
Nonleptonic weak decays of bottom baryons

Hai-Yang Cheng
Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

~Received 2 December 1996!

Cabibbo-allowed two-body hadronic weak decays of bottom baryons are analyzed. Contrary to the charmed
baryon sector, many channels of bottom baryon decays proceed only through the external or internal
W-emission diagrams. Moreover,W exchange is likely to be suppressed in the bottom baryon sector. Conse-
quently, the factorization approach suffices to describe most of the Cabibbo-allowed bottom baryon decays.
We use the nonrelativistic quark model to evaluate heavy-to-heavy and heavy-to-light baryon form factors
at zero recoil. When applied to the heavy quark limit, the quark model results do satisfy all the con-
straints imposed by heavy quark symmetry. The decay rates and up-down asymmetries for bottom baryons
decaying into1

2
11P(V) and 3

2
11P(V) are calculated. It is found that the up-down asymmetry is negative

except for Vb→ 1
2

11P(V) decay and for decay modes withc8 in the final state. The prediction
B(Lb→J/cL)51.631024 for uVcbu50.038 is consistent with the recent Collider Detector at Fermilab mea-

surement. We also present estimates forVc→ 3
2

11P(V) decays and compare with various model calculations.
@S0556-2821~97!03617-5#

PACS number~s!: 13.30.2a, 12.39.Jh, 14.20.Mr

I. INTRODUCTION

While much new data of charmed baryon nonleptonic
weak decays has become available in recent years, the ex-
perimental study of hadronic weak decays of bottom baryons
is just beginning to get in gear. This is best illustrated by the
decay modeLb→J/cL which is interesting both experi-
mentally and theoretically. Its branching ratio was originally
measured by the UA1 Collaboration to be (1.861.1)
31022 @1#. However, both the Collider Detector at Fermilab
~CDF! @2# and CERNe1e2 collider LEP@3# Collaborations
did not see any evidence for this decay. The theoretical situ-
ation is equally ambiguous: The predicted branching ratio
ranges from 1023 to 1025. Two early estimates@4,5# based
on several different approaches for treating theLb→L form
factors yield a branching ratio of order 1023. It was recon-
sidered in@6# within the nonrelativistic quark model by tak-
ing into account the 1/mQ corrections to baryonic form fac-
tors at zero recoil and the result
B(Lb→J/cL)51.131024 was obtained~see the erratum
in @6#!. Recently, it was found thatB(Lb→J/cL) is of
order 1025 in @7# by extracting form factors at zero recoil
from experiment and in@8# by generalizing the Stech’s
approach for form factors to the baryon case. This issue
has finally settled down experimentally: The decayLb→J/
cL is observed by CDF@9# and the ratio of cross section
times branching fraction,sLb

B(Lb→J/cL)/@sB0B(B0→
J/cKS)] is measured. The branching ratio ofLb→J/cL
turns out to be (3.761.760.4)31024, assumingsLb

/sB5

0.1/0.375 andB(B0→J/cKS)53.731024. It is interesting
to note that this is also the first successful measurement of
exclusive hadronic decay rate of bottom baryons, even
though the branching ratio ofLb→Lp is expected to exceed
that of Lb→J/cL by an order of magnitude. Needless to
say, more and more data of bottom baryon decay data will be
accumulated in the near future.

Encouraged by the consistency between experiment and

our nonrelativistic quark model calculations for
Lb→J/cL, we would like to present in this work a system-
atic study of exclusive nonleptonic decays of bottom baryons
~for earlier studies, see@10,11#!. Just as in the meson case, all
hadronic weak decays of baryons can be expressed in terms
of the following quark-diagram amplitudes@12#: A, the ex-
ternalW-emission diagram;B, the internalW-emission dia-
gram; C, the W-exchange diagram; andE, the horizontal
W-loop diagram. The external and internalW-emission dia-
grams are sometimes referred to as color-allowed and color-
suppressed factorizable contributions. However, baryons be-
ing made out of three quarks, in contrast to two quarks for
mesons, bring along several essential complications. First of
all, the factorization approximation that the hadronic matrix
element is factorized into the product of two matrix elements
of single currents and that the nonfactorizable term such as
theW-exchange contribution is negligible relative to the fac-
torizable one is known empirically to be working reasonably
well for describing the nonleptonic weak decays of heavy
mesons@13#. However, this approximation isa priori not
directly applicable to the charmed baryon case asW ex-
change there, manifested as pole diagrams, is no longer sub-
ject to helicity and color suppression.1 That is, the pole con-
tribution can be as important as the factorizable one. The

1This is different from the naive color suppression of internalW
emission. It is known in the heavy meson case that nonfactorizable
contributions will render the color suppression of internalW emis-
sion ineffective. However, theW-exchange in baryon decays is not
subject to color suppression even in the absence of nonfactorizable
terms. A simple way to see this is to consider the large-Nc limit.
Although theW exchange diagram is down by a factor of 1/Nc

relative to the externalW-emission one, it is compensated by the
fact that the baryon containsNc quarks in the limit of largeNc ,
thus allowingNc different possibilities forW exchange between
heavy and light quarks@14#.
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experimental measurement of the decay modes
Lc

1→S0p1, S1p0, and Lc
1→J0K1, which do not re-

ceive any factorizable contributions, indicates thatW ex-
change indeed plays an essential role in charmed baryon de-
cays. Second, there are more possibilities in drawing theB
and C types of amplitudes@12#; in general there exist two
distinct internal W emissions and several different
W-exchange diagrams and only one of the internal
W-emission amplitudes is factorizable.

The nonfactorizable pole contributions to hadronic weak
decays of charmed baryons have been studied in the litera-
ture @15–17#. In general, nonfactorizables- andp-wave am-

plitudes for 1
2

1→ 1
2

11P(V) decays (P: pseudoscalar me-
son, V: vector meson!, for example, are dominated by12

2

low-lying baryon resonances and12
1 ground-state baryon

poles, respectively. However, the estimation of pole ampli-
tudes is a difficult and nontrivial task since it involves weak
baryon matrix elements and strong-coupling constants of1

2
1

and 1
2

2 baryon states. This is the case in particular for
s-wave terms as we know very little about the1

2
2 states. As

a consequence, the evaluation of pole diagrams is far more
uncertain than the factorizable terms. Nevertheless, the bot-
tom baryon system has some advantages over the charmed
baryon one. First,W exchange is expected to be less impor-
tant in the nonleptonic decays of the former. The argument
goes as follows. TheW-exchange contribution to the total
decay width of the heavy baryon relative to the spectator
diagram is of orderR532p2ucQq(0)u2/mQ

3 @5#, where the
square of the wave functionucQq(0)u2 determines the prob-
ability of finding a light quarkq at the location of the heavy
quark Q. Since uccq(0)u2;ucbq(0)u2;(122)31022

GeV2 @5#, it is clear thatR is of order unity in the charmed
baryon case, while it is largely suppressed in bottom baryon
decays. Therefore, althoughW exchange plays a dramatic
role in charmed baryon case~it even dominates over the
spectator contribution in hadronic decays ofLc

