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Two body nonleptonic Lb decays in the quark model with a factorization ansatz
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The two body nonleptonicLb decays are analyzed in the factorization approximation, using the quark
model, treatingj51/Nc as a free parameter. It is shown that the experimental branching ratio forLb

→LJ/c restrictsj and this ratio can be understood for a value ofj which lies in the range 0<j<0.5
suggested by two bodyB meson decays. The branching ratios forLb→LcDs* (Ds) are predicted to be larger
than the previous estimates. Finally it is pointed that the CKM-Wolfenstein parameterr21h2, whereh is the

CP phase, can be determined from the ratio of widths ofLb→LD̄ andLb→LJ/c or that ofLb→ p Ds and
Lb→Lc Ds , independent of the parameterj. @S0556-2821~98!05513-1#

PACS number~s!: 13.30.Eg, 11.30.Hv, 12.39.Jh
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I. INTRODUCTION

Two body nonleptonic decays of bottom baryons prov
useful information for QCD effects in weak decays and
direct CP asymmetries which involve Cabibbo-Kobayash
Maskawa- ~CKM-!Wolfenstein parametersr and h. The
standard framework to study nonleptonic decays of bott
baryons is provided by an effective Hamiltonian approa
which allows a separation between short- and long-dista
contributions in these decays. The latter involves the ma
elementŝ MB8uOi uB& at a typical hadronic scale, whereOi

is an operator in the effective Hamiltonian. These mat
elements cannot be calculated at present from first princip
Thus one has to resort to some approximate schemes.
schemes are often complicated by competing mechanis
such as factorization, baryon pole terms, andW-exchange
terms, each of which has uncertainties of its own. The p
pose of this paper is to study a class of two body bott
baryon nonleptonic decays in the framework of the factori
tion scheme, where, neglecting final state interactions, h
ronic matrix elements are factorized into a product of t
matrix elements of the form̂B8uJmuB& and ^0uJm8 uM & for
which more information may be available.

Following the phenomenological success of factorizat
in the heavy to heavy nonleptonicB meson decays@1#, this
framework has been extended to the domain of heavy to l
transitions@2#. The factorization ansatz here introduces o
free parameter, calledj51/Nc (Nc being number of colors!,
which is introduced to compensate for the neglect of
color octet-octet contribution in evaluating the hadronic m
trix elements in the heavy to light sectors. The range 0<j
<0.5 has been found@2# to be consistent with the data on
number of measuredB meson decays. We apply the facto
ization to decaysLb→LJ/c, Lb→LcDs(Ds* ), Lb→LD̄,
andLb→ p Ds . In addition, we use the quark model to fi
current coupling constants which appear in the matrix e
ments^B8uJmuB&. We show that the measured branching
tio for Lb→LJ/c can be accounted for in this approach w
0556-2821/98/58~1!/014016~8!/$15.00 58 0140
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the parameterj in the above mentioned range. Its previo
estimates obtained either by extracting form factors at z
recoil from experiment and using flavor symmetry of hea
quark effective theory~HQET! @3# or by extending the
Stech’s approach for form factors to baryons@4# were of
order 1025, much smaller than its measured value. Our e
mates for the branching ratios forLb→LcDs(Ds* ) are larger

than their previous estimates@5,6#. The decaysLb→LD̄ and
Lb→ p Ds can give information on the CKM-Wolfenstei
parameter (r21h2) @7# or uVub /Vcbu independent ofj.

We write the effective Hamiltonian@8#

Heff~DB51!5
GF

A2
F (

q5u,c
VcbVqs* ~C1O1

c1C2O2
c!

1 (
q5u,c

VubVqs* ~C1O1
u1C2O2

u!G , ~1!

whereCi are the Wilson coefficients evaluated at the ren
malization scalem; the current-current operatorsO1,2 are

O1
c5~ c̄aba!V2A~ s̄bqb!V2A ,

O2
c5~ c̄abb!V2A~ s̄bqa!V2A , ~2!

andOi
u are obtained through replacingc by u. Herea andb

are SU~3! color indices while (c̄abb)V2A5 c̄agm(1
1g5)bb , etc. The related Wilson coefficients atm52.5
GeV in the next-to-leading logarithmic~NLL ! precision are
@2#

C151.117,

C2520.257. ~3!

