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Exclusive semileptonicB decays to radially excitedD mesons
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Exclusive semileptonicB decays to radially excited charmed mesons are investigated at the first order of
heavy quark expansion. The arising leading and subleading Isgur-Wise functions are calculated in the frame-
work of the relativistic quark model. It is found that the 1/mQ corrections play an important role and substan-
tially modify the results. An interesting interplay between different corrections is found. As a result the
branching ratio for theB→D8en decay is essentially increased by 1/mQ corrections, while the one forB
→D* 8en is only slightly influenced by them.

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

The investigation of semileptonic decays ofB mesons to
excited charmed mesons represents a task interesting
from the experimental and theoretical points of view. T
current experimental data on the semileptonicB decays to
the ground stateD mesons indicate that a substantial p
('40%) of the inclusive semileptonicB decays should go to
excitedD meson states. The first experimental data on so
exclusiveB decay channels to excited charmed mesons
becoming available now@1–3# and more data are expected
near future. Thus the comprehensive theoretical study
these decays is necessary. The presence of the heavy
in the initial and final meson states in these decays con
erably simplifies their theoretical description. A good sta
ing point for this analysis is the infinitely heavy quark lim
mQ→` @4#. In this limit the heavy quark symmetry arise
which strongly reduces the number of independent w
form factors@5#. The heavy quark mass and spin then d
couple and all meson properties are determined by lig
quark degrees of freedom alone. This leads to a consider
reduction of the number of independent form factors wh
are necessary for the description of heavy-to-heavy sem
tonic decays. For example, in this limit only one form fact
is necessary for the semileptonicB decay toS-waveD me-
sons ~both for the ground state and its radial excitation!,
while the decays toP states require two form factors@5#. It is
important to note that the heavy quark symmetry requ
that in the infinitely heavy quark limit matrix elements b
tween aB meson and an excitedD meson should vanish a
the point of zero recoil of the final excited charmed meson
the rest frame of theB meson. In the case ofB decays to
radially excited charmed mesons this is the result of the
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thogonality of radial parts of wave functions, while for th
decays to orbital excitations this is the consequence of
thogonality of their angular parts. However, some of t
1/mQ corrections to these decay matrix elements can g
nonzero contributions at zero recoil. As a result the role
these corrections could be considerably enhanced, since
kinematical range forB decays to excited states is a rath
small region around zero recoil. Recent calculations of se
leptonicB decays to orbitally excited (P-wave! charmed me-
sons with the account of the 1/mQ corrections support this
observation@6,7#. Our calculations@7# in the framework of
the relativistic quark model show that some rates ofB decays
to orbitally excited charmed mesons receive contributio
from first order 1/mQ corrections approximately of the sam
value as a leading order contribution. In this paper we ext
our analysis toB decays to radially excitedD mesons.

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@8#, as well as to a de-
scription of weak decays ofB mesons to ground state heav
and light mesons@9,10#. The heavy quark expansion for th
ground state heavy-to-heavy semileptonic transitions@11#
has been found to be in agreement with model-independ
predictions of the heavy quark effective theory~HQET!.

The paper is organized as follows. In Sec. II we carry o
the heavy quark expansion for the weak decay matrix e
ments between aB meson and radially excited charmed m
son states up to the first order in 1/mQ using HQET. In our
analysis we follow HQET derivations for the matrix ele
ments between ground states@12,13# and for the matrix ele-
ment between aB meson and orbitally excited charmed m
son@6#, as well as a general analysis of these matrix eleme
in Ref. @14#. In Sec. III we describe our relativistic quar

s,
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model. The heavy quark expansion for decay matrix e
ments is then carried out up to the first order 1/mQ correc-
tions and compared to the model-independent HQET res
in Secs. IV and V. We determine the leading and sublead
Isgur-Wise functions and give our predictions for dec
branching ratios in the heavy quark limit and with the a
count of 1/mQ corrections. The electron spectra for the co
sidered decays are also presented. Section VI contains
conclusions.