1 andJc
0 @5#!,

it becomes negligible in inclusive hadronic decays of bottom
baryons. It is thus reasonable to assume that the same sup-
pression is also inherited in the two-body nonleptonic weak
decays of bottom baryons. Second, for charmed baryon de-
cays, there are only a few decay modes which proceed
through external or internalW-emission diagram, namely,
Cabibbo-allowed Vc

0→V2p1(r1), J* 0K̄0(K̄* 0) and
Cabibbo-suppressedLc

1→pf, Vc
0→J2p1(r1). However,

even at the Cabibbo-allowed level, there already exist a sig-
nificant number of bottom baryon decays which receive con-
tributions only from factorizable diagrams~see Tables II and
III ! andLb→J/cL is one of the most noticeable examples.
For these decay modes we can make a reliable estimate
based on the factorization approach as they do not involve
troublesome nonfactorizable pole terms. Moreover, with the
aforementioned suppression ofW exchange, many decay
channels are dominated by external or internalW emission.
Consequently, contrary to the charmed baryon case, it suf-
fices to apply the factorization hypothesis to describe most of
Cabibbo-allowed two-body nonleptonic decays of bottom
baryons, and this makes the study of bottom baryon decays
considerably simpler than that in charmed baryon decays.

Under the factorization approximation, the baryon decay
amplitude is governed by a decay constant and form factors.

In order to study heavy-to-heavy and heavy-to-light baryon
form factors, we will follow@6# to employ the nonrelativistic
quark model to evaluate the form factors at zero recoil. Of
course, the quark model results should be in agreement with
the predictions of the heavy quark effective theory~HQET!
for antitriplet-to-antitriplet heavy baryon form factors to the
first order in 1/mQ and for sextet-to-sextet ones to the zeroth
order in 1/mQ . The quark model, however, has the merit that
it is applicable to heavy-to-light baryonic transitions as well
and accounts for 1/mQ effects for sextet-to-sextet heavy
baryon transition. In this paper, we will generalize the work

of @6# to 1
2

12 3
2

1 transitions in order to study the decays
1
2

1→ 3
2

11P(V). As the conventional practice, we then
make the pole dominance assumption for theq2 dependence
to extrapolate the form factor from zero recoil to the desired
q2 point.

The layout of the present paper is organized as follows. In
Sec. II we first discuss the quark-diagram amplitudes for
Cabibbo-allowed bottom baryon decays. Then with the form
factors calculated using the nonrelativistic quark model, the
external and internalW-emission amplitudes are computed
under the factorization approximation. Results of model cal-
culations and their physical implications are discussed in
Sec. III. A detail of the quark model evaluation of form
factors is presented in Appendix A and the kinematics for
nonleptonic decays of baryons is summarized in Appendix
B.

II. NONLEPTONIC WEAK DECAYS
OF BOTTOM BARYONS

A. Quark diagram classification

The light quarks of the bottom baryons belong to either a
3̄ or a 6 representation of the flavor SU~3!. The Lb

1 , Jb
0A ,

andJb
2A form a 3̄ representation and they all decay weakly.

TheVb
2 , Jb

0S , Jb
2S , Sb

1,0,2 form a6 representation; among
them, however, onlyVb

2 decays weakly.
Denoting the bottom baryon, charmed baryon, octet

baryon, decuplet baryon and octet meson by
Bb , Bc , B(8), B(10) and M (8), respectively, the two-
body nonleptonic decays of bottom baryon can be classified
into

~a! Bb~ 3̄!→Bc~ 3̄!1M ~8!,

~b! Bb~ 3̄!→Bc~6!1M ~8!,
~2.1!

~c! Bb~ 3̄!→B~8!1M ~8!,

~d! Bb~ 3̄!→B~10!1M ~8!,

and

~e! Bb~6!→Bc~6!1M ~8!, ~2.2!

~ f! Bb~6!→Bc* ~6!1M ~8!,

~g! Bb~6!→Bc~ 3̄!1M ~8!,

2800 56HAI-YANG CHENG



~h! Bb~6!→B~8!1M ~8!,

~ i! Bb~6!→B~10!1M ~8!,

whereBc* designates a spin-3
2 sextet charmed baryon. In@12#

we have given a general formulation of the quark-diagram
scheme for the nonleptonic weak decays of charmed bary-
ons, which can be generalized directly to the bottom baryon
case. The general quark diagrams for decays in Eqs.~2.1!
and ~2.2! are the external W-emission A, internal
W-emission diagramsB and B8, W-exchange diagrams
C1 , C2, andC8, and the horizontalW-loop diagramsE and
E8 ~see Fig. 2 of@12# for notation and details!.2 The quark
coming from the bottom quark decay in diagramB8 contrib-
utes to the final meson formation, whereas it contributes to
the final baryon formation in diagramB. Consequently, dia-
gramB8 contains factorizable contributions butB does not.
Note that, contrary to the charmed baryon case, the horizon-
tal W-loop diagrams~or the so-called penguin diagrams un-
der one-gluon-exchange approximation! can contribute to
some of Cabibbo-allowed decays of bottom baryons. Since
the two spectator light quarks in the heavy baryon are anti-
symmetrized inBQ( 3̄) and symmetrized inBQ(6) and since
the wave function ofB(10) is totally symmetric, it is clear
that factorizable amplitudesA andB8 cannot contribute to
the decays of types~b!, ~d!, and~g!. For example, decays of
type~d! receive contributions only from theW-exchange and
W-loop diagrams, namelyC2S , CS8 , and ES ~see Fig. 1 of

@12#!. There are only a few Cabibbo-allowedBb( 3̄)
→B(10)1M (8) decays:

Lb
0→D0D0, D* 0D0; Jb

0,2→D0S* 0,2, D* 0S* 0,2.
~2.3!

They all only receive contributions from theW-exchange
diagramCS8 . We have shown In Tables II and III the quark
diagram amplitudes for those Cabibbo-allowed bottom
baryon decays that do receive contributions from the external
W-emissionA or internalW-emissionB8.

B. Factorizable contributions

At the quark level, the hadronic decays of bottom baryons
proceed the above-mentioned various quark diagrams. At the
hadronic level, the decay amplitudes are conventionally
evaluated using factorization approximation for quark dia-
gramsA andB8 and pole approximation for the remaining
diagramsB, C1 , C2 , . . . @14–17#. Among all possible pole
contributions, including resonances and continuum states,
one usually focuses on the most important poles such as the

low-lying 1
2

1, 1
2

2 states. However, it is difficult to make a
reliable estimate of pole contributions since they involve
baryon matrix elements and strong coupling constants of the
pole states. Fortunately, among the 32 decay modes of

Cabibbo-allowed decays12
1→ 1

2
11P(V) listed in Table II

and 8 channels of12
1→ 3

2
11P(V) in Table III, 20 of them

receive contributions only from factorizable terms. Further-
more, as discussed in the Introduction, theW-exchange con-
tribution to the inclusive decay rate of bottom baryons
relative to the spectator decay is of order
32p2ucbq(0)u2/mb

3;(325)%. It is thus reasonable to as-
sume that the same suppression persists at the exclusive two-
body decay level. The penguin contributionsE andE8 to the
Cabibbo-allowed decay modes, e.g.,Lb→Ds

(* )Lc , Jb→
Ds

(* )Jc , Vb→Ds
(* )Vc ~see Table II! can be safely ne-

glected since the Wilson coefficientc6(mb) of the penguin
operatorO6 is of order 0.04@18# and there is no chiral en-
hancement in the hadronic matrix element ofO6 due to the
absence of a light meson in the final state. Therefore, by
neglecting theW-exchange contribution as a first-order ap-
proximation, we can make sensible predictions for most of
decay modes exhibited in Tables II and III. As for the non-
factorizable internalW-emissionB, there is no reason to ar-
gue that it is negligible.

