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I. INTRODUCTION

The investigation of semileptonic~SL! decays of heavy
hadrons allows one to determine the unknown Cabibbo-
Kabayashi-Maskawa~CKM! matrix elements, i.e.,Vbc and
Vbu in bottom meson and baryon decays. These play a fun-
damental role in the physics of weak interactions. The CKM
matrix elements can be extracted from the inclusive SL
width of heavy hadron@1# or decay spectra@2# and from the
exclusive differential rates ofB→D!ln, Lb→Lcln, . . . ,
extrapolated to the point of zero recoil@1,3,4#. Other charac-
teristics of semileptonic decays~momentum dependence of
transition form factors, exclusive decay rates, asymmetry pa-
rameters, etc.! are also important for our understanding of
the heavy hadron structure.

From a modern point of view the appropriate theoretical
framework for the analysis of hadrons containing a single
heavy quark is the heavy quark effective theory~HQET!
@5–11# based on a systematic 1/mQ expansion of the QCD
Lagrangian. The leading order of the HQET expansion,
when the heavy quark mass goes to infinity, corresponds to
the case of heavy quark symmetry~or Isgur-Wise symmetry!
@6#. Because of the Isgur-Wise~IW! symmetry the structure
of weak currents of low-lying baryons is simplified. The
form factors of these transitions are expressed through a few
universal functions. Unfortunately, HQET can give predic-
tions only for the normalization of the form factors at zero
recoil. Once one moves away from the zero recoil point one
has to take recourse to full nonperturbative calculations.

This paper focuses on exclusive SL decays of the ground
state bottom and charm baryons. Recently, the activity in this
field has started to make contact with experiment due to the
observation of the CLEO Collaboration@12# of the heavy-to-
light SL decay modeLc

1→Le1ne . Also the ALEPH@13#
and OPAL@14# Collaborations expect to observe the exclu-
sive modeLb→Lcln in the near future. Therefore, a theo-
retical study of the SL decays of heavy baryons seems to be
very important.

In @15,16# a model for QCD bound states composed of
light and heavy quarks was proposed. The model is the La-
grangian formulation of the NJL model with separable inter-

action@17,18# but its advantage consists in the possibility of
studying baryons as relativistic systems of three quarks. The
general framework was developed for light mesons@15,16#
and baryons@16,19#, and also for heavy-light hadrons@20#.
Particularly, in Refs.@15,16# the pion weak decay constant,
the two-photon decay width, as well as the form factor of the
g*p0→g transition, the pion charge form factor, and the
strong pNN form factor have been calculated and good
agreement with the data has been achieved with three param-
eters. Two of the parameters are range parameters character-
izing the size of mesons and baryons. The remaining param-
eter is the constituent quark mass. In Ref.@19# the approach
developed in@15,16# was applied to a calculation of the elec-
tromagnetic form factors of nucleons. Some preliminary re-
sults on SL decays of heavy-light baryons were already pre-
sented in@20#.

The purpose of the present work is to give a description of
the properties of baryons containing a single heavy quark
within the framework proposed in@15,16# and developed in
@19,20#. Namely, we report the calculation of observables in
semileptonic decays of bottom and charm baryons: Isgur-
Wise functions, asymmetry parameters, decay rates, and dis-
tributions.

II. MODEL

We start with a brief review of our approach@15,16#
based on interaction Lagragians coupling hadrons with con-
stituent quarks andvice versa. It was found@15,16,19,20#
that this approach successfully describes low-energy had-
ronic properties like decay constants, form factors, etc. Here
we are going to apply this approach to the calculation of
baryonic observables when the baryons contain a heavy (b
or c) quark.

Let yi ( i51,2,3) be thespatial four-coordinates of
quarks with massesmi , respectively. They are expressed
through the center of mass coordinate (x) and relative Jacobi
coordinates (j1 , . . . ) as

y15x23j1
m21m3

( imi
,
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y25x13j1
m1

( imi
22j2A3

m3

m21m3
, ~1!

y35x13j1
m1

( imi
12j2A3

m2

m21m3
,

where

x5
( imiyi
( imi

, j15
1

3Sm2y21m3y3
m21m3

2y1D , j25
y32y2

2A3
.

We assume that the momentum distribution of the con-
stituents inside a baryon is modeled by an effective relativ-
istic vertex function

FS LB
2

18(i, j
~yi2yj !

2D
which depends on the sum of relative coordinates only in the
configuration space and a cutoff parameterLB . Generally
speaking, the shape of this function should be defined from
an equation on the bound states and will depend on the fla-
vors of quarks. To reduce the number of free parameters, we
will use the universal function~Gaussian! for all flavors with
the different values of parameterLB . The Gaussian shape
guarantees ultraviolet convergence of matrix elements. At
the same time the vertex function is a phenomenological
description of the long distance QCD interactions between
quarks and gluons. In this paper we will consider the semi-
leptonic decays of baryons with one heavy quark (b or c).
Thus there are at least three different values forLB corre-
sponding to (s,d,u), (c,d,u), and (b,d,u) sectors. But, as
we show below, the exhibition of the Isgur-Wise symmetry
in the heavy quark limit (mQ→`) gives thatLB parameter
should be the same for charm and bottom baryons:

LBint~x!5gBB̄~x!E dy1E dy2E dy3dS x2
( imiyi
( imi

D
3FS LB

2

18(i, j
~yi2yj !

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

~2!

with JB(y1 ,y2 ,y3) being the three-quark current with quan-
tum numbers of a baryonB:

JB~y1 ,y2 ,y3!5G1q
a1~y1!q

a2~y2!CG2q
a3~y3!«

a1a2a3.
~3!

Here G1(2) are strings of Dirac matrices,C5g0g2 is the
charge conjugation matrix, andai are the color indices.

The choice of baryonic currents depends on two different
cases:~a! light baryons composed fromu,d,s quarks; ~b!
heavy-light baryons with a single heavy quarkb or c.

In the case of light baryons we shall work in the limit of
isospin invariance by assuming that the masses ofu andd
quarks are equal to each other, i.e.,mu5md5m. The break-
ing of SU~3! symmetry is taken into account via a difference
of strange and nonstrange quark massesms2mÞ0. Thus,
for baryons composed either ofu or d quarks ~nucleons,
D-isobar! or of s quarks (V-hyperon! the coordinates of
quarks may be written as

y15x22j1 , y25x1j12j2A3, y35x1j11j2A3.

If a light baryon contains a single strange quark with mass
ms and two nonstrange quarks (u or d) with a massm each
as inL andS hyperons one gets

y15x26j1
m

2m1ms
,

y25x13j1
ms

2m1ms
2j2A3,

y35x13j1
ms

2m1ms
1j2A3,

wherey1 is the coordinate of the strange quark andy2 and
y3 are the coordinates of nonstrange quarks.

For a baryon with two strange quarks and a single non-
strange quark~as, e.g., in theJ hyperons! one obtains

y15x26j1
ms

2ms1m
,

y25x13j1
m

2ms1m
2j2A3,

y35x13j1
m

2ms1m
1j2A3,

wherey1 now is the coordinate of the nonstrange quark and
y2 andy3 are the coordinates of the strange quarks.

