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D. Ebert
Theory Division, CERN, CH-1211 Geneva 23, Switzerland

and Institut für Physik, Humboldt-Universita¨t zu Berlin, Invalidenstr. 110, D-10115 Berlin, Germany

R. N. Faustov*
Institut für Physik, Humboldt-Universita¨t zu Berlin, Invalidenstr. 110, D-10115 Berlin, Germany

V. O. Galkin
Russian Academy of Sciences, Scientific Council for Cybernetics, Vavilov Street 40, Moscow 117333, Russia

~Received 18 June 1999; published 13 December 1999!

Exclusive semileptonic decays ofB mesons to orbitally excitedD mesons are considered beyond the
infinitely heavy quark limit in the framework of the relativistic quark model based on the quasipotential
approach. This model agrees with the structure of heavy quark mass corrections predicted by the heavy quark
effective theory and allows the determination of corresponding leading and subleading Isgur-Wise functions. It
is found that both relativistic and 1/mQ contributions significantly influence the decay rates. Thus, relativistic
transformations of the meson wave functions~Wigner rotation of the light quark spin! already contribute at
leading order of heavy quark expansion and result in a suppression ofB→D0* en andB→D1* en decay rates.
On the other hand, the vanishing of the decay matrix elements at zero recoil of a finalD** meson in the
infinitely heavy quark mass limit makes the 1/mQ corrections very important, and their account results in a
substantial enhancement ofB→D1en andB→D0* en decay rates.

PACS number~s!: 13.20.He, 12.39.Ki
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I. INTRODUCTION

The investigation of semileptonic decays ofB mesons to
excitedD meson states is an important problem for hea
flavor physics. In particular, these decays can provide
additional source of information for the determination of t
Cabibbo-Kobayashi-Maskawa matrix elementVcb as well as
on the relativistic quark dynamics inside heavy-light meso
The experimental data on these decays are becoming a
able now@1–3#, and theB factories will provide more accu
rate and comprehensive data. It is necessary to note tha
periment shows that only approximately 60% of t
inclusive semileptonicB decay rate is due to the decays
ground-state pseudoscalarD and vectorD* mesons. Thus
the rest of these decays should go to excitedD meson and
continuum states.

The presence of the heavy quark in the initial and fi
meson states in these decays considerably simplifies
theoretical description. A good starting point for this analy
is the infinitely heavy quark limit,mQ→` @4#. In this limit
the heavy quark symmetry arises, which strongly reduces
number of independent weak form factors@5#. The heavy
quark mass and spin then decouple and all meson prope
are determined by light-quark degrees of freedom alone. A
result the heavy quark degeneracy of energy levels emer
The spinsq of the light quark couples with its orbital mo
mentum l ( j 5 l 6sq), resulting forP-wave mesons in two

*On leave of absence from the Russian Academy of Scien
Scientific Council for Cybernetics, Vavilov Street 40, Mo
cow 117333, Russia.
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degeneratej 53/2 states (JP511,21),1 and two degenerate
j 51/2 states (01,11). The heavy quark symmetry also pre
dicts that the form factors forB→D** en decays, where
D** is a genericP-waveD meson state,2 can be expressed
in terms of two independent Isgur-Wise functions@5#. How-
ever, in the infinitely heavy quark limit the decay matr
elements between aB meson and an orbitally excitedD me-
son vanish at zero recoil because of the heavy quark s
flavor symmetry@5#. The kinematically allowed range fo
these decays is not broad. As a result the role of relativi
and finite heavy quark mass contributions not vanishing
zero recoil is considerably more important here than in
decays to ground-stateD mesons. Thus, the magnitude
such corrections might be comparable with the leading-or
result.

Recently the first-order 1/mQ corrections to the exclusive
semileptonicB decays into excited charmed mesons we
investigated within the heavy quark effective theory~HQET!
@6#. The structure of the 1/mQ corrections to decay matrix
elements, which follows from QCD and heavy quark sy
metry, was determined. It was found that at the first order
heavy quark expansion theB→D1 , B→D0* , and B→D1*
matrix elements do not vanish at zero recoil and can be
pressed at this kinematical point in terms of the lead
Isgur-Wise functions. Away from the zero recoil point ne
subleading Isgur-Wise functions arise, which cannot be

s,

1Here J5 j 61/2 is the total angular momentum, and the sup
script P denotes the meson parity.

2For concreteP-wave meson states the standard notationsD1 ,
D2* , D1* , andD0* are used.
©1999 The American Physical Society16-1
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termined from symmetry considerations alone. Thus for th
determination, additional model-dependent assumptions
necessary. In Ref.@6# an estimation of these functions, bas
on the nonrelativistic quark model as well as on some ad
tional assumptions, was made. It is just here that we
apply the relativistic quark model to get a more consist
calculation of relevant Isgur-Wise functions and decay ra

Our relativistic quark model is based on the quasipoten
approach in quantum field theory with a specific choice
the quark-antiquark interaction potential. It provides a co
sistent scheme for the calculation of all relativistic corre
tions at a givenv2/c2 order and allows for the heavy quar
1/mQ expansion. In preceding papers we applied this mo
to the calculation of the mass spectra of orbitally and radia
excited states of heavy-light mesons@7#, as well as to a de-
scription of weak decays ofB mesons to ground-state heav
and light mesons@8,9#. The heavy quark expansion for th
ground-state heavy-to-heavy semileptonic transitions@10#
has been found to be in agreement with model-indepen
predictions of the HQET. We considered the exclusive se
leptonic decays ofB mesons to orbitally excitedD mesons in
the infinitely heavy quark limit in@11# and found the impor-
tant relativistic contribution to the leading Isgur-Wise fun
tions arising from the relativistic transformation of the m
son wave function.

