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Analysis of the Lb˜Lc1 l n̄ l decay within a light-front constituent quark model
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~Received 19 October 1998; published 8 September 1999!

We present an investigation of the Isgur-Wise form factor relevant for the semileptonic decayLb→Lc

1 l n̄ l performed within a light-front constituent quark model. Adopting different baryon wave functions it is
found that the Isgur-Wise form factor depends sensitively on the baryon structure. It is shown however that the

shape of the Isgur-Wise function in the full recoil range relevant for theLb→Lc1 l n̄ l decay can be effectively

constrained using recent lattice QCD results at low recoil. Then theLb→Lc1 l n̄ l decay is investigated
including both radiative effects and first-order power corrections in the inverse heavy-quark mass. Our final
predictions for the exclusive semileptonic branching ratio, the longitudinal and transverse asymmetries, and the

longitudinal to transverse decay ratio areBr(Lb→Lcl n̄ l)5(6.361.6)% uVbc /0.040u2t(Lb)/(1.24 ps), aL

520.94560.014, aT520.6260.09 andRL/T51.5760.15, respectively. Moreover, both the longitudinal
asymmetry and the~partially integrated! longitudinal to transverse decay ratio are found to be only marginally
affected by the model dependence of the Isgur-Wise form factor as well as by first-order power corrections;
therefore, their experimental determination might be a very interesting tool for testing the SM and for inves-
tigating possible new physics.@S0556-2821~99!06817-4#

PACS number~s!: 12.38.Lg, 12.39.Ki, 13.30.Ce, 14.20.Mr
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I. INTRODUCTION

The heavy quark effective theory~HQET! is widely rec-
ognized as an appropriate theoretical framework for ana
ing the properties of baryons containing a single heavy qu
(Q). It provides a systematic expansion of the QCD L
grangian as a series of powers of the inverse heavy-q
mass (mQ). At the leading order a new spin-flavor symm
try, called heavy quark symmetry~HQS!, arises. Such a sym
metry is shared by, but not manifest in QCD and it is brok
by radiative corrections as well as by nonperturbative con
butions, which can be organized as an expansion in pow
of 1/mQ . The HQS allows one to derive several mod
independent relations among hadronic properties and, in
ticular, all the electroweak transition and elastic amplitud
can be expressed in terms of a subset ofuniversalform fac-
tors @1#. In the case of the semileptonic decay processLb

→Lc1 l n̄ l the vector and axial-vector transition amplitude

^Lc(v8)uc̄gmbuLb(v)& and^Lc(v8)uc̄gmg5buLb(v)&, where
v(v8) is the initial ~final! baryon four-velocity, can be ex
pressed in terms of only one universal function@1#, called the
Isgur-Wise~IW! form factor j(v), wherev[v•v8. How-
ever, except for the normalization conditionj(1)51, the
HQS cannot predict the full behavior of the IW form facto
for the complete knowledge of the nonperturbative bary
structure is required. Therefore, calculations based on la
QCD simulations, effective approaches and models are
essary in order to obtain reliable quantitative predictio
which could allow to extract from the data important info
mation on fundamental parameters, such as e.g.,
Cabibbo-Kobayashi-Maskawa~CKM! weak mixing angles,
and on possible extensions of the standard model~SM!.

*Email address: simula@roma3.infn.it
0556-2821/99/60~7!/074018~12!/$15.00 60 0740
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In this work we adopt a relativistic constituent qua
model formulated on the light-front~LF!, and, using differ-
ent types ofQqq8 wave functions~whereq andq8 are two
light spectator quarks!, we extend our investigation started
Ref. @2# concerning the IW form factorj(v) relevant for the
decay processLb→Lc1 l n̄ l . Our aim is to constrain as
much as possible the model dependence of the calculated
form factor in order to estimate several observables, like
exclusive semileptonic branching ratio and various~inte-
grated! asymmetries. To this end we will make use of rece
lattice QCD simulations@3# at low recoil, so that our mode
can be viewed as a lattice-constrained LF quark model. A
including both radiative effects and first-order 1/mQ correc-
tions to the relevant form factors, our final results for t
exclusive semileptonic branching ratio, the longitudinal a
transverse asymmetries, and the longitudinal to transv
decay ratio areBr(Lb→Lcl n̄ l)5(6.361.6)%uVbc /0.040u2
t(Lb)/(1.24 ps), aL520.94560.014, aT520.6260.09
and RL/T51.5760.15, respectively. The theoretical unce
tainties onBr(Lb→Lcl n̄ l) andRL/T can be significantly re-
duced to.12% and.1%, respectively, by integrating th
differential decay rates up tov.1.2. This could allow in
particular to extract the CKM matrix elementsuVbcu with a
theoretical uncertainty of.6%, which is comparable with
present uncertainties obtained from exclusive semilepto
B-meson decays@4#.

We want to point out that our estimates of the theoreti
errors include the uncertainties arising both from the mo
dependence of the IW form factor and the first-order pow
corrections. In the case of the longitudinal asymmetry a
the ~partially integrated! longitudinal to transverse decay ra
tio our uncertainties turn out to be remarkably small. The
fore, provided the effects of higher-order power correctio
are small, the experimental determination of these two qu
tities is a very interesting tool for testing the SM and f
investigating possible new physics.
©1999 The American Physical Society18-1
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II. LIGHT-FRONT CALCULATION OF THE ISGUR-WISE
FORM FACTOR

In this section we just briefly remind the main points
the light-front procedure for the calculation of theLQ-type
IW form factor j(v) ~see Ref.@2# for more general cases!.

The spin structure ofLQ baryons can be represented
an antisymmetric~with respect to the two light quarksq and
q8) total spin-12 state@1#. In the so-called ‘‘velocity basis’’
the matrix elements of the vector currentJm5Q̄gmQ be-
tweenLQ states have the following form:

V s8s
m [^C1/2s8uQ̄gmQuC1/2s&5F1~v!ū~P8,s8!gmu~P,s!