The spin-flavor structure of light baryonic currents with
quantum numbersJP5 1

2
1 and JP5 3

2
1 has been studied in

detail in the papers@21–26#. It was shown that there are two
possibilities to choose the baryonic currents withJP5 1

2
1:

TABLE I. Three-quark currents of light baryons.

Baryon Three-quark current

Proton Jp
T(y1 ,y2 ,y3)5@ua(y1)u

b(y2)Cg5dc(y3)1g5ua(y1)u
b(y2)Cd

c(y3)#«
abc

Neutron Jn
T(y1 ,y2 ,y3)5@da(y1)d

b(y2)Cg5uc(y3)1g5da(y1)d
b(y2)Cu

c(y3)#«
abc

J2 hyperon JJ2
T (y1 ,y2 ,y3)5@sa(y1)s

b(y2)Cg5dc(y3)1g5sa(y1)s
b(y2)Cd

c(y3)#«
abc

L0 hyperon JL0
T (y1 ,y2 ,y3)5@sa(y1)u

b(y2)Cg5dc(y3)1g5sa(y1)u
b(y2)Cd

c(y3)#«
abc
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vector variant JB
V~y1 ,y2 ,y3!

5gmg5qa1~y1!q
a2~y2!Cgmq

a3~y3!«
a1a2a3, ~4!

tensor variant JB
T~y1 ,y2 ,y3!

5smng5qa1~y1!q
a2~y2!Csmnq

a3~y3!«
a1a2a3. ~5!

Both of these forms have been used in@26,27# for studying
the electromagnetic and strong properties of light baryons. It
was shown that thetensor variantis more suitable for the
description of the data. For this reason we will use the tensor
current in the approach developed in this paper. For conve-
nience the tensor current can be transformed into a sum of
pseudoscalar@G15I ,G25g5 in Eq. ~3!# andscalar currents
@G15g5 ,G25I in Eq. ~3!# using the Fierz transformations:

~smng5! i1i2~Csmn! i3i4522@ I i1i4~Cg5! i3i21g i1i4
5 Ci3i2

#

14@ I i1i4~Cg5! i3i21g i1i4
5 Ci3i2

#.

For example, atensor currentfor the proton

Jp
T~y1 ,y2 ,y3!5smng5da1~y1!u

a2~y2!Csmnu
a3~y3!«

a1a2a3

written in S1P form becomes

Jp
T~y1 ,y2 ,y3!54@ua1~y3!u

a2~y2!Cg5d
a3~y1!

1g5u
a1~y3!u

a2~y2!Cd
a3~y1!#«

a1a2a3

in the Fierz transformed form. After exchanging the vari-
ablesy1↔y3 in the interaction Lagrangian of the proton with
quarks we have

LPint,T~x!54gp
T p̄~x!E dy1E dy2E dy3dS x2

( imiyi
( imi

DFS LB
2

18(i, j
~yi2yj !

2D @ua1~y1!u
a2~y2!Cg5d

a3~y3!

1g5u
a1~y1!u

a2~y2!Cd
a3~y3!#«

a1a2a31H.c.

54gp
T p̄~x!E dj1E dj2F~LB

2
•@j1

21j2
2# !@ua1~x22j1!u

a2~x1j12j2A3!Cg5d
a3~x1j11j2A3!

1g5u
a1~x22j1!u

a2~x1j12j2A3!Cda3~x1j11j2A3!#«a1a2a31H.c. ~6!

The Fourier transform of the vertex form factor is defined as

F~LB
2
•@j1

21j2
2# !5E d4k1

~2p!4
E d4k2

~2p!4

3exp~2 ik1j12 ik2j2!FS k121k2
2

LB
2 D .

~7!

Table I contains a set oftensor currentsfor nucleons,
L0, andJ2 hyperons in theS1P form which will be used
in our calculations.

Next we turn to the discussion of heavy-light baryonic
currents. Suppose that the heavy-quark mass is much larger
than the light-quark masses (mQ@mq1

,mq2
). From Eq.~1!

one then obtains

y15yQ5x,

y25yq15x13j122j2A3
mq2

mq1
1mq2

,

y35yq25x13j112j2A3
mq1

mq1
1mq2

,

wherey1 is the coordinate of heavy quark, andy2 andy3 are
the coordinates of light quarksq1 andq2.

It is convenient to transform the Jacobi coordinates of Eq.
~1! to remove the light-quark mass dependence

j1→j12
j2

A3

mq1
2mq2

mq1
1mq2

,

j2→j2 .

Then we have

y15yQ5x, y25yq15x13j12j2A3,

y35yq25x13j11j2A3.

The problem of the spin-flavor structure of heavy-light
baryonic currents was analyzed in Refs.@23–25#. It was
shown that, in the static limitpWQ→0 ~this is equivalent to the
heavy quark limitmQ→`), L-type baryons (LQ , JQ) con-
taining a light diquark system with zero spin may be de-
scribed by either of the following nonderivative three-quark
currents:

JLhQ

P 5«abchQ
a ubCg5dc,

JLhQ

A 5«abchQ
a ubCg0g5dc,

where hQ denotes the effective static field of the heavy
quark.

In the same vein there are two currents forV-type bary-
ons (VQ , SQ andVQ

! , SQ
! ) containing a light diquark sys-

tem with spin 1
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JVhQ

V 5«abcgW g5hQ
a sbCgW sc,

J
V
hQ

!
V;k

5«abcFhQa sbCgksc1
1

3
gkgWhQ

a sbCgW scG ,
JVhQ

T 5«abcgW g5hQ
a sbCg0gW sc,

J
V
hQ

!
T;k

5«abcFhQa sbCg0gksc1
1

3
gkgWhQ

a sbCg0gW scG ,
wherek51,2,3, (gk)2523. The currentsJ

V
hQ

!
I ;k

(I5V,T) sat-

isfy the spin-3/2 Rarita-Schwinger conditiongkJ
V
hQ

!
I ;k

50. In

this paper we work with Lorentz-covariant representations of
the HQET heavy-light currents mentioned above@23–25#.

Our currents are listed below:

pseudoscalar variant JLhQ

P →JLQ

P 5«abcQaubCg5dc,

~8!

axial variant JLhQ

A →JLQ

A 5«abcgmQ
aubCgmg5dc,

~9!

vector variant JVhQ

V →JVQ

V 5«abcgmg5QasbCgmsc,

~10!

J
V
hQ

!
V;k→J

V
Q
!

V;m
1J

V
Q
!

~' !V;m ,

J
V
Q
!

V;m
5«abcQasbCgmsc, ~11!

J
V
Q
!

~' !V;m
52

1

4
«abcgmgnQ

asbCgnsc,

tensor variant JVhQ

T →JVQ

T 5«abcsmng5Q
asbCsmnsc,

~12!

J
V
hQ

!
T;k →J

V
Q
!

T;m
1J

V
Q
!

~' !T;m ,

J
V
Q
!

T;m
52 i«abcgnQ

asbCsmnsc, ~13!

J
V
Q
!

~' !T;m
5

i

4
«abcgmgagnQ

asbCsansc.

The currentsJ
V
Q
!

(')I ;m
(I5V,T) are orthogonal to the corre-

sponding baryon field with spin 3/2:V̄Q
!m
•J

V
Q
!