II. DECAY MATRIX ELEMENTS AND THE HEAVY
QUARK EXPANSION

The matrix elements of the vector current (Jm
V5 c̄gmb)

and axial vector current (Jm
A5 c̄gmg5b) betweenB and radi-

ally excitedD8 or D* 8 mesons can be parametrized by s
hadronic form factors:

^D8~v8!uc̄gmbuB~v !&

AmD8mB

5h1~v1v8!m1h2~v2v8!m,
on
l

t
a
or
o

er
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^D8~v8!uc̄gmbg5uB~v !&50,

^D* 8~v8,e!uc̄gmbuB~v !&

AmD* 8mB

5 ihV«mabgea* vb8vg ,

^D* 8~v8,e!uc̄gmg5buB~v !&

AmD* 8mB

5hA1
~w11!e* m

2~hA2
vm1hA3

v8m!~e* •v !,

~1!

wherev(v8) is the four-velocity of theB(D (* )8) meson,em

is a polarization vector of the final vector charmed mes
and the form factorshi are dimensionless functions of th
product of velocitiesw5v•v8. The double differential decay
rates expressed in terms of the form factors are
d2GD8
dwd cosu

53G0r 3~w221!3/2sin2u@~11r !h12~12r !h2#2,

d2GD* 8
dwd cosu

53G0r * 3Aw221$sin2u@~w2r * !hA1
1~w221!~hA3

1r * hA2
!#21~122r * w1r * 2!

3†~11cos2u!@hA1

2 1~w221!hV
2 #24 cosuAw221hA1

hV‡%, ~2!
ited

y.

he
he

-

ra-
a-
where G05GF
2 uVcbu2mB

5/(192p3), r 5mD8 /mB , r *
5mD* 8 /mB , andu is the angle between the charged lept
and the charmed meson in the rest frame of the virtuaW
boson.

Now we expand the form factorshi in powers of 1/mQ up
to first order and relate the coefficients in this expansion
universal Isgur-Wise functions. This is achieved by evalu
ing the matrix elements of the effective current operat
arising from the HQET expansion of the weak currents. F
simplicity we limit our analysis to the leading order inas
and use the trace formalism@15#. Following Ref. @6#, we
introduce the matrix

Hv5
11v”

2
@Pv*

mgm2Pvg5#, ~3!

composed from the fieldsPv andPv*
m that destroy mesons in

the j P5 1
2

2 doublet1 with four-velocity v. At leading order
of the heavy quark expansion (mQ→`) the matrix elements

1Here j is the total light quark angular momentum, and the sup
script P denotes the meson parity.
o
t-
s
r

of the weak current between the ground and radially exc
states destroyed by the fields inHv andHv8 , respectively, are
given by

c̄Gb→h̄v8
(c)Ghv

(b)5j (n)~w!Tr$H̄v8
8 GHv%, ~4!

wherehv
(Q) is the heavy quark field in the effective theor

The leading order Isgur-Wise functionj (n)(w) vanishes at
the zero recoil (w51) of the final meson for anyG, because
of the heavy quark symmetry and the orthogonality of t
radially excited state wave function with respect to t
ground state one.

At first order of the 1/mQ expansion there are contribu
tions from the corrections to the HQET Lagrangian

dL5
1

2mQ
L1,v

(Q)[
1

2mQ
@Okin,v

(Q) 1Omag,v
(Q) #, ~5!

Okin,v
(Q) 5h̄v

(Q)~ iD !2hv
(Q) , Omag,v

(Q) 5h̄v
(Q)gs

2
sabGabhv

(Q)

and from the tree-level matching of the weak current ope
tor onto effective theory which contains a covariant deriv
tive Dl5]l2 igstaAa

l
-
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c̄Gb→h̄v8
(c)S G2

i

2mc
D”Q G1

i

2mb
GD”W Dhv

(b) . ~6!

The matrix elements of the latter operators can be par
etrized as

h̄v8
(c)iDQ lGhv

(b)5Tr$jl
(c)H̄v8GHv%,

h̄v8
(c)G iDW lhv

(b)5Tr$jl
(b)H̄v8GHv%. ~7!