To proceed we first consider the Cabibbo-allowed decays

Bb( 1
2

1)→B( 1
2

1)1P(V). The general amplitudes are

M@Bi~1/21!→Bf~1/21!1P#5 i ū f~pf !~A1Bg5!ui~pi !,
~2.4!

M@Bi~1/21!→Bf~1/21!1V#

5 ū f~pf !«* m@A1gmg51A2~pf !mg5

1B1gm1B2~pf !m#ui~pi !,

where«m is the polarization vector of the vector meson. The
QCD-corrected weak Hamiltonian responsible for Cabibbo-
allowed hadronic decays of bottom baryons read

HW5
GF

A2
VcbVud* ~c1O11c2O2!1~u→c, d→s!,

~2.5!

with O15( ūs)( b̄c) and O25( ūc)( b̄s), where (q̄1q2)
[ q̄1gm(12g5)q2. Under factorization approximations, the
external or internalW emission contributions to the decay
amplitudes are given by

A5la1,2f P~mi2mf ! f 1~mP
2 !,

B5la1,2f P~mi1mf !g1~mP
2 !, ~2.6!

and

A152la1,2f VmV@g1~mV
2 !1g2~mV

2 !~mi2mf !#,

A2522la1,2f VmVg2~mV
2 !,

B15la1,2f VmV@ f 1~mV
2 !2 f 2~mV

2 !~mi1mf !#, ~2.7!

B252la1,2f VmVf 2~mV
2 !,

2The quark diagram amplitudesA, B, B8, . . . , in each type of
hadronic decays are in general not the same. For octet baryons in
the final state, each of theW-exchange andW-loop amplitudes has
two more independent types: the symmetric and the antisymmetric,
for example,C1A , C1S , EA , ES , . . . , etc. @12#.
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wherel5GFVcbVud* /A2 or GFVcbVcs* /A2, depending on the
final meson state under consideration,f i andgi are the form
factors defined by (q5pi2pf)

^Bf~pf !uVm2AmuBi~pi !&

5 ū f~pf !$ f 1~q2!gm1 i f 2~q2!smnqn1 f 3~q2!qm

2@g1~q2!gm1 ig2~q2!smnqn1g3~q2!qm#g5%ui~pi !,

~2.8!

mi(mf) is the mass of the initial~final! baryon,f P and f V are
the decay constants of pseudoscalar and vector mesons, re-
spectively, defined by

^0uAmuP&52^PuAmu0&5 i f Pqm ,

^0uVmuV&5^VuVmu0&5 f VmV«m* , ~2.9!

with the normalizationf p5132 MeV.
Since in this paper we rely heavily on the factorization

approximation to describe bottom baryon decay, we digress
for a moment to discuss its content. In the naive factorization
approach, the coefficientsa1 for the externalW emission
amplitude anda2 for internal W-emission are given by
(c11c2/3) and (c21c1/3), respectively. However, we have
learned from charm decay that the naive factorization ap-
proach never works for the decay rate of color-suppressed
decay modes, though it usually operates for color-allowed
decays. For example, the predicted rate ofLc

1→pf in the
naive approach is too small when compared with experiment
@15#. This implies that the inclusion of nonfactorizable con-
tributions is inevitable and necessary. If nonfactorizable ef-
fects amount to a redefinition of the effective parametersa1,
a2 and are universal~i.e., channel independent! in charm or
bottom decays, then we still have a new factorization scheme
with the universal parametersa1 , a2 to be determined from
experiment. Throughout this paper, we will thus treata1 and
a2 as free effective parameters. The factorization hypothesis
implies universal and channel independenta1

eff and a2
eff in

charm or bottom decay.3

Since we shall consider heavy-to-heavy and heavy-to-
light baryonic transitions, it is clear that HQET is not ad-
equate for our purposes: the predictive power of HQET for
baryon form factors at order 1/mQ is limited only to
antitriplet-to-antitriplet heavy baryonic transition. Hence, we
will follow @6# to apply the nonrelativistic quark model to

evaluate the weak current-induced baryon form factors at
zero recoil in the rest frame of the heavy parent baryon,
where the quark model is most trustworthy. This quark
model approach has the merit that it is applicable to heavy-
to-heavy and heavy-to-light baryonic transitions at maximum
q2 and that it becomes meaningful to consider 1/mq correc-
tions so long as the recoil momentum is smaller than themq
scale.

The complete quark model results for form factorsf i and
gi at zero recoil read@6#

f 1~qm
2 !/Nf i512

Dm

2mi
1

Dm

4mimq
S 12

L

2mf
D ~mi1mf2hDm!

2
Dm

8mimf

L

mQ
~mi1mf1hDm!,

f 2~qm
2 !/Nf i5

1

2mi
1

1

4mimq
S 12

L

2mf
D @Dm2~mi1mf !h#

2
L

8mimfmQ
@Dm1~mi1mf !h#,

f 3~qm
2 !/Nf i5

1

2mi
2

1

4mimq
S 12

L

2mf
D ~mi1mf2hDm!

1
L

8mimfmQ
~mi1mf1hDm!, ~2.10!

g1~qm
2 !/Nf i5h1

DmL

4 S 1

mimq
2

1

mfmQ
Dh,

g2~qm
2 !/Nf i52

L

4 S 1

mimq
2

1

mfmQ
Dh,

g3~qm
2 !/Nf i52

L

4 S 1

mimq
1

1

mfmQ
Dh,

whereL5mf2mq , Dm5mi2mf , qm
2 5Dm2, h51 for the

3̄ baryonBi , andh52 1
3 for the 6 baryonBi , andNf i is a

flavor factor:

Nf i5flavor-spin̂ Bf ubq
†bQuBi&flavor-spin ~2.11!

for the heavy quarkQ in the parent baryonBi transiting into
the quarkq ~being a heavy quarkQ8 or a light quark! in the
daughter baryonBf . It has been shown in@6# that the quark
model predictions agree with HQET for antitriplet-to-
antitriplet ~e.g., Lb→Lc , Jb→Jc) form factors to order
1/mQ . For sextetSb→Sc and Vb→Vc transitions, the
HQET predicts that, to the zeroth order in 1/mQ ~see e.g.,
@22#!,

3For D(B)→PP or VP decays (P denotes a pseudoscalar meson,
V a vector meson!, nonfactorizable effects can always be lumped
into the effective parametersa1 anda2. For D(B)→VV and heavy
baryon decays, universal nonfactorizable terms are assumed under
the factorization approximation. The first systematical study of
heavy meson decays within the framework of improved factoriza-
tion was carried out by Bauer, Stech, and Wirbel@19#. Theoreti-
cally, nonfactorizable terms come mainly from color-octet currents.
Phenomenological analyses ofD andB decay data@20,21# indicate
that while the factorization hypothesis in general works reasonably
well, the effective parametersa1,2 do show some variations from
channel to channel.