(')I ;m
50 and

can, therefore, be omitted in the interaction Lagrangian~2!.
Thus, for heavy-light baryons with spin 3/2 we use the cur-
rentsJ

V
Q
!

V
~11! andJ

V
Q
!

T
~13!.

In Table II we give the quark content, the quantum num-
bers ~spin-parityJP, spin Sqq , and isospinI qq of light di-
quark! and the experimental~when available! and theoretical
mass spectrum of heavy baryons@28,29# which will be ana-
lyzed in this paper. Square brackets@ # and round brackets

$ % denote antisymmetric and symmetric flavor and spin
combinations of the light degrees of freedom.

We write down the Lagrangian which describes the inter-
action ofLQ baryon with quarks in the heavy quark limit:

LLQ

int ~x!5gLQ
L̄Q~x!G1Q

a~x!E dj1

3E dj2F~LBQ
2
•@j1

21j2
2# !ub~x13j12j2A3!

3CG2d
c~x13j11j2A3!«abc1H.c., ~14!

where

G1^CG25H I ^Cg5 pseudoscalar current,

gm ^Cgmg5 axial vector current.

One can see that the heavy quark is factorized out from light
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~14! exhib-
its the flavor symmetry~symmetry under exchangeb with
c) if the parameterLBQ

will be the same for charm and
bottom baryons.

Next we discuss the model parameters. First, there are the
baryon-quark coupling constants and the vertex function in
the Lagrangian~2!. The coupling constants are calculated
from the compositeness condition~see Ref.@30#!, i.e., the
renormalization constant of the baryon wave function is set
equal to zero,ZB512gB

2SB8 (MB)50, with SB being the
baryon mass operator@see Fig. 1~a! for light baryons and
Fig. 1~b! for heavy baryons#. The expressions for the mass
operators of light baryonsSB(p) and heavy-light ones
SBQ

(p) are written as

FIG. 1. ~a! Light baryon mass operator.~b! Heavy-light baryon
mass operator.

TABLE II. 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! 2.466
Sc

11 c{ uu% 1
2

1 ~1,1! 2.453
Vc

0 c$ss% 1
2

1 ~1,0! 2.719
Sc

!11 c$uu% 3
2

1 ~1,1! 2.510
Vc

!0 c$ss% 3
2

1 ~1,0! 2.740
Lb
0 b@ud#

1
2

1 ~0,0! 5.640
Jb

1 b@us# 1
2

1 ~0,1/2! 5.800
Sb

1 b$uu% 1
2

1 ~1,1! 5.820
Vb

2 b$ss% 1
2

1 ~1,0! 6.040
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SB~p!5gB
2E d4k

p2i E d4k8

p2i
F2S ~3k12p!213k82

LB
2 D

3G1Sq~k1p!G2TrFG18SqS k82k

2 D
3G28SqS k81k

2 D G , ~15!

SBQ
~p!5gBQ

2 E d4k

p2i E d4k8

p2i
F2S 9k213k82

LBQ
2 D

3G1SQ~k1p!G2TrFG18SqS k82k

2 D
3G28SqS k81k

2 D G , ~16!

with Sq(k) andSQ(k) being the light and heavy quark propa-
gators, respectively. All color, flavor, and combinatorial co-
efficients are omitted.

For light quark propagator with a massmq we shall use
the standard form of the free fermion propagator

^0uT@q~x! q̄~y!#u0&5E d4k

~2p!4i
e2 ik~x2y!Sq~k!,

Sq~k!5
1

mq2k”
. ~17!

For the heavy quark propagator we will use the leading term
in the inverse mass expansion. Supposep5MBQ

v is the
heavy baryon momentum. We introduce the parameter
L̄$q1q2%

5M $Qq1q2%
2mQ which is the difference between the

heavy baryon massM $Qq1q2%
[MBQ

and the heavy quark
mass. Keeping in mind that the vertex function falls off suf-
ficiently fast such that the conditionuku!mQ holds wherek
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%
!
. ~18!

In what follows we will assume thatL̄[L̄uu5L̄dd5L̄du ,

L̄s[L̄us5L̄ds . Thus there are three independent param-

eters:L̄, L̄s , andL̄ss.
A drawback of our approach is the lack of confinement.

This can in principle be corrected by changing the analytic
properties of the light-quark propagator. We leave the inves-
tigation of this possibility for future studies. For the time
being we shall avoid the appearance of unphysical imaginary
parts in the Feynman diagrams by postulating the following

condition: the baryon mass must be less than the sum of
constituent quark massesMB,( imqi

.
In the case of heavy-light baryons the restriction

MB,( imqi
implies that the parameterL̄$q1q2%

must be less

than the sum of light quark massesL̄$q1q2%
,mq1

1mq2
. The

last constraint serves as the upper limit for our choices of the

parameterL̄$q1q2%
.

Actually, the compositeness condition is equivalent to the
normalization of the elastic form factors to one at zero mo-
mentum transfer. This may be readily seen from the Ward
indentity which relates the vertex function with the mass
operator on mass shell. We have

LB→Bg
m ~p,p!up”5MB

5gB
2 ]SB~p!

]pm U
p”5MB

5gmgB
2SB8 ~p!up”5MB

,

~19!

where the vertex function is related to the baryon elastic
form factor by

LB→Bg
m ~p,p!5gmFB~0!. ~20!

From this the normalization of the form factor mentioned
above immediately follows.

The vertex functionF is an arbitrary function except that
it should make the Feynman diagrams ultraviolet finite, as
we have mentioned above. In the papers@15,16# we have
found that the basic physical observables of pion and
nucleon low-energy physics depend only weakly on the
choice of the vertex functions. As was mentioned above, in
this paper we choose a Gaussian vertex function for simplic-
ity. In Minkowski space we write

FS k121k2
2

LB
2 D 5expS k121k2

2

LB
2 D ,

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

252kiE
2 ) where the above

vertex function decreases very rapidly. It was found in@19#

FIG. 2. Semileptonic decay of heavy-light baryon.
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that for nucleons (B5N) the valueLN51.25 GeV gives a
good description of the nucleon’s static characteristics~mag-
netic moments, charge radii! and its form factors in the
spacelike region forQ2 up to 1 GeV2. Here, we will use the
valueLBq

[LN51.25 GeV for all light baryons. Now we

will demonstrate that the requirement of the normalization of
the baryonic IW functionsz(v) and j1(v) at zero recoil
v51 to one@z(1)51, j1(1)51# imposes the restriction on
the choice ofLBQ

: LBb
5LBc

. The expressions for the bary-
onic IW functions for arbitrary values ofLBQ

are written as

z~v!5
F~A2LBb

2 LBc
2 /~LBb

2 1LBc
2 !,v!

AF~LBb
,1!AF~LBc

,1!
, ~21!

F~LBQ
,w!5LBQ

4 E
0

`

dxxE
0

` dyy

~y11!2
E
0

1

dfE
0

1

duF mq
2

LBQ

1
1

6@314y14y2u~12u!#
1
x2@112y14y2u~12u!#

4~11y!2

3@112f~12f!~v21!#GexpF224y
mq
2

LBQ
2 2

314y14y2u~12u!

11y
S 6x2@112f~12f!~v21!#212x

L̄

LQ
D G .