1@F2~v!vm1F3~v!v8m#ū~P8,s8!u~P,s!, ~1!

whereu(P,s) is a Dirac spinor~normalized asūu51), P
5MLv and P85P1q5MLv8, with ML being theL-type
baryon mass andq the four-momentum transfer. Since in E
~1! we are considering an elastic process, the fo
momentum transfer squared is given byq252ML

2 (12v)
and has spacelike values (q2<0). In the heavy-quark limit
(mQ→`) the following HQS relations hold@1#:

lim
mQ→`

F1~v!5j~v!,

lim
mQ→`

F2~v!5 lim
mQ→`

F3~v!50, ~2!

where the IW form factorj(v) must satisfy the model
independent normalizationj(1)51 at the zero-recoil poin
v51.

In the light-front formalism all the hadronic form factor
corresponding to a conserved current can always be
pressed in terms of the matrix elements of theplus compo-
nent of the current,J1[ J01n̂•JW ~where n̂ is the spin-
quantization axis!; moreover, a reference frame whereq1

50 is adopted, which allows to suppress the contribut
arising from the so-calledZ-graph ~pair creation from the
vacuum! at any value of the heavy-quark mass. Thus, fr
Eq. ~1! one easily gets

F1~v!5
1

2
TrH V 1

2P1J 1
ML

A2q2
TrHV 1is2

2P1 J , ~3!

F2~v!5F3~v!52
ML

2A2q2
TrHV 1is2

2P1 J , ~4!

where P̃[(P1,PW')5 p̃Q1 p̃q1 p̃q8 is the LF baryon mo-
mentum~with P15AML

2 2q2/4) and p̃i the quark one. Fi-
nally, the subscript' indicates the projection perpendicul
to the spin quantization axis.

Disregarding for simplicity the color and flavor degrees
freedom and limiting ourselves toS-wave baryons, the light-
front LQ wave function can be written as
07401
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^$j ikW i' ;s i%uC1/2s&

5A EQEqEq8
M0jQjqjq8

(
$s i8%

^$s i%uR †~$kW i ;mi%!u$s i8%&

3F1/2s~$s i8%! w(Qqq8)~pW ,kW !, ~5!

wherej i5pi
1/P1 and kW i'5pW i'2j i PW' are the intrinsic LF

variables, M0
25( i 5Q,q,q8(ki'

2 1mi
2)/j i , Ei5Ami

21ukW i u2,

with kW i[(kW i' ,kin) and kin5 1
2 „j iM02(ki'

2 1mi
2)/j iM0….

Moreover, in Eq. ~5! the curly braces$ % mean a list
of indices corresponding toi 5Q,q,q8; s i8 indicates

the third component of the quark spin;R($kW i ;mi%)
[) j 5Q,q,q8RM(kW j ,mj ) is the product of the individual~gen-
eralized! Melosh rotationsRM(kW j ,mj ). Finally, F1/2s($s i8%)
5^1/2sQ8 ,00u1/2s& ^1/2sq8 ,1/2sq8

8 u00& is the canonical spin

wave function andw(Qqq8)(pW ,kW ) is the S-wave radial wave
function, where

kW5~mq8k
W

q2mqkWq8!/~mq1mq8!,

pW 5
@~mq1mq8!k

W
Q2mQ~kWq1kWq8!#

~mQ1mq1mq8!
~6!

are the internal momenta conjugate, respectively, to the J
bian coordinates

xW5rWq2rWq8 ,

yW5rWQ2~mqrWq1mq8r
W

q8!/~mq1mq8!. ~7!

In what follows we will consider two functional forms fo
the radial wave function, namely harmonic oscillator~h.o.!
and power-law~p.l.! ones, viz.

w(Qqq8)
(h.o.)

~pW ,kW !5S 1

pap
D 3/4

e2upW u2/2ap
2S 1

pak
D 3/4

e2ukW u2/2ak
2
,

~8!

w(Qqq8)
(p.l .)

~pW ,kW !5
Np

~ap
21p2!np

Nk

~ak
21k2!nk

, ~9!

where

Nk(p)[A4G@2nk(p)#/Apak(p)
324nk(p)GF2nk(p)2

3

2G
andG(n) is the EulerG-function.

We have evaluated the right-hand side of Eqs.~3!, ~4!
using the three-quark wave function given by Eq.~5! and
adopting the h.o.~8! and p.l. ~9! radial functions. The nu-
merical integrations, involving six-dimensional integra
have been performed through a well-established Monte C
procedure@5#. The heavy-quark limit (mQ→`) has been ob-
tained by increasing the value of the heavy-quark mass u
full convergence of the calculated form factors is reach
8-2
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ANALYSIS OF THE Lb→Lc1 l n̄ l DECAY WITHIN A . . . PHYSICAL REVIEW D 60 074018
We have found~see Ref.@2#! that the HQS relations~2! are
satisfied at any value ofv. Thus, the IW form factorj(v) is
given by

j~v!5
1

2
limmQ→`TrH V 1

2P1J . ~10!

III. THE ISGUR-WISE FORM FACTOR AND THE
BARYON STRUCTURE

The behavior of the calculated IW form factorj(v) de-
pends on the two parametersak and ap , appearing in the
radial wave functions~8!, ~9!. To investigate such a depen
dence, let us consider the nonrelativistic baryon sizer B , de-
fined as

r B[A^r 2&B[A (
i 5Q,q,q8

^urW i2RW c.m.u2&

→mQ
→`A 11h2

~11h!2
^x2&12^y2&, ~11!

where h[mq /mq8 and RW c.m.5( i 5Q,q,q8mirW i /( i 5Q,q,q8mi .
Since^x2& and ^y2& are proportional to 1/ak

2 and 1/ap
2 , re-

spectively, the baryon sizer B can be easily written as a sui
able combination of the parametersap andak . For instance,
in the case of the h.o. wave function one immediately g
r B5A3/ap

21(11h2)/(11h)2(3/2ak
2).