The paper is organized as follows. In Sec. II we brie
present the necessary HQET results on theB→D**
transition-matrix elements obtained in Ref.@6#. In Sec. III we
describe our relativistic quark model, putting special emp
sis on the calculation of decay matrix elements and on
relativistic transformation of a meson wave function fro
the rest reference frame to the moving one. The heavy qu
expansion for decay matrix elements is carried out up to
first order 1/mQ corrections and compared to model indepe
dent HQET predictions in Secs. IV–VI. There we prese
our results for leading and subleading Isgur-Wise functio
and compare predictions for decay rates with and without
1/mQ corrections being taken into account. Taking acco
of 1/mQ corrections leads to a substantial enhancemen
B→D1en andB→D0* en decay rates and gives better agre
ment between theoretical predictions and available exp
mental data. We also present the electron spectra for
considered decays and test the fulfillment of the Bjorken s
rule. Section VII contains our conclusions.

II. HQET RESULTS FOR DECAY MATRIX ELEMENTS

A. B˜D1en and B˜D2* en decays

The matrix elements of the vector and axial-vector c
rents betweenB mesons andD1 or D2* mesons can be pa
rametrized in the following way:

^D1~v8,e!ucḡmbuB~v !&

AmD1
mB

5 f V1
e* m1~ f V2

vm1 f V3
v8m!

3~e* •v !, ~1!
01401
ir
re

i-
n
t

s.
l

f
-
-

el
y

nt
i-

-
e

rk
e
-
t
s
e
t

of
-
ri-
he
m

-

^D1~v8,e!ucḡmg5buB~v !&

AmD1
mB

5 i f A«mabgea* vbvg8 ,

^D2* ~v8,e!ucḡmg5buB~v !&

AmD
2*
mB

5kA1
e* mava1~kA2

vm

1kA3
v8m!eab* vavb ,

^D2* ~v8,e!ucḡmbuB~v !&

AmD
2*
mB

5 ikV«mabgeas* vsvbvg8 ,

where v(v8) is the four-velocity of theB(D** ) meson,
em(emn) is a polarization vector~tensor! of the final vector
~tensor! charmed meson, and the form factorsf i and ki are
dimensionless functions ofw5v•v8. The double differential
decay rates expressed in terms of the form factors rea
follows @5,6#:

d2GD1

dw dcosu
53G0r 1

3Aw221$sin2 u@~w2r 1! f V1
1~w221!

3~ f V3
1r 1f V2

!#21~122r 1w1r 1
2!

3@~11cos2 u!@ f V1

2 1~w221! f A
2 #

24 cosuAw221 f V1
f A#%,

d2GD
2*

dw dcosu
5

3

2
G0r 2

3~w221!3/2H 4

3
sin2 u@~w2r 2!kA1

1~w221!~kA3
1r 2kA2

!#21~122r 2w1r 2
2!

3@~11cos2 u!@kA1

2 1~w221!kV
2 #

24 cosuAw221kA1
kV#J , ~2!

where G05GF
2 uVcbu2mB

5/(192p3), r 15mD1
/mB , r 2

5mD
2*

/mB , andu is the angle between the charged lept

and the charmed meson in the rest frame of the virtuaW
boson.

The main predictions of HQET for the structure of th
B→D1en form factors are as follows@6#:

A6 f A52~w11!t2«b$~w21!@~L̄81L̄ !t2~2w11!t1

2t2#1~w11!hb%2«c@4~wL̄82L̄ !t23~w21!

3~t12t2!1~w11!~hke22h123h3!#,

A6 f V1
5~12w2!t2«b~w221!@~L̄81L̄ !t2~2w11!t1

2t21hb#2«c@4~w11!~wL̄82L̄ !t2~w221!

3~3t123t22hke12h113h3!#,
6-2
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A6 f V2
523t23«b@~L̄81L̄ !t2~2w11!t12t21hb#

2«c@~4w21!t115t213hke110h114~w21!h2

25h3#,

A6 f V3
5~w22!t1«b$~21w!@~L̄81L̄ !t2~2w11!t1

2t2#2~22w!hb%1«c@4~wL̄82L̄ !t1~21w!t1

1~213w!t21~w22!hke22~61w!h124~w

21!h22~3w22!h3#, ~3!

where «Q51/(2mQ) and L̄(L̄8)5M (M 8)2mQ is the dif-
ference between the heavy ground-state~orbitally excited!
meson and heavy quark masses in the limitmQ→`. The
form factort is the leading-order Isgur-Wise function (t is
A3 times the functiont3/2 of Refs. @5,11#!. The subleading
Isgur-Wise functionst1 andt2 originate from the 1/mQ cor-
rections to theb→c flavor-changing current, whilehke and
h i form factors result from kinetic energy and chromoma
netic corrections to the HQET Lagrangian.

