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Nonleptonic Lb decays toDs„2317…, Ds„2460…, and other final states in factorization
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We consider nonleptonic Cabibbo-allowedLb decays in the factorization approximation. We calculate
nonleptonic decays of the typeLb→LcP and Lb→LcV relative to Bd

0→D1P and Bd
0→D1V where we

include among the pseudoscalar states and the vector states the newly discoveredDs resonances,Ds(2317) and
Ds(2460). In the ratio ofLb decays toDs(2317) andDs(2460) relative to theBd

0 decays to these states, the
poorly known decay constants ofDs(2317) andDs(2460) cancel, leading to predictions that can shed light on
the nature of these new states. In general, we predict theLb decays to be larger than the correspondingBd

0

decays and in particular we find the branching ratio forLb→LcDs(2460) can be between four to five times the
branching ratio forBd

0→D1Ds(2460). This enhancement ofLb branching ratios follows primarily from the
fact that more partial waves contribute inLb decays than inBd

0 decays. Our predictions are largely independent
of model calculations of hadronic inputs like form factors and decay constants.
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I. INTRODUCTION

Nonleptonic decays are widely used to obtain informat
about the elements of the Cabibbo-Kobayashi-Maska
~CKM! matrix in the standard model~SM!, as well as to
obtain insights about the nonperturbative aspects of Q
Nonleptonic decays in theB andLb systems are interestin
since the heavy mass of theb quark relative to the scale o
soft nonperturbative physics allows for simplifications a
makes tractable the difficult problem of calculating nonle
tonic decays.

The nonleptonic decays of theLb baryon have received
relatively less attention than those of theB meson. In theLb
baryon, the spin of the baryon is carried by theb quark with
the light diquark in a spin- and isospin-singlet state. This f
plays an important role inLb decays@1# and leads to sim-
plification of the nonperturbative dynamics involved in the
decays. Because of this spin correlation between theb and
theLb , polarizedLb decays can provide important informa
tion about the weak interaction of theb quark @2#. Nonlep-
tonic Lb decays can therefore be used to test the SM an
obtain insights into nonperturbative QCD.

In this work we consider Cabibbo-allowedLb decays.
Cabibbo-allowedLb andB decays are usually calculated u
ing factorization. We will also concentrate only on the fa
torizable part and discuss briefly nonfactorizable effects la
in this section.
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The factorizable amplitude is expressed in terms of fo
factors and decay constants. However the form factors a
barring a few cases, the decay constants are unknown
ronic inputs. Therefore, predictions for nonleptonicLb de-
cays depend on model calculation of form factors and de
constants and can have a wide range even within the fac
ization assumption@3#. Our purpose in this paper is to obta
predictions forLb decays, within factorization, using th
heavymb limit and using experimental inputs.

The method we use is the following: instead of direc
calculating theLb decays we consider instead the ratio
Cabibbo-allowedLb decays relative to the correspondin
Cabibbo-allowedB decays. The branching ratios for theLb
decays can then be obtained by simply using the experim
tal numbers for the Cabibbo-allowedB decays. One obvious
advantage of considering such ratios is that the depend
on decay constants drop out in the ratio. Furthermore, in
heavy mb limit, these ratios can be expressed as ratios
squared form factors. In the heavymb limit all form factors
can be related to one single form factor and a dimensio
constant representing the effective mass of the light deg
of freedom in theLb baryon. These ratios of form factors a
obtained using a mild assumption about theq2 behavior of
the form factors and the measurement of the branching r
BR@Lb→Lcp

2#/BR@Bd
0→D1p2#. Our predictions turn

out to be minimally dependent on hadronic inputs such
form factors and decay constants.

Another advantage of calculating ratios of branching
tios is that some of the nonfactorizable amplitudes cance
the ratio. To see how this happens consider the decaysLb

→LcP andBd
0→D1P. Now the underlying quark transition
©2004 The American Physical Society02-1
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is b→cP. The corrections to factorization can arise fro
gluon emission between theb or thec quark and the quark
constituents ofP. However, these corrections are the sa
for Lb and Bd

0 decays and so cancel in the ratio of the
amplitudes. Gluon emissions involving the spectator quar
Bd

0 and the spectator diquark inLb may also be similar given

the fact that the diquark inLb belongs in the 3̄under color
SU(3)c as does the spectator antiquark inBd

0 and so both the
spectators may have similar color interactions. Furtherm
within factorization, the small perturbative corrections to t
form factors will also cancel.

