••Lq4

E d4k

p2i
E d4k8

p2i
E d4k9

p2i

3expF9k219k8213~2k91k1p3!213~2k912k2k81p3!2

LBQ

2 G
3ū~v2!G2Sv2

~k,L̄ !OmSv1
~k,L̄ !G1u~v1!Tr@G28~11v” 2!OmGM~11v” 3!~11v” 1!G18#. ~23!

Diagram III:

TBb→Bc1M
III 5

GF

A2
VcbVq1q2

†
Nc!gBQ

2 gM

~4p!6Lq1
•••Lq4

E d4k

p2i
E d4k8

p2i
E d4k9

p2i
expF9k219k8213~2k92k2p3!213~2k92k81p3!2

LBQ

2 G
3ū~v2!G2Sv2

~k,L̄ !OmSv1
~k,L̄ !G1u~v1!Tr@G28~11v” 2!Om~11v” 1!G18GM~11v” 3!#. ~24!

Heavy-to-light transition.Factorizing contribution, diagram I:

TBQ→Bq1M
f ac 5

GF

A2
VQqVq1q2

† x6^BquJm
V1AuBQ&•^M uJm

V1Au0&,

^BquJm
V1AuBQ&5

Nc!gBQ
gBq

~4p!4LqLq1
Lq2

E d4k

p2i
E d4k8

p2i
expF9k213~2k81k!2

LBQ

2 GexpF ~3k12p2!213~2k81k!2

LBq

2 G
3ū~p2!G2OmSv1

~k,L̄ !G1u~v1!Tr@G28~11v” 2!~11v” 1!G18#. ~25!

Nonfactorizing contributions, diagram IIa:

TBQ→Bq1M
II a 5

GF

A2
VQqVq1q2

†
Nc!gBQ

gBq
gM

~4p!6LqLq1
•••Lq4

E d4k

p2i
E d4k8

p2i
E d4k9

p2i
expF9k213~2k912k82k2p3!2

LBQ

2

1
~3k812p2!213~2k91k82p3!2

LBq

2 G ū~p2!G2OmSv1
~k,L̄ !G1u~v1!Tr@G28~11v” 2!GM~11v” 3!Om~11v” 1!G18#.

~26!

Diagram IIb:

TBQ→Bq1M
II b 5

GF

A2
VQqVq1q2

†
Nc!gBQ

gBq
gM

~4p!6LqLq1
•••Lq4

E d4k

p2i
E d4k8

p2i
E d4k9

p2i
expF9k213~2k91k1p3!2

LBQ

2

1
~3k812p2!213~2k912k2k81p3!2

LBq

2 G ū~p2!G2OmSv1
~k,L̄ !G1u~v1!

3Tr@G28~11v” 2!OmGM~11v” 3!~11v” 1!G18#. ~27!
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Diagram III:

TBQ→Bq1M
III 5

GF

A2
VQqVq1q2

†
Nc!gBQ

gBq
gM

~4p!6LqLq1
•••Lq4

E d4k

p2i
E d4k8

p2i
E d4k9

p2i
expF9k213~2k92kp3!2

LBQ

2

1
~3k812p2!213~2k92k81p3!2

LBq

2 G ū~p2!G2OmSv1
~k,L̄ !G1u~v1!

3Tr@G28~11v” 2!Om~11v” 1!G18GM~11v” 3!#. ~28!
s

ig
f
.

Details of the calculation of the matrix elements~21!–~28!
can be found in Appendix B.

Below we list the Lorentz-spinor part
ū(p2) . . . u(p1)Tr@ . . . # of the individual diagrams where
one has to differentiate between the various possible l
diquark transitions. (M1, M2, andM3 denote the masses o
the initial and final baryons, and the meson, respectively!

Scalar-to-scalar diquark transitions

Factorizing diagram~I!:

~M1M2M3!v3
m@ ū~v” 211!Om~v” 111!u#Tr@g5~v” 211!

3~v” 111!g5#58Q1ū~M 22M 1g5!uuM2 /M1→0

⇒8M1
3ū~12g5!u. ~29!

Diagram IIa:

~M1M2M3!@ ū~v” 211!Om~v” 111!u#Tr@g5~v” 211!

3g5~v” 311!Om~v” 111!g5#

516M1ū@2P12g5Q1#uM2 /M1→0

⇒16M1
3ū~12g5!u. ~30!

Diagram IIb:

2~M1M2M3!@ ū~v” 211!Om~v” 111!u#

3Tr@g5~v” 211!Omg5~v” 311!~v” 111!g5#

516M2ū@D12g5Q1#uuM2 /M1→0

⇒16M1
2M2ū~12g5!u. ~31!

Diagram III:

~M1M2M3!@ ū~v” 211!Om~v” 111!u#

3Tr@g5~v” 211!Om~v” 111!g5g5~v” 311!#

532~M1M2!(
i 51

3

Miūg5uuM2 /M1→0⇒32M1
2M2ūg5u.

~32!
ht

Vector-to-scalar diquark transitions

Diagram IIa:

~M1M2M3!@ ūgbg5~v” 211!Om~v” 111!u#

3Tr@gb~v” 211!g5~v” 311!Om~v” 111!g5#

516M1ū@3P12g5Q1#uuM2 /M1→0

⇒216M1
3ū~31g5!u. ~33!

Diagram IIb:

~M1M2M3!@ ūgbg5~v” 211!Om~v” 111!u#

3Tr@gb~v” 211!Omg5~v” 311!~v” 111!g5#

5248M2ū@D12g5Q1#uuM2 /M1→0

⇒248M1
2M2ū~12g5!u. ~34!

Diagram III:

~M1M2M3!@ ūgbg5~v” 211!Om~v” 111!u#

3Tr@gb~v” 211!Om~v” 111!g5g5~v” 311!#

5296~M1M2!(
i 51

3

Miūg5uuM2 /M1→0

⇒296M1
2M2ūg5u. ~35!

Vector-to-vector diquark transitions

Factorizing diagram~I!:

~M1M2M3!v3
m@ ūgag5~v” 211!Om~v” 111!gbg5u#

3Tr@ga~v” 211!~v” 111!gb#

528Q1ū~3M 21M 1g5!uuM2 /M1→0

⇒28M1
3ū~31g5!u. ~36!
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Diagram IIa:

~M1M2M3!@ ūgag5~v” 211!Om~v” 111!gbg5u#

3Tr@ga~v” 211!g5~v” 311!Om~v” 111!gb#

548M1ū@3P12g5Q1#uuM2 /M1→0

⇒248M1
3ū~31g5!u. ~37!