The analogous formulas forB→D2* en have the form@6#

kV52t2«b@~L̄81L̄ !t2~2w11!t12t21hb#

2«c~t12t21hke22h11h3!,

kA1
52~11w!t2«b$~w21!@~L̄81L̄ !t2~2w11!t12t2#

1~11w!hb%2«c@~w21!~t12t2!

1~w11!~hke22h11h3!#,

kA2
522«c~t11h2!,

kA3
5t1«b@~L̄81L̄ !t2~2w11!t12t21hb#

2«c~t11t22hke12h122h22h3!. ~4!

B. B˜D0* en and B˜D1* en decays

The matrix elements of the vector and axial currents
tweenB mesons andD0* or D1* mesons can be parametrize
as follows:

^D0* ~v8!ucḡmbuB~v !&50,

^D0* ~v8!ucḡmg5buB~v !&

AmD
0*
mB

5g1~vm1v8m!1g2~vm2v8m!,

^D1* ~v8,e!ucḡmbuB~v !&

AmD
1*
mB

5gV1
e* m1~gV2

vm1gV3
v8m!

3~e* •v !,
01401
-

-

^D1* ~v8,e!ucḡmg5buB~v !&

AmD
1*
mB

5 igA«mabgea* vbvg8 , ~5!

where the form factorsgi are functions ofw. In terms of
these form factors the double differential decay rates foB

→D0* en̄e and B→D1* en̄e decays can be expressed in t
following way @6#:

d2GD
0*

dw dcosu
53G0r 0*

3 ~w221!3/2sin2 u@~11r 0* !g1

2~12r 0* !g2#2,

d2GD
1*

dw dcosu
53G0r 1*

3Aw221$sin2 u@~w2r 1* !gV1
1~w221!

3~gV3
1r 1* gV2

!#21~122r 1* w1r 1*
2!

3@~11cos2 u!@gV1

2 1~w221!gA
2 #

24 cosuAw221gV1
gA#%, ~6!

where G05GF
2 uVcbu2mB

5/(192p3), r 0* 5mD
0*

/mB and r 1*

5mD
1*

/mB .

The HQET predictions for the form factors of the dec
B→D0* en are given by@6#

g15«cF2~w21!z123z
wL̄* 2L̄

w11
G

2«bF L̄* ~2w11!2L̄~w12!

w11
z22~w21!z1G ,

g25z1«c@xke16x122~w11!x2#1«bxb . ~7!

The analogous formulas for the decayB→D1* en are as fol-
lows:

gA5z1«cFwL̄* 2L̄

w11
z1xke22x1G

2«bF L̄* ~2w11!2L̄~w12!

w11
z22~w21!z12xbG ,

gV1
5~w21!z1«c@~wL̄* 2L̄ !z1~w21!~xke22x1!#

2«b$@L̄* ~2w11!2L̄~w12!#z22~w221!z1

2~w21!xb%,

gV2
52«c~z12x2!, ~8!
6-3
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gV3
52z2«cFwL̄* 2L̄

w11
z12z11xke22x112x2G

1«bF L̄* ~2w11!2L̄~w12!

w11
z22~w21!z12xbG .

The form factorz is the leading order Isgur-Wise function (z
is twice the functiont1/2 of Refs. @5,11#!. The subleading
Isgur-Wise functionz1 originates from the 1/mQ corrections
to theb→c flavor-changing current, whilexke andx i form
factors result from kinetic energy and chromomagnetic c
rections to the HQET Lagrangian.

In the following sections we apply the relativistic qua
model to the calculation of leading and subleading Isg
Wise functions.

III. RELATIVISTIC QUARK MODEL

In the quasipotential approach, a meson is described
the wave function of the bound quark-antiquark state, wh
satisfies the quasipotential equation@12# of the Schro¨dinger
type @13#:

S b2~M !

2mR
2

p2

2mR
DCM~p!5E d3q

~2p!3
V~p,q;M !CM~q!,

~9!

where the relativistic reduced mass is

mR5
M42~mq

22mQ
2 !2

4M3
. ~10!

Heremq,Q are the masses of light and heavy quarks, andp is
their relative momentum. In the center-of-mass system
relative momentum squared on mass shell reads

b2~M !5
@M22~mq1mQ!2#@M22~mq2mQ!2#

4M2
. ~11!

The kernelV(p,q;M ) in Eq. ~9! is the quasipotential op
erator of the quark-antiquark interaction. It is construc
with the help of the off-mass-shell scattering amplitude, p
jected onto the positive energy states. An important role
this construction is played by the Lorentz structure of
confining quark-antiquark interaction in the meson. In co
structing the quasipotential of the quark-antiquark interact
we have assumed that the effective interaction is the sum
the usual one-gluon exchange term and the mixture of ve
and scalar linear confining potentials. The quasipotentia
then defined by@14#

V~p,q;M !5ūq~p!ūQ~2p!V~p,q;M !uq~q!uQ~2q!

