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Subleading Isgur-Wise form factors andO„1ÕmQ… corrections to the semileptonic decays
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The exclusive semileptonic decaysB→D1(2420)l n̄ and B→D2* (2460)l n̄ are studied at the subleading
order of heavy quark expansion. The subleading Isgur-Wise functions resulting from the kinetic energy and
chromomagnetic corrections to the HQET Lagrangian are calculated by QCD sum rules in the framework of
heavy quark effective theory. The decay rates and branching ratios are computed with the inclusion of the order
of 1/mQ corrections. It is found that the 1/mQ correction to the decay rate is not large forB→D2* but is very
large forB→D1.
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I. INTRODUCTION

In recent years there has been continuous interest in
investigation of semileptonic decays of theB meson into
excited charmed mesons. This interest arises for several
sons. The current experimental data show that the exclu
B transitions to the ground states-wave D and D* mesons
make up only approximately 60% of the inclusive semile
tonic decay rate; thus a sizable part of semileptonicB decays
should go to excitedD meson states. Indeed, these dec
have been observed and more experimental data are colle
with an increasing accuracy@1–4#. Theoretically, the semi-
leptonic B decays into excited charmed meson states
provide an additional source of information for determini
the Cabibbo-Kobayashi-Maskawa~CKM! matrix element
Vcb as well as exploring the internal dynamics of syste
containing heavy-light quarks.

The heavy quark symmetry@5,6# has important conse
quences on the spectroscopy and weak decay matrix
ments of mesons containing a single heavy quarkQ. In the
infinite mass limit, the spin and parity of the heavy quark a
that of the light degrees of freedom are separately conser
This means that the hadronic states can be classified in
generate doublets by the total angular momentumj and the
angular momentum of the light degrees of freedomj l . In the
case ofq̄Q mesons, couplingj l with the spin of heavy quark
sQ51/2 yields a doublet with total spinj 5 j l61/2. The
ground state mesons withj l

P5 1
2

2 are the doublet (D,D* )
for Q5c and (B,B* ) for Q5b. The excited heavy meson
with j l

P51/21 and 3/21 can be classified in two doublets o
spin symmetry (01,11) and (11,21), which are identified as
(D08 ,D18) and (D1 ,D2* ) for charmed mesons, respectivel
The other important application of heavy quark symmetr
has been the study of semileptonic transitions between
heavy hadrons. The hadronic matrix elements of weak c
rents between members of the doublets identified byj l and
j l 8 can be expressed in terms of universal form factors wh
are functions of the dot product,y5v•v8, of the initial and
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final hadron four velocities. A well-known result is that th
semileptonicB decays to ground stateD (* ) mesons, in the
mQ→` limit, can be described in terms of a single univers
function, the Isgur-Wise functionj(y). The decays to
P-wave excitedD mesons withj l

P51/21 and 3/21 require
two independent functions,z(y) andt(y) @7,8#, respectively,
in the limit mQ→`.

There areLQCD/mQ corrections to the weak matrix ele
ments parameterized by form factors at themQ→` limit.
The LQCD/mQ corrections to the leading term can be an
lyzed in a systematic way in heavy quark effective theo
~HQET! in terms of a reduced number of universal para
eters. TheLQCD /mQ corrections may play an important rol
for B decay modes into excited charmed states since the
responding transition matrix elements in the infinite ma
limit vanish at the zero recoil point because of heavy qu
spin symmetry, whileLQCD /mQ corrections to these deca
matrix elements can give nonzero contributions at zero re
@8#. The kinematically allowed range for these decays mos
occurs near the zero recoil point, thus the magnitude
LQCD /mQ corrections might be comparable with the leadi
order result.

The universal functions must be estimated in some n
perturbative approaches. A viable approach is the QCD s
rules @9# formulated in the framework of HQET@10#. This
method allows us to relate hadronic observables to Q
parametersvia the operator product expansion~OPE! of the
correlator. A fruitful application of QCD sum rules has be
the determination of the Isgur-Wise functions parameteriz
the B→D (* ) semileptonic transitions up to theLQCD/mQ
corrections@11–14#. The QCD sum rule analysis for th
semileptonicB decays to excitedD mesons involves the de
termination of the universal form factors. At leading order
the 1/mQ expansion, the two independent universal form fa
tors z(y) and t(y), that parametrize transitionsB→D**
(D** being the genericL51 charmed state!, have been cal-
culated with QCD sum rules@15,16#. Moreover, perturbative
corrections toO(as) have been included in the QCD su
©2001 The American Physical Society34-1
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MING-QUI HUANG AND YAUN-BEN DAI PHYSICAL REVIEW D 64 014034
rule for z(y) in Ref. @17#. The other approaches include va
ous versions of the constituent quark model@18–24# and
relativistic Bethe-Salpeter equations@25#. The analysis of
LQCD/mQ corrections is an important issue for the semile
tonic B decays to excitedD mesons. Such corrections hav
been investigated in terms of meson mass splittings in R
@8# and by employing the relativistic quark model in Re
@26#. The corrections have also been included by a var
approach in HQEFT in Ref.@27#. At the order 1/mQ , the
corrections for matrix elements ofB→D** include contri-
butions from higher-dimensional operators in the effect
currents and in the effective Lagrangian. For the semil
tonic transitionsB→D1l n̄ and B→D2* l n̄, the former give
rise to two independent universal functions, denoted
t1(y) and t2(y) @8#. In the framework of QCD sum rules
these two independent form factors have been investigate
our previous work in Ref.@28#. Here we shall focus on the
second type of corrections, which originate from high
order HQET effective Lagrangian.