Diagram IIb:

~M1M2M3!@ ūgag5~v” 211!Om~v” 111!gbg5u#

3Tr@ga~v” 211!Omg5~v” 311!~v” 111!gb#

5248M2ū@3D11g5Q1#uuM2 /M1→0

⇒248M1
2M2ū~31g5!u. ~38!

Diagram III:

~M1M2M3!@ ūgag5~v” 211!Om~v” 111!gbg5u#

3Tr@ga~v” 211!Om~v” 111!gbg5~v” 311!#

52288~M1M2!(
i 51

3

Miūg5uuM2 /M1→0

⇒2288M1
2M2ūg5u, ~39!

where

Q15~M11M2!22M3
2 , P15~M21M3!22M1

2 ,

D15~M11M3!22M2
2.

The relations Eqs.~29!–~39! are in a complete agreeme
with the result of spectator model analysis@14#. Note also
that the contributions arising from the diagrams IIb and III
can be seen to be down by the helicity flip factor (M2 /M1)
in agreement with the result of@14#.

The general invariant matrix element describing exclus
weak nonleptonic decays of heavy baryons 1/21→1/21

102 is given by one

M5M I1M IIa
1M IIb

1M III[A2g5B, ~40!

where the amplitudesM I , M IIa
, M IIb

, and M III are deter-

mined from the diagrams I, IIa, IIb, and III, respectively. Our
results are given in the following form.
e

Factorizing contribution:

Diagram I: M I5cWx6 f P

Q1

4M1M2
~M 2l FD

2

2M 1l FD
1

•g5! f ~M1 ,M2 ,M3!. ~41!

Nonfactorizing contributions:

Diagram IIa: M IIa
5cWc2

H2~M1 ,M2 ,M3!

4M1M2
~P1l II a

P1

2Q1l II a

Q1
•g5!M1 , ~42!

Diagram IIb : M IIb
5cWc2

H2~M1 ,M2 ,M3!

4M1M2
~D1l II b

D1

2Q1l II b

Q1
•g5!M2 , ~43!

Diagram III: M III 5cWc2

H3~M1 ,M2 ,M3!

4M1M2

3(
i 51

3

Mi~M1M2!l III •g5. ~44!

Here, cW5GF /A2VQQ8(q)Vq1q2

† , f P (P5p, K) are meson

leptonic decay constants;c25c12c2 and l FD
6 , l II a

P1
, l II a

Q1
,

l II b

D1
, l II b

Q1
, l III are flavor coefficients whose values a

listed in Tables II~a! and II~b!. The full list of expressions for
the form factors f (M1 ,M2 ,M3), H2(M1 ,M2 ,M3), and
H3(M1 ,M2 ,M3) appearing in Eqs.~41!–~44! is given be-
low. At the present stage we only give a complete analysi
the Cabibbo-favored nonleptonic decays only for 1/1

→1/21102 transitions. In addition to these decays we sh
also consider the factorizing processes with vector mes
Lc

1→pf andLb
0→J/cL which were recently measured b

the CLEO@3# and CDF@6# Collaborations.
b→c transitions:

f ~v!5
R~v,L̄ !

R~1,L̄ !
, v5

M1
21M2

22M3
2

2M1M2

,

Hi~v!5dit i(r )
RH~v,L̄ i ,L̄ f !

AR~1,L̄ i !R~1,L̄ f !

8

9pA3

LBQ

4

L3
~ i 52,3!,

~45!

where
R~v,L̄ !5E
0

`

duuE
0

1

daexp$218u2@112a~12a!~v21!#136uL̄/LBQ
%,

RH~v,L̄ i ,L̄ f !5E
0

`

duuE
0

1

daexp$272u2@112a~12a!~v21!#%

3exp$144u„L̄ ia1L̄ f~12a!…/LBQ
2432u2

„a21~12a!2
…%.
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TABLE II. ~a! Flavor coefficients for heavy-heavy decays (C[cosdP , S[sindP , dP5uP2u I , where
uP5211° is the h2h8 mixing angle!. ~b! Flavor coefficients for heavy-light decays (C[cosdP , S
[sindP , tan6516tandP•rA2, cot6516cotdP•rA2, dP5uP2u I , whereuP5211° is theh2h8 mixing
angle,u I535°).

~a!

Decay l FD
2 l FD

1
l II a

P1 l II a

Q1 l II b

D1 l II b

Q1 l III

Lb
0→Lc

1p2
21 21 2

1
2

1
2

1
2

1
2 22

Lb
0→Sc

1p2 0 0
A3

2

1

2A3

A3

2

A3

2
22A3

Lb
0→Sc

0p0 0 0 2
A3

2
2

1

2A3
2

A3

2
2

A3

2
2A3

Lb
0→Sc

0h 0 0 2
A3

2
S 2

1

2A3
S

A3

2
S

A3

2
S 2A6S

Lb
0→Sc

0h8 0 0
A3

2
C

1

2A3
C 2

A3

2
C 2

A3

2
C 22A6C

Lb
0→Jc

0K0 0 0 2
1
2

1
2 0 0 22

Lb
0→Jc8

0K0 0 0
A3

2

1

2A3
0 0 22A3

Jb
0→Jc

1p2
21 21 2

1
2

1
2 0 0 0

Jb
0→Jc8

1p2 0 0 2
A3

2
2

1

2A3
0 0 0

Jb
0→Jc

0p0 0 0
1

2A2
2

1

2A2

1

2A2

1

2A2
0

Jb
0→Jc

0h 0 0
1

2A2
S 2

1

2A2
S 2

1

2A2
S 2

1

2A2
S 22C

Jb
0→Jc

0h8 0 0 2
1

2A2
C

1

2A2
C

1

2A2
C

1

2A2
C 22S

Jb
0→Jc8

0p0 0 0
A3

2

1

2A3

A3

2

A3

2
0

Jb
0→Jc8

0h 0 0
A3

2A2
S

A3

2A2
S 2

A3

2A2
S 2

A3

2A2
S 22A3C

Jb
0→Jc8

0h8 0 0 2
A3

2A2
C 2

A3

2A2
C

A3

2A2
C

A3

2A2
C 22A3S

Jb
0→Lc

1K2 0 0 0 0 2
1
2 2

1
2 2

Jb
0→Sc

1K2 0 0 0 0 2
A3

2
2

A3

2
2A3

Jb
0→Sc

0K̄0 0 0 0 0 0 0 2A6

Jb
0→Vc

0K0 0 0 2A 3
2 2

1

A6
0 0 0

Jb
2→Jc

0p2
21 21

1
2

1
2 0 0 0

Jb
2→Jc8

0p2 0 0 0 0
A3

2

A3

2
0

Jb
2→Sc

0K2 0 0 0 0 2A 3
2 2A3

2
0

Vb
2→Vc

0p2
21

1
3 0 0 0 0 0
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TABLE II. ~Continued.!