5ūq~p!ūQ~2p!H 4

3
asDmn~k!gq

mgQ
n

1Vconf
V ~k!Gq

mGQ;m1Vconf
S ~k!J uq~q!uQ~2q!,

~12!
01401
r-

-

by
h

e

d
-
n
e
-
n
of
or
is

whereas is the QCD coupling constant,Dmn is the gluon
propagator in the Coulomb gauge, andk5p2q; gm and
u(p) are the Dirac matrices and spinors

ul~p!5Ae~p!1m

2e~p! S 1
sp

e~p!1m
D xl ~13!

with e(p)5Ap21m2. The effective long-range vector verte
is given by

Gm~k!5gm1
ik

2m
smnkn, ~14!

wherek is the Pauli interaction constant characterizing t
anomalous chromomagnetic moment of quarks. Vector
scalar confining potentials in the nonrelativistic limit redu
to

Vconf
V ~r !5~12«!~Ar1B!, Vconf

S ~r !5«~Ar1B!,
~15!

reproducing

Vconf~r !5Vconf
S ~r !1Vconf

V ~r !5Ar1B, ~16!

where« is the mixing coefficient.
The quasipotential for the heavy quarkonia, expanded

v2/c2, can be found in Refs.@14,15# and for heavy-light
mesons in@7#. All the parameters of our model, such a
quark masses, parameters of the linear confining poten
mixing coefficient«, and anomalous chromomagnetic qua
momentk, were fixed from the analysis of heavy quarkon
masses@14# and radiative decays@16#. The quark masses
mb54.88 GeV,mc51.55 GeV,ms50.50 GeV,mu,d50.33
GeV, and the parameters of the linear potentialA50.18
GeV2 andB520.30 GeV have the usual quark model va
ues. In Ref.@10# we have considered the expansion of the
matrix elements of weak heavy quark currents between p
doscalar and vector meson states up to the second-ord
inverse powers of the heavy quark masses. It has been fo
that the general structure of the leading, first, and sec
order 1/mQ corrections in our relativistic model is in accor
with the predictions of HQET. The heavy quark symme
and QCD impose rigid constraints on the parameters of
long-range potential in our model. The analysis of the fir
order corrections@10# allowed us to fix the value of the Pau
interaction constantk521. The same value ofk was found
previously from the fine splitting of heavy quarkonia3PJ-
states@14#.3 Note that the long-range chromomagnetic sp
independent interaction in our model is proportional to
1k) and thus vanishes fork521 in agreement with the
flux tube model@18#. The value of the mixing parameter o

3It has been known for a long time that the correct reproduction
the spin-dependent part of the quark-antiquark interaction requ
either assuming the scalar confinement or equivalently introduc
the Pauli interaction withk521 @17,14,15# in the vector confine-
ment.
6-4
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vector and scalar confining potentials«521 has been found
from the analysis of the second-order corrections@10#. This
value is very close to the one determined from radiative
cays of heavy quarkonia@16#.

In order to calculate the exclusive semileptonic decay r
of the B meson, it is necessary to determine the correspo
ing matrix element of the weak current between mes
states. In the quasipotential approach, the matrix elemen
the weak currentJW5cḡm(12g5)b between aB meson and
an orbitally excitedD** meson takes the form@19#

^D** uJm
W~0!uB&5E d3pd3q

~2p!6
C̄D** ~p!Gm~p,q!CB~q!,

~17!

where Gm(p,q) is the two-particle vertex function an
CB,D** are the meson wave functions projected onto
positive energy states of quarks and boosted to the mo
reference frame. The contributions toG come from Figs. 1
and 2.4 In the heavy quark limitmb,c→` only G (1) contrib-
utes, whileG (2) contributes at 1/mQ order. They are

Gm
(1)~p,q!5ūc~pc!gm~12g5!ub~qb!~2p!3d~pq2qq!,

~18!

and

Gm
(2)~p,q!5ūc~pc!ūq~pq!H gQm~12gQ

5 !
Lb

(2)~k!

eb~k!1eb~pc!

3gQ
0 V~pq2qq!1V~pq2qq!

3
Lc

(2)~k8!

ec~k8!1ec~qb!
gQ

0 gQm

3~12gQ
5 !J ub~qb!uq~qq!, ~19!

where the superscripts ‘‘~1!’’ and ‘‘ ~2!’’ correspond to Figs.
1 and 2, Q5c or b, k5pc2D; k85qb1D; D5pD**
2pB ; e(p)5(m21p2)1/2;

4The contributionG (2) is the consequence of the projection on
the positive-energy states. Note that the form of the relativistic c
rections resulting from the vertex functionG (2) is explicitly depen-

dent on the Lorentz structure of theqq̄ interaction.