In the nonrelativistic limit the slope of the IW form facto
at the zero-recoil point,r IW

2 [2@dj(v)/dv#v51, is propor-
tional to the square of the baryon sizer B , so that when
ak(p)→` one should haver IW

2 →0. However, as suggeste
in Ref. @2#, the relativistic delocalization of the light quar
positions is expected to increase the sloper IW

2 and the de-
parture from the nonrelativistic behavior should appear w
the baryon sizer B becomes much smaller thanAlq

21lq8
2 ,

where lq(q8)[1/mq(q8) is the constituent-quark Compto
wavelength. For instance, puttingmq5mq850.22 GeV, the
trigger value for the delocalization effects should ber B
,1.3 fm.

The above relativistic effects are fully reflected in o
light-front calculations for both the h.o.@2# and p.l. wave
functions; in particular, we have found that the sloper IW

2 is a
monotonically decreasing function ofap(k) and saturates
whenap(k) become large enough so thatr B,Alq

21lq8
2 . The

interesting point is that the saturation property holds not o
for the sloper IW

2 ~i.e., at small recoils!, but also for the IW
form factor itself in the wholev-range accessible in the de
cay Lb→Lc1 l n̄ l ~i.e., 1<v&1.44), as it is clearly illus-
trated in Fig. 1. Thus, in the saturation regime the IW fo
factor does not depend on the two parametersak and ap
separately, but only on one parameter, the ratiob, which we
define as
07401
ts

n

y

b[A^upW u2&

^ukW u2&
5

ap

ak
~h.o.!5

ap

ak
A4nk25

4np25
~p.l.!.

~12!

Since QCD is expected to confine hadrons within distan
not larger than;1 fm, we will consider in what follows to
be in the saturation regime, where we stress the IW fo
factor depends only on the parameterb.1 The physical mean-
ing of this parameter has been already discussed in Ref.@2#.
In coordinate space one getsb2;^x2&/^y2& and, therefore,
the two limiting cases,b!1 and b@1, correspond to a
diquark-like and collinear-type configurations, respective
~see Fig. 2 of Ref.@2#!. There is however still another pa
rameter, namely the ratio of the light-quark massesh
5mq /mq8 . The sensitivity of the calculated IW function t
the value ofh is reported in Fig. 2. It can clearly be seen th
in the light u,d,s spectator sector~where basically 0.5&h

1In practice, for any value ofb we choose the value of the pa
rameter ak ~or equivalently ap) large enough so thatr B

!Alq
21lq8

2

FIG. 1. The IW form factorj(v) calculated using h.o.~a! and
p.l. ~b! wave functions versusv @in ~b! the valuenp5nk52 has
been considered#. The various lines correspond to different valu
of the parameterak , while the ratiob @Eq. ~12!# is kept fixed at
b52. For each curve the value of the baryon sizer B @Eq. ~11!# in
fm is reported. Finally, for the spectator-quark masses the va
mq5mq850.22 GeV is adopted.
8-3
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FABIO CARDARELLI AND SILVANO SIMULA PHYSICAL REVIEW D 60 074018
<1) there is no significant dependence ofj(v) on the par-
ticular value of h. This is not surprising, because in th
saturation regime the IW form factor is dominated by re
tivistic effects, which means that the typical spectator-qu
momenta are large compared with the spectator-qu
masses and therefore the specific values of the latter pl
minor role.

Let us now address the issue of the sensitivity of the c
culated IW form factor to the choice of theQqq8 radial
wave function. In Fig. 3 we show the IW function calculat
at various values ofb using the wave functions~8! and ~9!.
It turns out that for each value ofb the IW form factors
corresponding to different radial wave functions are pac
together in a narrow band, while the change inb affects
more heavily the behavior of the IW form factor. Therefo
we can state that within thev-range accessible in theLb

→Lc1 l n̄ l decay (1<v&1.44) thev-dependence of the IW
function j(v) is mainly governed by the value of only on
parameter,b, and almost independent of the choice of t
particular functional form of the radial wave function.

The above feature is relevant because any constrain
the value ofb leads immediately to a constraint on the sha
of the IW functionj(v) in the full v-range. In other words
if our calculated IW function is expanded in a series of po
ers of (v21), the coefficients of this expansion are not i
dependent of each other, but their values are related to
value ofb. In order to constrainb our predictions forj(v)
corresponding to various values ofb are compared in Fig
4~a! with the recent lattice QCD results of Ref.@3#, which
have been obtained only at low values of the recoil. It can
seen that~i! there is a sharp sensitivity to the value ofb, so
that our predictions forj(v) cover a quite large range o
values; however, an upper bound onj(v), corresponding to

FIG. 2. The IW form factorj(v) calculated for various value
of the light-quark mass ratioh5mq /mq8 . The value ofb @Eq.
~12!# is kept fixed at the valueb54 and the h.o. radial wave func
tion @Eq. ~8!# is considered. The solid, dashed, dotted and d
dashed lines correspond toh51.00, 0.52, 0.26 and 0.13, respe
tively.
07401
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b→` and represented by the solid line,2 emerges in our LF
quark model;~ii ! only the calculations withb*2 can repro-
duce all the lattice points within the quoted errors. It shou
be noted that the above limits onb yield an allowed range
for the IW function which is narrower than the spread of t
lattice points themselves.