The remainder of this paper is organized as follows.
Sec. II we review the formulas for the matrix elements of t
weak currents including the structure of theLQCD/mQ cor-
rections in the heavy quark effective theory. The QCD s
rule analysis for the subleading Isgur-Wise functions rela
to the corrections from the insertions of the kinetic ene
and chromomagnetic operators is presented in Sec. III. S
tion IV is devoted to numerical results. Concluding rema
are given in Sec. V.

II. THE HEAVY-QUARK EXPANSION AND THE
SUBLEADING ISGUR-WISE FORM FACTORS

The theoretical description of semileptonic decays
volves the matrix elements of vector and axial vector c
rents (Vm5 c̄gmb andAm5 c̄gmg5b) betweenB mesons and
excited D mesons. For the processesB→D1l n̄ and B

→D2* l n̄, these matrix elements can be parametrized as

^D1~v8,e!uVmuB~v !&5 f V1
e* m1~ f V2

vm1 f V3
v8m!e* •v,

~1a!

^D1~v8,e!uAmuB~v !&5 i f A«mabgea* vbvg8 , ~1b!

^D2* ~v8,e!uAmuB~v !&5kA1
e* mava1~kA2

vm1kA3
v8m!

3eab* vavb, ~1c!

^D2* ~v8,e!uVmuB~v !&5 ikV«mabgeas* vsvbvg8 . ~1d!

Here form factorsf i andki are dimensionless functions ofy.
In the above equations we have used the mass-indepen
normalization ^M (v8)uM (v)&5(2p)32p0/mMd3(p2p8)
for the heavy meson states of momentump5mMv. There-
fore there is a different factor from the corresponding eq
tions in Ref. @8#. The differential decay rates expressed
terms of the form factors are given by~taking the mass of the
final lepton to zero!
01403
-

f.

nt

e
-

y

in

-

n
e

d
y
c-

s

-
-

ent

-

dGD1

dy
5

GF
2 uVcbu2mB

5

48p3
r 1

3Ay221$2~122yr11r 1
2!

3@ f V1

2 1~y221! f A
2 #1@~y2r 1! f V1

1~y221!~ f V3
1r 1f V2

!#2%, ~2!

dGD
2*

dy
5

GF
2 uVcbu2mB

5

144p3
r 2

3~y221!3/2$3~122yr21r 2
2!

3@kA1

2 1~y221!kV
2 #12@~y2r 2!kA1

1~y221!~kA3
1r 2kA2

!#2%, ~3!

wherer 15mD1
/mB and r 25mD

2*
/mB .

The form factorsf i and ki can be expressed by a set
Isgur-Wise functions at each order inLQCD/mc,b . This is
achieved by evaluating the matrix elements of the effect
current operators arising from the HQET expansion of
weak currents. A convenient way to evaluate hadronic ma
elements is by using the trace formalism developed in R
@29# to parametrize the matrix elements in Eqs.~1!. Follow-
ing this method, one introduces the matrix representation

Hv5
11v”

2
@Pv*

mgm2Pvg5#, ~4a!

Fv
m5

11v”
2 H Pv*

mngn2A3

2
Pv

ng5Fgn
m2

1

3
gn~gm2vm!G J ,

~4b!

where Pv , Pv*
m , and Pv

n , Pv*
mn are annihilation operators

for members of thej l
P51/22 and 3/21 doublets with four-

velocity v in HQET. The matricesH and F satisfy v”Hv
5Hv52Hvv” , v”Fv

m5Fv
m52Fv

mv” , Fv
mgm50, and vmFv

m

50.
At the leading order of the heavy quark expansion

hadronic matrix elements of weak current between the st
annihilated by the fields inHv andFv8

s are written as

h̄v8
(c)Ghv

(b)5t Tr$vsF̄v8
s GHv%, ~5!

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

andt is a universal Isgur-Wise function ofy.
At the orderLQCD/mQ there are contributions to the de

cay matrix elements originating from corrections to t
HQET Lagrangian of the same order,

dL5
1

2mQ
@Okin,v

(Q) 1Omag,v
(Q) #, ~6!

where

Okin,v
(Q) 5h̄v

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

(Q) 5h̄v
(Q)gs

2
sabGabhv

(Q) .
4-2
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The matrix elements ofLQCD/mQ corrections from the in-
sertions of the kinetic energy operatorOkin and chromomag-
netic operatorOmag can be parametrized as

i E d4xT$Okin,v8
(c)

~x!@ h̄v8
(c)Ghv

(b)#~0!%5hke
(c) Tr$vsF̄v8

s GHv%,

~7!

i E d4xT$Okin,v
(b) ~x!@ h̄v8

(c)Ghv
(b)#~0!%5hke

(b) Tr$vsF̄v8
s GHv%;

~8!

i E d4xT$Omag,v8
(c)

~x!@ h̄v8
(c)Ghv

(b)#~0!%

5TrHR sab
(c) F̄v8

s isab
11v” 8

2
GHvJ , ~9!

i E d4xT$Omag,v
(b) ~x!@ h̄v8

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

5TrHR sab
(b) F̄v8

s G
11v”

2
isabHvJ . ~10!