FIG. 1. Lowest-order vertex functionG (1) contributing to the
current matrix element~18!.
01401
-

te
d-
n
of

e
g

L (2)~p!5
e~p!2@mg01g0~gp!#

2e~p!
.

Here @19#

pc,q5ec,q~p!
pD**

MD**
6(

i 51

3

n( i )~pD** !pi ,

qb,q5eb,q~q!
pB

MB
6(

i 51

3

n( i )~pB!qi ,

andn( i ) are three four vectors given by

n( i )m~p!5H pi

M
,d i j 1

pipj

M ~E1M !J , E5Ap21M2.

The wave function of aP-wave D** meson at rest is
given by

CD** ~p![CD( j )
JM ~p!5Y j

JMcD( j )~p!, ~20!

whereJ andM are the total meson angular momentum a
its projection, whilej is the light quark angular momentum
cD( j )(p) is the radial part of the wave function, which ha
been determined by the numerical solution of Eq.~9! in @7#.
The spin-angular momentum partY j

JM has the following
form:

Y j
JM5 (

sQsq
K jM 2sQ ,

1

2
sQUJML

3 K 1M2sQ2sq ,
1

2
sqU jM 2sQL

3Y1
M2sQ2sqxQ~sQ!xq~sq!. ~21!

Here^ j 1m1 , j 2m2uJM& are Clebsch-Gordan coefficients,Yl
m

are spherical harmonics, andx(s) ~where s561/2) are
spin-wave functions:

x~1/2!5S 1
0D , x~21/2!5S 0

1D .

It is important to note that the wave functions entering t
weak current matrix element~17! are not in the rest frame in
general. For example, in theB meson rest frame, theD**
meson is moving with the recoil momentumD. The wave
function of the movingD** mesonCD** D is connected

r-

FIG. 2. Vertex functionG (2) taking the quark interaction into
account. Dashed lines correspond to the effective potential~12!.
Bold lines denote the negative-energy part of the quark propaga
6-5



tio

or

th
n

th
s.

th

ub
nc

n
x
o

hu
o

,
e,
-
o
ti

th
a
x
o
a

n

t

-

an

ac-
-

T-
g
the
be

the
tri-
ific
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with the D** wave function in the rest frameCD** 0

[CD( j ) by the transformation@19#

CD** D~p!5Dc
1/2~RLD

W !Dq
1/2~RLD

W !CD** 0~p!, ~22!

where RW is the Wigner rotation,LD is the Lorentz boost
from the meson rest frame to a moving one, and the rota
matrix D1/2(R) in spinor representation is given by

S 1 0

0 1DDc,q
1/2~RLD

W !5S21~pc,q!S~D!S~p!, ~23!

where

S~p!5Ae~p!1m

2m S 11
ap

e~p!1mD
is the usual Lorentz transformation matrix of the four spin
For electroweakB-meson decays toS-wave final mesons
such a transformation contributes at the first order of
1/mQ expansion, while for the decays to excited final meso
it gives a contribution already to the leading term due to
orthogonality of the initial and final meson wave function

IV. LEADING AND SUBLEADING ISGUR-WISE
FUNCTIONS

Now we can perform the heavy quark expansion for
matrix elements ofB decays to orbitally excitedD mesons in
the framework of our model and determine leading and s
leading Isgur-Wise functions. We substitute the vertex fu
tions G (1) andG (2) given by Eqs.~18! and~19! in the decay
matrix element~17! and take into account the wave functio
properties~20!–~22!.5 The resulting structure of this matri
element is rather complicated, because it is necessary t
tegrate both overd3p andd3q. Thed function in expression
~18! permits us to perform one of these integrations and t
this contribution can be easily calculated. The calculation
the vertex functionG (2) contribution is more difficult. Here
instead of ad function, we have a complicated structur
containing theQq̄ interaction potential in the meson. How
ever, we can expand this contribution in inverse powers
heavy (b,c) quark masses and then use the quasipoten
equation in order to perform one of the integrations in
current matrix element. We carry out the heavy quark exp
sion up to first order in 1/mQ . It is easy to see that the verte
function G (2) contributes already at the subleading order
the 1/mQ expansion. Then we compare the arising dec
matrix elements with the form factor decompositions~1! and
~5! and determine the corresponding form factors. We fi
that, for the chosen values of our model parameters~the mix-
ing coefficient of vector and scalar confining potential«5
21 and the Pauli constantk521), the resulting structure a
leading and subleading order in 1/mQ coincides with the

5Note that the quark model definition ofCD
1* (1/2) in Eqs. ~20!,

~21! differs from the HQET one@5,6# by an overall minus sign.
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model-independent predictions of HQET6 given by Eqs.~3!,
~4!, ~7!, and~8!. We get the following expressions for lead
ing and subleading Isgur-Wise functions:

~i! B→D1en andB→D2* en decays

t~w!5A2

3

1

~w11!3/2

3E d3p

~2p!3
c̄D(3/2)S p1

2eq

MD(3/2)~w11!
DD

3F22eq

]Q

]p
1

p

eq1mq
GcB~p!, ~24!

t1~w!5
L̄81L̄

w11
t~w!, ~25!

t2~w!52
w

w11
~L̄81L̄ !t~w!. ~26!