Nonleptonic decays involving the newly discover
Ds(2317) @4# andDs(2460) @5# states are of particular inter
est. It was shown in Ref.@6# that nonleptonicBd

0 decays
involving these states can provide clues to the true natur
these states which is still not known@7–10#. It will be there-
fore interesting to see if these newDs resonances show up i
theLb decays and how the rates for these decays compa
theBd

0 decays involving the newDs states. As shown in Ref
@6# nonleptonicBd

0 decays toDs(2317) andDs(2460) in-
volve the poorly known decay constants of these new sta
However, in the ratio ofLb decays to Ds(2317) and
Ds(2460) relative to theBd

0 decays to these states the dec
constants ofDs(2317) andDs(2460) cancel, leading to ro
bust predictions that can shed additional light on the na
of these new states.

A. Masses and form factors

This assertion that the diquark inLb belongs in the 3̄
under colorSU(3)c as does the spectator antiquark inBd

0

leads to similar color interactions has been dramatically c
firmed by relations between hadron masses based o
simple QCD-based argument that goes beyond simple m
els for the spectator diquarks and the spectator antiqu
@11,12#.

The hadrons under consideration all consist of a qua
denoted byqi , of any flavori and ‘‘light quark state’’ having
either the quantum numbers of a 3¯color diquark denoted by
ud or a 3̄ color antiquark denoted byū. While we use the
notationsud andū for these light quark states, they can app
to any more complicated light quark configuration contain
the same quantum numbers.

Consider the following four states of a quark of flavoi
bound to aud or ū configuration. These are the pseudosca
and vector mesons

uPi&5uqi ū&S50 , uVi&5uqi ū&S51 ~1!

and the isoscalar and isovector baryons with spins 1/2
3/2, respectively,

uBi
0&5uqi~ud! I 50&S51/2, uBi

1&5uqi~ud! I 51&S53/2. ~2!

Interesting mass relations between these hadrons were
tained@11# from the following QCD-motivated assumption
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~1! The effective mass of any constituent in a hadron
pends on the hadron wave function only via the col
electric field seen by the constituent. The color elect
fields are very simply related in these hadrons.

~2! The color-electric field seen by the light quark syste
ud and ū are independent of the flavor of the quarkqi .

~3! The color-electric field seen by the quarkqi is indepen-
dent of whether the color 3¯ light quark system is aud

diquark or aū antiquark.
~4! The color-magnetic interaction between the quarkqi and

the spin-zero diquark vanishes in the baryon stateuBi
0&.

~5! The color-magnetic contribution to the meson mass c
cels out in the linear combination of masses@11#:

M̃ i5
3M ~Vi !1M ~Pi !

4
. ~3!

~6! The hyperfine splitting between the meson statesuPi&
and uVi& is inversely proportional to the effective mas
mi

eff of the quark of flavori and similarly for the hyper-
fine splitting between the baryon statesuBi

0& and uBi
1&.

However, this cancels out in the combination of Eq.~3!.
These immediately give for any two quark flavorsi and j

M̃ i2M̃ j5M ~Bi
0!2M ~Bj

0![mi
e f f2mj

e f f ~4!

and

M ~Vi !2M ~Pi !

M ~Vj !2M ~Pj !
5

M ~Bi
1!2M ~Bi

0!

M ~Bj
1!2M ~Bj

0!
[

mj
e f f

mi
e f f . ~5!

Equations~4! and~5! give all the mass relations betwee
mesons and baryons previously obtained@11,13–16# from
the Sakharov-Zeldovich model@17# improved by De Rujula,
Georgi, and Glashow@18#. In particular, we note that the
change in baryon masses when theb quark in a Lb is
changed into ac quark to make aLc ,

^mb
e f f2mc

e f f&bar5M ~Lb!2M ~Lc!53339 MeV ~6!

is exactly equal to the change in meson masses when tb
quark in aB meson is changed into ac quark to make aD
when the appropriate average of pseudoscalar and vector
sons is taken to cancel out the hyperfine interaction:

^mb
e f f2mc

e f f&mes5
3~MB* 2MD* !1MB2MD

4

53342 MeV. ~7!

The fact that the change in the hadron mass produced
the quark transitionb→c is the same when the quark
bound to aud diquark and to aū antiquark suggests that th
diquark and antiquark are spectators in the transition and
also effect the transitionb→c in the same way when it is
produced by the emission of aW in a weak decay.
2-2
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We now note that rearranging Eq.~6! gives the dimen-
sional constantL̄ defined in Ref.@19# to represent the effec
tive mass of the light degrees of freedom in theLb andLc
baryon:

L̄5mLb
2mb5mLc

2mc . ~8!