The functionshke
(c,b)(y) have mass dimension and effective

correct the leading order Isgur-Wise functiont(y) since the
kinetic energy operator does not violate heavy quark s
symmetry. The most general decomposition forR (c,b) are

R sab
(c) 5h1

(c)vsgagb1h2
(c)vsvagb1h3

(c)gsavb ,

R sab
(b) 5h1

(b)vsgagb1h2
(b)vsva8gb1h3

(b)gsavb8 ,
~11!

whereh i are function ofy, and have mass dimension 1.
There are also orderLQCD/mc,b corrections originating

from the matching of theb→c flavor changing current onto
the effective theory, they can be parameterized in terms
two independent Isgur-Wise functions,t1 andt2 @8#.

Summing up all the contributions up to orderLQCD/mc,b ,
it is straightforward to express the form factorsf i and ki

parametrizingB→D1l n̄ andB→D2* l n̄e semileptonic decays
in terms of Isgur-Wise functions. The explicit expressio
for f i andki are as follows@8#:

A6 f A52~y11!t2«b$~y21!@~L̄81L̄ !t

2~2y11!t12t2#1~y11!hb%2«c@4~yL̄82L̄ !t

23~y21!~t12t2!1~y11!~hke22h123h3!#,

A6 f V1
5~12y2!t2«b~y221!@~L̄81L̄ !t

2~2y11!t12t21hb#2«c@4~y11!~yL̄82L̄ !t

2~y221!~3t123t22hke12h113h3!#,
01403
in
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A6 f V2
523t23«b@~L̄81L̄ !t2~2y11!t12t21hb#

2«c@~4y21!t115t213hke110h114~y21!h2

25h3#,

A6 f V3
5~y22!t1«b

3$~21y!@~L̄81L̄ !t2~2y11!t12t2#

2~22y!hb%1«c@4~yL̄82L̄ !t1~21y!t1

1~213y!t21~y22!hke22~61y!h1

24~y21!h22~3y22!h3#,

kV52t2«b@~L̄81L̄ !t2~2y11!t12t21hb#

2«c~t12t21hke22h11h3!,

kA1
52~11y!t2«b

3$~y21!@~L̄81L̄ !t

2~2y11!t12t2#1~11y!hb%

2«c@~y21!~t12t2!1~y11!~hke22h11h3!#,

kA2
522«c~t11h2!,

kA3
5t1«b@~L̄81L̄ !t2~2y11!t12t21hb#

2«c~t11t22hke12h122h22h3!, ~12!

where «Q51/(2mQ), hke5hke
c , and hb5hke

(b)16h1
(b)

22(y21)h2
(b)1h3

(b) , L̄(L̄8) is mass parameter of groun
state~excited! mesons in HQET and the superscript ont i

(c)

andh i
(c) are dropped.

The form factorst andt i( i 51,2) in HQET, that occur in
Eq. ~12! have been investigated by using QCD sum rules
our previous work@16,28#. In the following sections we shal
extend the QCD sum rule analysis to the calculation of
subleading Isgur-Wise functions,hke(y) and h i(y), associ-
ated with the insertions of kinetic energy and chromom
netic operators of the HQET Lagrangian,dL in Eq. ~6!.

III. QCD SUM RULES FOR ISGUR-WISE FUNCTIONS
hKE AND h I

A basic element in the application of QCD sum rules
problems involving excited heavy mesons is to choose a
of appropriate interpolating currents in terms of quark fie
each of which creates~annihilates! an excited state of the
heavy meson with definite quantum numbersj , P, j l . The
proper interpolating currentJj ,P, j l

a1•••a j for the state with arbi-

trary quantum numberj , P, j l in HQET was given in Ref.
@30#. These currents have nice properties. They were pro
to satisfy the following conditions:
4-3
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MING-QUI HUANG AND YAUN-BEN DAI PHYSICAL REVIEW D 64 014034
^0uJj ,P, j l

a1•••a j~0!u j 8,P8, j l8&5 f P j l
d j j 8dPP8d j l j l8

ha1•••a j ,

~13!

i ^0uT„Jj ,P, j l

a1•••a j~x!J
j 8,P8, j

l8

†b1•••b j 8~0!…u0&

5d j j 8dPP8d j l j l8
~21! jSgt

a1b1
•••gt

a jb j

3E dtd~x2vt !PP, j l
~x! ~14!

in themQ→` limit, whereha1•••a j is the polarization tenso
for the spin j state,v is the velocity of the heavy quark
gt

ab5gab2vavb is the transverse metric tensor,S denotes
symmetrizing the indices and subtracting the trace te
separately in the sets (a1•••a j ) and (b1•••b j ), f P, j l

, and

PP, j l
are a constant and a function ofx, respectively, which

depend only onP and j l . Because of Eqs.~13! and~14!, the
sum rules in HQET for decay amplitudes derived from
correlator containing such currents receive a contribut
only from one of the two states with the same spin pa
( j ,P) but different j l in the mQ→`. Starting from the cal-
culations in the leading order, the decay amplitudes for fin
mQ can be calculated unambiguously order by order in
1/mQ expansion in HQET.