These are not very different from those atm55 GeV in the
leading logarithmic approximation~LLA ! @9#: C1(mb)
51.11 andC2(mb)520.26.
© 1998 The American Physical Society16-1
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In the factorization scheme we encounter matrix elements of the form

^B~p8!uJmuBb~p!&5ū~p8!Gmu~p!5ū~p8!i $@gV~s!2gA~s!g5#gm1@ f V~s!1hA~s!g5#smnqn1 i @hV~s!2 f A~s!g5#qm%u~p!,
~4!

whereBb is a baryon, which containsb quark whileB is any baryon not containing it. Heres52q252(p2p8)2. In the
heavy quark spin symmetry limit@10#, the vector and axial vector form factors are related@when Bb belongs to the triplet
representation of flavor SU~3!# as follows:

gV~s!5gA~s!5 f 1 , ~5!

f V5hV5hA52 f A5
1

mBb

f 2 . ~6!

For a decay of the typeBb(p)→B(p8)1X(pX), the matrix elements are of the form

T5 i
G8

A2
^0uJm8 uX~pX!&ū~p8!Gmu~p!

1

~2p!3Amm8

popo8
. ~7!

In the rest frame ofBb , the decay rate ofBb and its polarization are given by

G5
G82

2

1

4pm2E dsp8~s!$r~s!Gr~s!1s~s!Gs~s!%, ~8!

whereq5pX5p2p8, s52q2, and

Gr~s!5$Q~s!~gV
21gA

2 !23mm8s~gV
22gA

2 !13s@~m1m8!„~m2m8!22s…gVf V2~m2m8!„~m1m8!22s…gAf A#

1s@Q9~s!~ f V
21hA

2 !23mm8s~ f V
22hA

2 !#22mp8~s!n•s@„~m22m82!22s…gAgV1s„~m23m8!gVhA

2~m13m8!gAf V…1s fVhA~s2m225m82!#%, ~9!

Gs~s!5H Q8~s!~gV
21gA

2 !2s@~m2m8!„~m1m8!22s…gVf V1~m1m8!„~m2m8!22s…gAf A#1
1

2
s2@„~m1m8!22s…hV

2

1„~m2m8!22s…f A
2 #22mp8~s!n•s@~m22m82!gVgA2s„~m1m8!gAhV1~m2m8!gVgA…1s2hVf A#J . ~10!
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Here it is understood that the form factors are functions os
andr5rV , rA , or 0 with X as 12, 11, or O2, while cor-
respondinglys50, sA or sp•s and

p8~s!5
1

2m
$@~m21m82!2s#224m2m82%1/2, ~11!

Q~s!5 1
2 @~m22m82!21s~m21m82!22s2#,

~12!

Q8~s!5 1
2 @~m22m82!22s~m21m82!#, ~13!

Q9~s!5 1
2 @2~m22m82!22s~m21m82!2s2#.

~14!

The form factors defined in Eq.~4! are calculated in the
quark model ats52q25mX

2 whereX is a vector or pseudo
01401
scalar particle in the decayB→B8X, thereby taking into ac-
count recoil correction. This is in contrast to the use of t
nonrelativistic quark model for the evaluation of the for
factors at zero recoilq50 @11#. This latter approach also
necessitates the extrapolation of the form factors from ma
mum q2@2qm

2 5tm5(mB2mB8)
2# to the desireds52q2

5mX
2 . We may point out that sinceuqu'1.75 GeV inLb

→L1J/c, for example, the no recoil approximation do
not seem to be justified; in factuqu@ms in L, making thes
quark inL relativistic. In our approach no recoil approxima
tion, nor any extrapolation of the form factors at the physi
point are needed. Our quark model results do satisfy
constraints imposed by the heavy quark spin symmetry.