The valueL̄5575 MeV was estimated in Ref.@11# using
quark masses that fit both meson and baryon masses.

B. Nonfactorization

Although we will use a factorization assumption there i
question of the correctness of such an assumption and
corrections would enter from nonfactorization. Nonfactor
able effects are known to be important for hyperon a
charmed-baryon nonleptonic decays@20–22#. An unambigu-
ous signal for the presence of nonfactorizable effects inLb
decays would be the observation of the decayLb→ScP or
Lb→ScV. This is because, for the factorizable contributio
the light diquark in theLb baryon remains inert during th
weak decay. Thus, since the light diquark is an isosing
and since strong interactions conserve isospin to a very g
approximation, the aboveLb decays are forbidden within th
factorization assumption@1#.

One way to estimate the size of nonfactorizable corr
tions is to use the pole model. In this model, one assu
that the nonfactorizable decay amplitude receives contr
tions primarily from one-particle intermediate states, and t
these contributions then show up as simple poles in the
cay amplitude. Estimates of such pole diagrams inLb decays
have been found to be small and so are neglected in
analysis@3#. Note that these pole diagrams arise only throu
weak interactions involving the spectator quark and so sm
estimates of the pole diagram confirms the assumption
small spectator interaction inLb(Bd

0) decays@23#.
In Sec. II we discussLb→LcP decays and in Sec. III we

discussLb→LcV decays. We will focus on those process
for which factorization is expected to be a good approxim
tion, namely color-allowed decays. Finally in Sec. IV w
present our summary.

II. Lb\LcP DECAYS

We begin our analysis by studying the nonleptonic de
Lb→LcP. The general form for this amplitude can be wr
ten as

MP5A~Lb→LcP!5 i ūLc
~a1bg5!uLb

. ~9!

In the rest frame of the parent baryon, the decay amplit
reduces to

A~Lb→LcP!5 ixLc

† ~S1PsW • p̂!xLb
, ~10!

wherep̂ is the unit vector along the direction of the daugh
baryon momentum, and theS and P wave amplitudes are
given by
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S5A2mLb
~ELc

1mLc
!a

and

P52A2mLb
~ELc

2mLc
!b,

whereELc
andmLc

are, respectively, the energy and mass

the final-state baryonLc . The decay rate is then given by

G5
upW u

8pmLb

2
~ uSu21uPu2!, ~11!

where upW u is the magnitude of the momentum of the dec
products in the rest frame of theLb .

We will use factorization in order to estimate various no
leptonic amplitudes. The starting point is the SM effecti
Hamiltonian for hadronicB decays@24#:

He f f
q 5

GF

A2
FVubVuq* ~c1O1

q1c2O2
q!2(

i 53

10

VtbVtq* ci
tOi

qG1H.c.,

~12!

where

O1
q5q̄agmLcbc̄bgmLba , O2

q5q̄gmLcc̄gmLb,

O3(5)
q 5q̄gmLb(

q8
q̄8gmL~R!q8,

O4(6)
q 5q̄agmLbb(

q8
q̄b8gmL~R!qa8 ,

O7(9)
q 5

3

2
q̄gmLb(

q8
eq8q̄8gmR~L !q8,

O8(10)
q 5

3

2
q̄agmLbb(

q8
eq8q̄b8gmR~L !qa8 . ~13!

In the above,q can be either ad or ans quark, depending on
whether the decay is aDS50 or a DS521 process,q8
5d, u, s or c, with eq8 the corresponding electric charge, an
R(L)516g5 . The values of the Wilson coefficientsci can
be found in Ref.@25#.

We now apply the effective Hamiltonian to specific excl
sive Lb and B decays. We begin withLb→Lcp

2 and B̄0

→D1p2 which is ab→cūd transition. Factorization allows
us to write

A~Lb→Lcp
2!5 i f pqm^Lcuc̄gm~12g5!buLb&Xp ,

A~B̄0→D1p2!5 i f pqm^D1uc̄gm~12g5!buB̄0&Xp ,
~14!