~b!
Decay l FD

2 l FD
1

l II a

P1 l II a

Q1 l II b

D1 l II b

Q1 l III

Lc
1→L0p1

21 21 2
1
2

1
2

1
2

1
2 22

Lc
1→S0p1 0 0 2

A3

2
2

1

2A3
2

A3

2
2

A3

2
2A3

Lc
1→S1p0 0 0

A3

2

1

2A3

A3

2

A3

2
22A3

Lc
1→S1h 0 0 2

A3

2
•S•cot1 2

1

2A3
•S•cot2

A3

2
•S

A3

2
•S A3•S

Lc
1→S1h8 0 0

A3

2
•C•tan2

1

2A3
•C•tan1 2

A3

2
•C 2

A3

2
•C 2A3•C

Lc
1→pK̄0 3

A6

3

A6
2

3

A6

1

A6
0 0 0

Lc
1→J0K1 0 0 0

2

A6
0 0 22A6

Jc
1→S1K̄0 3

A6

3

A6
0 0

3

A6

3

A6
0

Jc
1→J0p1 3

A6

3

A6
0 0 2

3

A6
2

3

A6
0

Jc
0→L0K̄0 2

1
2 2

1
2 1 0

1
2

1
2 22

Jc
0→S0K̄0

2
A3

2
2

A3

2
0 2

1

A3
2

A3

2
2

A3

2
2A3

Jc
0→S1K2 0 0 0

2

A6
0 0 22A6

Jc
0→J0p0 0 0

A3

2
2

1

2A3

A3

2

A3

2
0

Jc
0→J0h 0 0 2

A3

2
•S•cot1

1

2A3
•S•cot2

A3

2
•S

A3

2
•S A6•C

Jc
0→J0h8 0 0

A3

2
•C•tan2 2

1

2A3
•C•tan1 2

A3

2
•C 2

A3

2
•C A6•S

Jc
0→J2p1

2
3

A6
2

3

A6
2

3

A6

1

A6
0 0 0

Vc
0→J0K̄0 21

1
3 0 0 23 1 0

Lb
0→L0p0

2
1

A2
2

1

A2
2

1

2A2

1

2A2

1

2A2

1

2A2
A2

Lb
0→pK2 3

A6

3

A6

3

A6
2

1

A6
0 0

0

ly

c-

ni-
Hered251 andd350.5exp@9M3
2/2LBQ

2 #. The parametersL̄ i

and L̄ f correspond to initial and final baryons, respective
The parameterst i(r ), where r 5L/Ls , are given in Table
III ~a!.

It is well known that there are altogether three IW fun
tions z(v), j1(v), and j2(v) describing current induced
ground state to ground state transitions. Herez(v) describes
LQ-type baryon transitions andVQ-type baryon transitions
.

@43,44#. In our approach they are expressed via a single u
versal functionf (v):

z~v!5j1~v!5j2~v!~11v!5 f ~v!
Q1

M1M2

5 f ~v!
v11

2
, f ~1!51. ~46!
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TABLE III. ~a! Factors t i(r ) for heavy-heavy decays (C
[cosdP , S[sindP , dP5uP2u I , whereuP5211o is the h2h8
mixing angle,u I535o). ~b! Factorsx(r ) and t i(r ) for heavy-light
decays.

~a!
Decay t2(r ) t3(r )
Lb

0→Lc
1p2

1 1

Lb
0→Sc

1p2 1 1

Lb
0→Sc

0p0 1 1

Lb
0→Sc

0h r2/AC2
•r 21S2 r 2/AC2

•r 21S2

Lb
0→Sc

0h8 r 2/AS2
•r 21C2 r 2/AS2

•r 21C2

Lb
0→Jc

0K0 ~11r !2/4 ~11r !2/4

Lb
0→Jc8

0K0 ~11r !2/4 ~11r !2/4

Jb
0→Jc

1p2 1 1

Jb
0→Jc8

1p2 1 1

Jb
0→Jc

0p0 1 1

Jb
0→Jc

0h r 2/AC2
•r 21S2 r 3/AC2

•r 21S2

Jb
0→Jc

0h8 r 2/AS2
•r 21C2 r 3/AS2

•r 21C2

Jb
0→Jc8

0p0 1 1

Jb
0→Jc8

0h r 2/AC2
•r 21S2 r 3/AC2

•r 21S2

Jb
0→Jc8

0h8 r 2/AS2
•r 21C2 r 3/AS2

•r 21C2

Jb
0→Lc

1K2 ~11r !2/4 ~11r !2/4

Jb
0→Sc

1K2 ~11r !2/4 ~11r !2/4

Jb
0→Sc

0K̄0 0 ~11r !2/4

Jb
0→Vc

0K0 ~11r !2/4 0

Jb
2→Jc

0p2 1 1

Jb
2→Jc8

0p2 1 1

Jb
2→Sc

0K2 ~11r !2/4 0

Vb
2→Vc

0p2 1 1

~b!
Decay x f t2~r ! t3~r !

Lc
1→L0p1 2

3r
1

1

3
1 1

Lc
1→S0p1 2

3r
1

1

3
1 1

Lc
1→S1p0 2

3r
1

1

3
1 1

Lc
1→S1h

2

3r
1

1

3
1 1

Lc
1→S1h8

2

3r
1

1

3
1 1

Lc
1→pK̄0 1 ~11r !2Ar /4 ~11r !2Ar /4

Lc
1→J0K1 2r

3
1

1

3
~11r !2Ar /4 ~11r !2Ar /4

Jc
1→S1K̄0 2

3
1

r

3
~11r !2Ar /4 ~11r !2Ar /4

Jc
1→J0p1 2

3
1

1

3r
1 1

Jc
0→L0K̄0 2

3
1

r

3
~11r !2Ar /4 ~11r !2Ar /4
This result coincides with the prediction of large-Nc QCD
@45# and reproduces the result of the spectator quark mo
@15#.