The plan of the paper is as follows: Sec. II summariz
the calculation of the baryonic form factors within the fram
work of quark model at the desired value ofs52q2, rather
than at the zero recoil point, relegating the details in
6-2
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Appendix. In Sec. III we apply the results to some spec
nonleptonic decay modes ofLb . Section IV summarizes ou
conclusions.

II. BARYONIC FORM FACTORS
IN THE QUARK MODEL

In order to calculate the form factors we first reduce
matrix elements in Eq.~4! from four component Dirac
spinors to Pauli spinors without making any approximat
and do the same for the quark level current

j m5 i q̄gm~11g5!b. ~15!

We treat theb quark in Bb extreme nonrelativistically
(pb /mb'0) and setpb2pq5q52p8, Eq5Aq21mq

2, Eb

5mb5m3 . Then, as shown in the Appendix,
.
of

tc

f

-

s

01401
c

e

hA52 f A , f V5hV , ~16!

gV~s!5jVIa~E8,E38!,

f V~s!5
1

m
jVIb~E8,E38!,

gA~s!5jAIa~E8,E38!,

f A~s!52
1

m
jAIb~E8,E38!, ~17!

where
a~E8,E38!5
1

2
AE8

E38

~E81m8!~12m8/m!1~E381m38!~11m8/m!

A~E81m8!~E381m38!
,

b~E8,E38!5
1

2
AE8

E38

~E81m8!2~E381m38!

A~E81m8!~E381m38!
, ~18!
f

be

the

p-
and E85po8 , E385Eq5Ap821m38
2, andm385mq . Note the

explicit appearance of 1/m corrections in the above formulas
HerejV andjA are respectively the spin-unitary spin part
the matrix elements of the current operator~15!; for example,
for Bb belonging to the triplet representation of SU~3!, jV
5jA and I is the overlap integral

I 5NfNiE c f* S p12,k2
m11m2

m̃8
p8D c i~p12,k!d3p12d

3k.

~19!

The recoil correction is represented by momentum misma

@(m11m2)/m̃8#p8, which arises since the rest frame ofBb is
not that of Bq baryon. Herem̃85m11m21m38 where m1

andm2 are masses of the spectator quarks andm38 is that of
q quark resulting from the decay ofb. Note that the form
factors in Eq.~17! are determined at the desired value os
52q2.

As already noted forBb belonging to the triplet represen
tation jV5jA and then the relations~16! and ~17! are con-
sistent with those given in Eqs.~5! and ~6! obtained in the
heavy quark spin symmetry limit. To proceed further we u
harmonic oscillator or Gaussian wave functions in Eq.~19!
to obtain

I 5S 2bb8

b21b82D 3

exp F2
3

4

~m11m2!2

m̃82

p82

2~b21b82!
G .

~20!
h

e

We takeb or b8 as @12#

b25AmQk, ~21!

where mQ5@MNMH /(MN1MH)# is the reduced mass o
the bound system,MN being the nucleon mass andMH that
of B, D, K* , or r meson forLb , Lc , L, and p, respec-
tively. k is the spring constant and its value is taken to
(440 MeV)3 @13#.

We summarize in Table I the form factorsgV(s)5gA(s)
5f1, f V(s)5hV(s)5hA(s)52 f A(s)5 f 2 /m for the transi-
tions Lb→pDs , Lb→LD̄, Lb→LJ/c, Lb→LcDs* (Ds),
for s5mDs

2 , mD
2 , mJ/c

2 , andmD
s*

2
(mDs

2 ), m385mu , ms , and

mc , respectively. For the numerical work we have taken
relevant masses~in GeV! as m5mLb

55.641,mL51.1157,

mLc
52.285, mp50.938, mJ/c53.097, mD

s*
52.112, mD

51.864,mDs
51.968,ms50.510,mc51.6, andmu50.340.