The same range of values forb is also suggested by th
comparison with the results of Ref.@6#, where dispersive
bounds for the sloper IW

2 and the curvature 2cIW

[@d2j(v)/dv2#v51 of the LQ-type IW form factor at the
zero-recoil point have been derived. It should be mention
however that the reliability of the dispersive bounds may
plagued by the effects of the so-called anomalous thresh
~see, e.g., Ref.@7#!. With this caveatin mind, the theoreti-
cally allowed domain in ther IW

2 2cIW plane@6# is shown in
Fig. 4~b! together with our results corresponding to vario
values ofb. The dispersive bounds suggest a quite stro
correlation amongr IW

2 andcIW , which is indeed reproduced
in our calculations only forb*2. In conclusion, the results
presented in Fig. 4 imply the dominance of collinear-ty

2We have checked that the valueb5100 is fully representative of
the limiting caseb→` for the calculation of the IW form factor
j(v).

t-

FIG. 3. The IW form factorj(v) calculated atb52 ~a! and
b510 ~b! using different baryon wave functions: h.o.~solid lines!;
p.l. with np5nk52, 3, 4 and 8~dot-dashed, dotted, dashed an
long-dashed lines, respectively!.
8-4
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ANALYSIS OF THE Lb→Lc1 l n̄ l DECAY WITHIN A . . . PHYSICAL REVIEW D 60 074018
configurations in the structure ofQqq8 baryons.
In what follows we will estimate the model dependen

due to the nonprecise knowledge of theQqq8 wave function
using the results of the calculations of the IW form fac
~10!, obtained adopting the h.o. radial function~8! at b52
and the p.l. function~9! with np5nk52 at b5100. These
two form factors, which will be denoted byjL(v) and
jU(v), represent our lower and upper bounds to the IW fo
factor j(v), i.e., jL(v)<j(v)<jU(v), corresponding to
constrain the shape ofj(v) by the dashed and solid lines i
Fig. 4~a!. A simple polynomial fit for thev-dependence o
jL(v) andjU(v) can be found in the Appendix. From Eq
~A1!, ~A2! of the Appendix the slope of the IW function a
the zero-recoil point results to ber IW

2 51.3560.55.

IV. ANALYSIS OF THE Lb˜Lc1 l n̄ l DECAY

The constraints on the shape ofj(v) obtained in the pre-
vious section can be used to reduce the model-depend

FIG. 4. ~a! The IW functionj(v) calculated for different values
of b and compared with the lattice QCD calculations of Ref.@3#
~open dots and squares!. The triple-dotted-dashed, dotted, dashe
long-dashed and dot-dashed lines correspond tob50.5, 1.0, 2.0,
3.0 and 10.0, respectively, using the h.o. wave function~8!. The
solid line is the result obtained atb5100 using the p.l. wave func
tion ~9! with np5nk52. Adapted from Ref.@2#. ~b! CurvaturecIW

versus sloper IW
2 for the IW functionj(v). The dotted lines identify

the allowed domain determined in Ref.@6#. The open dots corre
spond to our results obtained for various values ofb and the solid
line is just an interpolation curve.
07401
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uncertainty in the evaluation of the~partially integrated! ex-
clusive semileptonic branching ratio, defined as

BrLb→Lcl n̄ l
~vmax![tLb

E
1

vmax
dv

dG

dv
~Lb→Lcl n̄ l !,

~13!

wheretLb
is theLb mean lifetime (tLb

51.2460.08 ps@8#!

and dG/dv is the differential decay rate for theLb→Lc

1 l n̄ l process. As for the latter, one has~see, e.g., Ref.@9#!

dG

dv
~Lb→Lcl n̄ l !5

dGL

dv
~Lb→Lcl n̄ l !1

dGT

dv
~Lb→Lcl n̄ l !,

~14!

with the longitudinal~L! and transverse~T! parts given by

dGL

dv
~Lb→Lcl n̄ l !5

GF
2

~2p!3
uVbcu2

q2pLc
MLc

12MLb

@ uH1/2,0u2

1uH21/2,0u2#, ~15!

dGT

dv
~Lb→Lcl n̄ l !5

GF
2

~2p!3
uVbcu2

q2pLc
MLc

12MLb

@ uH1/2,1u2

1uH21/2,21u2#, ~16!

whereGF is the Fermi coupling constant,Vbc is the relevant
CKM matrix element andpLc

5MLc
Av221 is the momen-

tum of the daughter baryonLc in the Lb rest frame. Within
the SM the helicity amplitudes are given by

Hlc ,lW
5Hlc ,lW

V 2Hlc ,lW

A , ~17!

where HV and HA are the vector~V! and axial-vector~A!
helicity amplitudes, respectively, andlc andlW indicate the
helicity of the daughter baryon and the one of theW-boson,
respectively. The vector and axial-vector helicity amplitud
can be expressed in terms of the vector and axial-vector f
factors as@9#

H1/2,1
V,A 522AMLb

MLc
~v71!F1

V,A~v!,

H1/2,0
V,A 5

1

Aq2A2MLb
MLc

~v71!@~MLb

6MLc
!F1

V,A~v!6MLc
~v61!F2

V,A~v!

6MLb
~v61!F3

V,A~v!#, ~18!

where the upper and lower signs stand for the vector~V! and
the axial-vector~A! case, respectively, and the amplitudes
negative values of the helicities can be obtained accordin
the relationH2lc ,2lW

V(A) 51(2)Hlc ,lW

V(A) .

In the heavy-quark limit (mQ→`) one has

F1
V~v!5F1

A~v!5j~v!,

,

8-5
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FABIO CARDARELLI AND SILVANO SIMULA PHYSICAL REVIEW D 60 074018
F2,3
V ~v!5F2,3

A ~v!50. ~19!

Including first-order 1/mQ corrections to the HQS result~19!
the six form factorsFi

V(A) become@9#

F1
V~v!5j~v!1S L

2mc
1

L

2mb
D @2x~v!1j~v!#,

F2
V~v!52

L

mc

j~v!

11v
,

F3
V~v!52

L

mb

j~v!

11v
,

F1
A~v!5j~v!1S L

2mc
1

L

2mb
D F2x~v!1j~v!

v21

v11G ,
F2

A~v!52
L

mc

j~v!

11v
,

F3
A~v!5

L

mb

j~v!

11v
, ~20!
07401
where L[MLQ
2mQ1O(1/mQ) is the binding energy of

the baryon in the heavy-quark limit andx(v) is an ~un-
known! subleading function subject to the conditionx(1)
50.