Following Ref.@30# the local interpolating current for cre
ating 02 pseudoscalarB mesons is taken as

J0,2,1/2
† 5A1

2
h̄vg5q, ~15!

and the local interpolating currents for creating 11 and 21

(D1 ,D2* ) mesons in the doublet (D1 ,D2* ) are taken as

J1,1,3/2
†a 5A3

4
h̄vg5~2 i !S D t

a2
1

3
g t

aD” tDq, ~16!

J2,1,3/2
†a1 ,a25A1

2
h̄v

~2 i !

2 S g t
a1D t

a21g t
a2D t

a12
2

3
gt

a1a2D” tDq,

~17!

whereD is the covariant derivative andg t
m5gm2v” vm. Note

that, without the last term in the bracket in Eq.~16! the
current would couple also to the 11 state in the double
(01,11) even in the limit of infinitemQ .

The QCD sum rule calculations for the correlators of tw
heavy-light currents give@14,30#

f 2,1/2
2 e22L̄2,1/2 /T5

3

16p2E0

vc1
v2e2v/Tdv

2
1

2
^q̄q&S 12

m0
2

4T2D , ~18!
01403
s

n
y

e
e

f 1,3/2
2 e22L̄1,3/2 /T5

1

26p2E
0

vc2
v4e2v/Tdv

2
1

12
m0

2^q̄q&2
1

25 K as

p
G2L T, ~19!

wherem0
2^qq̄&5^qḡsmnGmnq&.

The QCD sum rule analysis for the subleading form fa
tors proceeds along the same lines as that for the lea
order Isgur-Wise function. For the determination of the fo
factorhke, which relates to the insertion ofLQCD/mc kinetic
operator of the HQET Lagrangian, one studies the anal
properties of the three-point correlators:

i 2E d4xd4x8d4zei (k8•x82k•x)^0uT

3@J1,1,3/2
n ~x8!Okin,v8

(c)
~z!J V,A

m(v,v8)~0!J0,2,1/2
† ~x!#u0&

5J~v,v8,y!L V,A
mn , ~20a!

i 2E d4xd4x8d4zei (k8•x82k•x)^0uT

3@J2,1,3/2
ab ~x8!Okin,v8

(c)
~z!J V,A

m(v,v8)~0!J0,2,1/2
† ~x!#u0&

5J~v,v8,y!L V,A
mab , ~20b!

where J V
m(v,v8)5h̄(v8)gmh(v), J A

m(v,v8)5h̄(v8)gmg5h(v).
The variablesk, k8 denote residual ‘‘off-shell’’ momenta
which are related to the momentaP of the heavy quark in the
initial state andP8 in the final state byk5P2mQv, k8
5P82mQ8v8, respectively. For heavy quarks in boun
states they are typically of orderLQCD and remain finite in
the heavy quark limit.LV,A are Lorentz structures associate
with the vector and axial vector currents~see the Appendix!.

The coefficientJ(v,v8,y) in Eq. ~20! is an analytic
function in the ‘‘off-shell energies’’ v52v•k and v8
52v8•k8 with discontinuities for positive values of thes
variables. It furthermore depends on the velocity transfey
5v•v8, which is fixed in its physical region for the proces
under consideration. By saturating Eq.~20! with physical
intermediate states in HQET, one can isolate the contribu
of interest as the one having poles atv52L̄2,1/2, v8

52L̄1,3/2. Notice that the insertions of the kinetic operat
not only renormalize the leading Isgur-Wise function, b
also the meson coupling constants and the physical mass
the heavy mesons which define the position of the poles.
correct hadronic representation of the correlator is

Jhadro~v,v8,y!

5
f 2,1/2f 1,3/2

~2L̄2,1/22v2 i e!~2L̄1,3/22v82 i e!

3Fhke~y!1S G1,3/2
K 1

K1,3/2

2L̄1,3/22v82 i e
D t~y!G

1higher resonance, ~21!
4-4
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SUBLEADING ISGUR-WISE FORM FACTORS AND . . . PHYSICAL REVIEW D64 014034
where f P, j l
are constants defined in Eq.~13!, L̄P, j l

5mP, j l

2mQ , andKP, j l
andGP, j l

K are defined by@30,32#

^ j ,P, j l uOkin,v
(Q) u j ,P, j l&5KP, j l

, ~22a!

^0u i E d4xOkin,v
(Q) ~x!Jj ,P, j l

a1•••a j~0!u j ,P, j l&5 f P, j l
GP, j l

K ha1•••a j .

~22b!

Furthermore, as the result of Eq.~13!, only one state with
j P511 or j P521 contributes to Eq.~21!, the other reso-
nance with the same quantum numberj P and different j l
does not contribute. This would not be true forj P511 if the
last term in Eq.~16! is absent.