Xp5
GF

A2
VcbVud* a2 .
2-3



e

.
or

s

-
n

ti

m
ve

the
rs

in

um

of

DATTA, LIPKIN, AND O’DONNELL PHYSICAL REVIEW D 69, 094002 ~2004!
The pseudoscalar decay constantf p is defined as

i f pqm5^pud̄gm~12g5!uu0& ~15!

anda25c21c1 /Nc .
Now, the vector and axial-vector matrix elements betwe

the Lb andLc baryons can be written in the general form

^Lcuc̄gmbuLb&5ūLcF f 1gm1 i
f 2

mLb

smnqn1
f 3

mLb

qmGuLb
,

^Lcuc̄gmg5buLb&5ūLcFg1gm1 i
g2

mLb

smnqn

1
g3

mLb

qmGg5uLb
, ~16!

where the f i and gi are Lorentz-invariant form factors
Heavy-quark symmetry imposes constraints on these f
factors. In our approach we will only consider theb as heavy
and consider corrections up to order 1/mc . In the mb→`
limit ~but with 1/mc corrections!, one obtains the relation
@19#

f 15g15F11
L̄

2mLc

S 12
L̄

mLc

D v

~v11!GjB~v!1
h~v!

2mc
,

f 25g25 f 35g352
L̄

2mLc
~v11! S 12

L̄

mLc

D jB~v!,

~17!

where jB(v) is the Isgur-Wise function for theLb→Lc

transition,L̄ is defined in Eq.~8!, h(v) represents the cor
rection from the kinetic energy of heavy quark in the baryo
and

v5
mLb

2 1mLc

2 2q2

2mLb
mLc

.

We point out that it is not necessary to estimate the quan
h(v) for our calculation as we only use the relationf 1
5g1 . Estimates ofh(v) are found to be negligible@26# and
so we will seth(v)50.

The dimensional constantL̄ representing the effective
mass of the light degrees of freedom in theLb and Lc

baryon is estimated from Ref.@11# with L̄5575 MeV. Now
from Eq. ~17! we see that in themc→` limit only the form
factors f 1 andg1 are non zero and the form factorsf 2 , g2 ,
f 3 , andg3 are suppressed byO(1/mc). We will use this fact
later on in our calculations. Using Eqs.~14! and ~17!, the
amplitudesa andb of Eq. ~9! can be written as
09400
n

m

,

ty

ap5 f pXpF ~mLb
2mLc

! f 1~q25mp
2 !1 f 3

mp
2

mLb
G ,

bp5 f pXpF ~mLb
1mLc

!g1~q25mp
2 !2g3

mp
2

mLb
G .

~18!

In Eq. ~18! we can drop the suppressed contributions fro
the f 3(g3) form factors and using the heavy quark effecti
theory~HQET! relation f 15g1 the quantitiesap andbp can
be expressed in terms of only one form factor. TheS andP
wave amplitudes are then written as

S5 f pXp@~mLb

2 2mLc

2 !#A12
mp

2

~mLb
1mLc

!2
f 1~q25mp

2 !,

P5 f pXp@~mLb

2 2mLc

2 !#A12
mp

2

~mLb
2mLc

!2
f 1~q25mp

2 !.

~19!

The vector and axial-vector matrix elements between
B̄0 andD1 mesons can be written in terms of form facto
@27#

^D1~pD!uJmuBd
0&5F ~pB1pD!m2

mB
22mD

2

q2
qmGF1~q2!

1
mB

22mD
2

q2
qmF0~q2!, ~20!

whereq5pB2pD . From Eq.~14! one then obtains

A~Bd
0→D1p2!5 f pXp~mB

22mD
2 !F0~q25mp

2 !. ~21!

Note that the form of this amplitude is similar to the one
Eq. ~19! with the important difference that for theLb decays
there are two partial waves allowed by angular moment
conservation.

We are interested here in the ratio

Rp5
BR@Lb→Lcp

2#

BR@Bd
0→D1p2#

. ~22!