The effect of radiative corrections on the HQS relatio
~19! is to relate the vector and axial-vector form factors
the ~renormalized! IW function j(v) as follows ~see, e.g.,
Ref. @10#!:

Fi
V~v!5Ci

V~v!j~v!,

Fi
A~v!5Ci

A~v!j~v!, ~21!

where Ci
V(A)(v) with i 51, 2, 3 are renormalization-grou

invariant coefficients, which have been calculated and ta
lated in Ref.@10#. A convenient parametrized form of th
v-dependence of all the six short-distance coefficie
Ci

V(A)(v) can be found in the Appendix. The inclusion o
both radiative and 1/mQ corrections leads to the following
expressions@10#:
F1
V~v!5C1

V~v̄ !H j~v!1S L

2mc
1

L

2mb
D @2x~v!1j~v!#J ,

F2
V~v!5C2

V~v̄ !j~v!1
L

2mb
C2

V~v̄ !F2x~v!1j~v!
3v21

11v G1
L

2mc
H C2

V~v̄ !F2x~v!

1j~v!
v21

11vG2
2

11v
@C1

V~v̄ !1C3
V~v̄ !#j~v!J ,

F3
V~v!5C3

V~v̄ !j~v!1
L

2mc
C3

V~v̄ !F2x~v!1j~v!
3v21

11v G1
L

2mb
H C3

V~v̄ !F2x~v!

1j~v!
v21

11vG2
2

11v
@C1

V~v̄ !1C2
V~v̄ !#j~v!J ,

F1
A~v!5C1

A~v̄ !H j~v!1S L

2mc
1

L

2mb
D F2x~v!1j~v!

v21

11vG J ,

F2
A~v!5C2

A~v̄ !j~v!1
L

2mb
C2

A~v̄ !F2x~v!1j~v!
3v11

11v G1
L

2mc
H C2

A~v̄ !@2x~v!

1j~v!#2
2

11v
@C1

A~v̄ !1C3
A~v̄ !#j~v!J ,

F3
A~v!5C3

A~v̄ !j~v!1
L

2mc
C3

A~v̄ !F2x~v!1j~v!
3v11

11v G1
L

2mb
H C3

A~v̄ !@2x~v!

1j~v!#1
2

11v
@C1

A~v̄ !2C2
A~v̄ !#j~v!J , ~22!

wherev̄[v1(L/mb1L/mc)(v21).
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In this work we calculate also various partially integrated asymmetries, namely the longitudinalaL(vmax) and transverse
aT(vmax) asymmetries, defined as

aL~vmax!5

E
1

vmax
dv K~v! @ uH1/2,0u22uH21/2,0u2#

E
1

vmax
dv K~v! @ uH1/2,0u21uH21/2,0u2#

, ~23!

aT~vmax!5

E
1

vmax
dv K~v! @ uH1/2,1u22uH21/2,21u2#

E
1

vmax
dv K~v! @ uH1/2,1u21uH21/2,21u2#

, ~24!

whereK(v)[@GF
2/(2p)3#uVbcu2(q2pLc

MLc
/12MLb

), and the ratio of the longitudinal to transverse decay ratesRL/T(vmax),
viz.

RL/T~vmax!5

E
1

vmax
dv

dGL

dv
~Lb→Lcl n̄ l !

E
1

vmax
dv

dGT

dv
~Lb→Lcl n̄ l !

. ~25!

Finally, the~partially integrated! longitudinalLc polarizationPL(vmax) ~as defined in Ref.@9#! can be easily obtained in term
of aL(vmax), aT(vmax) andRL/T(vmax) as

PL~vmax!5
aT~vmax!1aL~vmax! RL/T~vmax!

11RL/T~vmax!
. ~26!
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Note that within the SM all the various observables~23!–
~26! are independent of the specific value~and uncertainty!
of uVbcu.

We have evaluated the exclusive semileptonic branch
ratio ~13! and the various observables given by Eqs.~23!–
~26!, using the expressions~19!–~22! for the relevant form
factors entering the helicity amplitudes~18! and adopting the
two IW functionsjL(v) andjU(v), determined in the pre
vious section. Up to first-order 1/mQ corrections, the values
of the quark massesmb andmc are given bymb5MLb

2L

and mc5MLc
2L, with MLb

55.624 GeV and MLc

52.285 GeV from the Particle Data Group~PDG! @8#.
Thus, in Eqs.~20! and~22! there are only two unknowns, th
subleading functionx(v) and the baryonic binding energ
L. In Ref. @3# themQ dependence of the lattice QCD resu
has been investigated, obtaining that the valueL
50.75213 26

110 15 GeV andx(v).0 are consistent with the lat
tice points. Moreover, the subleading functionx(v) has
been recently calculated using QCD sum rules in Ref.@11#
and within the quark model of Ref.@12#. In both calculations
the resultingx(v) turns out to be quite small~of the order of
a few percent!; in particular it has been found to be negati
in @11#, while both positive and negative subleading fun
tions have been obtained in@12# according to the values
adopted for the quark-model parameters. Thus, we have
culated the exclusive semileptonic branching ratio and
07401
g

-

al-
e

various asymmetries using forx~v! the results labeledI in
Ref. @11#, but considering either a positive or a negative sig
It turns out that the branching ratio is modified by abo
62%, while the effect on the asymmetries is well belo
61%. Therefore, in what follows we adopt the approxim
tion x(v)50 and inflate the theoretical error of the calc
lated branching ratio by adding a62% uncertainty.

We have first investigated the sensitivity of the obse
ables~13! and ~23!–~26!, integrated in the wholev-range

accessible inLb→Lc1 l n̄ l @i.e., for vmax5v th5(MLb

2

1MLc

2 )/2MLb
MLc

.1.44#, to the radiative corrections in th

heavy-quark limit @see Eqs.~21!#. Our predictions, corre-
sponding to the average6 the semidispersion of the resul
obtained usingj(v)5jL(v) andj(v)5jU(v), are reported
in Table I. It can clearly be seen that PQCD correctio

lower Br(Lb→Lcl n̄ l)[BrLb→Lcl n̄ l
(v th) and aT[aT(v th)

by about 10%, while the other asymmetriesaL[aL(v th) and
PL[PL(v th) as well as the ratioRL/T[RL/T(v th) are only
marginally modified.