Following the standard QCD sum rule procedure the c
culations ofJ(v,v8,y) are straightforward. In doing this
for simplicity, the residual momentumk is chosen to be par
allel to v such thatkm5(k•v)vm ~and similar fork8). Con-
fining us to the leading order of perturbation and the ope
tors with dimensionD<5 in OPE, the relevant Feynma
diagrams are shown in Fig. 1. The perturbative part of
spectral density is

rpert~ṽ,ṽ8,y!5
3

28p2

1

~11y!~y221!5/2

3@~2y23!ṽ21~8y2112y21!ṽ82

1~6y2118y23!ṽ2ṽ8

2~12y3118y219!ṽṽ82#

3Q~ṽ!Q~ṽ8!Q~2yṽṽ82ṽ22ṽ82!.

~23!

The QCD sum rule is obtained by equating the pheno
enological and theoretical expressions forJ. In doing this
the quark-hadron duality needs to be assumed to mode
contributions of higher resonance part of Eq.~21!. Generally

FIG. 1. Feynman diagrams contributing to the sum rules for
Isgur-Wise form factor in the coordinate gauge. The gray squ
corresponds to the insertion of the kinetic energy operator
O(1/mQ) in the HQET Lagrangian.
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speaking, the duality is to simulate the resonance contr
tion by the perturbative part above some threshold energ
In the QCD sum rule analysis forB semileptonic decays into
ground stateD mesons, it is argued by Neubert, Block, an
Shifman in Refs.@6,12# and@14# that the perturbative and th
hadronic spectral densities cannot be locally dual to e
other, the necessary way to restore duality is to integrate

spectral densities over the ‘‘off-diagonal’’ variableṽ25(ṽ
2ṽ8)/2, keeping the ‘‘diagonal’’ variableṽ15(ṽ1ṽ8)/2
fixed. It is in ṽ1 that the quark-hadron duality is assumed f
the integrated spectral densities. We shall use the same
scription in the case ofB semileptonic decays into excite
stateD mesons.

The Q functions in Eq.~23! imply that in terms ofṽ1

and ṽ2 the double discontinuities of the correlator are co
fined to the region2Ay221/(11y)ṽ1<ṽ2<Ay221/(1
1y)ṽ1 and ṽ1>0. According to our prescription an isos
celes triangle with the baseṽ15ṽc is retained in the inte-
gration domain of the perturbative term in the sum rule.

In view of the asymmetry of the problem at hand wi
respect to the initial and final states one may attempt to
an asymmetric triangle in the perturbative integral. Howev
in that case the factor (y221)5/2 in the denominator of Eq.
~23! is not canceled after the integration so that the Isg
Wise function or its derivative will be divergent aty51. A
similar situation occurs for the sum rule of the Isgur-Wi
function for transition between ground states if a differe
domain is taken in the perturbative integral@14#.

In order to suppress the contributions of higher resona
states a double Borel transformation inv and v8 is per-
formed to both sides of the sum rule, which introduces t
Borel parametersT1 andT2. For simplicity we shall take the
two Borel parameters equal:T15T252T.

The nonperturbative power corrections to the correlat
are computed from the diagrams involving the quark a
gluon condensates in Figs. 1~b!–1~k! in the Fock-Schwinger
gaugexmAm(x)50. We find that the only nonvanishing con
tribution is the gluon condensate. Note, in particular, t
vanishing of the mixed quark-gluon condensate (D55) re-
sulting from the explicit calculation of the diagram shown
Fig. 1~b!. After adding the nonperturbative part and maki
the double Borel transformation one obtains the sum rule
hke as follows:

hke~y! f 2,1/2f 1,3/2e
2(L̄2,1/21L̄1,3/2)/T

52S G1,3/2
K 1

K1,3/2

2T D t~y! f 2,1/2f 1,3/2

3e2(L̄2,1/21L̄1,3/2)/T2
3

8p2

y12

~y11!4

3E
0

vc
dv1v1

4 e2v1 /T1
1

96K as

p
GGL 15y21

~y11!3
T,

~24!

e
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in which the sum rule fort(y) has been derived from th
study of the three-point correlator in Ref.@16# as

t~y! f 2,1/2f 1,3/2e
2(L̄2,1/21L̄1,3/2)/T

5
1

2p2

1

~y11!3E0

vc
dv1v1

3 e2v1 /T2
1

12
m0

2 ^q̄q&
T

2
1

3325 K as

p
GGL y15

~y11!2
. ~25!

From the consideration of symmetry, the sum rule forhke
(b)

that originates from the insertion ofLQCD/mb kinetic opera-
tor of the HQET Lagrangian is of the same form as in E
~24!, but with the HQET parametersG1,3/2

K and K1,3/2 re-
placed byG2,1/2

K andK2,1/2, respectively. The definitions o
G2,1/2

K andK2,1/2 can be found in Eq.~22!.
It is worth noting that the QCDO(as) corrections have

not been included in the sum rule calculations. However,
Isgur-Wise function obtained from the QCD sum rule ac
ally is a ratio of the three-point correlator to the two-po
correlator results. While both of these correlators are sub
to large perturbative QCD corrections, it is expected t
their ratio is not much affected by these corrections beca
of cancellation. This has been proven to be true in the an
sis of Ref.@17#.