It is easily seen thatz(1)51 only whenLBb
5LBc

. The parameterLBQ
5LBb

5LBc
is an adjustable parameter in our

calculations.
Thus there are three sets of adjustable parameters in our model: the constituent light quark massesmq (m5mu5md and

ms), the range cutoff parametersLB (LBq
andLBQ

) and a set ofL̄$q1q2%
subsidiary parameters:L̄, L̄s , and L̄$ss% . The

parametersm5420 MeV andLBq
51.25 GeV were fixed in Ref.@19# from a best fit to the data on electromagnetic properties

of nucleons. The parametersLBQ
, ms , L̄ are determined in this paper from the analysis of theLc

1→L01e11ne decay data.

The following values are obtained:LQ52.5 GeV,ms5570 MeV, andL̄5710 MeV.

The parametersL̄s andL̄$ss% cannot be adjusted at present since at present there are no experimental data on the decays of
heavy-light baryons containing one or two strange quarks.

III. MATRIX ELEMENTS OF SEMILEPTONIC DECAYS OF BOTTOM AND CHARM BARYONS

In our model the semileptonic decays of bottom and charm baryons are described by the standard triangle quark diagram
~Fig. 2!. The matrix elements describing heavy-to-heavy (b→c) and heavy-to-light (c→s) transitions can be written as
follows.

b→c transition

ū~v8!MG~v,v8!u~v !

5gBbgBcE d4k

p2i E d4k8

p2i
TrFG18SqS k82k

2 DG28SqS k81k

2 D GexpS 18k216k82

LBQ
2 D ū~v8!G1Sv8~k,L̄ !GSv~k,L̄ !G2u~v !. ~22!

c→s transition

ū~p8!MG~p,v8!u~v !5gBsgBcE d4k

p2i E d4k8

p2i
TrFG18SqS k82k

2 DG28SqS k81k

2 D GexpS 9k213k82

LBQ
2 D expS 9~k1ap8!213k82

LBq
2 D

3 ū~p8!G1Ss~k1p8!GSv~k,L̄ !G2u~v !, ~23!

a5
2m

2m1ms
.

Here Tr@ # corresponds to the light quark loop obtained after a standard transformation which involves the charge conjugation
matrix C

~CG18!amSq
mnS k82k

2 D ~G28C!nbSq
abS 2

k81k

2 D5TrFG18SqS k82k

2 DG28SqS k81k

2 D G .
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Calculational details of the matrix elements~22! and~23! are
given in the Appendix.

We now turn to the discussion of matrix elements of
heavy-to-heavy baryonic decays. In this paper we consider
decays of bottom baryons (Lb

0 , Jb
0 , Sb

1 , andVb
2) into pseu-

doscalar charmed baryons (Lc
1 , Sc

11 , and Vc
0) and

pseudovector states (Sc
!11 andVc

!1). The matrix elements
describing weak transitions between heavy baryons can be
decomposed into a set of relativistic form factors. In the
HQL these form factors are proportional to three universal
functions z,j1 ,j2 of the variablev5v•v8, the so-called
Isgur-Wise functions@31,32#. The functionz(v) describes
the b2c transitions of L-type baryons. The functions
j1(v) andj2(v) describe transitions ofV-type baryons.

Weak hadronic currents describing the transition of a
heavy baryonBb(v) with four-velocity v to a heavy baryon
Bc
(!)(v) with v8 are written as@31–34# follows.
Lb→Lc transition

^Lc~v8!u b̄GcuLb~v !&5z~v! ū~v8!Gu~v !.

Vb→Vc(Vc
!) transition

^Vc~v8! or Vc
!~v8!u b̄GcuLb~v !&

5 B̄c
m~v8!GBb

n~v !@2j1~v!gmn1j2~v!vmvn8#,

where the spinor tensorBb
n(v) satisfies the Rarita-Schwinger

conditions vnBb
n(v)50 and gnBb

n(v)50. The spin wave
functions are written as

BQ
m~v !5

gm1vm

A3
g5uVQ

~v ! for VQ states and

BQ
m~v !5u

V
Q
!

m
~v ! for VQ

! states,

where uVQ
(v) is the usual spin-1/2 spinor and the spinor

u
V
Q
!

m
(v) is the usual Rarita-Schwinger spinor. Note that the

Ward indentity between the derivative of the mass operator
of heavy-light baryons and the vertex function~22! with
G5gm and v5v8 ensures the correct normalization of the
functionsz(v) andj1(v) at v51.

In the heavy quark limit the matrix element of the transi-
tion of heavy baryon containing a scalar light diquark into

light baryons is described by two relativistic form factors
f 1 and f 2. For example, the typical hadronic current for
Lc→L0 transition is written as

^L~p8!u s̄OmcuLc~v !&

5 ūL~p8!@ f 1~p8•v !1v” f 2~p8•v !#OmuLc
~v !.

IV. RESULTS

In this section we give numerical results on the observ-
ables of semileptonic decays of bottom and charm baryons:
the baryonic Isgur-Wise functions, decay rates, and asymme-
try parameters in the two-cascade decays
Lb→Lc@→Lsp#1W@→ ln l # and Lc→Ls@→pp#
1W@→ ln l #. Our model contains a number of parameters.
The cutoff parameterLBq

and the light quark massmq are
taken from a fit to proton and neutron data@19#. The cutoff
parameterLBQ

relevant for heavy-light baryons, the binding

energyL̄5MBQ
2mQ , and the strange quark massms are

fixed by comparison with the experimentally measured decay
Lc

1→L01e11ne . We have checked that the Isgur-Wise
functions j1 and j2 satisfy the model-independent
Bjorken-Xu inequalities@35#. We give a detailed description
of the Lc

1→L01e11ne decay, which was recently mea-
sured by CLEO Collaboration@12#. In what follows we will
use the following values for the CKM matrix elements:
uVbcu50.04, uVcsu50.975.

A. Baryonic Isgur-Wise functions

In Sec. II we have introduced heavy-light baryonic cur-
rents. We present a full list of possible currents~without
derivatives! with the quantum numbers of baryonsJP5 1

2
1

andJP5 3
2

1. For simplicity we restrict ourselves to only one
variant of the three-quark currents for each kind of heavy-
light baryon:pseudoscalar current~8! for LQ-type baryons
andvector currents~10!,~11! for VQ-type baryons. A justi-
fication of this procedure may be taken from the QCD sum
rule analysis of@25# where it was found that, using theaxial
current for LQ baryons andtensor currentsfor VQ

(!) bary-
ons, one obtains results which are not very different from the
ones with thepseudoscalar currentand thevector currents.
The direct calculation of the IW functions with currents~8!
and ~10!,~11! gives the following results:

z~v!5
F0~v!

F0~1!
, j1~v!5

F1~v!

F1~1!
, j2~v!5

F2~v!

F1~1!
, ~24!