2802 56HAI-YANG CHENG



^Bf~v8,s8!uVmuBi~v,s!&

52
1

3
ū f~v8,s8!$@vgm22~v1v8!m#j1~v!

1@~12v2!gm22~12v!~v1v8!m#j2~v!%ui~v,s!,

^Bf~v8,s8!uAmuBi~v,s!&

5
1

3
ū f~v8,s8!$@vgm12~v2v8!m#j1~v!

~2.12!

1@~12v2!gm22~11v!~v2v8!m#j2~v!%ui~v,s!,

wherev[v•v8, j1 and j2 are two universal baryon Isgur-
Wise functions with the normalization ofj1 known to be
j1(1)51. From Eq.~2.12! we obtain

f 15F11
1

2
~mi1mf !S F2

mi
1

F3

mf
D ,

f 25
1

2S F2

mi
1

F3

mf
D ,

f 35
1

2S F2

mi
2

F3

mf
D , ~2.13!

g15G12
1

2
~mi2mf !S G2

mi
1

G3

mf
D ,

g25
1

2S G2

mi
1

G3

mf
D ,

g35
1

2S G2

mi
2

G3

mf
D ,

with

F152G152
1

3
@vj11~12v2!j2#,

F25F35
2

3
@j11~12v!j2#, ~2.14!

G252G35
2

3
@j12~11v!j2#.

SinceNf i51 andh51 for sextet-to-sextet transition, it fol-
lows from Eq.~2.10! that

f 1~qm
2 !52

1

3F12~mi1mf !S 1

mi
1

1

mf
D G ,

~2.15!

f 2~qm
2 !5

1

3S 1

mi
1

1

mf
D , f 3~qm

2 !5
1

3S 1

mi
2

1

mf
D ,

g1~qm
2 !52

1

3
, g2~qm

2 !5g3~qm
2 !50.

It is easily seen that at zero recoilv51, the quark model
results~2.15! are in accord with the HQET predictions~2.13!
provided that

j2~1!5
1

2
j1~1!5

1

2
. ~2.16!

This is precisely the prediction of large-Nc QCD @23#.
Three remarks are in order. First, there are two different

quark model calculations of baryon form factors@24,25#
prior to the work@6#. An obvious criterion for testing the
reliability of quark model calculations is that model results
must satisfy all the constraints imposed by heavy quark sym-
metry. In the heavy quark limit, normalizations of heavy-to-
heavy form factors and hence some relations between form
factors at zero recoil are fixed by heavy quark symmetry.
These constraints are not respected in@24#. While this dis-
crepancy is improved in the work of@25#, its prediction for
Lb→Lc ~or Jb→Jc) form factors at order 1/mQ is still too
large by a factor of 2 when compared with HQET@6#. Sec-
ond, the flavor factorNf i ~2.11! for heavy-to-light transition
is usually smaller than unity~see Table I! due to the fact that
SU~N! flavor symmetry is badly broken. As stressed in@25–
27#, it is important to take into account this flavor-
suppression factor when evaluating the heavy-to-light baryon
form factors. Third, in deriving the baryon matrix elements
at zero recoil in the rest frame of the parent baryon, we have
neglected the kinetic energy~KE! of the quark participating
weak transition relative to its constituent massMq . This is
justified in the nonrelativistic constituent quark model even
when the final baryon is a hyperon or a nucleon. The kinetic
energy of the QCD current quark inside the nucleon at rest is
of order a few hundred MeV. In the nonrelativistic quark
model this kinetic energy is essentially absorbed in the con-
stituent mass of the constituent quark. As a result, it is a
good approximation to neglect~KE/Mq) for the constituent
quarks inside the nucleon~or hyperon! at rest. Of course, this
approximation works best forQ→Q8 transition, and fairly
good forQ→s or Q→u(d) transition.

We next turn to the Cabibbo-allowed decays

Bb( 1
2

1)→B* ( 3
2

1)1P(V) with the general amplitudes:

M@Bi~1/21!→Bf* ~3/21!1P#

5 iqm ū f
m~pf !~C1Dg5!ui~pi !,

M@Bi~1/21!→Bf* ~3/21!1V#

5 ū f
n~pf !«* m@gnm~C11D1g5!1p1ngm~C21D2g5!

1p1np2m~C31D3g5!#ui~pi !, ~2.17!

with um being the Rarita-Schwinger vector spinor for a
spin-32 particle. The external and internalW-emission contri-
butions under factorization approximation become
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C52la1,2f P@ ḡ1~mP
2 !1~mi2mf ! ḡ2~mP

2 !

1~miEf2mf
2! ḡ3~mP

2 !#,

D5la1,2f P@ f̄ 1~mP
2 !2~mi1mf ! f̄ 2~mP

2 !1~miEf

2mf
2! f̄ 3~mP

2 !#, ~2.18!

and

Ci52la1,2f VmVḡ i~mV
2 !, Di5la1,2f VmV f̄ i~mV

2 !,
~2.19!

where i 51,2,3, and the form factorsf̄ i as well asḡ i are
defined by

^Bf* ~pf !uVm2AmuBi~pi !&5 ū f
n$@ f̄ 1~q2!gnm1 f̄ 2~q2!p1ngm

1 f̄ 3~q2!p1np2m#g5

2@ ḡ1~q2!gnm1 ḡ2~q2!p1ngm

1 ḡ3~q2!p1np2m#%ui . ~2.20!

In deriving Eq. ~2.18! we have applied the constraint
pnun(p)50. As before, form factors are evaluated at zero
recoil using the nonrelativistic quark model and the results
are ~see Appendix A for detail!

f̄ 1~qm
2 !/Nf i5

2

A3
S 11

L

2mq
1

L

2mQ
D ,

f̄ 2~qm
2 !/Nf i5

1

A3mi
S 11

L

2mq
1

L

2mQ
D ,

f̄ 3~qm
2 !/Nf i52

1

A3mimf
S 11

L

2mq
1

L

2mQ
D ,

ḡ1~qm
2 !/Nf i52

2

A3
, ~2.21!

ḡ2~qm
2 !/Nf i52

1

A3

L

mqmi
,

ḡ3~qm
2 !/Nf i52 f̄ 3~qm

2 !/Nf i .

TABLE I. Nonrelativistic quark model predictions for baryonic form factors evaluated atq250 using
dipole q2 dependence (mi being the mass of the parent heavy baryon!. Also shown are the spin and flavor
factors for various baryonic transitions. Our flavor factorsNf i for Vc

0→V2 and Vc
0→J* 0 are two times

smaller than that in@32#.