III. APPLICATIONS

We consider those decays ofLb for which baryon poles
either do not contribute or their contribution is highly su
pressed due to Okubo-Zweig-Iizuka~OZI! rule and that it
scales as inverse ofmLb

.

For decays of the typeLb(p)→Bq(p8)V(q), whereV is a
vector meson,

rA~s!505sA~s!, ~22!
6-3
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TABLE I. The quark model predictions for baryonic form factors forLb transitions.b50.51 GeV,b8
50.44 GeV for p and L and 50.48 GeV for Lc . f 15gV5gA , f 2 / f 15( f V /gV)m5(hV /gV)m
5(hA /gA)m52( f A /gA)m. Note that only the last column depends on the overlap integralI .

Transition up8u jA5jV f 1(s)/I f 2 / f 1 F1 F2 I f 1(s)

pDs 2.376 1/A2 0.720 0.123 '1 '1 0.119 0.086

LD̄ 2.374 21/A3 -0.558 0.129 '1 '1 0.215 -0.120

LJ/c 1.756 21/A3 -0.604 0.158 0.943 0.826 0.426 -0.257
LcDs 1.766 1 1.052 0.134 0.978 0.983 0.791 0.829
LcDs* 1.850 1 1.048 0.137 0.949 0.908 0.810 0.852
e

e-

We
-

rV~s!5FV
2d~s2mV

2 !, ~23!

where

^0uJm8 uV&5FVem . ~24!

Then Eqs.~9!, ~17!, and~18!, on using the relations~5! and
~6!, give the decay rate

G5
G82

2
FV

2 up8u

4pm2
Q~mV

2 !@2 f 1
2~mV

2 !#F 1
V~mV

2 ! ~25!

while the asymmetry

a5
22mup8u@~m22m82!22mV

2 #

2Q~mV
2 !

F 2
V~mV

2 !

F 1
V~mV

2 !
~26!

where

F 1
V~mV

2 !5H 123
m8

m

mV
2~m22m821mV

2 !

Q~mV
2 !

f 2

f 1

1
mV

2

m2

Q9~mV
2 !

Q~mV
2 !

f 2
2

f 1
2J , ~27!

F 2
V~mV

2 !5H 126
m8

m

mV
2

m22m8222mV
2

f 2

f 1

2
mV

2

m2

m215m822mV
2

m22m8222mV
2

f 2
2

f 1
2J . ~28!

The prediction fora is independent of the value of th
overlap integral and provides a test of the predictions~16!
and ~17! with jV5jA through the presence off 2 / f 1. The
corrections due to the form factors which scale as 1/m are
dumped intoF functions.

If the vector mesonV is replaced by a pseudoscalar m
sonP, then

rV~s!505rA~s!, ~29!

sA~s!5FP
2d~s2mP

2 !, ~30!

where
01401
^0uJm8 up&5FPqm . ~31!

Then Eqs.~8! and ~10!, on using the relations~5! and ~6!,
give

GP5
G82

2
FP

2 up8u

4pm2
Q8~mP

2 !@2 f 1
2~mP

2 !#F 1
P~mP

2 !, ~32!

aP5
22mup8u@~m22m82!#

2Q8~mP
2 !

F 2
P~mP

2 !

F 1
P~mP

2 !
, ~33!

where

F 1
P~mP

2 !5H 12
m8

m

mP
2 ~m22m821mP

2 !

Q8~mP
2 !

f 2

f 1

1
mP

2

m2

mP
2 ~m21m822mP

2 !

2Q8~mP
2 !

f 2
2

f 1
2J , ~34!

F 2
P~mP

2 !5H 12
2m8

m

mP
2

~m22m82!

f 2

f 1

1
mP

4

m2~m22m82!

f 2
2

f 1
2J . ~35!

We are now ready to consider the specific decays.
first considerLb→L J/c, where the first part of the Hamil
tonian ~1! with q5c and the Fierz rearrangement give

G85GFVcbVcs* ~C21jC1!, ~36!