F I~v!5E
0

`

dxxE
0

` dyy

~y11!2
E
0

1

dfE
0

1

duRI~v! exp@26S~b!~4mq
22 l̄ 2!#

3expF212x2S~b!f~12f!~v21!26S~b!~x2 l̄ !2224mq
2~122u!2

y2

11yG ,
where
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R0~v!5mq
21

1

6S~b!~11y!
1

x2b

4~11y!2
@112f~12f!~v21!#,

R1~v!5mq
21

1

12S~b!~11y!
1

x2b

4~11y!2
@112f~12f!~v21!#,

R2~v!5
x2b

2~11y!2
f~12f!5

R1~v!2R1~1!

v21
,

b5112y14y2u~12u!, S~b!5
2

3
1

b

3~11y!
, mq5

mq

LQ
, l̄ 5

L̄

LQ
.

All mass-dimension variables are scaled by the parameterLQ . Hence the IW functions depend only on two parametersmq and

l̄ . We reiterate that the functionsz andj1 are normalized to one at zero recoil due to the existence of a Ward identity relating
the vertex function with the derivative of the heavy-light baryon mass operator as discussed after Eq.~7!. Contrary to this the
normalization of thej2 function is model-dependent. In our model the valuej2(1) satisfies the inequality 0,j2(1),1/2 and

depends on the choice of the parametersmq and l̄ .
It is easy to show that the baryonic IW functions can be rewritten in the form

z~v!5

(
N50

`

CN
z l̄NFN~v!

(
N50

`

CN
z l̄N

<F0~v!5
ln~v1Av221!

Av221
,

j1~v!5

(
N50

`

CN
j1l̄NFN~v!

(
N50

`

CN
j1l̄N

<F0~v!5
ln~v1Av221!

Av221
,

j2~v!5

(
N50

`

CN
j2l̄N@FN~v!2FN11~v!#

~v21! (
N50

`

CN
j1l̄N

,
F0~v!2F1~v!

v21
5

1

v221S v ln~v1Av221!

Av221
21D .

Here

FN~v!5E
0

1 df

@112~w21!f~12f!#N/211<F0~v! for ;N>0,

CN
F5

~2A6!NG~N/211!

12G~N!
E
0

1

duE
0

`

dyy
SN/221~b!

~11y!2
exp~224mq

2y!DF.0, F5z,j1 ,j2 ,

Dz5mq
21

1

6S~b!~11y!
1SN2 11D b

24S~b!~11y!2
,

Dj1
5mq

21
1

12S~b!~11y!
1SN2 11D b

24S~b!~11y!2
,

Dj2
5SN2 11D b

24S~b!~11y!2
,

G~N!5E
0

`

dttN21exp~2t ! is theg function.

Note thatz(v) andj1(v) become largest whenl̄ 50:
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z~v![j1~v![F0~v!. ~25!

An increase ofl̄ leads to a suppression of the IW functions in the physical kinematical region of the variablev, i.e., in the
region

1<v<vmax5

MBQ
2 1MB

Q8
2

2MBQ
MB

Q8
. ~26!

The radii of the form factorsz andj1 are defined as

F~v!512rF
2~v21!1 . . . , F5z,j1 . ~27!

It is easy to show thatrz
2 andrj1

2 have the lower bound

rz
25

1

3
12l̄

I ~2,2!

I ~1,2!
>
1

3
, rj1

2 5
1

3
12l̄

I ~2,1!

I ~1,1!
>
1

3
~28!

since the integral

I ~M ,N!5E
0

1

duE
0

`

dxE
0

` dyy

~11y!2
S~b!xMFmq

21
N

12S~b!~11y!
1

x2b

4~11y!2Gexp@26S~b!x~x22l̄ !224mq
2y#

is always positive.
As was shown in@35#, the IW functionsj1 and j2 must

respect the two model-independent Bjorken-Xu inequalities.
The first inequality

1>B~v!5
21v2

3
j1
2~v!1

~v221!2

3
j2
2~v!

1
2

3
~v2v3!j1~v!j2~v! ~29!

is derived from the Bjorken sum rule for semileptonicVb
decays to the ground state and to low-lying negative-parity
excited charmed baryon states in the HQL. The inequality
~29! implies a second inequality, namely a model-
independent restriction of the slope~radius! of the form fac-
tor j1(v)

rj1

2 >
1

3
2
2

3
j2~1!. ~30!

Let us check whether our IW functionsj1 and j2 respect
these inequalities. First, the inequality~30! for the slope of
the j1 function can be seen to be satisfied because from Eq.
~28! one hasrj1

2 >1/3 and furtherj2(1).0 from Eq.~24!.

To check the inequality~29! we rewrite it in the form

1>B~v!5
2

3
j1
2~v!1

1

3
@vj1~v!2j2~v!~v221!#2.

~31!

One can show that the combinationvj1(v)
2j2(v)(v

221) satisfies the following condition:
j1(v)<vj1(v)2j2(v)(v

221)<vj1(v). Hence

j1
2~v!<B~v!<

21v2

3
j1
2~v!. ~32!

From the inequalities~31! and ~32! one finds an upper limit
for the functionj1(v):

j1~v!<A3/~21v2!. ~33!

The results for the IW functionsz(v) andj1(v) are plot-
ted in Figs. 3–7 in the physical region 1<v<vmax. The
function j1(v) is shown for the two cases:~a! decay ofSb
baryon and~b! decay ofVb baryon. In Figs. 3 and 4 we
demonstrate the sensitivity of thez function on the choice of

the parametersL̄ andLQ when one is varied and the other
one is fixed. Below~in Sec. IV B! we will show that the best

FIG. 3. z(v) function. ~1! L̄5600 MeV. ~2! L̄5650 MeV. ~3!

L̄5710 MeV. ~4! L̄5750 MeV. ~5! L̄5800 MeV.
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description of the experimental data forLc
1→L01e11ne

decay is obtained with the choice of parametersLQ52.5

GeV, L̄5710 MeV, andms5570 MeV. In Fig. 3 thez(v)

function is shown forL̄ values between 600 MeV and 800
MeV, where the parameterLQ is assumed to be 2.5 GeV. It

is seen that an increase ofL̄ leads to a suppression of the
baryonic IW functionz. In Fig. 4 the dependence ofz on the

valueLQ is plotted for L̄5710 MeV. One can see that a
decrease ofLQ leads to a suppression ofz(v). In Fig. 5 we
give the best fit for the IW function z (LQ52.5 GeV,

L̄5710 MeV!. For comparison the results of other phenom-
enological approaches are shown too where we compare with
results obtained from QCD sum rules@24#, IMF models
@38,39#, MIT bag model@40#, a simple quark model~SQM!
@42#, and the dipole formula@39#. Our result is close to the
QCD sum rule result@24#. For quick reference we want to
remark that in the physical region our functionz can be well
approximated by the formula

z~v!'F 2

11vG1.711/v

. ~34!

In Figs. 6 and 7 we analyze thev dependence of thej1 form
factor. We exhibit the dependence ofj1(v) on the choice of

L̄ for Sb baryon decays~Fig. 6! and forVb baryon decays
~Fig. 7!. For both casesLQ is put equal to 2.5 GeV. In the
analysis of theVb form factor we usems5570 MeV. We
also present results on the upper limit~22! for the function
j1(v). In Fig. 7 we also compare to a simple quark model
calculation of @43#. We want to emphasize that for both
cases,Sb andVb baryon decays, ourz1 does not exceed the
upper limit ~33! except in a narrow region of very small

~unphysical! values ofL̄: L̄< 60 MeV. Thus we conclude
that the Bjorken-Xu inequality is respected by our model.