Heavy-light transitions:

f ~M1 ,M2 ,M3!

5
RFD~M1 ,M2 ,M3 ,L̄ !

AR~1,L̄ !

8R2

~11R!3

1

Ax~r !
, R5

LBQ

2

LBq

2
,

~47!

RFD~M1 ,M2 ,M3 ,L̄ !

5E
0

`

daexpF29a2~11R!118a
L̄

LBQ

~11R!G
3expF212aRv

M2

LBQ

1
4R

R11

M2
2

LBQ

2 G ,

Hi~M1 ,M2 ,M3 ,L̄ !

5
t i~r !

Ax~r !

RHi
~M1 ,M2 ,M3 ,L̄ !

~11R!AR~1,L̄ !

4

9pA3

LBQ

4

L3
~ i 52,3!,

where

TABLE III. ~Continued.!

Decay t2(r ) t3(r )

Jc
0→S0K̄0 2

3
1

r

3
~11r!2Ar /4 ~11r !2Ar /4

Jc
0→S1K2 2

3
1

r

3
~11r !2Ar /4 ~11r !2Ar /4

Jc
0→J0p0 2

3
1

1

3r
1 1

Jc
0→J0h

2

3
1

1

3r
1 r

Jc
0→J0h8

2

3
1

1

3r
1 r

Jc
0→J2p1 2

3
1

1

3r
1 1

Vc
0→J0K̄0 2r

3
1

1

3
~11r !2Ar /4 ~11r !2Ar /4

Lb
0→L0p0 2

3r
1

1

3
1 1

Lb
0→pK2 1 ~11r !2Ar /4

~11r !2Ar /4
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TABLE IV. Branching ratios~in %) in nonleptonic decays 1/21→1/21102 of heavy baryons~heavy-
light transitions!. Numerical values of CKM elements and Wilson coefficients:uVcsu50.975,uVudu50.975,
uVubu50.0035,a1

!51.3, a2
!520.65.

Process Ko¨rner, Xu, Cheng, Our Experiment@1#

Krämer @14# Kamal @22# Tseng@24#

Lc
1→Lp1 0.76 1.67 0.91 0.79 0.796 0.18

Lc
1→S0p1 0.33 0.35 0.74 0.88 0.886 0.20

Lc
1→S1p0 0.33 0.35 0.74 0.88 0.886 0.22

Lc
1→S1h 0.16 0.11 0.486 0.17

Lc
1→S1h8 1.28 0.12

Lc
1→pK̄0 2.16 1.24 1.30 2.06 2.26 0.4

Lc
1→J0K1 0.27 0.10 0.31 0.346 0.09

Jc
1→S1K̄0 5.11 0.35 0.67 3.08

Jc
1→J0p1 2.80 2.66 3.12 4.40 1.260.560.3

Jc
0→LK̄0 0.11 0.32 0.24 0.42

Jc
0→S0K̄0 1.03 0.08 0.12 0.20

Jc
0→S1K2 0.11 0.11 0.27

Jc
0→J0p0 0.03 0.49 0.25 0.04

Jc
0→J0h 0.21 0.28

Jc
0→J0h8 0.74 0.31

Jc
0→J2p1 0.91 1.52 1.10 1.22

Vc
0→J0K̄0 1.10 0.08 0.02

Lb
0→Lp0 4.9231025

Lb
0→pK2 2.1131024

TABLE V. Asymmetry parametersa in the nonleptonic decays 1/21→1/21102 of heavy baryons
~heavy-light transitions!. Numerical values of CKM elements and Wilson coefficients:uVcsu50.975, uVudu
50.975,uVubu50.0035,a1

!51.3, a2
!520.65.

Process Ko¨rner, Xu, Cheng, Our Experiment@1#

Krämer @14# Kamal @22# Tseng@24#

Lc
1→Lp1 -0.70 -0.67 -0.95 -0.95 -0.9860.19

Lc
1→S0p1 0.70 0.92 0.78 0.43

Lc
1→S1p0 0.71 0.92 0.78 0.43 -0.4560.3160.06

Lc
1→S1h 0.33 0.55

Lc
1→S1h8 -0.45 -0.05

Lc
1→pK̄0 -1.0 0.51 -0.49 -0.97

Lc
1→J0K1 0 0 0

Jc
1→S1K̄0 -1.0 0.24 -0.09 -0.99

Jc
1→J0p1 -0.78 -0.81 -0.77 -1.0

Jc
0→LK̄0 -0.76 1.0 -0.73 -0.75

Jc
0→S0K̄0 -0.96 -0.99 -0.59 -0.55

Jc
0→S1K2 0 0 0

Jc
0→J0p0 0.92 0.92 -0.54 0.94

Jc
0→J0h -0.92 -1.0

Jc
0→J0h8 -0.38 -0.32

Jc
0→J2p1 -0.38 -0.38 -0.99 -0.84

Vc
0→J0K̄0 0.51 -0.93 -0.81

Lb
0→Lp0 -1.0

Lb
0→pK2 -0.88
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RH2
5E

0

`

daexpF36a2~11R!~3R14!172a
L̄

LBQ

~11R!

212aRv
M2

LBQ

1
R

11R

M2
2

LBQ

2 G ,

RH3
5E

0

`

daexpF36a2~11R!~3R14!172a
L̄

LBQ

~11R!

212aR
M2

21M3
2

LBQ
M1

GexpF R

11R

M2
216M3

2

LBQ

2 G .

The parametersx(r ), t2(r ), and t3(r ) are given in Table
III ~b!. The terms proportional to (M12M2)/LBQ

in the ex-
ponents in Eqs.~45! and~47! have been dropped for physic
reasons.

IV. RESULTS

In this section we give our numerical results for the dec
rates and the asymmetry parameters in the nonleptonic
cays ofLQ , JQ , andVQ baryons. Let us specify the mode
parameters. Our model contains the following set of para
eters: the cutoff parametersLBq

and LBQ
and the binding

energy parameters (L̄,L̄s andL̄ss). Three of the parameter
(LBq

, LBQ
, andL̄) are used to fit known branching ratios

TABLE VI. Invariant amplitudes in the decayLc
1→Lp1 and

Lc
1→S1p0 ~in units of GFVcsVud31022 GeV2).