Transition h Nf i f 1(0) f 2(0)mi f 3(0)mi g1(0) g2(0)mi g3(0)mi

Lb
0→Lc

1 1 1 0.530 20.100 20.012 0.577 20.013 20.109

Lb
0→L0 1

1

A3
0.062 20.025 20.008 0.108 20.014 20.043

Lb
0→n 1

1

A2
0.045 20.024 20.011 0.095 20.022 20.051

Jb
0,2→Jc

1,0 1 1 0.533 20.124 20.018 0.580 20.019 20.135

Jb
0,2→J0,2 1

1

A2
0.083 20.041 20.016 0.143 20.027 20.070

Jb
0,2→S0,2 1

1

2
0.042 20.028 20.014 0.083 20.028 20.054

Jb
0→L0 1

1

2A3
0.019 20.012 20.006 0.041 20.013 20.025

Vb
2→Vc

0
2

1

3
1 0.710 0.666 20.339 20.195 0.009 0.056

Vb
2→J2

2
1

3

1

A3
0.102 0.103 20.097 20.028 0.011 0.019

Vb
2→Vc*

0 1 0.902 0.451 20.451 20.606 20.237 0.490
Vb

2→V2 1 0.320 0.160 20.160 20.228 20.260 0.257

Vb
2→J* 2 1

A3
0.158 0.079 20.079 20.094 20.177 0.141

Vc
0→V2 1 1.167 0.837 20.837 20.804 20.916 1.006

Vc
0→J* 0 1

A3
0.942 0.471 20.471 20.390 20.731 0.634
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The above form factors are applicable to heavy-to-heavy
~i.e., 6→6* ) and heavy-to-light~i.e., 6→10) baryon transi-
tions.

In HQET the 1
2

1→ 3
2

1 matrix elements are given by~see,
e.g.,@22#!

^Bf* ~v8!uVmuBi~v !&

5
1

A3
ū f

n~v8!$~2gmn1gmvn!j1

1vn@~12v•v8!gm22vm8 #j2%g5ui~v !,
~2.22!

^Bf* ~v8!uAmuBi~v !&52
1

A3
ū f

n~v8!$~2gmn2gmvn!j1

1vn@~11v•v8!gm22vm8 #j2%ui~v !,

wherej1 and j2 are the baryon Isgur-Wise functions intro-
duced in Eq.~2.12!. We find that, at zero recoil,

f̄ 1~qm
2 !5

2

A3
, f̄ 2~qm

2 !5
1

A3mi

,

f̄ 3~qm
2 !52

2

A3

j2~1!

mimf
,

ḡ1~qm
2 !52

2

A3
, ḡ2~qm

2 !5
1

A3mi

@122j2~1!#,

ḡ3~qm
2 !5

2

A3

j2~1!

mimf
. ~2.23!

SinceNf i51 for the heavy-to-heavy transition, it is clear that

the quark model results for12
1→ 3

2
1 form factors~2.21! in

the heavy quark limit are in agreement with the HQET pre-
dictions ~2.23! with j2(1)5 1

2 @see Eq.~2.16!#.
Since the calculation for theq2 dependence of form fac-

tors is beyond the scope of the nonrelativistic quark model,
we will follow the conventional practice to assume a pole
dominance for the form-factorq2 behavior

f ~q2!5
f ~0!

~12q2/mV
2 !n

, g~q2!5
g~0!

~12q2/mA
2 !n

,

~2.24!

wheremV (mA) is the pole mass of the vector~axial-vector!
meson with the same quantum number as the current under
consideration. The function

G~q2!5S 12qm
2 /mpole

2

12q2/mpole
2 D 2

plays the role of the baryon Isgur-Wise functionz(v) for
LQ→LQ8 transition, namely,G51 atq25qm

2 . The function
z(v) has been calculated in the literature in various different
models @28–31#. Using the pole massesmV56.34 GeV,
mA56.73 GeV forLb→Lc transition, it is found in@6# that
G(q2) is consistent withz(v) only if n52. Nevertheless,
one should bear in mind that theq2 behavior of form factors
is probably more complicated and it is likely that a simple
pole dominance only applies to a certainq2 region.

Assuming a dipoleq2 behavior for form factors, we have

tabulated in Table I the numerical values ofBb( 1
2

1)→ 1
2

1,

Bb( 1
2

1)→ 3
2

1 andBc(
1
2

1)→ 3
2

1 form factors atq250 calcu-
lated using ~2.10! and ~2.21!. Uses have been made of
uVcbu50.038@33#: the constituent quark masses†light quark
masses being taken from p. 619 of the Particle Data Group
~PDG! book @34#‡

mb55 GeV, mc51.6 GeV, ms5510 MeV,

TABLE II. Factorizable contributions to the decay rates~in units of 1010 s21) and up-down asymmetries

of Cabibbo-allowed nonleptonic weak decays of bottom baryons1
2

1→ 1
2

11P(V). Also shown are the
quark-diagram amplitudes for various reactions.

Decay Diagram G a Decay Diagram G a

Lb
0→p2Lc

1 A,B,C1 ,C2 0.31a1
2 20.99 Jb

0,2→p2Jc
1,0 A,C2 0.33a1

2 21.00

Lb
0→r2Lc

1 A,B,C1 ,C2 0.44a1
2 20.88 Jb

0,2→r2Jc
1,0 A,C2 0.47a1

2 20.88

Lb
0→Ds

2Lc
1 A,E8 0.93a1

2 20.99 Jb
0,2→Ds

2Jc
1,0 A,C8,E8,E 0.99a1

2 20.99

Lb
0→Ds*

2Lc
1 A,E8 0.74a1

2 20.36 Jb
0,2→Ds*

2Jc
1,0 A,C8,E8,E 0.78a1

2 20.36

Lb
0→J/cL0 B8 0.17a2

2 20.10 Jb
0,2→J/cJ0,2 B8 0.32a2

2 20.10

Lb
0→c8L0 B8 0.14a2

2 0.05 Jb
0,2→c8J0,2 B8 0.27a2

2 0.05

Lb
0→D0n B8,C8 0.024a2

2 20.81 Jb
0,2→D0S0,2 B8(C8)a 0.020a2

2 20.85

Lb
0→D* 0n B8,C8 0.017a2

2 20.42 Jb
0,2→D* 0S0,2 B8(C8)a 0.014a2

2 20.45

Jb
0→D0L0 B8 0.005a2

2 20.81 Jb
0→D* 0L0 B8 0.003a2

2 20.44

Vb
2→p2Vc

0 A 0.30a1
2 0.51 Vb

2→Ds*
2Vc

0 A,B,E8,E 0.35a1
2 0.64

Vb
2→r2Vc

0 A 0.39a1
2 0.53 Vb

2→D0J2 B8 0.033a2
2 0.47

Vb
2→Ds

2Vc
0 A,B,E8,E 1.09a1

2 0.42 Vb
2→D* 0J2 B8 0.014a2

2 0.54

aThe decay modesJb
0→D0S0, D* 0S0 also receiveW-exchange contributionC8.
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md5322 MeV, mu5338 MeV, ~2.25!

the pole masses

b→c: mV56.34 GeV, mA56.73 GeV,

b→s: mV55.42 GeV, mA55.86 GeV,

b→d: mV55.32 GeV, mA55.71 GeV, ~2.26!

c→s: mV52.11 GeV, mA52.54 GeV,

c→u: mV52.01 GeV, mA52.42 GeV,

and the bottom baryon masses

mLb
55.621 GeV, mJb

55.80 GeV, mVb
56.04 GeV.

~2.27!