Jm8 5 c̄gm~11g5!c. ~37!

The constantFJ/c
2 is determined fromG(J/c→e1e2)

5(5.2660.37) keV@14#:

FJ/c
2 5

9

4S 3

4pa2D G~J/c→e1e2!~mJ/c!

51.63731021 GeV2. ~38!

Using GF51.1663931025 GeV22 and @14# uVcbu50.0393
60.0028,uVcsu51.0160.18, we obtain, from Eqs.~23! and
~24!,
6-4
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FIG. 1. Branching ratio forLb→LJ/c as a function ofj. The solid line shows the central value of the CDF measurement; the d
lines show the one sigma limits.
-

s

he
G58.21310214~C21jC1!2f 1
2~mJ/c

2 !F 1
V~mJ/c

2 !, ~39!

a520.21
F 2

V~mJ/c
2 !

F 1
V~mJ/c

2 !
. ~40!

This gives the branching ratio

B~Lb→LJ/c!51.4731021~C21jC1!2

3 f 1
2~mJ/c

2 !F 1
V~mJ/c

2 !, ~41!

where we have used@14# GLb
50.84731010 s2155.59

310213 GeV. Using Table I we finally obtain

B~Lb→LJ/c!59.1431023~C21jC1!2, ~42!

a~Lb→LJ/c!520.18. ~43!

In Fig. 1, we show the branching ratioB(Lb→LJ/c) as a
function of j. This decay mode is sensitive toj and com-
parison with the experimental value@15# (3.762.4)31024

shows thatj is restricted to 0<j<0.125 or 0.35<j<0.45,
01401
which lie within the range 0<j<0.5 suggested by the com
bined analysis of the present CLEO data onB→h1h2 decay
@2#. We may remark thatf 2 / f 1 correction to the decay rate i
about 6% while that to the asymmetry parametera is about
14%.

Other decays of interest for which the first part of t
Hamiltonian ~1! with q5c is responsible areLb→Lc

1Ds
2

andLb→Lc
1Ds*

2 . For these decays

G85GFVcbVcs* ~C11jC2! ~44!

and

Jm8 5 s̄gm~11g5!c. ~45!

Then Eqs.~23!, ~24!, ~29!, and ~30! @on using the relations
~5! and ~6!# give respectively

G~Lb→Lc
1Ds*

2!52.12310214~C11jC2!2

3 f 1
2~mD

s*
2

!F 1
V~mD

s*
2

!, ~46!
6-5
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a~Lb→Lc
1Ds*

2!520.42
F 2

V~mD
s*

2
!

F 1
V~mD

s*
2

!
, ~47!

G~Lb→Lc
1Ds

2!51.50310214~C11jC2!2

3 f 1
2~mDs

2 !F 1
P~mDs

2 !, ~48!

a~Lb→LcDs!520.98
F 2

P~mDs

2 !

F 1
P~mDs

2 !
. ~49!

Here we have usedFDs
5FD

s*
5232 MeV @14# ~in the nor-

malizationFp5131 MeV). Using Table I, the above equ
tions give

B~Lb→LcDs* !52.61~C11jC2!231022, ~50!

a~Lb→LcDs* !520.40, ~51!

B~Lb→LcDs!51.79~C11jC2!231022,
~52!

a~Lb→LcDs!520.98. ~53!

The above branching ratios are not sensitive toj: 2.55
31022<B(Ds* )<3.2631022 and 1.7531022<B(Ds)
<2.2331022 for 0.5>j>0. The f 2 / f 1 corrections are neg
n

c

01401
ligible when the meson in the final state isO2 while for 12

they are about 5% for the decay rate and for the asymm
parametera. Previously the above decays have been a
lyzed in the HQET with the factorization approximation
the largeNc limit either by parametrizing the Isgure-Wis
form factor G1(v•v8) @c.f. Eq. ~5! with f 15G1
1(mLc

/mLb
)G2, f 252G2 /mLb

, where sinceLc , Lb

form a multiplet, the absence of the second class curre
implies G250# @5# or by evaluating it in the largeNc limit
@6#. In contrast we have used quark model to fix the baryo
form factors as given in Eqs.~16! and~17!. The comparison
of our predicted results with the previous results mention
above is presented in Table II.