The most general form forjl
(Q) is @12#

jl
(Q)5j1

(Q)~v1v8!l1j2
(Q)~v2v8!l2j3

(Q)gl . ~8!

The equation of motion for the heavy quark,i (v•D)h(Q)

50, yields the relations between the form factorsj i
(Q)

j1
(c)~11w!1j2

(c)~w21!1j3
(c)50

j1
(b)~11w!2j2

(b)~w21!1j3
(b)50. ~9!

The additional relations can be obtained from the momen
conservation and the definition of the heavy quark fie
hv

(Q) , which lead to the equationi ]n(h̄v8
(c)Ghv

(b))5(L̄vn

2L̄ (n)vn8)h̄v8
(c)Ghv

(b) , implying that

jl
(c)1jl

(b)5~L̄vl2L̄ (n)vl8 !j (n). ~10!

HereL̄(L̄ (n))5M (M (n))2mQ is the difference between th
heavy ground state~radially excited! meson and heavy quar
masses in the limitmQ→`. This equation results in the fol
lowing relations:
01403
-

m
s

j1
(c)1j1

(b)1j2
(c)1j2

(b)5L̄j (n),

j1
(c)1j1

(b)2j2
(c)2j2

(b)52L̄ (n)j (n),

j3
(c)1j3

(b)50. ~11!

The relations~9! and ~11! can be used to express the fun
tions j2,1

(Q) in terms of j̃3([j3
(b)52j3

(c)) and the leading
order functionj (n):

j2
(c)5S L̄ (n)

2
1

1

2

L̄ (n)2L̄

w21
D j (n),

j2
(b)5S L̄

2
2

1

2

L̄ (n)2L̄

w21
D j (n),

j1
(c)5S 2

L̄ (n)

2
1

1

2

L̄ (n)1L̄

w11
D j (n)1

1

w11
j̃3 ,

j1
(b)5S L̄

2
2

1

2

L̄ (n)1L̄

w11
D j (n)2

1

w11
j̃3 . ~12!

The matrix elements of the 1/mQ corrections resulting
from insertions of higher-dimension operators of the HQ
Lagrangian~5! have the structure@12#
ing
,

g

i E dxT$L1,v8
(c)

~x!@ h̄v8
(c)Ghv

(b)#~0!%52x1
(c)Tr$H̄v8GHv%12TrH xab

(c)H̄v8is
ab

11v” 8

2
GHvJ ,

i E dxT$L1,v
(b)~x!@ h̄v8

(c)Ghv
(b)#~0!%52x1

(b)Tr$H̄v8GHv%12TrH xab
(b)H̄v8G

11v”
2

isabHvJ . ~13!

The corrections coming from the kinetic energy termOkin do not violate spin symmetry and, hence, the correspond
functionsx1

(Q) effectively correct the leading order functionj (n). The chromomagnetic operatorOmag, on the other hand
explicitly violates spin symmetry. The most general decomposition of the tensor form factorxab

(Q) is @12,13#

xab
(c)5x2

(c)vagb2x3
(c)isab ,

xab
(b)5x2

(b)va8gb2x3
(b)isab . ~14!

The functionsx i
(b) contribute to the decay form factors~1! only in the linear combinationxb52x1

(b)24(w21)x2
(b)

112x3
(b) . Thus five independent functionsj̃3 , xb and x̃ i([x i

(c)), as well as two mass parametersL̄ andL̄ (n), are necessary
to describe first order 1/mQ corrections to matrix elements ofB meson decays to radially excitedD meson states. The resultin
structure of the decay form factors is

h15j (n)1«c@2x̃124~w21!x̃2112x̃3#1«bxb ,

h25«cF2j̃32S L̄ (n)1
L̄ (n)2L̄

w21
D j (n)G2«bF2j̃32S L̄2

L̄ (n)2L̄

w21
D j (n)G ,
2-3
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hV5j (n)1«cF2x̃124x̃31S L̄ (n)1
L̄ (n)2L̄