We can define similar ratiosRK , RDs
, RD , andRDs(2317). In

passing we note that it is useful to also consider ratios
nonleptonic to semileptonic~SL! decays,
2-4
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SLLb
5

G@Lb→LcM #

dG@Lb→Lcln#/dv
,

SLB
d
05

G@Bd
0→DM #

dG@Bd
0→Dln#/dv

,

SLLbB
d
05

dG@Lb→Lcln#/dv

dG@Bd
0→Dln#/dv

, ~23!

whereM is a P or a V meson. The semileptonicLb→Lcln
decay distribution @26# as well as the nonleptonicLb
→LcM transition in factorization can be expressed in ter
of theLb→Lc form factors in Eq.~16!. Now using Eq.~17!

and the estimate ofL̄ the quantity SLLb
is independent of

form factors and can therefore be used to check for the
lidity of factorization inLb→LcM transitions. One can us
the ratio SLB

d
0 to check for factorization inBd

0 decays. How-

ever the structure of the 1/mc,b corrections are not so simpl
here@28#. Finally the ratio SLLbB

d
0 can be used to express th

ratio of Lb→Lc form factor andBd
0→D form factor as a

function of v.
For the decaysLb→Lc(p

2,K2) there are no penguin
contributions. However, for the decays Lb

→Lc„Ds
2 ,D2,Ds(2317)… there are penguin contribution

and the penguin operators affect theLb andB decays differ-
ently @2#. For the decayLb→LcDs

2 we obtain

A~Lb→LcDs
2!5 i f Ds

qm^Lcuc̄gm~12g5!buLb&XDs

1 i f Ds
qm^Lcuc̄gm~11g5!buLb&YDs

, ~24!

where

XDs
5

GF

A2
FVcbVcs* a22 (

q5u,c,t
VqbVqs* ~a4

q1a10
q !G ,

YDs
52

GF

A2
F (

q5u,c,t
VqbVqs* ~a6

q1a8
q!GxDs

, ~25!

with

xDs
5

2mDs

2

~ms1mc!~mb2mc!
, ~26!

and for eveni, ai5ci1ci 21 /Nc .
In the above equations we have used

i f Ds
qm5^Dsus̄gm~12g5!cu0&, ~27!

where qm[pLb

m 2pLc

m 5pDs

m is the four-momentum transfe

One can then show that
09400
s

a-

^Ds
2us̄~16g5!cu0&57

f Ds
mDs

2

ms1mc
,

^Lcuc̄~16g5!buLb&5
qm

~mb2mc!
^Lcuc̄gm~17g5!buLb&.

~28!

This then leads to

aDs
5 f Ds

~XDs
1YDs

!F ~mLb
2mLc

! f 11 f 3

mDs

2

mLb

G ,

bDs
5 f Ds

~XDs
2YDs

!F ~mLb
1mLc

!g12g3

mDs

2

mLb

G ,

~29!

and

S5 f Ds
~XDs

1YDs
!@~mLb

2 2mLc

2 !#

3A12

mDs

2

~mLb
1mLc

!2
f 1~q25mDs

2 !,

P5 f Ds
~XDs

2YDs
!@~mLb

2 2mLc

2 !#

3A12

mDs

2

~mLb
2mLc

!2
f 1~q25mDs

2 !. ~30!

The correspondingB decay,Bd
0→D1Ds

2 , is

A~Bd
0→D1Ds

2!5 f Ds
~XDs

1YDs
!~mB

22mD
2 !F0~q25mDs

2 !.

~31!

Similar expressions can be written for the pair of deca
Lb→LcD

2 and Bd
0→D1D2 with obvious changes. Note

that from Eqs.~25! and ~26! the quantityYDs
or xDs

is for-

mally suppressed by 1/mb though with a large coefficient
Taking the effective quark massesmb55.050 GeV, mc
51.710 GeV, andms50.602 GeV @11# we find xDs

;1,
which shows the effect of the large coefficient. However,
simplify our discussion we will neglectYDs

. Given the fact
that the penguins are smaller than the tree amplitude,
error from the neglect ofYDs

is of the same order as th

subleading 1/mb effects that we have neglected. We shou
point out that forCP-violating studies the quantitiesXDs

and

YDs
play an important role@2#. However, here we are inter

ested in decay rates only and notCP-violating observables.
Using the values of the particle masses as well as

lifetimes of theLb andBd
0 @29# we obtain

Rp51.73
f 1

2~q25mp
2 !

F0
2~q25mp

2 !
. ~32!
2-5
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Now using Eq.~32! and experimental information onRp

allows us to extract the form factor ratio

r ~q25mp
2 !5 f 1~q25mp

2 !/F0~q25mp
2 !.