Then, since the HQET parameterL governs the strength
of the 1/mQ corrections, we have investigated the sensitiv
of the ~totally integrated! exclusive semileptonic branchin
ratio and asymmetries to the specific value ofL both with
and without radiative corrections@see Eqs.~22! and ~20!,
respectively#. Our predictions are reported in Tables II an
8-7
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TABLE I. Results for the~totally integrated! exclusive semileptonic branching ratioBr(Lb→Lcl n̄ l) @in
% at uVbcu50.040 andt(Lb)51.24 ps@8# #, the longitudinalaL and transverseaT asymmetries, the longi-
tudinal daughter-baryon polarizationPL and the longitudinal to transverse ratioRL/T obtained for the decay

processLb→Lc1 l n̄ l in the HQS limit (mQ→`) without and with radiative corrections@see Eqs.~19! and
~21!, respectively#. The values reported are the average and the semidispersion of the results obtaine
j(v)5jL(v) andj(v)5jU(v) ~see text and Appendix!.

Br(%) aL aT PL RL/T

HQS 6.6561.41 20.93160.009 20.48860.012 20.76360.018 1.6360.12

HQS 1 PQCD 6.0761.27 20.93960.009 20.53960.012 20.78560.018 1.6160.12
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III. It can clearly be seen that the first-order 1/mQ correc-
tions yield an increase of the calculatedBr(Lb→Lcl n̄ l)
~about 10% atL50.75 GeV), which is partially compen
sated by a corresponding decrease due to radiative co
tions. Thus, radiative plus first-order power corrections aff
only marginally the exclusive semileptonic branching rat
so that the model dependence turns out to be the most
portant source of uncertainty onBr(Lb→Lcl n̄ l), the longi-
tudinal asymmetryaL is only slightly sensitive to both radia
tive and 1/mQ corrections, the effects of radiative and 1/mQ
corrections are opposite in the longitudinal to transverse
cay ratioRL/T , but the total effect is smaller than the unce
tainty due to the model dependence, and the transv
asymmetryaT and the longitudinalLc polarizationPL are
remarkably affected by radiative and 1/mQ corrections, while
their model dependence is quite smaller.

Similar conclusions hold as well also for the partially i
tegrated observables atvmax,v th , as it can be seen in Tabl
IV in the case of the exclusive semileptonic branching ra
BrLb→Lcl n̄ l

(vmax) ~see also Fig. 6 later on!. Therefore, tak-
ing into account both the model dependence and the se
tivity to the 1/mQ corrections in the whole range of value
0<L(GeV)<1, our final predictions~including radiative
corrections! are Br(Lb→Lcl n̄ l)5(6.361.6)%
uVbc /0.040u2 t(Lb)/(1.24 ps), aL520.94560.014,
aT520.6260.09 andRL/T51.5760.15. The corresponding
result for the longitudinalLc polarization is PL520.82
60.05.
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In Fig. 5 the upper@corresponding toj(v)5jU(v)# and
lower @corresponding toj(v)5jL(v)# results for the par-
tially integrated exclusive semileptonic branching ra
BrLb→Lcl n̄ l

(vmax), obtained adopting the valueL

50.75 GeV in Eq.~22!, are shown and compared with th
HQS results@Eqs. ~19!# and with the lattice predictions o
Ref. @3#. It can be seen that our results are always well with
the range of values given by the lattice QCD simulations a
that radiative plus first-order power corrections modify on
slightly the HQS results. If the integration over the recoil
limited to vmax51.2, then the resulting uncertainty o
BrLb→Lcl n̄ l

(vmax) reduces significantly to.12%, though at
the price of reducing the number of the events by a fac
.0.44 ~see Table II!. This implies the possibility to extrac
the CKM matrix elementsuVbcu with a theoretical uncer-
tainty of .6%, which is comparable with present uncerta
ties obtained from exclusive semileptonicB-meson decays
@4#.

The dependence of the various asymmetries~23!–~26!
uponvmax is illustrated in Table V and in Fig. 6, where th
lattice predictions@3# for RL/T(vmax) are also reported. All
the observables considered do depend on the specific v
of vmax, so that in comparing with~future! data the precise
v-range of the experiments has to be taken into accoun
Fig. 6 the HQS results are also shown for each observabl
turns out that radiative plus first-order 1/mQ corrections are
relevant for the transverse asymmetryaT(vmax) and for the
longitudinalLc polarizationPL(vmax) at any value ofvmax,
TABLE II. Results for the~totally integrated! exclusive semileptonic branching ratioBr(Lb→Lcl n̄ l) @in
% at uVbcu50.040 andt(Lb)51.24 ps@8# #, the longitudinalaL and transverseaT asymmetries, the longi-
tudinal daughter-baryon polarizationPL and the longitudinal to transverse ratioRL/T obtained at different
values of the binding energyL without including radiative corrections@see Eqs.~20!#. For the meaning of the
errors see Table I.

L ~GeV! Br(%) aL aT PL RL/T

0.00 6.6561.41 20.93160.009 20.48860.012 20.76360.018 1.6360.12

0.25 6.8161.45 20.93460.009 20.52160.012 20.77760.018 1.6360.12

0.50 7.0361.51 20.93760.009 20.55960.013 20.79360.017 1.6460.12

0.75 7.3561.58 20.94260.008 20.60460.013 20.81460.016 1.6560.12

1.00 7.8261.70 20.94860.008 20.65860.013 20.83960.015 1.6760.12
8-8
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TABLE III. The same as in Table II, but including radiative corrections@see Eqs.~22!#. For the meaning
of the errors see Table I.