w21
D j (n)G1«bFxb1S L̄2

L̄ (n)2L̄

w21
D j (n)22j̃3G ,

hA1
5j (n)1«cF2x̃124x̃31

w21

w11
S L̄ (n)1

L̄ (n)2L̄

w21
D j (n)G1«bH xb1

w21

w11
F S L̄2

L̄ (n)2L̄

w21
D j (n)22j̃3G J ,

hA2
5«cH 4x̃22

2

w11
F S L̄ (n)1

L̄ (n)2L̄

w21
D j (n)1 j̃3G J ,

hA3
5j (n)1«cF2x̃124x̃224x̃31

w21

w11
S L̄ (n)1

L̄ (n)2L̄

w21
D j (n)2

2

w11
j̃3G1«bFxb1S L̄2

L̄ (n)2L̄

w21
D j (n)22j̃3G ,

~15!
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where«Q51/(2mQ).
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@16# of the Schro¨dinger
type @17#:

S b2~M !

2mR
2

p2

2mR
DCM~p!5E d3q

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

~16!

where the relativistic reduced mass is

mR5
M42~mq

22mQ
2 !2

4M3
. ~17!

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
. ~18!

The kernelV(p,q;M ) in Eq. ~16! is the quasipotentia
operator 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@18#
01403
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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!,

~19!

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

ul~p!5Ae~p!1m

2e~p! S 1
sp

e~p!1m
D xl, ~20!

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

Gm~k!5gm1
ik

2m
smnkn, ~21!

wherek is the Pauli interaction constant characterizing t
nonperturbative anomalous chromomagnetic moment
quarks. Vector and scalar confining potentials in the non
ativistic limit reduce to

Vconf
V ~r !5~12«!~Ar1B!, Vconf

S ~r !5«~Ar1B!,
~22!

reproducing

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

V ~r !5Ar1B, ~23!

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

v2/c2, can be found in Refs.@18,19# and for heavy-light
mesons in@8#. 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
2-4
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masses@18# and radiative decays@20#. The quark masse
mb54.88 GeV, mc51.55 GeV, ms50.50 GeV, mu,d
50.33 GeV, and the parameters of the linear potentiaA
50.18 GeV2 and B520.30 GeV have the usual quar
model values. In Ref.@11# we have considered the expansi
of the matrix elements of weak heavy quark currents
tween pseudoscalar and vector meson ground states up t
second order in inverse powers of the heavy quark masse
has been found that the general structure of the leading,
and second order 1/mQ corrections in our relativistic mode
is in accord with the predictions of HQET. The heavy qua
symmetry and QCD impose rigid constraints on the para
eters of the long-range potential in our model. The analy
of the first order corrections@11# allowed us to fix the value
of the Pauli interaction constantk521. The same value o
k was found previously from the fine splitting of heav
quarkonia 3PJ- states@18#.2 Note that the long-range chro
momagnetic spin-dependent interaction in our model is p
portional to (11k) and thus vanishes fork521 in agree-
ment with the flux tube model@22#. The value of the mixing
parameter of vector and scalar confining potentials«521
has been found from the analysis of the second order cor
tions @11#. This value is very close to the one determin
from radiative decays of heavy quarkonia@20#.

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 currentJW5 c̄gm(12g5)b between aB meson and
a radially excitedD (* )8 meson takes the form@23#

^D (* )8uJm
W~0!uB&5E d3pd3q

~2p!6
C̄D(* )8~p!Gm~p,q!CB~q!,

~24!

where Gm(p,q) is the two-particle vertex function an
CB,D(* )8 are the meson wave functions projected onto

2It 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 introdu
the Pauli interaction withk521 @21,18,19# in the vector confine-
ment.

FIG. 1. Lowest order vertex functionG (1) contributing to the
current matrix element~25!.
01403
-
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positive energy states of quarks and boosted to the mo
reference frame. The contributions toG come from Figs. 1
and 2.3 In the heavy quark limitmb,c→` only G (1) contrib-
utes, whileG (2) contributes at 1/mQ order. They look like

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

~25!

and

Gm
(2)~p,q!5ūc~pc!ūq~pq!