There has been a preliminary measurement ofLb
→Lcp

2 by Collider Detector Facility~CDF! @30# with the
branching ratio @6.061.0(stat)60.8(syst)62.1(BR)#
31023. Using the Particle Data Group~PDG! value forBd

0

→D1p2, which is (2.7660.25)31023 @29#, and taking the
central value of the measurements, we obtainRp'2.17. Us-
ing Eq. ~32!, this then leads to

f 1~q25mp
2 !

F0~q25mp
2 !

51.12. ~33!

In the heavymc andmb limit we can relate the form factor
f 1 and F0 to the Isgur-Wise functions for theLb→Lc and
B→D transition,jB(vB) andjM(vM),

f 1~mp
2 !' f 1~0!5jB~vB

max!,

F0~mp
2 !'F0~0!5F1~0!5

mB1mD

2AmBmD

jM~vM
max!,

~34!

which gives

jB~vB
max!51.4jM~vM

max!. ~35!

In the heavymc andmb limit vB5vM . However for actual
massesvB

max51.458 andvM
max51.588, which indicates tha

mc→` is not a very good limit. Keeping in mind tha
jB,M(v51)51, Eq. ~35! indicates that the baryon Isgu
Wise function falls off slower than the mesonic counterpa

To make predictions for the ratioRP for the other decays
we would need the ratio of form factorsr (q25mP

2 )5 f 1(q2

5mP
2 )/F0(q25mP

2 ). This requires a dynamical input tha
will be our only assumption for the calculation of the deca
besides factorization.

We assume a general parametrization of the form fac
for the region ofq2 that we are interested in,

f 1~q2!5 f 1~0!hBS q2

MB*
2 D ,

F0~q2!5F0~0!hMS q2

M M*
2 D

whereMB* and M M* are some heavy masses that scale
mb . In other words the differenceMB* 2M M* vanishes as
mb→`. FurthermorehB,M(0)51 by definition. Assuming
q2 to be smaller thanMB*

2 andM M*
2 we can write
09400
t.

s

rs

s

hBS q2

MB*
2 D 511aB

q2

MB*
2

1•••,

hMS q2

MB*
2 D 511aM

q2

MB*
2

1•••, ~36!

and so

hBS q2

MB*
2 D

hMS q2

MB*
2 D 511aB

q2

MB*
2

2aM

q2

MB*
2

1•••. ~37!

Note that the often used pole model for form factors is j
one example of the general parametrization in Eq.~36!,
where MB* and M M* can be identified with the excited
baryon and meson states.

Now the largestq2 we will be interested in isq2

;4 GeV2 and so takingM M* ,B* around 5–6 GeV we expec
the second term in Eq.~36! to be around 10–15 %. Further
more, we expectaB and aM to be of the same sign as th
form factors increase withq2. This implies further cancella-
tion in the second term in Eq.~37! and so to a good approxi
mation

hBS q2

MB*
2 D

hMS q2

M M*
2 D 51. ~38!

So in the heavymb limit we can write for the form factor
ratio r

r ~q2!'r ~q250!'r ~q25mp
2 !. ~39!

Hence the measurement ofr (q25mp
2 ) allows us to make

predictions for other decays that are presented in Table

TABLE I. RP5BR@Lb→LcP
2#/BR@Bd

0→D1P2# with experi-
mental input.

RP Theory Experiment

Rp 2.17 2.17a

RK 2.14 –
RD 1.79 –
RDs

1.75 –
RDs(2317) 1.58 –

aReference@30#.
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III. Lb\LcV DECAYS

We now turn to the decaysLb→LcV where V
5r,K* a1 ,D* ,Ds* ,Ds(2460). The general decay amplitud
can be written as@20,2#

MV5A~Lb→LcV!5ūLa
«m* F pLb

m 1pLc

m

mLb

~a1bg5!

1gm~x1yg5!GuLb
, ~40!

where«m* is the polarization of the vector meson. In the re

frame of theLb , we can writepV5(EV,0,0,upW u) and pLc

5(ELc
,0,0,2upW u), and Eq.~40! can be reduced to@20#

MV5x f
†@SsW 1P1p̂1 iP2p̂3sW 1D~sW • p̂! p̂#•eWx i ,

~41!

wherep̂ is a unit vector in the direction of the vector mes
momentum. The amplitudes for the three helicity states
the vector meson can be written as

M~11!5
P22S

A2
x f

†@sW •~e1
W1 i e2

W !#x i ,

M~21!5
P21S

A2
x f

†@sW •~e1
W2 i e2

W !#x i , ~42!