FIG. 4. z(v) function.~1! LQ52.5 GeV.~2! LQ52.0 GeV.~3!
LQ51.7 GeV.~4! LQ51.5 GeV.~5! LQ[Lq51.25 GeV.

FIG. 5. z(v) function. ~1! SQM ~Ref. @42#!. ~2! QCD SR~Ref.

@24#!. ~3! Our result (L̄5710 MeV; LQ52.5 GeV!. ~4! Dipole
~Ref. @39#!. ~5! MIT bag ~Ref. @40#!. ~6! IMF ~Ref. @39#!. ~7! IMF
~Ref. @38#!.

FIG. 6. j1(v) function (Sb decay!. ~1! L̄5600 MeV. ~2!

L̄5650 MeV. ~3! L̄5710 MeV. ~4! L̄5750 MeV. ~5! L̄5800
MeV.

FIG. 7. j1(v) function (Vb decay!. ~1! L̄ss5800 MeV. ~2!

L̄$ss%5900 MeV. ~3! L̄$ss%51000 MeV. ~4! L̄$ss%51050 MeV. ~5!

L̄$ss%51100 MeV.
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The results for the charge radii are listed in Tables III–VI for various sets of the adjustable parameters. For comparison we
quote the results for the charge radii predicted by other phenomenological approaches:rz

253.04 ~IMF model! @39#,
rz
251.78 ~dipole formula! @39#, rz

252.28 ~MIT bag model! @40#, rz
251 andrj1

2 51.0221.18 ~simple quark model! @42,43#,

andrz
250.5560.15 ~QCD sum rules! @44#.

B. Rates, distributions, and asymmetry parameters
in b˜c baryonic decays

In this section we present on numerical results for rates, distributions, and asymmetry parameters in theb→c flavor
changing baryon decays. The standard expressions for observables of semileptonic decays of bottom baryons~decay rates,
differential distributions, leptonic spectra, and asymmetry parameters! have simple forms when expressed in terms of helicity
amplitudesHl flW

@36,28#, wherel f is helicity of the final state baryon andlW is the helicity of the off mass-shellW boson.
The HQL helicity amplitudes describing transitions of bottom baryon into charm ones are expressed through IW functions in
the following way:

H6
1
2 61522AMiM f~Av217Av11!35

z~v!, Lb→Lc decay

1

3
jT~v!, Vb→Vc decay

6
A2
3

jT~v!, Vb→Vc
! decay,

H6
1
20

5
1

Avmax2v
35

z~v!@M1Av217M2Av11#, Lb→Lc decay

1

3
@M1Av21jL1

~v!7M2jL2
~v!Av11#, Vb→Vc decay

A2
3

@M1Av21jL
1
! ~v!7M2jL

2
! ~v!Av11#, Vb→Vc

! decay,

H6
3
2 61572j1~v!A2

3MiM f@Av217Av11#, Vb→Vc
! decay,

where

M65Mi6M f , jT5j1v2j2~v221!,

jL6
5j1~v62!2j2~v221!, jL

6
! 5j1~v71!2j2~v221!,

vmax5
Mi

21M f
2

2MiM f
.

The decay rates of semileptonic decays are then given by

G5E
1

vmax
dv

dG

dv
,
dG

dv
5
dGT1

dv
1
dGT2

dv
1
dGL1

dv
1
dGL2

dv
, ~35!

TABLE III. The charge radiusrz
2 of Lb baryon atLQ52.5 GeV.

L̄ ~MeV! 600 625 650 675 700 710 725 750 675 690 800

rz
2 1.04 1.09 1.12 1.22 1.30 1.33 1.38 1.47 1.59 1.68 1.76

TABLE IV. The charge radiusrz
2 of Lb baryon atL̄5710 MeV.

LQ ~GeV! 1.25 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.3 2.5

rz
2 2.93 2.82 2.63 2.47 2.31 2.15 2.0 1.87 1.75 1.64 1.46 1.33
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where the indicesT andL denote partial contributions of transverse (lW561) and longitudinal (lW50) components of the
current transitions. Partial differential distributions are given by

dGT6

dv
5kv35

uH6
1
2 61u2 for

11

2
→

11

2
transition

uH6
1
2 61u21uH6

3
2 61u2 for

11

2
→

31

2
transition,

dGL6

dv
5kvuH6

1
20

u2, kv5
GF
2

~2p!3
uVbcu2

M f
3

6
~vmax2v!Av221.

Tables VII–XI list our predictions for the semileptonic
rates of beauty baryons. In Table VII we present the results
for total and partial rates for variousb→c decay modes. The
adjustable parameters are chosen asms5570 MeV,

LQ52.5 GeV, L̄5710 MeV, L̄s5850 MeV, and

L̄$ss%51000 MeV. In Table VIII we compare our results for
total rates with the predictions of other phenomenological
approaches: constituent quark model@28#, spectator quark
model@37#, and nonrelativistic quark model@41#. The depen-

dence of the total rates on the parametersL̄, L̄s , andL̄$ss%
are shown in Tables IX–XI.

The differential distributions forLb
0→Lc

1e2 n̄ decay are
plotted in Fig. 8.

Leptonic spectradG/dEl are calculated according to the
sum

dG

dEl
5
dGT1

dEl
1
dGT2

dEl
1
dGL1

dEl
1
dGL2

dEl
. ~36!

Expressions for partial leptonic spectra are given by

dGT6

dEl
5E

vmin~El !

vmax
dvkE~16cosQ!2uH6

1
2 61u2,

dGL6

dEl
5E

vmin~El !

vmax
dvkE~12cos2Q!2uH6

1
20

u2,

kE5
GF
2

~2p!3
uVbcu2

MLc

2

8
~vmax2v!,

cosQ5
El
max22El1MLc

~vmax2v!

MLc
Av221

,

El
max5

MLb

2 2MLc

2

2MLb

, vmin~El !5vmax22
El

MLc

El
max2El

MLb
22El

.

Our results on leptonic spectra in semileptonicLb→Lc tran-
sitions are shown in Fig. 9.

Finally, we consider the cascade decayLb
→Lc@→Lsp#1W@→ ln l # which is characterized by a set of
asymmetry parameters. The formalism and a detailed analy-
sis of the asymmetry parameters is presented in@36,28#. In
terms of helicity amplitudes the asymmetry parameters of
nonpolarizedLb decays (a,a8,a9,g) and polarizedLb de-
cays (aP ,gP) are given by the following expressions:

a5
HT

21HL
2

HT
11HL

1 , a85
HT

2

HT
112HL

1 , a95
HT

122HL
1

HT
112HL

1 ,

g5
2Hg

HT
11HL

1 , aP5
HT

22HL
2

HT
11HL

1 , gP5
2HgP

HT
11HL

1 ,

~37!

HT
65uH1/2 1u26uH21/221u2, HL

65uH1/2 0u26uH21/2 0u2,

Hg5Re~H21/2 0H1/21* 1H1/2 0H21/221* !,

HgP
5Re~H1/2 0H21/2 0* !.

TABLE V. The charge radiusrj1

2 of Sb baryon atLQ52.5 GeV.