3H gQm~12gQ
5 !

Lb
(2)~k!

eb~k!1eb~pc!
gQ

0 V~pq2qq!

1V~pq2qq!
Lc

(2)~k8!

ec~k8!1ec~qb!
gQ

0 gQm

3~12gQ
5 !J ub~qb!uq~qq!, ~26!

where the superscripts ‘‘~1!’’ and ‘‘ ~2!’’ correspond to Figs.
1 and 2, Q5c or b, k5pc2D; k85qb1D; D5pD(* )8
2pB ;

L (2)~p!5
e~p!2„mg01g0~gp!…

2e~p!
.

Here @23#

pc,q5ec,q~p!
pD(* )8

MD(* )8

6(
i 51

3

n( i )~pD(* )8!p
i ,

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.

f
es
g

3The 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. 2. Vertex functionG (2) taking the quark interaction into
account. Dashed lines correspond to the effective potentialV in Eq.
~19!. Bold lines denote the negative-energy part of the quark pro
gator.
2-5
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It is important to note that the wave functions entering
weak current matrix element~24! are not in the rest frame in
general. For example, in theB meson rest frame, theD (* )8
meson is moving with the recoil momentumD. The wave
function of the movingD (* )8 mesonCD(* )8D is connected
with the D (* )8 wave function in the rest frameCD(* )80 by
the transformation@23#

CD(* )8D~p!5Dc
1/2~RLD

W !Dq
1/2~RLD

W !CD(* )80~p!, ~27!

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!, ~28!

where

S~p!5Ae~p!1m

2m S 11
ap

e~p!1mD
is the usual Lorentz transformation matrix of the four-spin

IV. LEADING AND SUBLEADING ISGUR-WISE
FUNCTIONS

Now we can perform the heavy quark expansion for
matrix elements ofB decays to radially excitedD mesons in
or

01403
e

n

.

e

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.~25! and~26! in the decay
matrix element~24! and take into account the wave functio
transformation~27!. The resulting structure of this matri
element is rather complicated, because it is necessary to
tegrate both overd3p andd3q. Thed function in expression
~25! 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 t
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 decomposition~1! and
determine the corresponding form factors. We find that,
the chosen values of our model parameters~the mixing co-
efficient of vector and scalar confining potential«521 and
the Pauli constantk521), the resulting structure at leadin
and subleading order in 1/mQ coincides with the model-
independent predictions of HQET given by Eq.~15!. We get
the following expressions for leading and subleading Isg
Wise functions:
j (1)~w!5S 2

w11D 1/2E d3p

~2p!3
c̄D(* )8

(0) S p1
2eq

MD(* )8~w11!
DD cB

(0)~p!, ~29!

j̃3~w!5S L̄ (1)1L̄

2
2mq1

1

6

L̄ (1)2L̄

w21
D S 11

2

3

w21

w11D j (1)~w!, ~30!

x̃1~w!>
1

20

w21

w11

L̄ (1)2L̄

w21
j (1)~w!1

L̄ (1)

2 S 2

w11D 1/2E d3p

~2p!3
c̄D(* )8

(1)si S p1
2eq

MD(* )8~w11!
DD cB

(0)~p!, ~31!

x̃2~w!>2
1

12

1

w11

L̄ (1)2L̄

w21
j (1)~w!, ~32!

x̃3~w!>2
3

80

w21

w11

L̄ (1)2L̄

w21
j (1)~w!1

L̄ (1)

4 S 2

w11D 1/2E d3p

~2p!3
c̄D(* )8

(1)sd S p1
2eq

MD(* )8~w11!
DD cB

(0)~p!, ~33!