L ~GeV! Br(%) aL aT PL RL/T

0.00 6.0761.27 20.93960.009 20.53960.013 20.78560.017 1.6160.12

0.25 6.1161.27 20.94160.008 20.57160.013 20.79860.017 1.5960.12

0.50 6.1861.29 20.94360.008 20.60460.013 20.81260.016 1.5760.11

0.75 6.2861.31 20.94660.008 20.65160.013 20.83060.015 1.5560.11

1.00 6.4461.34 20.95060.007 20.70160.013 20.85160.013 1.5360.11
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whereas bothaL(vmax) andRL/T(vmax) are only marginally
affected by radiative plus first-order power correction
Moreover, the model dependence on the various asym
tries is generally quite limited and it reduces asvmax de-
creases. In particular, our uncertainty onRL/T(vmax), which
is always much less than the one presently achievable
lattice QCD calculations, reduces to.1% atvmax51.2. To
sum up, both the longitudinal asymmetryaL(v th) and the
longitudinal to transverse decay ratioRL/T(vmax.1.2) rep-
resent very interesting quantities to be determined exp
mentally in order to test the SM and to investigate poss
new physics.

All the conclusions obtained so far are based on Eqs.~22!
for the form factors, i.e., on the inclusion of power corre
tions up to first order in 1/mQ . The second-order powe
corrections toF1

A and F1
V1F2

V1F3
V at the zero-recoil point

have been estimated in Ref.@13# and found to be of the orde
of a few percent. In the case of theB→D* (D) transitions
important effects of second-order power corrections may
present~see, e.g., Ref.@14#!; however, a~model-dependent!
analysis@15# of 1/mQ

2 corrections in mesons and baryo
07401
.
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suggests that smaller corrections can be expected in theLb
→Lc transition with respect to theB→D* (D) case, thanks
to the absence of hyperfine splitting effects related to
finite mass of the charm quark. Nevertheless, we feel i
mandatory to check that our findings~particularly those for
the asymmetries! still survive after the inclusion of second
order power corrections.

Before closing this section, we want to present our e
mates of the exclusive semileptonic branching ratio and
asymmetries for the decay processJb→Jc1 l n̄ l , where the
light spectator quarks are aus (ds) pair. As already illus-
trated in Fig. 2, we do not expect that the IW form factor
modified significantly by the presence of thes quark mass
instead of theu(d) one; this does not imply that the IW form
factors forLQ- andJQ-type baryons are the same, becau
of possible differences in the radial wave functions in t
two heavy systems. In the absence of a more precise kn
edge ofSU(3) breaking effects, we assume the same ra
of variation of the parameterb, i.e., b*2. Moreover, both
the binding energyL (s) and the physical thresholdv th

(s)

5(MJb

2 1MJc

2 )/2MJb
MJc

have to be determined. Since th
TABLE IV. Values of the~partially integrated! exclusive semileptonic branching ratioBrLb→Lcl n̄ l
(vmax)

in % versusvmax @see Eq.~13!#, calculated atuVbcu50.040 andt(Lb)51.24 ps@8# for the decay process

Lb→Lc1 l n̄ l . The columns labelled HQS, HQS1PQCD, HQS11/mQ and HQS1PQCD11/mQ corre-
spond to the heavy-quark limitmQ→` @Eqs.~19!#, to the inclusion of radiative corrections@Eqs.~21!# and
of the first-order 1/mQ corrections, as given by Eqs.~20! and~22! with L50.75 GeV, respectively. For the
meaning of the errors see Table I.

vmax HQS HQS1PQCD HQS11/mQ HQS1PQCD11/mQ

1.05 0.4360.01 0.4260.01 0.4460.01 0.4360.01

1.10 1.1560.07 1.1060.07 1.1960.07 1.1360.07

1.15 1.9760.17 1.8860.17 2.0860.19 1.9460.17

1.20 2.8460.33 2.6960.31 3.0360.35 2.7960.32

1.25 3.7260.52 3.4960.48 4.0160.56 3.6460.50

1.30 4.5760.74 4.2660.68 4.9760.81 4.4460.71

1.35 5.3960.98 4.9960.89 5.9061.09 5.1960.93

1.40 6.1661.24 5.6561.12 6.7961.38 5.8761.16

1.44 6.6561.41 6.0761.27 7.3561.58 6.2861.31
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c quark mass should be the same in the two decay proce
Lb→Lc1 l n̄ l and Jb→Jc1 l n̄ l , we assumeMLc

2L

5MJc
2L (s). Using the experimental valueMJc

52.466 GeV@8# we getL (s)50.931 GeV. In an analogou
way for theb-quark case, we consider thatMLb

2L5MJb

FIG. 5. Partially integrated exclusive semileptonic branching
tio BrLb→Lcl n̄ l

(vmax) in % versusvmax @see Eq.~13!#, calculated at
uVbcu50.040 andt(Lb)51.24 ps @8# for the decay processLb

→Lc1 l n̄ l . The solid and dashed lines correspond to our and
tice QCD results@3#, respectively. The lower and upper solid line
are the results corresponding to the use ofj(v)5jL(v) and
j(v)5jU(v) in Eq. ~22!, respectively, i.e., including radiative plu
first-order 1/mQ corrections withL50.75 GeV. The dotted lines
are the HQS results@see Eqs.~19!#. The vertical dot-dashed line
indicates the physical thresholdv th.1.44.
07401
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FIG. 6. Partially integrated longitudinal asymmetryaL(vmax)
~a!, transverse asymmetryaT(vmax) ~b!, longitudinal daughter-
baryon polarizationPL(vmax) ~c! and longitudinal to transverse de-
cay ratio RL/T(vmax) ~d! versusvmax for the decay processLb