Note that the CDF measurement@9# mLb
556216463 MeV

has better accuracy than the PDG value 5641650 MeV @34#;
the combined value ismLb

5562165 MeV.

III. RESULTS AND DISCUSSION

With the baryon form factors tabulated in Table I we are
in a position to compute the factorizable contributions to the
decay rate and up-down asymmetry for Cabibbo-allowed

weak decays of bottom baryonsBb( 1
2

1)→ 1
2

1( 3
2

1)1P(V).
The factorizable external and internalW-emission ampli-
tudes are given by~2.6!, ~2.7!, ~2.18! and~2.19!. The calcu-
lated results are summarized in Tables II and III.~The for-
mulas for decay rates and up-down asymmetries are given in
Appendix B.! For decay constants we use

f p5132 MeV, f D5200 MeV @36#,

f Ds
5241 MeV @36#,

f r5216 MeV, f J/c5395 MeV, f c85293 MeV,
~3.1!

where we have taken into account the momentum depen-
dence of the fine-structure constant to determinef J/c and f c8
from experiment. In the absence of reliable theoretical esti-
mates for f D* and f D

s*
, we have takenf D* 5 f D and

f D
s*
5 f Ds

for numerical calculations.

From Tables II and III we see that, except for those decay

modes withc8 in the final state and forVb→ 1
2

11P(V)
decays, the up-down asymmetry parametera is found to be
negative.4 As noted in @11#, the parameter a in
1
2

1→ 1
2

11P(V) decay becomes21 in the soft pseudoscalar
meson or vector meson limit, i.e.,mP→0 or mV→0. In prac-
tice, a is sensitive tomV but not so tomP . For example,
a'21 for Lb→DsLc andJb→DsJc even though theDs
meson is heavy, but it changes froma520.88 for
Lb→rLc to 20.10 for Lb→J/cL. As stressed in Sec. II,

by treating a1 and a2 as free parameters, our predictions
should be most reliable for those decay modes which pro-
ceed only through the externalW-emission diagramA or the
internalW-emissionB8. Moreover, we have argued that the
penguin contributionsE8 and E to Cabibbo-allowed decays
are safely negligible and that theW-exchange amplitudes
C1 , C2 , C8 are very likely to be suppressed in bottom
baryon decays. It is thus very interesting to test the suppres-
sion of W-exchange in decay modes ofBb( 3̄)→
B(10)1P(V) that proceed only throughW exchange
@see Eq. ~2.3!# and in decays Bb( 3̄)→Bc( 3̄)1P(V),
e.g., Jb→p(r)Jc , Jb→Ds

(* )Jc , that receive contribu-
tions from factorizable terms andW exchange. Since the
nonfactorizable internalW-emission amplitudeB is a priori
not negligible, our results for Lb→p(r)Lc , Vb

→Ds
(* )Vc

(* ) ~see Tables II and III! are subject to the uncer-
tainties due to possible contributions from the quark diagram
B.

In order to have an idea about the magnitude of branching
ratios, let us takea1;1 as that inferred fromB→D (* )p(r)
decays@37# and a2;0.28 as that inB→J/cK (* ) decays.5

Using the current world average
t(Lb)5(1.2360.06)310212s @33#, we find from Table II
that

B~Lb
0→Ds

2Lc
1!>1.131022,

B~Lb
0→Ds*

2Lc
1!>9.131023,

~3.2!
B~Lb

0→p2Lc
1!;3.831023,

B~Lb
0→r2Lc

1!;5.431023,

B~Lb
0→J/cL!51.631024,

B~Lb
0→c8L!51.431024.

Our estimate for the branching ratio ofLb→J/cL is consis-
tent with the CDF result@9#

B~Lb→J/cL!5~3.761.760.4!31024. ~3.3!

Recall that the predictions~3.2! are obtained for
uVcbu50.038.

Since the decay modeVc
0→p1V2 has been seen experi-

mentally, we also show the estimate ofG anda in Table IV

for Vc
0→ 3

2
11P(V) decays with the relevant form factors

being given in Table I. For comparison, we have displayed in
Table IV the model results of Xu and Kamal@39#,6 Körner
and Krämer@14#. In the model of Xu and Kamal, theD-wave
amplitude in Eq.~2.17! and hence the parametera vanishes

in the decayVc→ 3
2

11P due to the fact that the vector
current is conserved at allq2 in their scheme 1 and atq250
in scheme 2. By contrast, theD-wave amplitude in

4The parametera of Lb→J/cL is estimated to be 0.25 in@7#,
whereas it is20.10 in our case.

5A fit to recent measurements ofB→J/cK(K* ) decays by CDF
and CLEO yields @38# a2(B→J/cK)50.30 and a2(B→
J/cK* )50.26.

6The B andD amplitudes in Eq.~4! of @39#, where the formulas

for G and a in 1
2

1→ 3
2

11P decay are given, should be inter-
changed.
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our case does not vanish. Assuming that the form factors
f̄ 1 , f̄ 2 , f̄ 3 have the sameq2 dependence, we see from
Eqs.~2.18! and~2.21! that the amplitudeD is proportional to
(Ef2mf)/mf , which vanishes atq25qmax

2 but not at

q25mP
2 . Contrary to the decayVb

2→ 3
2

11P(V), the up-
down asymmetry is found to be positive in

Vc
0→ 3

2
11P(V) decays. Note that the sign ofa for

Vc→ 3
2

11V is opposite to that of@39#.7 Therefore, it is de-
sirable to measure the parametera in decays

Vc→ 3
2

11P(V) to discern different models. To have an es-
timate of the branching ratio, we take the large-Nc values
a1(mc)51.10, a2(mc)520.50 as an illustration and obtain

B~Vc
0→p1V2!.1.031022,

B~Vc
0→r1V2!.3.631022,

~3.4!