Reference Lc
1→Lp1 Lc

1→S1p0

A B A B

CLEO II @46# -3.021.2
10.8 12.722.5

12.7 1.321.1
10.9 -17.322.9

12.3

Xu and Kamal@22# -2.7 20.8 -2.9 -6.0
Cheng and Tseng@23# -3.5 13.2 -2.4 -14.6
Körner and Kra¨mer @14# -1.9 13.9 -1.3 -9.9
Our -4.2 9.0 -1.2 -17.2
y
e-

-

five nonleptonic decays:Lc
1→L0p1, Lc

1→S0p1, Lc
1

→S1p0, Lc
1→pK̄0, andLc

1→J0K1. Moreover, in the fit
we impose the conditionr251 on the slope of the baryoni
Isgur-Wise function. The fit yields the following values fo
these model parameters:LBq

53.037 GeV,LBQ
52.408 GeV,

L̄50.9 GeV. One has to remark that the valuesLBq
andLBQ

are the phenomenological parameters which in principle
related to the size of a baryon. However their magnitude
not strongly constrained by the experimental values
baryon observables and allows for the variation in a rat
wide range. Note that the obtained valueLBQ

52.408 GeV

is close toLBQ
52.5 GeV coming from analysis of semilep

tonic heavy baryon decays in a relativistic three-quark mo
which uses the constituent quark masses@34#. As to the cut-
off parameter in the light-baryon vertex, in Ref.@33# it was
demonstrated that the experimental data both for the dim
sionless~nucleon magnetic moments! as well as dimension-
ful ~nucleon charge radii! observables can be described su
cessfully, using the value of the parameterLBq

from the

interval; ~1–3! GeV provided the constituent quark mass
properly fitted. In particular, for the valueLBq

53.037 GeV,

with the constituent quark massmq5315 MeV, we obtain for
the nucleon magnetic moments and charge radii:mp52.62
~experiment 2.79!, mn521.61 ~experiment 21.91!, r p

E5

0.82 fm ~experiment 0.8660.01 fm!, ^r 2&n
E520.188 fm2

~experiment20.11960.004 fm2), r p
M50.74 fm ~experiment

0.8660.06 fm!, r n
M50.76 fm ~experiment 0.8860.07 fm!.

The parametersL̄s andL̄ss cannot be determined at prese
due to the lack of experimental information on the decays
heavy-light baryons containing one or two strange quar
For the time being we fix them at the valuesL̄s51 GeV and
L̄ss51.1 GeV. The masses of hadrons are taken from@1,15#.
In what follows we will use the following values for th
Cabibbo-Kobayashi-Maskawa matrix elementsVqq8 @1#:

uVcbu50.04, uVudu'uVcsu50.975,

uVusu'uVcdu50.22, uVubu50.0035. ~48!
es of
TABLE VII. Decay rates and asymmetry parameters in heavy-heavy transitions. Numerical valu
CKM elements and Wilson coefficients:uVcbu50.04, uVudu50.975,a151.03,a250.10.

Process G ~in 1010 s21) a Process G ~in 1010 s21) a

Lb
0→Lc

1p2 0.382 -0.99 Jb
0→Jc8

0p0 0.014 0.94
Lb

0→Sc
1p2 0.039 0.65 Jb

0→Jc8
0h 0.015 -0.98

Lb
0→Sc

0p0 0.039 0.65 Jb
0→Jc8

0h8 0.021 0.97
Lb

0→Sc
0h 0.023 0.79 Jb

0→Lc
1K2 0.010 -0.73

Lb
0→Sc

0h8 0.029 0.99 Jb
0→Sc

1K2 0.030 -0.74
Lb

0→Jc
0K0 0.021 -0.81 Jb

0→Sc
0K̄0 0.021 0

Lb
0→Jc8

0K0 0.032 0.98 Jb
0→Vc

0K0 0.023 0.65
Jb

0→Jc
1p2 0.479 -1.00 Jb

2→Jc
0p2 0.645 -0.97

Jb
0→Jc8

1p2 0.018 0.61 Jb
2→Jc8

0p2 0.007 -1.00
Jb

0→Jc
0p0 0.002 -0.99 Jb

2→Sc
0K2 0.016 -0.98

Jb
0→Jc

0h 0.012 -0.86 Vb
2→Vc

0p2 0.352 0.60
Jb

0→Jc
0h8 0.003 0.71
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The Wilson coefficients are taken to bea151.03,a250.10,
a1

!51.3, anda2
!520.65.

In order to check on the consistency of our approach,
shall prove that the Isgur-Wise functionsj1 and j2 satisfy
the model-independent Bjorken-Xu inequalities@47#. As was
mentioned in Sec. III the baryonic IW functionsz(v),
j1(v), and j2(v), corresponding toLQ-type andVQ-type
heavy-heavy weak baryon transitions, are expressed v
single universal functionf (v) @see Eqs.~45! and ~46!#.

The IW-functions j1 and j2 must satisfy to the two
model-independent Bjorken-Xu inequalities in@47#. The first
inequality reads

1>
21v2

3
j1

2~v!1
~v221!2

3
j2

2~v!

1
2

3
~v2v3!j1~v!j2~v!. ~49!

The inequality~49! implies a second inequality, namely,
model-independent restriction on the slope~radius! of the
form factorj1(v):

rj1

2 [2
dj1~v!

dv U
v51

>
1

3
2

2

3
j2~1!. ~50!

From the inequality~49! we find an upper limit for the
universal functionf (v)

j1~v!<1 or f ~v!<A 2

11v
, ~51!

which we impose as a condition.
From the inequality~50! for the slope of the function

j1(v) we see thatrj1

2 >0. For the choice of model param

eters corresponding tothe best fitthe universal functionf (v)
and the slope of thej1 satisfy to the Bjorken-Xu inequalitie
~49! and ~50!. In this case the charge radii of thez and j
functions are equal to 0.84. Our form factor functionf (v) is
well approximated by the formula

TABLE VIII. Decay Lc
1→Lp1: contribution of nonfactorizing

diagrams~in % relative to the factorizing contribution!.