~ii ! B→D0* en andB→D1* en decays

z~w!5
A2

3

1

~w11!1/2

3E d3p

~2p!3
c̄D(1/2)S p1

2eq

MD(1/2)~w11!
DD

3F22eq

]Q

]p
2

2p

eq1mq
GcB~p!, ~27!

z1~w!5
L̄* 1L̄

w11
z~w!. ~28!

The contributions of all other subleading form factors,h i(w)
and x i(w), to decay matrix elements are suppressed by
additional power of the ratio (w21)/(w11), which is equal
to zero atw51 and less than 1/6 atwmax5(11r 2)/(2r )
(r 5r 1 ,r 2 ,r 0* , or r 1* , respectively!. Since the main contri-
bution to the decay rate comes from the values of form f
tors close tow51, these form factors turn out to be unim
portant. This result is in agreement with the HQE
motivated considerations@6# that the functions parametrizin
the time-ordered products of the chromomagnetic term in
HQET Lagrangian with the leading-order currents should
small.

6In particular we note that at the zero recoil pointw51, the scalar
potential gives no contribution to the decay matrix elements and
correct reproduction of HQET relations is provided by the con
bution of the vector potential and crucially depends on the spec
choice of«521.
6-6
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HEAVY QUARK 1/mQ CONTRIBUTIONS IN . . . PHYSICAL REVIEW D 61 014016
The arrow over]/]p in Eqs.~24! and ~27! indicates that
the derivative acts on the wave function of theD** meson.
All the wave functions and meson masses have been
tained in@7# by the numerical solution of the quasipotent
equation. We use the following values for HQET paramete
L̄50.51 GeV,L̄850.80 GeV, andL̄* 50.89 GeV@7#.

The last terms in the square brackets of the express
for the leading-order Isgur-Wise functionst(w) Eq. ~24! and
z(w) Eq. ~27! result from the wave-function transformatio
~22! associated with the relativistic rotation of the light qua
spin ~Wigner rotation! in passing to the moving referenc
frame. These terms are numerically important and lead to
suppression of thez form factor compared tot. Note that if
we had applied a simplified nonrelativistic quark mod
@5,20# these important contributions would be missing. N
glecting further the small difference between the wave fu
tions cD(1/2) and cD(3/2) , the following relation betweent
andz would have been obtained@6#:

z~w!5
w11

A3
t~w!. ~29!

However, we see that this relation is violated if the relat
istic transformation properties of the wave function are tak
into account. At the pointw51, where the initialB meson
and finalD** are at rest, we find instead the relation

TABLE I. The comparison of our results for the values of t
leading Isgur-Wise functionst andz at zero recoil of the finalD**
meson and their slopesr j

2 with other predictions.

Ours @6# @22# @23# @24# @21#, @25# @21#, @26#

t(1) 0.85 0.71 0.97 1.14 1.02 0.90
r3/2

2 1.82 1.5 2.3 1.9 1.5 1.45
z(1) 0.59 0.82 0.18 0.82 0.7060.16 0.44 0.12
r1/2

2 1.37 1.0 1.1 1.4 2.561.0 0.83 0.73

FIG. 3. Isgur-Wise functionst(w) ~upper curve!, t1(w) ~middle
curve!, andt2(w) ~lower curve! for the B→D1,2en decay.
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t~1!

A3
2

z~1!

2
>

1

2E d3p

~2p!3
c̄D** ~p!

p

eq1mq
cB~p!,

~30!

obtained by assumingcD(3/2)>cD(1/2)>cD** . The relation
~30! coincides with the one found in Ref.@21#, where the
Wigner rotation was also taken into account.

V. NUMERICAL RESULTS AND PREDICTIONS

In Table I we present our numerical results for t
leading-order Isgur-Wise functionst(1) and z(1) at zero
recoil of the finalD** meson, as well as their slopesr3/2

2

52 (1/t)(]/]w) tuw51 and r1/2
2 52 (1/z)(]/]w) zuw51 , in

comparison with other model predictions@6,21–26#. We see
that most of the above approaches predict close values
the functiont(1) and its sloper3/2

2 , while the results for
z(1) significantly differ from one another. This difference
a consequence of a specific treatment of the relativistic qu
dynamics. Nonrelativistic approaches predictz(1)
.(2/A3)t(1) @see Eq.~29!#, while the relativistic treatmen
leads to (2/A3)t(1).z(1) @see Eq.~30!#. The more relativ-

FIG. 4. Isgur-Wise functionsz(w) ~upper curve! and z1(w)
~lower curve! for the B→D0,1* en decay.

FIG. 5. Isgur-Wise functionst(w) ~upper curve!, t1(w) ~middle
curve!, andt2(w) ~lower curve! for the Bs→Ds1,2en decay.
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TABLE II. Decay ratesG ~in units of uVcb/0.04u2310215 GeV! and branching ratios BR~in %! for B
→D** en decays in the infinitely heavy quark mass limit and taking account of first-order 1/mQ corrections.
R is a ratio of branching ratios taking account of 1/mQ corrections to branching ratios in the infinitely heav
quark mass limit.