L̄ ~MeV! 600 625 650 675 700 710 725 750 675 690 800

rj1

2 1.05 1.09 1.12 1.22 1.32 1.35 1.38 1.50 1.59 1.68 1.80

TABLE VI. The charge radiusrj1

2 of Vb baryon atLQ52.5 GeV.

L̄$ss% ~MeV! 800 850 875 900 925 950 975 1000 1025 1050 1075 1100

rj1

2 1.44 1.58 1.66 1.74 1.82 1.92 2.02 2.12 2.25 2.39 2.56 2.79
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We evaluate the average magnitudes~see Table XII! of the
asymmetry parameters (^a&,^a8&, etc.! as results of separate
v integrations of numerators and denominators. We found
that the results weakly depend on the behavior of theLb
baryonic IW function.

For example, it may be seen from the analytical expres-
sion for the asymmetry parametera8,

a852

E
1

vmax
dvz2~v!~v221!~vmax2v!

E
1

vmax
dvz2~v!Av221@v22112v~vmax2v!#

.

~38!

We give also in Table XII the results of the IMF approach
@39# and dipole model@39#. One can see that our results are
closer to the results of dipole model. It follows that the be-
havior of the IW function forLb→Lc transition~see Fig. 5!
is found to be similar to the dipole function used in the
dipole model.

C. Heavy-to-light baryon decays

In this subsection we consider the heavy-to-light semilep-
tonic modes. In particular the processLc

1→L01e11ne
which was recently investigated by the CLEO Collaboration
@12# is studied in detail. In the heavy mass limit (mC→`) its
transition matrix element is defined by two form factorsf 1
and f 2 ~see Sec. III!. Assuming identical dipole forms for the
form factors~as in the model of Ko¨rner and Kra¨mer @36#!,
CLEO found thatR5 f 2 / f 1520.2560.1460.08. Our form
factors have differentq2 dependences. In other words, the
quantityR5 f 2 / f 1 has aq

2 dependence in our approach. In

FIG. 8. Differential distribution.

TABLE VII. Decay rates of bottom baryons~in 1010 sec21) for
uVbcu50.04.

Process G total GT GT1
GT2

GL GL1
GL2

Lb
0→Lc

1e2 n̄ e
5.39 2.07 0.53 1.54 3.32 0.11 3.21

Jb
0→Jc

1e2 n̄ e
5.27 2.02 0.54 1.48 3.25 0.11 3.14

Sb
1→Sc

11e2 n̄ e
2.23 0.33 0.08 0.25 1.90 1.49 0.41

Vb
2→Vc

0e2 n̄ e
1.87 0.29 0.08 0.21 1.58 1.26 0.32

Sb
1→Sc*

11e2 n̄ e
4.56 2.07 0.54 1.53 2.49 1.09 1.40

Vb
2→Vc*

0e2 n̄ e
4.01 1.89 0.53 1.36 2.12 0.95 1.17

TABLE VIII. Model results for rates of bottom baryons~in
1010 sec21) for uVbcu50.04.

Process Ref.@37# Ref. @41# Ref. @28# Our results

Lb
0→Lc

1e2 n̄ e
5.9 5.1 5.14 5.39

Jb
0→Jc

1e2 n̄ e
7.2 5.3 5.21 5.27

Sb
1→Sc

11e2 n̄ e
4.3 2.23

Sb
1→Sc

!11e2 n̄ e
4.56

Vb
2→Vc

0e2 n̄ e
5.4 2.3 1.52 1.87

Vb
2→Vc

!0e2 n̄ e
3.41 4.01

TABLE IX. Dependence of rates onL̄ for uVbcu50.04.

L̄ ~MeV!

Process 600 650 710 750 800

Lb
0→Lc

1e2 n̄ e
6.10 5.83 5.39 5.19 4.74

Sb
1→Sc

11e2 n̄ e
2.51 2.39 2.23 2.11 1.92

Sb
1→Sc*

11e2 n̄ e
4.99 4.81 4.56 4.35 4.03

TABLE X. Dependence of rates onL̄s for uVbcu50.04.

L̄s ~MeV!

Process 760 800 850 900

Jb
0→Jc

1e2 n̄ e
5.81 5.58 5.27 4.93

TABLE XI. Dependence of rates onL̄$ss% for uVbcu50.04.

L̄$ss% ~MeV!

Process 900 950 1000 1050 1100

Vb
2→Vc

0e2 n̄ e
2.09 1.98 1.87 1.72 1.54

Vb
2→Vc*

0e2 n̄ e
4.44 4.23 4.01 3.75 3.43

TABLE XII. Asymmetry parameters ofLb decay.

Model a a8 a9 g aP gP

Our -0.76 -0.12 -0.53 0.56 0.39 -0.16
Dipole @39# -0.75 -0.12 -0.51 0.57 0.37 -0.17
IMF @39# -0.71 -0.12 -0.46 0.61 0.33 -0.19
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Fig. 10 we plot the results forR in the kinematical region

1<v<vmax for different magnitudes of theL̄ parameter.

It is seen that larger values ofL̄ lead to an increase of the
ratioR. The best fit to the experimental data is achieved for
the following set of parameters:ms5570 MeV, LQ52.5

GeV, andL̄5710 MeV. In this case thev dependence of the
form factors f 1, f 2 and their ratioR are shown in Fig. 11.
Particularly, we get f 1(qmax

2 )50.8, f 2(qmax
2 )520.18,

R520.22 at zero recoil (v51 or q25qmax
2 ) and

f 1(0)50.38, f 2(0)520.06,R520.16 at maximum recoil
(v5vmax or q

250!. Note that our results forqmax
2 are close

to those of the nonrelativistic quark model@41#:
f 1(qmax

2 )50.75, f 2(qmax
2 )520.17,R520.23.

Our result forR agrees well with the experimental data
@12# R520.2560.1460.08. The predictions for the decay
rate G(Lc

1→L0e1ne)57.2231010 sec21 and for the
asymmetry parameteraLc

520.812 also coincide with

the experiment:Gexpt57.062.531010 sec21 and aLc

expt

520.8220.0620.03
10.0910.06, respectively, as well as with the result of

@41# G57.131010 sec21. Note that the agreement with the
experimental rate measurement crucially depends on the use
of theL0 three-quark current in its SU~3!-flavor symmetric
form ~see Table I! which leads to the presence of the flavor-
suppression factorNLcL

51/A3 for Lc
1→L0e1ne . If the

SU~3! symmetric structure ofL0 hyperon is not taken into
account the predicted rate forLc

1→L0e1ne becomes too
large ~see discussion in Refs.@28,41#!.

In Table XIII we present our predictions for some modes

of semileptonic heavy-to-light transitions~for L̄s5850 MeV,

L̄$ss%51000 MeV!. Also the results obtained in other ap-

proaches are tabulated. Note that the flavor-suppression fac-

tor for the modesJc
0→J2e1ne , Lb

0→pe2 n̄ e , and
Lc

1→ne1ne is equal to 1/A2.
Finally, in Table XIV we give the predictions for the av-

erage magnitudes of the asymmetry parameters for the cas-
cade decayLc→Ls@→pp#1W@→ ln l # which are expected
to be measured in the near future by the COMPASS Collabo-
ration @47#. For comparison, the results of paper@36# for
R5 f 2 / f 1520.25 are also given. The results of both ap-
proaches are in a good agreement that again may be ex-
plained by similar~dipolelike! behavior of the weak form
factors f 1 and f 2 in our model and in the paper@36#.