Amplitude Diagram

IIa IIb IIa1IIb III

A -29.8% -18.5% -48.3%

B -32.4% -15.9% -48.3% -13.9%

TABLE IX. Decay Lb
0→Lc

1p2: contribution of nonfactorizing
diagrams~in % relative to the factorizing contribution!.

Amplitude Diagram
IIa IIb IIa1IIb III

A -13.9% -6.2% -20.1%
B -14.3% -5.8% -20.1% -8.5%
e

a

f ~v!'F 2

11v G110.68/v

. ~52!

In Table IV we present the branching ratios of the deca
Lc

1→L0p1, Lc
1→S0p1, Lc

1→S1p0, Lc
1→pK̄0, and

Lc
1→J0K1 which are described nicely using a thre

parameter fit. Our predictions for the other heavy-to-lig
decay modes are listed in Table IV. In Table V we give t
calculated values for the asymmetry parameters in the n
leptonic decays of 1/21 charm and bottom baryons into oct
of light baryons and pseudoscalar mesons~pions and kaons!.
The relevant formulas for the decay rates and the asymm
parameters in terms of the invariant amplitudesA andB are
listed in Ref.@14#. For comparison in Tables IV and V w
quote the results predicted by other phenomenological
proaches. It is seen that rates of decays which proceed
via the nonfactorizing diagrams are not suppressed. In Ta
VI we list our predictions for the parity-violating (A) and
parity-conserving (B) amplitudes in the decaysLc

1→Lp1

andLc
1→S1p0 in units of GFVcsVud31022 GeV2.

TABLE X. Predictions forLc
1→pf decay rate for different

values of the Wilson coefficienta2
! .

Ratio of interest B(pf)/B(pK2p1) ~in %)

CLEO @3# 0.02460.00660.003

NA32 @2# 0.0460.03

Körner & Krämer @14# 0.05

Cheng & Tseng@25# 0.016

Datta @27# 0.01

0.022 (a2
!5-0.30!

0.030 (a2
!5-0.35!

0.040 (a2
!5-0.40!

Our 0.050 (a2
!5-0.45!

0.062 (a2
!5-0.50!

0.075 (a2
!5-0.55!

0.090 (a2
!5-0.60!

0.105 (a2
!5-0.65!

TABLE XI. Predictions forLb
0→J/cL decay rate for different

values of the Wilson coefficienta2.

Ratio of interest B(Lb
0→J/cL) ~in %)

UA1 @1,4# 1.460.9
OPAL @5# , 1.1
CDF @6# 0.03760.01760.004
Cheng & Tseng@25# 0.011
Cheng@26# 0.016

0.027 (a250.10!
0.061 (a250.15!

Our 0.108 (a250.20!
0.169 (a250.25!
0.243 (a250.25!
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In Table VII we give the predictions for the rates and t
asymmetry parameters in the nonleptonic decays of bot
baryons into charm baryons with the use of the same mo
parameters. A clear pattern emerges. The dominant rate
into channels with factorizing contributions. Rates whi
proceed only via nonfactorizing diagrams are small but
negligibly small. The total contribution of the nonfactorizin
diagrams can be seen to be destructive. The sum of non
torizing contributions amounts up to 30% of the factorizi
contribution in amplitude. Usingt(Lb)5(1.1460.08)
310212 s @1# we predict a branching ratio of the modeLb
→Lcp to be (0.4460.003)%. If one neglects the nonfacto
izing contributions for this mode as was done in@26# one
would obtain an enhanced rate ofG50.66531010 s21. The
prediction for the asymmetry parameter remains ata.21
and is thus not affected by such an omission.

In Tables VIII and IX we analyze the nonfactorizing co
tributions to the decay amplitudes for the transitionsLc

1

→Lp1 and Lb
0→Lc

1p2. It is seen that the total contribu
tion of the nonfactorizing diagrams are destructive. They
amount to up to;60% of the factorizing contribution in
amplitude of heavy-to-light transition and up to;30% of
the factorizing contribution in amplitude ofb→c transition.
Also we calculate the values for overlap integralsf , H2, and
H3 for these modes. They turn out to be equal tof 50.51,
H2543 MeV, and H3514 MeV for Lc

1→Lp1 and f
50.61, H2524 MeV, andH3512 MeV for Lb

0→Lc
1p2.

For comparison we quote the results for overlap integ
evaluated for the decayLc

1→Lp1 in Ref. @14# : f 50.34,
H2540 MeV, andH3524 MeV.

In Tables X and XI we present the predictions for t
Lc

1→pf and Lb
0→J/cL decays for various values of th

a2 anda2
! parameters. As mentioned before these proce

are described by the factorizing diagram alone. The co
sponding weak hadronic matrix elements in the spectator
proximation have a trivial spin structure given by the mat
Om . For this reason the asymmetry parameter for these t
sitions does not depend on the model parameters and ca
expressed through the hadron masses

aS 11

2
→

11

2
112D52

M1
22M2

222M3
2

AQ1Q21
3

2
M3

2~Q11Q2!

.

~53!

In particular, the asymmetry parameter in the decayLc
1

→pf is equal to20.26 anda50.21 forLb
0→J/cL transi-

tion. It is seen that for the accepted value of the Wils
coefficient a250.10 our approach gives the prediction f
the branchingB(Lb

0→J/cL)50.027 which is consisten
with the recent CDF dataB(Lb

0→J/cL)50.03760.017
60.004 @6#. For the rare decayLc

1→pf our approach for
the accepted value of the corresponding Wilson coeffic
a2

!520.65 yields the branching ratioB(pf)/B(pK2p1)
50.105 which overestimates the known experimental d
from CLEO @3# and NA32@2# measurements.
m
el
are

t

c-

n

ls

es
e-
p-

n-
be

n

t

ta

V. CONCLUSION

We have studied the exclusive nonleptonic decays
heavy-light baryons into charm and light baryons. The de
rates and the asymmetry parameters have been calculat
would be interesting to test our predictions inb→c transi-
tions in future experiments.

We have shown that rates of decays which proceed o
via the nonfactorizing diagrams are suppressed but not c
pletely suppressed for both cases of heavy-to-light a
heavy-to-heavy transitions. We have analyzed in detail
nonfactorizing contributions to the decay amplitudes for
transitionsLc

1→Lp1 and Lb
0→Lc

1p2. It was shown that
the total contribution of the nonfactorizing diagrams are d
structive. They amount to up to;60% of the factorizing
contribution in amplitude of heavy-to-light transition and u
to ;30% of the factorizing contribution in amplitude ofb
→c transition. Finally, we give the predictions for theLc

1

→pf and Lb
0→J/cL decays for various values of thea2

anda2
! parameters.