Decay

mQ→` With 1/mQ Experiment

G Br G Br R Br ~CLEO! @1# Br ~ALEPH! @2#

B→D1en 1.4 0.32 2.7 0.63 1.97 0.5660.1360.0860.04 0.7460.16
B→D2* en 2.1 0.51 2.5 0.59 1.16 ,0.8 ,0.2
B→D1* en 0.31 0.073 0.39 0.09 1.23
B→D0* en 0.25 0.061 0.59 0.14 2.3
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istic the light quark in the heavy-light meson, the more su
pressedz is with respect tot. We plot our results for leading
@t(w), z(w)] and subleading@t1(w), t2(w), z1(w)] Isgur-
Wise functions forB→D** en in Figs. 3, 4 and forBs

→Ds** en in Figs. 5, 6.
We can now calculate the decay branching ratios by in

grating double differential decay rates in Eqs.~2! and ~6!.
Our results for decay rates both in the infinitely heavy-qu
limit and taking into account the first-order 1/mQ corrections
as well as their ratio

R5
Br~B→D** en!with 1/mQ

Br~B→D** en!mQ→`

are presented in Tables II and III. We see that the inclus
of 1/mQ corrections considerably influences the results a
for some decays their contribution is as important as
leading-order contribution. This is the consequence of
vanishing of the leading-order contribution to the decay m
trix elements due to the heavy quark spin-flavor symmetr
zero recoil of the finalD** meson@6#, while nothing pre-
vents 1/mQ corrections to contribute to the decay matrix e
ement at this kinematical point. In fact, from Eqs.~1! and
~5!, we see that decay matrix elements at zero recoil
determined by the form factorsf V1

(1), g1(1), andgV1
(1),

FIG. 6. Isgur-Wise functionsz(w) ~upper curve! and z1(w)
~lower curve! for the Bs→Ds0,1* en decay.
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which receive nonvanishing contributions from first-ord
heavy quark mass corrections. From Eqs.~3!, ~7!, and ~8!
one can find@6#

A6 f V1
~1!528«c~L̄82L̄ !t~1!, ~31!

g1~1!52
3

2
~«c1«b!~L̄* 2L̄ !z~1!, ~32!

gV1
~1!5~«c23«b!~L̄* 2L̄ !z~1!. ~33!

Since the kinematically allowed range for these decays is
broad (1<w<wmax'1.32), the contribution to the deca
rate of the rather small 1/mQ corrections is substantially in
creased@6#. This is confirmed by numerical calculation
From Tables II and III we see that the decay rateB
→D2* en, for which all contributions vanish at zero recoil,
only slightly increased by subleading 1/mQ corrections. On
the other hand,B→D1en andB→D0* en decay rates receive
large 1/mQ contributions. The situation is different for th
B→D1* en decay. Here the 1/mQ contribution at zero recoil
is not equal to zero, but it is suppressed by a very sm
factor («c23«b) @see Eq. ~33!#, which is only '0.015
GeV21 for our model parameters. As a result theB
→D1* en decay rate receives 1/mQ contributions comparable
to those for theB→D2* en rate. The above discussion show
that the sharp increase ofB→D1en andB→D0* decay rates
by first-order 1/mQ corrections does not signal the brea

TABLE III. Decay ratesG ~in units of uVcb/0.04u2310215 GeV!
and branching ratios BR~in %! for B→Ds** en decays in the infi-
nitely heavy quark mass limit and taking account of first-ord
1/mQ corrections.R is a ratio of branching ratios taking account
1/mQ corrections to branching ratios in the infinitely heavy qua
mass limit.

Decay

mQ→` With 1/mQ

RG Br G Br

B→Ds1en 1.5 0.36 4.5 1.06 2.9
B→Ds2* en 2.4 0.56 3.2 0.75 1.3
B→Ds1* en 0.53 0.13 0.77 0.18 1.4
B→Ds0* en 0.44 0.10 1.6 0.37 3.6
6-8
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HEAVY QUARK 1/mQ CONTRIBUTIONS IN . . . PHYSICAL REVIEW D 61 014016
down of the heavy quark expansion, but is rather a resu
the interplay of kinematical and dynamical effects. Thus
have good reasons to expect that higher-order 1/mQ correc-
tions will influence these decay rates at the level of 10–20

In Table II we present the experimental data from CLE
@1# and ALEPH @2#, which are available only for theB
→D1en decay. ForB→D2* en, these experimental group

TABLE IV. Predictions for ratios of decay ratesB→D2* en, B
→D0* en, andB→D1* en to the rateB→D1en in the mQ→` limit
and taking account of 1/mQ corrections. In the last line we show ou
predictions for the sum of branching ratios~in %! of B decays to
orbitally excitedD** mesons.

mQ→` With 1/mQ

Br(B→D2* en)/Br(B→D1en) 1.59 0.94
Br(B→D0* en)/Br(B→D1en) 0.19 0.22
Br(B→D1* en)/Br(B→D1en) 0.23 0.14
(Br(B→D** en)/Br(B→D1en) 3.0 2.3
(Br(B→D** en) 0.96 1.45
01401
of
e

.

present only upper limits, which require the use of so
additional assumptions about the hadronic branching ra
of the D2* meson. Our result for the branching ratio of th
B→D1en decay with the inclusion of 1/mQ corrections is in
good agreement with both measurements. On the other h
our branching ratio for theB→D2* en decay is only within
the CLEO upper limit and disagrees with the ALEPH on
However, there are some reasons to expect that the ALE
bound is too strong@6#.