xb~w!>L̄S 2

w11D 1/2E d3p

~2p!3
c̄D(* )8

(0) S p1
2eq

MD(* )8~w11!
DD @cB

(1)si~p!23cB
(1)sd~p!#, ~34!
first

whereD25MD(* )8

2 (w221). Here we used the expansion f
the S-wave meson wave function

cM5cM
(0)1L̄M«Q~cM

(1)si1dMcM
(1)sd!1O~1/mQ

2 !,
wherecM
(0) is the wave function in the limitmQ→`, cM

(1)si

andcM
(1)sd are the spin-independent and spin-dependent

order 1/mQ corrections,dP523 for pseudoscalar, anddV

51 for vector mesons. The symbol> in the expressions
2-6
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~31!–~34! for the subleading functionsx̃ i(w) means that the
corrections suppressed by an additional power of the r
(w21)/(w11), which is equal to zero atw51 and less
than 1/6 atwmax, were neglected. Since the main contrib
tion to the decay rate comes from the values of form fact
close tow51, these corrections turn out to be unimporta

It is clear from the expression~29! that the leading orde
contribution vanishes at the point of zero recoil (D50,w
51) of the finalD (* )8 meson, since the radial parts of th
wave functionsCD(* )8 and CB are orthogonal in the infi-
nitely heavy quark limit. The 1/mQ corrections to the curren
~12! also do not contribute at this kinematical point for t
same reason. The only nonzero contributions atw51 come
from corrections to the Lagrangian4 x̃1(w), x̃3(w), and
xb(w). From Eqs.~15! one can find for the form factor
contributing to the decay matrix elements at zero recoil

h1~1!5«c@2x̃1~1!112x̃3~1!#1«bxb~1!,

hA1
~1!5«c@2x̃1~1!24x̃3~1!#1«bxb~1!. ~35!

Such nonvanishing contributions at zero recoil result fr
the first order 1/mQ corrections to the wave functions@see
Eq. ~34! and the last terms in Eqs.~31!, ~33!#. Since the
kinematically allowed range for these decays is not bro
(1<w<wmax'1.27) the relative contribution to the deca
rate of such small 1/mQ corrections is substantially in
creased. Note that the terms«Q(L̄ (n)2L̄)j (n)(w)/(w21)
have the same behavior nearw51 as the leading order con
tribution, in contrast to decays to the ground stateD (* ) me-
sons@24#, where 1/mQ corrections are suppressed with r
spect to the leading order contribution by the factorw
21) near this point~this result is known as Luke’s theorem
@12#!. Since inclusion of first order heavy quark correctio
to B decays to the ground stateD (* ) mesons results in ap
proximately a 10–20% increase of decay rates@11,13#, one

4There are no normalization conditions for these corrections c
trary to the decay to the ground stateD (* ) mesons, where the con
servation of vector current requires their vanishing at zero re
@12#.

TABLE I. Masses of radially excitedD (* )8 mesons and the

mass parametersL̄ in our model.

Parameter State Value~GeV! @8# Exp. ~GeV! @25#

mD8 D8(2S0) 2.579
mD* 8 D* 8(2S1) 2.629 2.637~9!

L̄ B,D(1S) 0.51

L̄ (1) D(2S) 0.94

mD
s8

Ds8(2S0) 2.670
mD

s* 8 Ds* 8(2S1) 2.716

L̄s
Bs ,Ds(1S) 0.61

L̄s
(1) Ds(2S) 1.05
01403
io

s
.

d

could expect that the influence of these corrections on de
rates to radially excitedD (* )8 mesons will be more essentia
Our numerical analysis supports these observations.

V. NUMERICAL RESULTS AND PREDICTIONS

In Table I we present the masses of radially excitedD8

and D* 8 as well as mass parametersL̄ calculated in the
framework of our model@8#. Our prediction for theD* 8
mass is in good agreement with the DELPHI measurem
@25#. Other radially excited states have not been obser
yet. Thus we use our predictions for numerical calculatio
The values of leading and subleading Isgur-Wise functio
~29!–~34! and their slopes at the point of zero recoil of th
final D (* )8 meson are given in Table II. In Fig. 3 we plot ou
results for the leading order Isgur-Wise functionj (1)(w) and
the current correction functionj̃3(w). The functionsx̃1(w),
x̃2(w), x̃3(w), andxb(w) are plotted in Fig. 4. We see tha
the functions, parametrizing chromomagnetic corrections
the HQET Lagrangian, are rather small in accord with t
HQET based expectations.