The generalization to the channels12
1→ 1

2
1112, 1

2
1

→ 3
2

1102, and 1
2

1→ 1
2

1112 involving the ground state
partners of the mesons and baryons in the final state
straightforward and will be treated in a subsequent paper
this paper we have only discussed the Cabibbo favored
cays induced by the transitionsb→cūd with a light pseudo-
scalar meson in the final state. There are also a numbe
Cabibbo favored decays with heavy mesons in the final s
which include the decays induced by the quark transitio
b→cc̄s. The treatment of heavy mesons in the final st
requires some refinements in our simple Lagrangian spe
tor model. Again, exclusive nonleptonic heavy baryon d
cays involving heavy mesons in the final state are the sub
of a future publication.
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APPENDIX A: HADRON-QUARK INTERACTION
LAGRANGIANS

Below we present a complete list of hadronic interacti
Lagrangians used in the calculations. We start from the c
sideration of various possible couplings of three quarks
the light baryons. It is well known that there are five possib
nonderivative forms of such coupling for octet baryons@38#



Pseudoscalar variantB̄km1qm1

a1 qm2

a2 Cg5qm3

a3 «a1a2a3«km2m3

Scalar variant B̄km1g5qm1

a1 qm2

a2 Cqm3

a3 «a1a2a3«km2m3

Axial vector variant B̄km1gmqm1

a1 qm2

a2 Cgmg5qm3

a3 «a1a2a3«km2m3

Vector variant B̄kml i
mm1gmg5qm1

a1 qm2

a2 l i
nm3Cgmqm3

a3 «a1a2a3«km2n
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Tensor variant B̄kml i
mm1smng5qm1

a1 qm2

a2 l i
nm3Csmnqm3

a3 «a1a2a3«km2n, ~A1!

whereB̄km is the baryonic octet matrix

B̄km5S S̄0/A21L̄0/A6 S̄2 2J̄2

S̄1 2S̄0/A21L̄0/A6 J̄0

p̄ n̄ 22L̄0/A6
D . ~A2!
-

l
ni
k

l’’

on

c

ch

n
n

It is well known @37,38# that these five forms can be com
bined in the two linearly independent SU~3! invariant com-
binations calledvector variantand tensor variant@see Eqs.
~6!#.

In order to reproduce the results of the spectator mode
the Lagrangian formulation, one has to modify the baryo
currents writing them in terms of the ‘‘projected’’ quar
fields, replacingq→V1q, whereV151/2(v”11) is the pro-
jector introduced is Sec. II. With the use of the ‘‘on-shel
conditionsB̄V15B̄ andv251 it is easy to verify that there
exist simple relations between various interacti
Lagrangians obtained from Eq.~A1! via the substitutionq
→V1q:

B̄km1V1qm1

a1 qm2

a2 Cg5V1qm3

a3 «a1a2a3«km2m3

52B̄km1gmV1qm1

a1 qm2

a2 Cgmg5V1qm3

a3 «a1a2a3«km2m3,

B̄km1g5V1qm1

a1 qm2

a2 CV1qm3

a3 «a1a2a3«km2m350,

B̄kml i
mm1gmg5V1qm1

a1 qm2

a2 l i
nm3CgmV1qm3

a3 «a1a2a3«km2n

5
1

2
B̄kml i

mm1smng5V1qm1

a1 qm2

a2 l i
nm3Csmn

3V1qm3

a3 «a1a2a3«km2n. ~A3!

Since thevector and tensorLagrangians~6! are completely
equivalent to each other on the baryon mass shell one
start with either of them. Note that thevector and pseudo-
scalar forms of interaction Lagrangians transform into ea
other under Fierz transformations~on baryon mass shell!
in
c

an

@B̄a1V
1

a1a2qa2# ^ @qa3~Cg5V1!a3a4qa4#

5
1

2
$@B̄a1V

1

a1a4qa4# ^ @qa3~Cg5V1!a3a2qa2#

1@B̄a1~gmg5V1!a1a4qa4# ^ @qa3~CgmV1!a3a2qa2#%.

~A4!

Here (a i) denote the spinor indices.
For SU~3! octet of light baryons the interactio

Lagrangians are listed in Table XII. The interactio

TABLE XII. Light baryon Lagrangians.

Baryon Lagrangian

p gpp̄gmg5V1da1ua2CgmV1ua3«a1a2a3

52gpp̄V1ua1ua2Cg5V1da3«a1a2a3

n 2gnn̄gmg5V1ua1da2CgmV1da3«a1a2a3

522gnn̄V1da1da2Cg5V1ua3«a1a2a3

S1
2gS1S̄1gmg5V1sa1ua2CgmV1ua3«a1a2a3

522gS1S̄1V1ua1ua2Cg5V1sa3«a1a2a3

S2
gS2S̄2gmg5V1sa1da2CgmV1da3«a1a2a3

52gS2S̄2V1da1da2Cg5V1sa3«a1a2a3

S0 A 1
2 gS0S̄0gmg5V1sa1(ua2CgmV1da3

1da2CgmV1ua3)«a1a2a3

5A2gS0S̄0V1(da1ua2Cg5V1sa3

1ua1da2Cg5V1sa3)«a1a2a3

L0 A 2
3 gL0L̄0gmg5V1(ua1da2CgmV1sa3

2da1ua2CgmV1sa3)«a1a2a3

52A6gL0L̄0V1sa1ua2Cg5V1da3«a1a2a3

J0
gJ0J̄0gmg5V1ua1sa2CgmV1sa3«a1a2a3

52gJ0J̄0V1sa1sa2Cg5V1ua3«a1a2a3

J2
gJ2J̄2gmg5V1da1sa2CgmV1sa3«a1a2a3

52gJ2J̄2V1sa1sa2Cg5V1da3«a1a2a3
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Lagrangians for heavy-light baryons are given in Table X
The meson-quark-antiquark interaction Lagrangians
listed in Table XIV.