M~0!5
EV

mV
x f

†@~S1D !sW • p̂1P1#x i .

In terms of the quantities defined in Eq.~40! we then have

S52A2mLb
~ELc

1mLc
!y,

P15A2mLb
~ELc

1mLc
!

p

EV
FmLb

1mLc

ELc
1mLc

x12aG ,

P252A2mLb
~ELc

1mLc
!

px

ELc
1mLc

, ~43!

D5A2mLb
~ELc

1mLc
!

p2

EV~ELc
1mLc

!
@2b2y#.

We note from Eq.~42! that for light V, EV;mLb
and so as

mb→` the amplitude with longitudinally polarizedV domi-
nates. Hence in this limit only two combinations of part
waves contribute. We also note that the longitudinal am
tudeM(0) is of the same form as Eq.~10! for Lb→LcP.
Hence in themb→` and a lightV limit we can write the
decay rate forLb→LcV, following Eq. ~11!, as
09400
t

f

l
i-

GV05
upuW

8pmL
b
2
F ~ uS1Du21uP1u2!

EV
2

mV
2G . ~44!

The complete expression for the decay rate with finitemb
andV not necessarily light is given by

GV5
upuW

8pmL
b
2
F ~ uS1Du21uP1u2!

EV
2

mV
2

1~ uSu21uP2u2!G ,

~45!

where upW u is the magnitude of the momentum of the dec
products in the rest frame of theLb .

We use factorization to calculate the coefficientsa, b, x,
andy in Eq. ~40! for various decays. Consider first the dec
Lb→Lcr. We define the decay constantgr as

mrgr«m* 5^rud̄gmuu0&, ~46!

and so we obtain

A~Lb→Lcr!5mrgr$«m* ^Lcuc̄gm~12g5!buLb&Xr%,
~47!

Xr5
GF

A2
VcbVud* a2 ,

with a25c21c1 /Nc , anda, b, x, andy in Eq. ~40! given by

ar5mrgr f 2Xr ,

br52mrgrg2Xr ,

xr5mrgrF f 12
mLc

1mLb

mLb

f 2GXr ,

yr52mrgrFg11
mLb

2mLc

mLb

g2GXr . ~48!

For the general decayLb→LcV the quantitiesa, b, x, andy
have the same form as Eq.~48! and we can then write

S1D52mVgVmLbF f 11 f 2

mV
2

~mLb
2mLc

!mLb
G K1

K2
,

P152mVgVmLbF f 12 f 2

mV
2

~mLb
1mLc

!mLb

G
3

mLb

2 2mLc

2

mLb

2 1mLc

2

K4

K3K1

,

2-7
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P252mVgVmLb
@ f 12 f 2#

mLb
2mLc

mLb

K4

K1
,

S5mVgVmLb
@ f 11 f 2#

mLb
1mLc

mLb

K1 , ~49!

where

K15A12
mV

2

~mLb
1mLc

!2
,

K2511
mV

2

~mLb

2 2mLc

2 !
,

K3512
mV

2

~mLb

2 1mLc

2 !
,

K45A12

2mV
2~mLb

2 1mLc

2 !

~mLb

2 2mLc

2 !2 F 12
mV

2

2~mLb

2 1mLc

2 !
G .

~50!

In the light V and mb→` caseK1,2,3,4→1 and the depen
dence on the form factorf 2 drops out. Also, only the first two
combination of partial waves,S1D, and P1 contribute. In
the heavymb limit and identifying the lightV5r, as an
example, we can write, using the relations in Eq.~17! and
dropping terms suppressed bymr

2/Er
2 ,

uM u2~Lb→Lcr
2!5~GFA2!2uVcbVud* u2a2

2mr
2f r

2f 1~mr
2!2mLb

2

3
Er

2

mr
2 F 11

~mLb

2 2mLc

2 !2

~mLb

2 1mLc

2 !2G .

The corresponding expression forB̄0→D1r2 is within the
factorization assumption@31#,

uM u2~B̄0→D1r2!