We can now calculate the decay branching ratios by in
grating double differential decay rates in Eq.~2!. Our results
for decay rates both in the infinitely heavy quark limit an
taking account of the first order 1/mQ corrections as well as
their ratio

R5
Br~B→D (* )8en!with 1/mQ

Br~B→D (* )8en!mQ→`

are presented in Table III. We find that both 1/mQ correc-
tions to decay rates arising from corrections to HQET L
grangian~31!–~34!, which do not vanish at zero recoil, an
corrections to the current~30!, ~12!, vanishing at zero recoil
give significant contributions. In the case ofB→D8en decay
both types of these corrections tend to increase the decay
leading to approximately a 75% increase of theB→D8en
decay rate. On the other hand, these corrections give o
site contributions to theB→D* 8en decay rate: the correc
tions to the current give a negative contribution, while co
rections to the Lagrangian give a positive one
approximately the same value. This interplay of 1/mQ cor-
rections only slightly ('10%) increases the decay rate wi
respect to the infinitely heavy quark limit. As a result th
branching ratio forB→D8en decay exceeds the one forB

n-

il

TABLE II. Leading and subleading Isgur-Wise functions an
their slopes rj i

2 52(1/j i)(]/]w)j i uw51 and rx i

2 52(1/
xi)(]/]w)xiuw51 at zero recoil. We factored out (w21) from the
leading order form factor and definedj (1)(w)5(w21)J(w). The

values of the functionsj̃3(1), x i(1) are given in units (L̄ (1)

1L̄)/2.

J(w) j̃3(w) x̃1(w) x̃2(w) x̃3(w) xb(w)

Value atw51 2.2 0.21 0.18 20.054 20.023 20.098
Slope atw51 2.6 23.3 1.9 3.1 1.0 2.1
2-7
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→D* 8en after inclusion of first order 1/mQ corrections. In
the infinitely heavy quark mass limit we have for the ra
Br(B→D8en)/Br(B→D* 8en)50.75, while the account o
1/mQ corrections results in the considerable increase of
ratio to 1.22.

In Table III we also present the sum of the branchi
ratios over first radially excited states. Inclusion of 1/mQ
corrections results in approximately a 40% increase of
sum. We see that our model predicts that 0.40% ofB meson
decays go to the first radially excitedD meson states. If we
add this value to our prediction forB decays to the first
orbitally excited states 1.45%@7#, we get the value of 1.85%
This result means that approximately 2% ofB decays should
go to higher excitations.

In Figs. 5 and 6 we plot the electron spectra (
G0)(dG/dy) for B→D8en and B→D* 8en decays. Herey
52Ee /mB is the rescaled lepton energy. These differen
decay rates can be easily obtained from double differen
decay rates ~2!, using the relation y512rw
2rAw221cosu and then integrating inw over @(12y)2

TABLE III. Decay rates G ~in units of uVcb/0.04u2

310215 GeV) and branching ratios BR~in %! for B (Bs) decays to
radially excitedD (* )8 (Ds

(* )8) mesons in the infinitely heavy quar
mass limit and taking account of first order 1/mQ corrections.
S(B→D (* )8en) andS(Bs→Ds

(* )8en) represent the sum over th
channels.R is a ratio of branching ratios taking account of 1/mQ

corrections to branching ratios in the infinitely heavy quark m
limit.

mQ→` With 1/mQ

Decay G Br G Br R

B→D8en 0.53 0.12 0.92 0.22 1.74
B→D* 8en 0.70 0.17 0.78 0.18 1.11
S(B→D (* )8en) 1.23 0.29 1.70 0.40 1.37

Bs→Ds8en 0.66 0.16 1.18 0.28 1.80
Bs→Ds* 8en 0.86 0.20 0.95 0.22 1.10
S(Bs→Ds

(* )8en) 1.52 0.36 2.13 0.50 1.40

FIG. 3. Isgur-Wise functionsj (1)(w) ~solid curve! and j̃3(w)

@bold curve, in units (L̄ (1)1L̄)/2# for the B→D (* )8en decay.
01403
is

is

/

l
al

1r2#/@2r(12y)#,w,(11r2)/(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!. From Fig. 6 we see that inclusion of 1/mQ correc-
tions significantly changes the shape of electron spectrum
B→D* 8en decay. The maximum is considerably shifted
higher lepton energies.