We now turn to the QCD sum rule calculations of t
functions parameterizing the time-ordered products of
chromomagnetic term in the HQET Lagrangian with t
leading order currents,h i ( i 51,2,3). To obtain QCD sum
rules for these universal functions one starts from three-p
correlators,

i 2E d4xd4x8d4zei (k8•x82k•x)^0uT

3@J1,1,3/2
n ~x8!Omag,v8

(c)
~z!J V,A

m(v,v8)~0!J0,2,1/2
† ~x!#u0&

5JV,A
mn ~v,v8,y!, ~26a!

i 2E d4xd4x8d4zei (k8•x82k•x)^0uT

3@J2,1,3/2
ab ~x8!Omag,v8

(c)
~z!J V,A

m(v,v8)~0!J0,2,1/2
† ~x!#u0&

5JV,A
mab~v,v8,y!. ~26b!

By saturating the double dispersion integral for the thr
point functions in Eq.~26! with hadronic states, one ca
isolate the contributions from the double pole atv

52L̄2,1/2, v852L̄1,3/2. Similarly, the insertions of the
chromomagnetic operator result in the corrections to
leading Isgur-Wise function as well as to the couplings of
heavy mesons to the interpolating currents and to the ph
cal meson masses. It follows from Eq.~26! that

JV
mnpole~v,v8,y!
01403
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f 2,1/2f 1,3/2

~2L̄2,1/22v2 i e!~2L̄1,3/22v82 i e!

3F2j1L V
mn1j2L Vj

mn

1S G1,3/2
S 1

S1,3/2

2L̄1,3/22v82 i e
D d1,3/2t~y!L V

mnG ,

~27!

JA
mnpole~v,v8,y!

5
f 2,1/2f 1,3/2

~2L̄2,1/22v2 i e!~2L̄1,3/22v82 i e!

3F2j11S G1,3/2
S 1

S1,3/2

2L̄1,3/22v82 i e
D d1,3/2t~y!G

3L A
mn , ~28!

JV
mabpole~v,v8,y!

5
f 2,1/2f 1,3/2

~2L̄2,1/22v2 i e!~2L̄1,3/22v82 i e!

3F2z11S G1,3/2
S 1

S1,3/2

2L̄1,3/22v82 i e
D d2,3/2t~y!G

3L V
mab , ~29!

JA
mabpole~v,v8,y!

5
f 2,1/2f 1,3/2

~2L̄2,1/22v2 i e!~2L̄1,3/22v82 i e!

3F2zL A
mab1h2L Ah2

mab

3S G1,3/2
S 1

S1,3/2

2L̄1,3/22v82 i e
D d2,3/2t~y!L A

mabG ,

~30!

where j152h113h3 , j25216h124(y21)h224h3 , z
52h12h3, the quantitiesSP, j l

(c) and GS,P, j l

(Q) are defined by

@30,32#

^ j ,P, j l uOmag,v
(Q) u j ,P, j l&5dmSP, j l

, ~31a!

^0u i E d4xOmag,v
(Q) ~x!Jj ,P, j l

a1•••a j~0!u j ,P, j l&

5dmf P, j l
GP, j l

S ha1•••a j , ~31b!

dm5dj , j l
, dj l21/2,j l

52 j l12, dj l11/2,j l
522 j l ,
4-6



e
ca
ve
at
an
e

th
ib
e
o

p

di

la
te
fo

n
o

ET

um
C

the

nt

licit
for

s
x-

is
lcu-
ng

f

c-
ral
n in

y
ts
ely

ors
en-
-
ET

in-
shift

are

SUBLEADING ISGUR-WISE FORM FACTORS AND . . . PHYSICAL REVIEW D64 014034
L V
mn , L Vj

mn , L V
mab , L A

mn , L A
mab , andL Ah2

mab are defined in

the Appendix. The three-point correlators~26! can be ex-
pressed in QCD in terms of a perturbative part and nonp
turbative contributions, which are related to the theoreti
calculation in HQET. When we do not consider radiati
corrections, the insertions of the chromomagnetic oper
only contribute to diagrams involving gluon condensates
do not contribute to the perturbative diagrams since ther
no way to contract the gluon contained inOmag. That is, the
leading nonperturbative contributions are proportional to
gluon condensates, while the leading perturbative contr
tions are of orderas and come from the two-loop radiativ
corrections to the quark loop. In general, the calculation
the two-loop diagrams is rather cumbersome. In this pa
we shall neglect the perturbative term of orderas and only
include the nonperturbative gluon condensates without ra
tive corrections in the sum rules.

Within this approximation one can perform the calcu
tion conveniently by using the Fock-Schwinger gauge. Af
making the double Borel transformation, the sum rules
h i(y) are obtained as follows:

f 2,1/2f 1,3/2h1~y!e2(L̄2,1/21L̄1,3/2)/T

52
1

2 S G1,3/2
S 1

S1,3/2

2T D t~y!

3 f 2,1/2f 1,3/2e
2(L̄2,1/21L̄1,3/2)/T

1
1

480K as

p
GGL 3y12

~y11!2
T, ~32a!

h2~y!50, ~32b!

f 2,1/2f 1,3/2h3~y!e2(L̄2,1/21L̄1,3/2)/T

52S G1,3/2
S 1

S1,3/2

2T D t~y!

3 f 2,1/2f 1,3/2e
2(L̄2,1/21L̄1,3/2)/T

2
1

240K as

p
GGL 141y

~y11!2
T. ~32c!

h1,2,3 are expected to be small compared toLQCD since the
mass splitting betweenD2* and D1 is very small. This is
supported by the fact that the QCD sum rule calculatio
indicate that the analogous functions parameterizing the c
tributons of the chromomagnetic operator forB→D (* )en̄e
decays are small@14#. The LQCD/mb correction associated
with the insertion of chromomagnetic operator of the HQ
Lagrangian can be investigated in a similar way.