Finally we consider the decaysLb→LD̄o and Lb
→pDs ; the interest here is that the ratio of their dec
widths with Lb→L J/c and Lb→LcDs , respectively, can
fix the CKM-Wolfenstein parameter (r21h2) or uVub /Vcbu,
independent ofj, whereh indirectly determinesCP viola-
tion. For these decays the second part of the Hamiltonian~1!
with q5c ~and the Fierz rearrangement for the former! give

TABLE II. Predictions for the branching ratios~BR! in % for
Lb→Lc

1Ds*
2 andLb→Lc

1Ds in the largeNc limit ( j50).

Decay processes Present BR calculation BR BR
(j50) Ref. @5# Ref. @6#

Lb→Lc
1Ds*

2 3.26 1.7320.30
10.20 1.77

Lb→Lc
1Ds

2 2.23 2.3020.40
10.30 1.156
G~Lb→LD̄o!5FGF

A2
VubVcs* ~C21jC1!G 2

2up8u

4pmLb

2
FD

2 @ f 1
LD~mD

2 !#2F 1
P~mD

2 !Q8~mD
2 !, ~54!

G~Lb→pDs!5FGF

A2
VubVcs* ~C11jC2!G 2

2up8u

4pmLb

2
FDs

2 @ f 1
pDs~mDs

2 !#2F 1
P~mDs

2 !Q8~mDs

2 !. ~55!
l to

the

ure
nd
ter
of

se
Using Table I,FD5200 MeV and taking into consideratio
differences in phase space factorsp8, Q, andQ8 we obtain

G~Lb→LD̄o!

G~Lb→LJ/c!
55.8831022UVub

Vcb
U2

52.831023~r21h2!,

~56!

G~Lb→p Ds!

G~Lb→Lc Ds!
5231022UVub

Vcb
U2

59.731024~r21h2!.

~57!

IV. CONCLUSIONS

We have analyzed some two body nonleptonicLb decays
in the factorization approximation, treatingj51/Nc ~which
is supposed to compensate for the neglect of color octet-o
 tet

contribution in evaluating the hadronic matrix elements! as a
free parameter. In addition we have used the quark mode
fix the baryonic form factors at the desired value ofs5
2q2 without making any recoil approximation. The form
factors obtained are consistent with the predictions of
heavy quark symmetry and explicitly display 1/mb correc-
tions. The experimental branching ratio forLb→LJ/c re-
stricts j and can be understood for either 0,j,0.125 or
0.3,j,0.45. Our predictions for the branching ratiosLb

→LcDs(Ds* ) are larger than the previous estimates. Fut
experimental data from colliders are expected to verify a
distinguish the various results. Finally the parame
uVub /Vcbu or (r21h2) can be determined independently
the parameterj from the ratio of decay widths ofLb

→LD̄ and Lb→L J/c or that of Lb→p Ds and Lb
→Lc Ds , although the branching ratios expected for the
6-6
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decays may be hard to measure.
We want to emphasize that our derivation of Eqs.~16!

and ~17! does not depend on the details of the quark mod
The basic assumption is that in the heavy quark limit,
velocity of heavy quark can be neglected. The details of
quark model enter in the derivation of the overlap integraI .