→Lc1 l n̄ l . The dotted and solid lines correspond to the resul
obtained in the heavy-quark limit@see Eqs.~19!# and using Eqs.
~22! with L50.75 GeV, respectively. The lower and upper lines
are the results corresponding toj(v)5jL(v) and j(v)5jU(v),
respectively. In~d! the dashed lines correspond to the lattice QCD
results of Ref.@3#. The vertical dot-dashed lines indicate the physi
cal thresholdv th.1.44.
TABLE V. Values of the~partially integrated! asymmetriesaL(vmax) @Eq. ~23!# andaT(vmax) @Eq. ~4!#,
the longitudinal daughter-baryon polarizationPL(vmax) @Eq. ~26!# and the~partially integrated! ratio of
longitudinal to transverse decay rateRL/T(vmax) @Eq. ~25!# versusvmax for the decay processLb→Lc

1 l n̄ l . Both the radiative and the first-order 1/mQ corrections, given by Eqs.~22! with L50.75 GeV, are
included. For the meaning of the errors see Table I.

vmax aL aT PL RL/T

1.01 20.28260.001 20.15960.001 20.20160.001 0.51560.001

1.05 20.57160.002 20.33860.001 20.42360.002 0.57660.001

1.10 20.72560.004 20.45160.003 20.55760.006 0.65760.002

1.15 20.80860.005 20.52160.005 20.64360.006 0.74560.005

1.20 20.85860.006 20.56960.007 20.70160.007 0.84260.011

1.25 20.89160.007 20.60360.009 20.74360.009 0.95160.019

1.30 20.91360.007 20.62660.010 20.77560.011 1.08860.032

1.35 20.92960.008 20.64160.012 20.80060.012 1.22660.051

1.40 20.94060.008 20.64960.013 20.81960.014 1.40460.081

1.44 20.94660.008 20.65160.013 20.83060.015 1.54860.110
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2L(s); using the previously determined value ofL (s), we get
MJb

55.805 GeV, which is in reasonable overall agreem

with the lattice QCD results 5.7625 23
13 14 GeV from Ref.@16#.

Finally, from the obtained values of theJQ-type baryon
masses one hasv th

(s).1.39. Thus, after including radiativ
plus first-order 1/mQ corrections~22! to the relevant form
factors our estimates areBr(Jb→Jcl n̄ l)5(7.962.0)% @at
uVbcu50.040 and t(Jb)51.39 ps @8##, aL(Jb→Jcl n̄ l)
520.94760.013, aT(Jb→Jcl n̄ l)520.6260.11, PL(Jb

→Jcl n̄ l)520.8760.05 and RL/T(Jb→Jcl n̄ l)51.60
60.14.

V. CONCLUSIONS

The Isgur-Wise form factor relevant for theLb→Lc

1 l n̄ l semileptonic decay has been calculated in the wh
accessible kinematical range adopting a light-front const
ent quark model and using various forms of theQqq8 wave
function. It has been shown that the IW form factor is se
sitive to light-quark relativistic delocalization effects, leadin
to a saturation property of the form factor as a function of
~nonrelativistic! baryon size~11!. Moreover, the behavior o
the IW function turns out to be largely affected by the bary
structure, being sharply different in the case of diquark
collinear-typeQqq8 configurations. The comparison with re
cent lattice QCD calculations@3# at low recoil suggests the
dominance of collinear-type configurations with respect
diquark-like ones and allows to put effective constraints
the shape of the IW function in the fullv-range. Then, the
Lb→Lc1 l n̄ l decay has been investigated including both
diative and first-order 1/mQ corrections to the relevant form
factors. Our final predictions for the exclusive semilepto
branching ratio, the longitudinal and transverse asymmet
and the longitudinal to transverse decay ratio areBr(Lb

→Lcl n̄ l)5(6.361.6)%uVbc /0.040u2t(Lb)/(1.24 ps), aL
520.94560.014,aT520.6260.09 andRL/T51.5760.15,
respectively. It has also been shown that the theoretical
certainties onBr(Lb→Lcl n̄ l) andRL/T can be significantly
reduced to.12% and.1%, respectively, by integrating th
differential decay rates up tov.1.2. This could allow the
extraction of the CKM matrix elementsuVbcu with a theoret-
ical uncertainty of.6%, which is comparable with presen
uncertainties obtained from exclusive semileptonicB-meson
decays. Finally, we stress that, provided the effects of high
order power corrections are negligible, the small uncerta
ties found for the longitudinal asymmetry and the~partially
integrated! longitudinal to transverse decay ratio make t
experimental determination of these quantities a very in
esting tool for testing the SM and investigating possible n
physics.

APPENDIX

The results of the calculations of the form factorsjL(v)
and jU(v) ~see Sec. III!, performed in the wholev-range
accessible in the decayLb→Lc1 l n̄ l , can be fitted with
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high accuracy by the following quartic polynomials in th
recoil variablev21, viz.

jL(U)~v!512 r̂L(U)
2 ~v21!1 ĉL(U)~v21!22d̂L(U)~v21!3

1 f̂ L(U)~v21!4, ~A1!

where the values of the parameters are

r̂L
251.884, ĉL52.241, d̂L51.626, f̂ L50.5143,

r̂U
2 50.8252, ĉU50.5388, d̂U50.2594, f̂ U50.06308.

~A2!

We stress that neither a linear nor a quadratic polynom
is able to reproduce accurately thev-behavior of the form
factorsjL(v) andjU(v) in the whole range of values of th
recoil accessible in the decayLb→Lc1 l n̄ l .

The results of the calculations of the short-distance co
ficients Ci

V(A)(v) reported in Ref.@10# can be fitted forv
&1.8 as follows:

C1
V~v!51.13620.2978~v21!10.01149~v21!2

20.03536~v21!3,

C2
V~v!520.0848510.04645~v21!

20.02792~v21!210.01263~v21!3,

C3
V~v!520.0213310.007972~v21!

20.001840~v21!2 ~A3!

and

C1
A~v!50.985120.2069~v21!10.04899~v21!2

20.001684~v21!3,

C2
A~v!520.122010.07378~v21!20.04062~v21!2

10.01347~v21!3,

C3
A~v!50.0420320.02193~v21!10.008658~v21!2.

~A4!
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