B~Vc
0→K̄0J* 0!.2.531023,

B~Vc
0→K̄* 0J* 0!.3.731023,

where use oft(Vc)56.4310214 s @34# has been made.
Three important ingredients on which the calculations are

built in this work are factorization, nonrelativistic quark
model, and diopleq2 behavior of form factors. The factor-
ization hypothesis can be tested by extracting the effective
parametersa1, a2 from data and seeing if they are channel
independent. Thus far we have neglected the effects of final-
state interactions which are supposed to be less important in
bottom baryon decay since decay particles in the two-body
final state are energetic and moving fast, allowing less time
for significant final-state interactions. We have argued that,
in the nonrelativistic quark model, the ratio of~KE/Mq) is
small even for the constituent quark inside the nucleon~or
hyperon! at rest. As for theq2 dependence of baryon form
factors, we have applied dipole dominance motivated by the
consistency with theq2 behavior of the baryon Isgur-Wise
function. Nevertheless, in order to check the sensitivity of
the form factorq2 dependence, we have repeated calcula-
tions using the monopole form. Since for a givenq2, the
absolute values of the form factors in the monopole behavior
are larger than that in the dipole one, it is expected that the

branching rations obtained under the monopole ansatz will
get enhanced, especially when the final-state baryons are hy-
perons. Numerically, we find that, while decay asymmetries
remain essentially unchanged, the decay rates of

Bb( 1
2

1)→Bc(
1
2

1)1P(V) andBb( 1
2

1)→hyperon1P(V) are
in general enhanced by factors of;1.8 and;3.5, respec-
tively. In reality, the utilization of a simpleq2 dependence,
monopole or dipole, is probably too simplified. It thus ap-
pears that major calculational uncertainties arise mainly from
the ad hocansatz on the form factorq2 behavior.

In conclusion, if theW-exchange contribution to the had-
ronic decays of bottom baryons is negligible, as we have
argued, then the theoretical description of bottom baryons
decaying into1

2
11P(V) and 3

2
11P(V) is relatively clean

since these decays either receive contributions only from
external/internalW emission or are dominated by factoriz-
able terms. The absence or the suppression of the so-called
pole terms makes the study of Cabibbo-allowed decays of
bottom baryons considerably simpler than that in charmed
baryon decay. We have evaluated the heavy-to-heavy and
heavy-to-light baryon form factors at zero recoil using the
nonrelativistic quark model and reproduced the HQET re-
sults for heavy-to-heavy baryon transition. It is stressed that
for heavy-to-light baryon form factors, there is a flavor-
suppression factor which must be taken into account in cal-
culations. Predictions of the decay rates and up-down asym-

metries forBb→ 1
2

11P(V) andVc→ 3
2

11P(V) are given.
The parametera is found to be negative except for

Vb→ 1
2

11P(V) decays and for those decay modes with
c8 in the final state. We also present estimates ofG anda

for Vc→ 3
2

11P(V) decays. It is very desirable to measure
the asymmetry parameter to discern different models.
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APPENDIX A: BARYON FORM FACTORS
IN THE QUARK MODEL

Since the1
2

1 to 1
2

1 baryon form factors have been evalu-
ated at zero recoil in the nonrelativistic quark model@6#, we
will focus in this appendix on the baryon form factors in
1
2

1 to 3
2

1 transition. Letua be the Rarita-Schwinger vector-
spinor for a spin-32 particle. The general four plane-wave so-
lutions for ua are ~see, for example,@40#!

7It seems to us that the sign ofAi and Bi ~or Ci and Di in our
notation! in Eq. ~58! of @39# should be flipped. A consequence of

this sign change will rendera positive inVc→ 3
2

11V decay.

TABLE III. Predicted decay rates~in units of 1010 s21) and up-down asymmetries for Cabibbo-allowed

nonleptonic weak decays of the bottom baryonVb
2→ 3

2
11P(V). Also shown are the quark-diagram ampli-

tudes for various reactions.

Decay Diagram G a Decay Diagram G a

Vb
2→p2Vc*

0 A 0.67a1
2 20.38 Vb

2→J/cV2 B8 3.15a2
2 20.18

Vb
2→r2Vc*

0 A 0.95a1
2 20.75 Vb

2→c8V2 B8 1.94a2
2 0.004

Vb
2→Ds

2Vc*
0 A,B,E8,E 0.88a1

2 20.22 Vb
2→D0J* 2 B8 0.23a2

2 20.80

Vb
2→Ds*

2Vc*
0 A,B,E8,E 0.98a1

2 20.31 Vb
2→D* 0J* 2 B8 0.27a2

2 20.38
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u1
a5~u1

0 ,uW 1!5~0,eW1u↑!,

u2
a5~u2

0 ,uW 2!5SA2

3

upu
m

u↑ ,
1

A3
eW1u↓2A2

3

E

m
eW3u↑D ,

u3
a5~u3

0 ,uW 3!5SA2

3

upu
m

u↓ ,
1

A3
eW2u↑2A2

3

E

m
eW3u↓D ,

~A1!

u4
a5~u4

0 ,uW 4!5~0,eW2u↓!,

in the frame where the baryon momentumpW is along thez
axis, and

e15
1

A2S 1

i

0
D , e25

1

A2S 1

2 i

0
D , e35S 0

0

1
D . ~A2!

Note that the spinz component of the four solutions~A1!
corresponds to3

2 , 1
2 ,2 1

2 ,2 3
2, respectively. Substituting Eq.

~A1! into Eq. ~2.20! yields

^Bf* ~11/2!uV0uBi~11/2!&

5A2

3

p

mf
ū ↑~ f̄ 1g51 f̄ 2mig0g51 f̄ 3miEfg5!u↑ ,

~A3!

^Bf* ~11/2!uA0uBi~11/2!&

5A2

3

p

mf
ū ↑~ ḡ11 ḡ2mig01 ḡ3miEf !u↑ , ~A4!

^Bf* ~13/2!uVW uBi~11/2!&52 f̄ 1eW1 ū ↑g5u↑ , ~A5!

^Bf* ~13/2!uAW uBi~11/2!&52 ḡ1eW1 ū ↑u↑ , ~A6!

^Bf* ~11/2!uVW uBi~21/2!&

52 f̄ 1S 1

A3
eW1 ū ↓2A2

3

Ef

mf
eW3 ū ↑D g5u↓1A2

3

pmi

mf

3 ū ↑~ f̄ 2gW g51 f̄ 3pW g5!u↓ , ~A7!

^Bf* ~11/2!uAW uBi~21/2!&

52 ḡ1S 1

A3
eW1 ū ↓2A2

3

Ef

mf
eW3 ū ↑D u↓1A2

3

pmi

mf

3 ū ↑~ ḡ2gW 1 ḡ3pW !u↓ , ~A8!

wherepW is the momentum of the daughter baryon along thez
axis in the rest frame of the parent baryon. The baryon ma-
trix elements in Eqs.~A3!–~A8! can be evaluated in the non-
relativistic quark model. Following the same procedure out-
lined in @6#, we obtain

^Bf* uV0uBi&/Nf5^1&,

^Bf* uVW uBi&/Nf52
1

2mq
S 12

L

2mf
D ^qW 1 isW 3qW &

1
L

4mQmf
^qW 2 isW 3qW &,

^Bf* uA0uBi&/Nf5F2
1

2mq
S 12

L

2mf
D 1

L

4mQmf
G^sW •qW &,

~A9!

^Bf* uAW uBi&/Nf5^sW &2
L

4mQmf
2K ~sW •qW !qW 2

1

2
sW q2L ,

whereqW 5pW i2pW f , Nf5A(Ef1mf)/2mf , mq is the mass of
the quarkq in Bf* coming from the decay of the heavy quark
Q in Bi , and ^X& stands for flavor-spin̂ Bf* uXuBi&flavor-spin.