The baryon-quark couplingsgB are determined from the
normalization condition for vector current. For heavy-lig
baryons they are given by

gBQ

225
Nc!

~4p!4

LBQ

6

18Lq1
Lq2

•RQ , ~A5!

whereLq1
andLq2

are light quark cutoff parameters andRQ

is the structure integral which depends on the ratioL̄/LBQ

RQ5E
0

`

duuexpF218u2136u
L̄

LBQ

G .

In the case of light baryons the couplings are given by

gBq

225
Nc!

~4p!4

LBq

8

27Lq
4
•k,

where

TABLE XIII. Heavy-light baryon Lagrangians.

Baryon Lagrangian

LQ -gLQ
L̄QQa1ua2Cg5V1da3«a1a2a3

JQ gJQ
J̄QQa1ua2Cg5V1sa3«a1a2a3

gJQ
J̄QQa1da2Cg5V1sa3«a1a2a3

1

A6
gSQ

S̄Qgmg5Qa1ua2CgmV1ua3«a1a2a3

SQ 1

A6
gSQ

S̄Qgmg5Qa1da2CgmV1da3«a1a2a3

1

A3
gSQ

S̄Qgmg5Qa1ua2CgmV1da3«a1a2a3

JQ8 gJ
Q8
J̄Q8 gmg5Qa1ua2CgmV1sa3«a1a2a3

gJ
Q8
J̄Q8 gmg5Qa1da2CgmV1sa3«a1a2a3

VQ 1

A6
gVQ

V̄Qgmg5Qa1sa2CgmV1sa3«a1a2a3

TABLE XIV. Meson Lagrangians.

Meson Lagrangian

p gpp1ūig5d1H.c.
K gK@K1ūig5V1s1K0d̄ig5V1s#1 H.c.
f gffm s̄(gm2vm)V1s
J/c gJ/c(J/c)m c̄(gm2vm)V1c
.
re

k5H 1 for nucleons

r ~2/31r /3! for L0and the triplet ofS hyperons

r 2~2r /311/3! for the doublet ofJ hyperons.
~A6!

APPENDIX B: THE CALCULATION TECHNIQUE

To elucidate the calculation of the matrix elements~21!–
~28! we consider the four relevant integrals in Euclide
space corresponding to the factorizing contributions fromb
→c and heavy-light transitions and the typical nonfactor
ing ones coming from the diagram IIa . The calculations of
the nonfactorizing contributions from diagrams IIb and III
can be carried out analogously.

Factorizing contribution (b→c transition!:

I F
b→c~vE!5E d4kE

p2 E d4kE8

p2

3expF2
18kE

216~2kE81k!2

LBQ

2 G
3

1

kEv1E2L̄

1

kEv2E2L̄
. ~B1!

Factorizing contribution (Q→q transition!:

I F
Q→q~vE ,M2!5E d4kE

p2 E d4kE8

p2

3expF2
9kE

213~2kE81kE!2

LBQ

2 G
3expF2

~3kE12p2E!213~2kE81kE!2

LBQ

2 G
3

1

kEv1E2L̄
. ~B2!

Nonfactorizing contribution (b→c transition!:

I NF
b→c~vE ,M2!5E d4kE

p2 E d4kE8

p2 E d4kE9

p2

3expF2
9kE

213~2kE912kE82kE2p3E!2

LBQ

2 G
3expF9kE8

213~2kE91kE82p3E!2

LBQ

2 G
3

1

kEv1E2L̄

1

kE8v2E2L̄
. ~B3!

Nonfactorizing contribution (Q→q transition!



n

b
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I NF
Q→q~vE ,M2!

5E d4kE

p2 E d4kE8

p2 E d4kE9

p2

3expF2
9kE

213~2kE912kE82kE2p3E!2

LBQ

2 G
3expF2

~3kE812p2E!213~2kE91kE2p3E!2

LBQ

2 G
3

1

kEv1E2L̄
. ~B4!

The final light baryon state carries the Euclidean mome
p2E with the mass-shell condition:p2E

2 52M2
2 . The dimen-

sionless variablevE is defined asvE5v1E•p2E /M252v.
Scaling all momentum variables in the above integrals

LBQ
and using the Feynman parametrization

1

A
5E

0

`

daexp~2aA!, ~B5!

we have

I F
b→c~vE!54LBQ

6 E
0

`

daE
0

`

dbE d4kE

p2 E d4kE8

p2

3exp@218kE
2224kE8

2#

3expF2
~a1b!2

18
1

ab

9
~vE11!

12~a1b!
L̄

LBQ

G ,

I F
Q→q~vE ,M2!52LBQ

7 E
0

`

daE d4kE

p2 E d4kE8

p2

3exp@29~11R!kE
2212~11R!kE8

2#

3expF2
a2212RavE236RM2

2

9~11R!

12a
L̄

LBQ

G ,

I NF
b→c~vE!54LBQ

10 E
0

`

daE
0

`

dbE d4kE

p2 E d4kE8

p2 E d4kE9

p2

3exp@212kE
2221kE8

2#expF2
72

7
kE9

22
~a1b!2

72

1
ab

72
~vE11!12~a1b!

L̄

LBQ

2
a21b2

12 G ,
ta

y

I NF
Q→q~vE ,M2!52LBQ

11 E
0

`

daE d4kE

p2 E d4kE8

p2 E d4kE9

p2

3exp@212kE
223R~314R!kE8

2#

3expF236
R~11R!

314R
kE9

2

2
a2212RavE29M2

2

9~11R!
12a

L̄

LBQ

G .

After integration overkE , kE8 , andkE9 we arrive at

I F
b→c~2v!5

LBQ

6

122 E0

`

duuE
0

1

dxexpF218u2236u2x~12x!

3~v21!136u
L̄

LBQ

G ,

I F
Q→q~2M2 ,2v!

5
2LBQ

7

362~11R!3E0

`

du

3expF29~11R!u2118~11R!u
L̄

LBQ
G

3expF212Ruv
M2

LBQ

1
4R

R11

M2
2

LBQ

2 G ,

I NF
b→c~2v!5

LBQ

10

362 E0

`

duuE
0

1

dx

3exp@272u22144u2x~12x!~v21!#

3expF144u
L̄

LBQ

2432u2@x21~12x!2#G ,

I NF
Q→q~2M2

2 ,2v!5
2LBQ

11

2162R2~11R!
E

0

`

duexp@236~11R!

3~3R14!u2#expF72~11R!u
L̄

LBQ

212Ruv
M2

LBQ

1
R

R11

M2
2

LBQ

2 G .
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