In Table IV we present our predictions for the ratios
decay ratesB→D2* en, B→D0* en, B→D1* en, and of the
sum of allB→D** en decay rates to the rateB→D1en both
in the limit mQ→`, and taking into account the 1/mQ cor-
rections. It is reasonable to consider such ratios in orde
normalize to a measured rate. In Ref.@21# it is argued that a
ratio Br(B→D2* en)/Br(B→D1en)51.5560.15 is a mere
consequence of the heavy quark symmetry. In the he
quark limit we confirm this result. However, the inclusion
1/mQ corrections strongly influences this prediction and co
siderably reduces this ratio to a value close to 1. Suc
reduction seems to be favored by available experime
FIG. 7. Electron spectra (1/G0)(dG/d y) for the B→D** en decays. Dashed curves show themQ→` limit, solid curves include
first-order 1/mQ corrections.
6-9
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data. In the last row of Table IV we give the sum of allB
→D** en branching ratios. We see that our model predi
that 1.45% ofB meson decays go to the first orbitally excite
D meson states. This result means that approximately 2
of B decays should go to higher excitations.

In Fig. 7 we plot the electron spectra (1/G0)(dG/dy) for
B→D** en decays. Herey52Ee /mB is the rescaled lepton
energy. These differential decay rates can be easily obta
from double differential decay rates~2!, ~6!, using the rela-
tion y512rw2rAw221 cosu and then integrating inw
over @(12y)21r 2#/@2r (12y)#,w,(11r 2)/(2r ). We
present our results both in the heavy quark limitmQ→`
~dashed curves! and with the inclusion of first-order 1/mQ
corrections~solid curves!.

VI. BJORKEN SUM RULE

Finally, we test the fulfillment of the Bjorken sum rul
@27# in our model. This sum rule states

r25
1

4
1(

m

uz (m)~1!u2

4
12(

m

ut (m)~1!u2

3
1•••, ~34!

wherer2 is the slope of theB→D (* )en Isgur-Wise function,
z (m) and t (m) are the form factors describing the orbital
excited states discussed here and their radial excitations
ellipses denote contributions from nonresonant channels.
see that the contribution of the lowest lyingP-wave states
implies the bound

r2.
1

4
1

uz~1!u2

4
12

ut~1!u2

3
50.81, ~35!

which is in agreement with the sloper251.02 in our model
@10# and with experimental values@28#.

VII. CONCLUSIONS

In this paper we have applied the relativistic quark mo
to the consideration of semileptonicB decays to orbitally
excited charmed mesons, in the leading and subleading o
of the heavy quark expansion. We have found an interes
interplay of the relativistic and finite heavy quark mass co
tributions. In particular, it has been found that the Lore
transformation properties of meson wave functions play
important role in the theoretical description of these deca
01401
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Thus, the Wigner rotation of the light quark spin gives
significant contribution already at the leading order of t
heavy quark expansion. This contribution considerably
duces the leading-order Isgur-Wise functionz with respect to
t. As a result, in this limit, the decay ratesB→D0* en and
B→D1* en are approximately an order of magnitude smal
than the decay ratesB→D1en andB→D2* en. On the other
hand, inclusion of the first-order 1/mQ corrections also sub
stantially influences the decay rates. This large effect of s
leading heavy quark corrections is a consequence of the
ishing of the leading-order contributions to the decay ma
elements due to heavy quark spin-flavor symmetry at
point of zero recoil of the final charmed meson. Howev
the subleading-order contributions toB→D1en, B
→D0* en, and B→D1* en do not vanish at this kinematica
point. Since the kinematical range for these decays is ra
small, the role of these corrections is considerably increa
Their account results in an approximately twofold enhan
ment of theB→D1en andB→D0* en decay rates, while the
B→D2* en and B→D1* en rates are increased only slightly
The small influence of 1/mQ corrections on theB→D1* en
decay rate is the consequence of the additional interpla
1/mc and 1/mb corrections at the zero recoil point@see Eq.
~33!#. We thus see that these subleading heavy quark cor
tions turn out to be very important and considerably chan
the infinitely heavy quark limit results. For example, the ra
of branching ratios Br(B→D2* en)/Br(B→D1en) changes
from the value of about 1.6 in the heavy quark limit,mQ
→`, to the value of about 1 after subleading corrections
included.

In conclusion, we have presented here the first s
consistent dynamical calculation of subleading heavy qu
corrections in the framework of the relativistic quark mod
which are found to be in agreement with the HQET pred
tions.
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