Form factorsf̄ i and ḡ i are then determined from Eq.~A3! to
Eq. ~A9!. For example,f̄ 1 can be determined from thex ~or
y) component of Eq.~A5! which is

TABLE IV. Predicted decay rates~in units of 1011 s21) and up-down asymmetries~in parentheses! for

Cabibbo-allowed nonleptonic weak decays of the charmed baryonVc
0→ 3

2
11P(V) in various models. The

model calculations of Xu and Kamal are done in two different schemes@39#.

Decay This work Xu and Kamal@39# Körner and Kra¨mer @14#

Vc
0→p1V2 1.33a1

2(0.17) 2.13a1
2(0) 2.09a1

2(0) 0.50a1
2

Vc
0→r1V2 4.68a1

2(0.43) 11.6a1
2(20.08) 11.3a1

2(20.21) 2.93a1
2

Vc
0→K̄0J* 0 1.53a2

2(0.35) 1.00a2
2(0) 0.89a2

2(0) 0.58a2
2

Vc
0→K̄* 0J* 0 2.32a2

2(0.28) 4.56a2
2(20.09) 4.54a2

2(20.27) 3.30a2
2
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^Bf* ~13/2!uVxuBi~11/2!&52
f̄ 1

A2

Nf

Ef1mf
x↑

†sW •qW x↑

5
f̄ 1

A2

pNf

Ef1mf
, ~A10!

wherex is a two-component Pauli spinor. From Eq.~A9! we
find

^Bf* ~13/2!uVxuBi~11/2!&5
pNf

4mq
S 12

L

2mf
1

Lmq

2mQmf
D

3^~s12s2!bq
†bQ&. ~A11!

Since@Nf i being defined by Eq.~2.11!#

flavor-spin̂ Bf* ~13/2!u~s12s2!bq
†bQuBi~11/2!&flavor-spin

5
4

A6
Nf i , ~A12!

for sextetBi and vanishes for antitripletBi , it is evident
that only the decay ofVb into 3

2
11P(V) can receive factor-

izable contributions. Indeed the decaysBb( 3̄)→B(10)
1P(V) proceed only throughW exchange orW loop, as
discussed in Sec. II. It follows from Eqs.~A10!–~A12! that
at zero recoil

f̄ 1~qm
2 !/Nf i5

2

A3
S 11

L

2mq
1

L

2mQ
D , ~A13!

which is the result shown in Eq.~2.21!. The form factor f̄ 2
is then fixed by thex ~or y) component of Eq.~A7!. Substi-
tuting f̄ 1 and f̄ 2 into Eq. ~A3! determinesf̄ 3. The remain-
ing form factorsḡ i are determined in a similar way.

APPENDIX B: KINEMATICS

In this appendix we summarize the kinematics relevant to

the two-body hadronic decays of1
2

1→ 1
2

1( 3
2

1)1P(V). With

the amplitudes~2.4! for 1
2

1→ 1
2

11P decay and Eq.~2.17!

for 1
2

1→ 3
2

11P, the decay rates and up-down asymmetries
read

G~1/21→1/211P!5
pc

8pH ~mi1mf !
22mP

2

mi
2 uAu2

1
~mi2mf !

22mP
2

mi
2 uBu2J ,

a~1/21→1/211P!52
2kRe~A* B!

uAu21k2uBu2
, ~B1!

and

G~1/21→3/211P!5
pc

3

8pH ~mi2mf !
22mP

2

mi
2 uCu2

1
~mi1mf !

22mP
2

mi
2 uDu2J ,

a~1/21→3/211P!52
2kRe~C* D !

k2uCu21uDu2
, ~B2!

where pc is the c.m. momentum andk5pc /(Ef1mf)

5A(Ef2mf)/(Ef1mf). For 1
2

1→ 1
2

11V decay we have
@35#8

G~1/21→1/211V!

5
pc

8p

Ef1mf

mi
F2~ uSu21uP2u2!1

EV
2

mV
2 ~ uS1Du21uP1u2!G ,

a~1/21→1/211V!

5
4mV

2Re~S* P2!12EV
2Re~S1D !* P1

2mV
2~ uSu21uP2u2!1EV

2~ uS1Du21uP1u2!
,

~B3!

with the S, P, andD waves given by

S52A1 ,

P152
pc

EV
S mi1mf

Ef1mf
B11miB2D ,

P25
pc

Ef1mf
B1 , ~B4!

D52
pc

2

EV~Ef1mf !
~A12miA2!,

where the amplitudesA1 , A2 , B1, and B2 are defined in
Eq. ~2.4!. However, as emphasized in@14#, it is also conve-
nient to expressG anda in terms of the helicity amplitudes

hl f ,lV ;l i
5^Bf~l f !V~lV!uHWuBi~l i !& ~B5!

with l i5l f2lV . Then@14#

G5
pc

32pmi
2 (

l f ,lV

~ uhl f ,lV ;1/2u22uh2l f ,2lV ;21/2u2!,

8The formulas for the decay rate of1
2

1→ 1
2

11V decay given in
@15,6# contain some errors which are corrected in errata.
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a5 (
l f ,lV

~ uhl f ,lV ;1/2u22uh2l f ,2lV ;21/2u2!

~ uhl f ,lV ;1/2u21uh2l f ,2lV ;21/2u2!
. ~B6!

The helicity amplitudes for12
1→ 1

2
11V decay are given by

@14#

Hl1 ,l2 ;1/2
PV ~PC! 5Hl1 ,l2 ;1/27H2l1 ,2l2 ;21/2,

H21/2,21;1/2
PV ~PC! 52HAQ1A1

2AQ2B1
J , ~B7!

H1/2,0;1/2
PV ~PC!5A 2

mV
HAQ1~mi2mf !A12AQ2mipcA2

AQ2~mi1mf !B11AQ1mipcB2
J ,

where the upper~lower! entry is for parity-violating
~-conserving! helicity amplitude, and

Q65~mi6mf !
22mV

252mi~Ef6mf !. ~B8!

Note that the helicity amplitudes for12
1→ 1

2
11V decay

shown in Eq.~20! of @14# are too large by a factor ofA2.
One can check explicitly that the decay rates and up-down
asymmetries evaluated using the partial-wave method and
the helicity-amplitude method are equivalent. For complete-

ness, we also list the helicity amplitudes for1
2

1→ 3
2

11V
decay@14#:

Hl1 ,l2 ;1/2
PV ~PC! 5Hl1 ,l2 ;1/26H2l1 ,2l2 ;21/2,

H3/2,1;1/2
PV ~PC!52H 2AQ1C1

AQ2D1
J , ~B9!

H21/2,21;1/2
PV ~PC! 5

2

A3
H 2AQ1@C122~Q2 /mf !C2#

AQ2@D122~Q1 /mf !D2#
J ,

H1/2,0;1/2
PV ~PC!5

2A2

A3mfmV
H 2AQ1@ 1

2 ~mi
22mf

22mV
2 !C11Q2~mi1mf !C21mi

2pc
2C3#

AQ2@ 1
2 ~mi

22mf
22mV

2 !D12Q1~mi2mf !D21mi
2pc

2D3#
J .
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