VI. CONCLUSIONS

In this paper we have carried out the heavy quark exp
sion for the decay matrix elements of weak currents betw
the B meson and radially excitedD (* )8 meson states up to
first order. It is found that five additional functions of th
product of velocitiesw are necessary to parametrize first o
der 1/mQ corrections. One of these functionsj̃3(w) arises
from corrections to the weak current. The other four fun

s

FIG. 4. Isgur-Wise functionsx̃1(w) ~solid curve!, x̃2(w) ~bold

curve!, x̃3(w) ~dotted curve!, andxb(w) ~dashed curve! for the B

→D (* )8en decay in units (L̄ (1)1L̄)/2.

FIG. 5. Electron spectra (1/G0)(dG/d y) for the B→D8en de-
cay as a function of the rescaled lepton energyy52Ee /mB .
Dashed curve shows themQ→` limit, solid curve includes first
order 1/mQ corrections.
2-8
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EXCLUSIVE SEMILEPTONICB DECAYS TO RADIALLY . . . PHYSICAL REVIEW D 62 014032
tions x i(w) ( i 51, . . . ,3,b) parametrize corrections to th
HQET Lagrangian. The leading order function vanishes
the point of zero recoil (w51) of the finalD (* )8 meson due
to the heavy quark symmetry and orthogonality of the rad
parts of meson wave functions in the heavy quark limit. T
contributions to the decay matrix elements coming from
corrections to the current also vanish at zero recoil for
same reason. Thus the only nonzero contributions to
weak decay matrix elements atw51 come from the correc
tions to the Lagrangianx̃1,3,b @see Eq.~35!#, since there is no
condition requiring them to vanish at this point as in the c
of B decays to ground stateD mesons.

Then we apply the relativistic quark model for the co
sideration of semileptonicB→D (* )8en decays. It is found
that our model correctly reproduces the structure of de
matrix elements found from the heavy quark symme

FIG. 6. Electron spectra (1/G0)(dG/d y) for theB→D* 8en de-
cay as a function of the rescaled lepton energyy52Ee /mB .
Dashed curve shows themQ→` limit; solid curve includes first
order 1/mQ corrections.
tt.
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analysis. This allows us to determine the leading and s
leading Isgur-Wise functions for this transition. We find th
both the relativistic transformation of the meson wave fun
tion from the rest frame to the moving one as well as the fi
order 1/mQ corrections to meson wave functions give ess
tial contributions to the subleading order functions. Thus,
account for corrections to the wave functions gives contri
tions to decay matrix elements which do not vanish at z
recoil. These contributions turn out to be rather small n
merically. However, their role is considerably increas
since the kinematical range forB decays to radially excited
D (* )8 mesons is small and thus the leading order contri
tion, vanishing at zero recoil, is suppressed. Another imp
tant contribution to decay rates comes from the ter
«Q(L̄ (1)2L̄)j (1)/(w21) originating from the corrections to
the current. These terms turn out to be numerically imp
tant. We find an interesting interplay of these two types
1/mQ corrections. They contribute to theB→D8en decay
rate with the same sign, but their contributions to theB
→D* 8en rate have opposite signs. As a result the form
decay rate is substantially~1.75 times! increased by the in-
clusion of first order 1/mQ corrections while there is only a
slight ~1.1 times! increase of the latter decay rate. This lea
to the increase in the ratio Br(B→D8en)/Br(B→D* 8en)
from 0.75 in the heavy quark limit to 1.22, when first ord
1/mQ corrections are taken into account. Finally, we find th
the semileptonicB decays to first radial excitations ofD
mesons acquire in total 0.4% of theB decay rate.
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