5~GFA2!2uVcbVud* u2a2
2mr

2f r
2F1~mr

2!2mB
2

p2

mr
2

.

~51!

From Eq.~51! we see, that unlike the pseudoscalar case,
form factor F1(q2) appears. However,F0(q250)5F1(q2

50) and for the values ofq2 we are interested in we wil
make the assumptionF1(q2)'F0(q2). We therefore obtain
for the ratio of form factors

r ~q2!5
f 1

2~q2!

F0~q2!
'

f 1
2~q2!

F1~q2!
'r ~q250!. ~52!
09400
e

We can now use the experimental input forr (q25mp
2 ) from

Eq. ~32! to make predictions for the variousLb→LcV de-
cays.

It is clear from Eq.~49! that asmV gets larger the effect o
the form factorf 2 becomes important and we have to intr
duce additional model dependency by requiring the value
f 2 . Howeverf 2 is suppressed by 1/mc and so we will present
our predictions in two cases. In the first case we shall t
the mc→` limit and so f 250. However, we will use the
measured values of the various particle masses thereby
cluding finitemc effects. Hence, the only assumption that w
make here is thatmc→` is applicable only as far as the form
factor f 2 is concerned. For the second case we estim
f 2 / f 1 using Eq.~17! with mc51.710, andL̄50.575 GeV
@11# andjB(v)'1.

We present our results in Table II withf 250 while in
Table III we present results withf 2Þ0. The second column
in Tables II and III uses the full decay rate in Eq.~45! while
column three uses the decay rate with only the longitudi
polarization as given in Eq.~44!. From Table II we make the
following observations. When the vector mesonV is light,
then there is little difference between the entries in colu
two and column three, indicating the dominance of the lo
gitudinally polarized contribution. With highermV the con-
tributions from the transverse polarization components
come important. The second observation is that, for lightV,
RV<2, as only two partial waves corresponding to the lo
gitudinal vector polarization contribute. However, with in
creasingmV the various quantitiesK1,2,3,4become important
and in particular the partial waveP1 increases. The net effec
is that, even with only the longitudinal vector polarizatio
the Lb decay rate is more than the correspondingB rate by
more than a factor of two for charm final states. Finally w
see that the branching ratio forLb→LcDs(2460) is between

TABLE II. RV5BR@Lb→LcV
2#/BR@Bd

0→D1V2# for f 250.

RV Theory (GV) Theory (GV0)

Rr 1.75 1.68
RK* 1.82 1.72
Ra1

2.08 1.89
RD* 3.21 2.58
RD

s*
3.47 2.74

RDs(2460) 4.76 3.50

TABLE III. RV5BR@Lb→LcV
2#/BR@Bd

0→D1V2# for f 2

Þ0.

RV Theory (GV) Theory (GV0)

Rr 1.75 1.68
RK* 1.81 1.72
Ra1

2.07 1.88
RD* 3.17 2.56
RD

s*
3.43 2.71

RDs(2460) 4.68 3.46
2-8
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four to five times that of the correspondingB mode. This is
simply from the fact that more partial waves contribute in t
Lb decays and the fact that theLb→Lc form factor is larger
than the correspondingBd

0→D1 form factor as suggested b
experiment@30#. From Table III we see that the effects o
non zerof 2 from finite mc effects are rather small.

IV. SUMMARY

In this paper we have considered nonleptonic Cabib
allowed Lb decays in the factorization approximation. W
have discussed possible nonfactorizable effects and how
periments can be used to test look for them. We calcula
decays of the typeLb→LcP and Lb→LcV relative toBd

0

→D1P andBd
0→D1V where we included among the pse

doscalar states~P! and the vector states~V! the newly dis-
coveredDs resonances,Ds(2317) andDs(2460). Using a
,

.

09400
-

x-
d

preliminary measurement of the branching ratio forLb
→Lcp

2 and a mild assumptions about theq2 behavior of
form factors we made predictions for severalLb decays rela-
tive to the correspondingBd

0 decays. In general we found th
Lb decays to be larger than the correspondingBd

0 decays and
in particular we foundLb→LcDs(2460) can be between
four to five timesBd

0→D1Ds(2460). This enhancement o
Lb can be understood from the fact that more partial wa
contribute inLb decays than inBd

0 decays and the fact tha
the Lb→Lc form factor is larger than the correspondin
Bd

0→D1 form factor.
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