It may be noted from the structure of Eqs.~9! and ~10!,
that the contribution of the form factorsf V , hV , hA , and f A
are proportional tos/m2 @the same is true for the term con
taining (gV

22gA
2)#. Hence whens/m2 ! 1, their contribu-

tion can be neglected and in this case asymmetry param
a is given by
01401
l.
e
e

ter

a . 2
2gVgA

gV
21gA

2
.
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APPENDIX

We outline the derivation of relations~16! and ~17!. We first reduce the matrix elements in Eq.~4! from four component
Dirac-spinors to Pauli spinors. Thus in the rest frame ofBb,

^B~p8!uJouBb~p!&5AE81m8

2E8
H FgV~s!2qohV~s!2

q2

E81m8
f V~s!G1FhA~s!1

1

E81m8
@gA~s!2qof A~s!#Gs•qJ ,

~A1!

^B~p8!uJuBb~p!&5AE81m8

2E8
H F2gA~s!1S qo1

q2

E81m8
D hA~s!Gs2F S 11

qo

E81m8
D f V~s!1

1

E81m8
gV~s!G is3q

2FhV~s!1
1

E81m8
@gV~s!1qof V~s!#Gq2

1

E81m8
@hA~s!1 f A~s!#qs•qJ , ~A2!

whereE8(s)5po8(s), q52p8, qo5Azqz21s. It may be noted that no approximation has been made so far. On the other
the Pauli reduction of the quark level current,

j m5 i q̄gm~11g5!Q, ~A3!

is given by@with pQ5p3, pq5p38#

j o5
1

2@E3E38~E31m3!~E381m38!#1/2
$~E381m38!~E31m3!1p38•p31 is•~p383p3!2~E381m38!s•p3,2~E31m3!s•p38%,

~A4!

j5
1

2@E3E38~E31m3!~E381m38!#1/2
$@2~E381m38!~E31m3!1p38•p3#s1 i ~p383p3!2~s•p38!p3

2s•p3p381~E381m38!~p32 is3p3!1~E31m3!~p381 is3p38!%. ~A5!
We now treat the quarkQ extreme nonrelativistically and
thus putup3u.0. Then

j o5
1

A2E38~E381m38!
$~E381m38!2s•p38%, ~A6!

j5
1

A2E38~E381m38!
$2~E381m38!s1p381 is•p38%,

~A7!
where

E385Ap83
21m38

25A~p32q!21m38
2.Aq21m38

2.

Suppose that the initial baryonB contains a heavy quark
Q (b in our case! and two light quarksq1 and q2 which
behave as spectators. The final baryonB8 is composed of the
quarkq @s, c, or u quark# and the same spectators as inB.
For the initial baryon composed of quarksQ([q3), q1, q2,
we introduce relative coordinates and momenta as
6-7
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r125r12r2 ,
p12

m12
5

p1

m1
2

p2

m2
, m125

m1m2

m11m2
,

R125
m1r11m2r2

m12
, r12,35r122r3 ,

P125p11p2 ,
k

m
5

P12

m11m2
2

p3

m3
,

m5
m3~m11m2!

m̃
,

m̃5m11m21m3 , k5
m3

m̃
P122

m11m2

m̃
p3 .

~A8!

For the initial baryon, its rest frame is its center of ma
frame so thatp11p21p350 which impliesP1252p35k
and then

p15p121
m1

m11m2
k,
o.

01401
s

p252p121
m1

m11m2
k. ~A9!

Denoting the relative momenta of quarks in the baryonB8 by
primes and noting thatp185p1, p285p2 so that p128 5p12,
P128 5P12, giving p8352P121p852k2q and

k85k2
m11m2

m̃8
p8. ~A10!

Calling cs the spatial wave function in momentum space a
noting that whenp83 in Eqs. ~A6! and ~A7! is replaced by
2k2q, the linear terms ink do not contribute in the spatia
integral and as such the right sides of Eqs.~A6! and~A7! are
independent of integration variablesk, p12, and k8. The
comparison of hadronic matrix elements in Eqs.~A1! and
~A2! with those of Eqs.~A6! and~A7! give the relations~16!
and ~17!. The use of delta functionsd(p12p81), d(p2
2p82), d(p11p21p3), and (p811p821p832p8) reduce the
spatial integral to the form given in Eq.~20!.
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