IV. NUMERICAL RESULTS AND IMPLICATIONS FOR B
DECAYS

We now turn to the numerical evaluation of these s
rules and the phenomenological implications. For the Q
01403
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parameters entering the theoretical expressions, we take
standard values@9,10#

^q̄q&52~0.2360.02!3 GeV3,

K as

p
GGL 5~0.01260.004! GeV4,

m0
25~0.860.2! GeV2. ~33!

In order to obtain numerical results forhke(y), hke
b (y), and

h i(y)( i 51,2,3) from the sum rules which are independe
of specific input values off ’s, L̄ ’s, and t, we adopt the
strategy to evaluate the sum rules by eliminating the exp
dependence on these quantities by using the sum rules
them. Substituting the sum rules~18! and ~19! into the left
side and the sum rule~25! into the right side of the sum rule
~24! and ~32! for the three-point correlators, we obtain e
pressions for thehke, hke

b , andh i ( i 51,2,3) as functions of
the Borel parameterT and the continuum thresholds. Th
procedure may help to reduce the uncertainties in the ca
lation. For other HQET parameters we use the followi
values obtained by QCD sum rules@30–33#:

K1,3/252~2.060.4! GeV2, G1,3/2
K 52~1.060.45! GeV

K2,1/252~1.260.20! GeV2, G2,1/2
K 52~1.660.6! GeV,

S1,3/25~0.02060.003! GeV2,

G1,3/2
S 5~0.01360.007! GeV,

S2,1/25~0.2360.07! GeV2,

G2,1/2
S 5~0.04260.03460.053! GeV. ~34!

Let us evaluates numerically the sum rules forhke(y) and
hke

b (y) at first. The continuum thresholdsvc1 and vc2 in
Eqs. ~18! and ~19! are determined by requiring stability o
these sum rules. One finds that 1.7,vc1,2.2 GeV and
2.7,vc2,3.2 GeV@14,30#. Imposing the usual criterion on
the ratio of contribution of the higher-order power corre
tions and that of the continuum, we find that for the cent
values of the condensates and HQET parameters give
Eqs.~33! and ~34!, if the threshold parametervc lies in the
range 1.9,vc,2.5 GeV, there is an acceptable ‘‘stabilit
window’’ T50.8–1.0 GeV in which the calculation resul
do not change appreciably. This window overlaps larg
with those of the sum rules~18! and ~19!. Therefore our
procedure of calculation is justified. For estimating the err
induced by the uncertainties of parameters for the cond
sates and HQET~33! and ~34! we take the maxima devia
tions from the central values of the condensates and HQ
parameters and find that for the existence of stability w
dows in the two extreme cases the continuum thresholds
to the range 2.5,vc,2.9 and 1.5,vc,1.9 GeV, respec-
tively. The corresponding windows for Borel parameters
4-7
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1.0,T,1.2 GeV and 0.6,T,0.8 GeV, respectively. Thes
are still compatible with the stability windows for the su
rules ~18! and ~19!.

The numerical results of the form factorshke(y) and
hke

b (y) are shown in Fig. 2, where the curves refer to vario
choices for the continuum thresholds and to the central
ues of the condensates and HQET parameters.

The numerical analysis shows thathke(y) is a slowly
varying function in the allowed kinematic range forB
→D1l n̄ and B→D2* l n̄ decays. The resulting curve fo
hke(y) may be well parametrized by the linear approxim
tion

hke~y!5hke~1!@12rh
2~y21!#,

hke~1!50.3860.17 GeV, rh
250.860.1,

hke
b ~y!5hke

b ~1!@12rhb
2

~y21!#,

hke
b ~1!50.4860.21 GeV, rhb

2
51.060.1. ~35!

The final sum rules forh i(y) can be obtained by subst
tuting Eq. ~25! into Eqs. ~32a! and ~32c!. The numerical
evaluation for these sum rules proceeds along the same
as that forhke(y). Note that we have not included the pe
turbative term of orderas , which is the leading perturbativ
contribution forh i(y). The sum rules forh i(y) are not quan-
titatively reliable. Nevertheless, they are of correct order
magnitude. The values of the form factorsh1(y) andh3(y)
at zero recoil as functions of the Borel parameter are sho
in Fig. 3, for three different values of the continuum thres
old vc . The numerical results forh1(y) andh3(y) at zero
recoil in the working regions read

h1~1!520.9531022, h3~1!53.531022. ~36!

This result is in agreement with the expectation based
HQET that the spin-symmetry violating corrections d
scribed byh i(y) are negligibly small.