V. CONCLUSION

We have developed a relativistic model@15,16,19,20# for
QCD bound states composed of light quarks and a heavy
quark. In fact, this model is the Lagrangian formulation of
the NJL model with separable interaction@17,18# and its ad-
vantage consists in the possibility of studying baryons as
three-quark states as multiquark and exotic objects. We have
used our approach to study the properties of baryons contain-
ing a single heavy quark. We have calculated the observables
of semileptonic decays of bottom and charm baryons: Isgur-
Wise functions, asymmetry parameters, decay rates, and dis-
tributions. We obtained analytical expressions for the baryon
IW functions: z (Lb→Lc transition!, j1 and j2
(Vb→Vc

(!) transition!. We checked the model-independent
Bjorken-Xu inequalities for thej1 andj2 functions and their

FIG. 9. Leptonic spectrum.
FIG. 10. Form factor ratiosR5 f 2 / f 1 for Lc

1→L01e1n decay.

~1! L̄5650 MeV. ~2! L̄5710 MeV. ~3! L̄5725 MeV. ~4!

L̄5750 MeV. ~5! L̄5775 MeV. ~6! L̄5800 MeV.

TABLE XIII. Heavy-to-light decay rates~in 1010 sec21) for uVbcu50.04, uVcsu50.975.

Process Quantity Ref.@37# Ref. @41# Ref. @45# Ref. @46# Our Expt.@29#

Lc
1→L0e1ne G 9.8 7.1 5.36 7 7.22 7.062.5

Jc
0→J2e1ne G 8.5 7.4 9.7 8.16

Lb
0→pe2 n̄ e

G/uVbuu2 6.483102 7.473102

Lc
1→ne1ne G/uVcdu2 0.173102 0.263102
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derivatives at the zero recoil point. It is shown that inequality
for the charge radius ofj1 @see Eq.~30!# is automatically
respected in our model. The inequality~29! for thev depen-
dence ofj1 and j2 leads to an upper limit forj1 @see Eq.
~33!# which is respected in our model for reasonable values

of the parameterL̄. We have also applied our model to the
calculation of heavy-to-light semileptonic decay processes
motivated by the recent experimental observation of the
Lc

1→L0e1ne decay by the CLEO Collaboration@12#. Note
that this decay was used for adjusting the model parameters:
the strange quark massms , the range cutoff parameter

LBQ
, and the mass shift parameterL̄. The success in repro-

ducing the correct experimental rateG(Lc
1→L0e1ne) re-

quires the use of theL0 three-quark current in the SU~3!-
flavor symmetric form~see Table I!. Predictions for other
semileptonic heavy-to-light rates are also given. Finally, we
have given predictions for the asymmetry parameters of the
cascade decayLc→Ls@→pp#1W@→ ln l #.
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APPENDIX: THE CALCULATION TECHNIQUE

To elucidate the calculation of the matrix elements~22! and~23! we consider the two generic integrals in a Euclidean space

I 1~pE8
2 ,wE!5E d4kE

p2 E d4kE8

p2 expS 2
9kE

213kE8
2

LBQ
2 D expS 2

9~kE1ap8!213kE8
2

LBq
2 D 1

m21~kE1kE8 !2/4

1

m21~kE2kE8 !2/4

3
1

ms
21~kE1pE8 !2

1

kEvE2L̄
, a5

2m

2m1ms
, ~A1!

I 2~wE!5E d4kE
p2 E d4kE8

p2 expS 2
18kE

216kE8
2

LQ
2 D 1

m21~kE1kE8 !2/4
3

1

m21~kE2kE8 !2/4

1

kEvE2L̄

1

kEvE82L̄
, ~A2!

where a is defined in Eq.~23!. The final light baryon state carrying the Euclidean momentapE8 is on mass-shell:
pE8

252M 82. The dimensionless variablewE is defined aswE5vE•pE8 /M 852w.
The first integral appears in the calculation of heavy-to-light form factors, the second one in the calculation of the

heavy-to-heavy case.
Scaling all momentum variables in Eq.~A1! by LBq

and Eq.~A2! by LBQ
and using the Feynman parametrization

1

A
5E

0

`

da exp~2aA!,

we have

FIG. 11. Form factors and their ratio forLc
1→L01e1n decay.

TABLE XIV. Asymmetry parameters ofLc decay.

Model a a8 a9 g aP gP

Our -0.81 -0.13 -0.56 0.50 0.40 -0.15
Körner and Kra¨mer @36# -0.82 -0.13 -0.56 0.47 0.39 -0.14
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I 1~2M 82,wE!52LBq
@6~11R!#4 exp@236m2~11R!29M 82a2#E

0

`

•••E
0

`

db1•••db4t
2~b!E d4kE

p2 E d4kE8

p2

3expF23~11R!~11b31b4!S kE81kE
b32b4

11b31b4
D 2G

3expF23~11R!t~b!~11b2!S kE1
vEb11pE8 r 1

11b2
D 2G expF2

3~11R!t~b!

11b2
@b11M 8b22L̄~11b2!#

2

16M 8~11R!t~b!~wE11!
b1b2

11b2
GexpF18M 8a

11b2
~wEb12M 8r 2!212m2~11R!

~b32b4!
2

11b31b4

23~11R!t~b!~4m22L̄2!Gexp@23~11R!t~b!b2~ms
22~M 82L̄ !2!#, ~A3!

I 2~wE!54LBQ
2 124 exp@272m2#E

0

`

•••E
0

`

db1•••db4t
2~b!E d4kE

p2 E d4kE8

p2 expF26~11b31b4!S kE81kE
b32b4

11b31b4
D 2G

3exp@26t~b!~kE1vEb11vE8b2!
2#exp@26t~b!~b11b22L̄ !2112t~b!~wE11!b1b2#

3expF224m2
~b32b4!

2

11b31b4
26t~b!~4m22L̄2!G . ~A4!

The notation is as follows:

R5
LBq
2

LBQ
2 , t~b!5

314~b31b4!14b3b4

11b31b4
,

r 15b21
3a

~11R!t~b!
, r 25b21

3a

2~11R!t~b!
.

After a change of variables forkE8 , kE and integrations we arrive at

I 1~2M 82,2w!532LBq
exp@236mq

2~11R!29m82a2#E
0

`

•••E
0

` db1•••db4

~11b31b4!
2~11b2!

2 exp@23~11R!t~b!

3b2„ms
22~M 82L̄ !2…#expF2

3~11R!t~b!

11b2
@b11M 8b22L̄~11b2!#

226M 8~11R!t~b!~w21!
b1b2

11b2
G

3expF2
18M 8a

11b2
~wb11M 8r 2!212m2~11R!

~b32b4!
2

11b31b4
23~11R!t~b!~4m22L̄2!G , ~A5!

I 2~2w!564LBQ
2 exp@272m2#E

0

`

•••E
0

` db1•••db4

~11b31b4!
2 exp@26t~b!~b11b22L̄ !2212t~b!~w21!b1b2#

3expF224m2
~b32b4!

2

11b31b4
26t~b!~4m22L̄2!G . ~A6!
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