Using the forms of linear approximations forhke(y) to-
gether witht(y) andt1,2(y) given in Ref.@16,28#,

FIG. 2. Results of the numerical evaluation for the sum rul
Isgur-Wise form factorshke(y) andhke

b (y) with T50.9 GeV.
01403
s
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es
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t~y!50.74@120.9~y21!#,

t1~y!520.4@121.4~y21!#, t250.28@120.5~y21!#
~37!

and neglecting the contribution of chromomagnetic corr
tion, we can calculate the total semileptonic rates and de
branching ratios by integrating Eqs.~2! and ~3!. We use the
physical masses,mB55.279, mD1

52.422 andmD
2*
52.459

@34#, for B, D1, andD2* mesons. The maximal values ofy in

the present case areymax
D1 5(11r 1

2)/2r 1'1.32 andy
max

D2* 5(1
1r 2

2)/2r 2'1.31. The quark masses are taken to bemb

54.8 GeV,mc51.5 GeV. In Table I we present our resul
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

R`5
Br~B→D** ln!with 1/mQ

Br~B→D** ln!mQ→`

. ~38!

From Table I we see that theB→D1l n̄ decay rate re-
ceives large 1/mQ contributions and gets a sharp increas
while theB→D2* l n̄ decay rate is only moderately increas
by subleading 1/mQ corrections. The reason for this is a
follows. From Eqs.~2!, ~3!, and ~12! we see that the (y
2r 1)2f V1

2 term dominates the differential width for decay

D1 neary51. f V1
vanishes at the leading order and receiv

nonvanishing contributions from first order heavy qua
mass corrections:

A6 f V1
~1!528«c~L̄82L̄ !t~1!. ~39!

Since the allowed kinematic range forB→D1l n̄ is fairly
small, the contribution to the decay rate of the 1/mQ correc-
tions is substantially increased. On the other hand, the ma
elements~1c! and~1d! of theB→D2* l n̄ decay vanish at zero
recoil without using the heavy mass limit. The termy
2r 2)2kA1

2 dominates theB→D2* l n̄ decay rate, butkA1
does

: FIG. 3. Dependence ofh1(1) andh2(1) on the Borel paramete
T for different values of the continuum thresholdvc .
4-8
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TABLE I. Decay ratesG ~in 10215 GeV) for uVcbu50.04 and branching ratios BR~in percent and taking
tB51.6 ps) forB→D** ln decays in the infinitely heavy quark mass limit and taking account of first o
1/mQ corrections.

B→D1en B→D2* en

mQ→` G 1.4 2.1
Br 0.34 0.52

With 1/mQ G 5.3 2.4
Br 1.3 0.59

R` 3.78 1.15
Experiment Br~CLEO! @1# 0.5660.1360.0860.04 ,0.8

Br ~ALEPH! @2# 0.7460.16 ,0.2
Br ~OPAL! @3# 2.060.660.5 0.8860.3560.17

Br ~DELPHI! @4# 1.560.55 ,6.25
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not vanish at the leading order recoil. Therefore this proc
is not much affected by next-to-leading corrections. N
that although the correction to the rate for decay toD1 is
very large it comes mainly from the effect of the differe
masses ofB andD1. The values ofhke andhke

b in Eq. ~23!
are of the orderLQCD and perfectly normal.

In Table I the available experimental data for semile
tonic B decay to excitedD** mesons are presented. As f

the B→D2* l n̄ branching ratio there are only upper limi
from these experimental groups except the data from OP
In comparison with the experimental data our result for

branching ratio of theB→D1l n̄ decay with the inclusion of
1/mQ corrections is larger than the CLEO and ALEPH me
surements but is consistent with OPAL and DELPHI da

On the other hand, our branching ratio for theB→D2* l n̄
decay disagrees with the ALEPH data but is consistent w
results from other groups.

V. CONCLUSION

In this work we have presented the investigation for se
leptonic B decays into excited charmed mesons. Within
framework of HQET we have applied the QCD sum rules
calculate the universal Isgur-Wise functions up to the s
leading order of the heavy quark expansion. The Isgur-W
functionshke andhke

b related to the insertions of kinetic en
ergy operators of the HQET Lagrangian are found of norm
values of the orderLQCD , while the form factorsh i , param-
etrizing the time-ordered products of the chromomagn
operator in the HQET Lagrangian with the leading ord
currents, are negligibly small. These results are in agreem
with the HQET-based expectations.

We have computed, for the decaysB→D1l n̄ and B

→D2* l n̄, the differential decay widths and the branching
tios with the inclusion of the order of 1/mQ corrections. Our
numerical results show that the first order 1/mQ correction is
not large for the decay rate ofB→D2* l n̄ process, but is very

large for theB→D1l n̄ process. We have explained the re
son for this result.
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APPENDIX

We list here the Lorentz structures used in the paper:

L V
mn5

1

A6
$~y221!gt

mn1@3vm1~22y!v8m#v t
n%,

~A1!

L A
mn5 i

1

A6
~11y!emn8abgt

nn8vavb8 , ~A2!

L V
mab52

i

2
emnsr~v t

agt
bn1gt

anv t
b!vsvr8 , ~A3!

L A
mab52

1

2
~11y!S v t

agt
mb1v t

bgt
ma2

2

3
v t

mgt
abD

1v8mS v t
av t

b2
1

3
~12y2!gt

abD , ~A4!

L Aj
mn52

1

A6
~vm1v8m!v t

n , ~A5!

L Ah2

mab5~2vm1v8m!S 2v t
av t

b2
2

3
~12y2!gt

abD ,

~A6!

wheregt
ab5gab2v8av8b andv t

a5va2yv8a.
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