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1ÕmQ corrections to the heavy-to-light-vector transitions in HQET
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Within the heavy quark effective theory~HQET!, the heavy-to-light-vector meson transitions are systemati-
cally analyzed to the order of 1/mQ . In addition to the four universal functions at leading order, there are 22
independent universal form factors on the order of 1/mQ . Both the semileptonic decayB→r which is relevant
to the uVubu extraction, and the penguin induced decayB→K* , which is important to new physics discovery,
depend on these form factors. The phenomenological implications are discussed.
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There are two main reasons for studing the heavy-mes
to-light-meson weak transitions. To extract the Cabibb
Kobayashi–Maskawa matrix elementVub precisely, which
has important implications forCP violation, the exclusive
B→r(p) ln decays are suitable channels.1 Another reason is
to investigate the rareB exclusive decays induced by pe
guin diagrams which are important for testing the stand
model and for discovering new physics. They are the p
cessesB→K* g and B→K (* )l 1l 2, respectively. A large
number of samples of theB to light meson processes pro
duced in the current experiments@1# and to be produced in
the near futureB factories will make precise measuremen
available. Thus the main task is to reduce the theoret
uncertainties in the calculations of the hadronic matrix e
ments.

In this paper, we focus on theB to light vector decays.
The matrix elements responsible for the decayH→Vln can
be parametrized in terms of four invariant form facto
which are conventionally defined as

^V~p,e!uq̄gmQuH~P!&5 ig~q2!«mnlse* n

3~P1p!l~P2p!s,

^V~p,e!uq̄gmg5QuH~P!&5 f ~q2!em* 1a1~q2!~e* •P!

3~P1p!m1a2~q2!~e* •P!

3~P2p!m , ~1!

*Email address: csh@itp.ac.cn
†Email address: liuc@itp.ac.cn
‡Email address: cyan@itp.ac.cn
1An alternative way for theuVubu extraction is from the inclusive

B→Xu decays.
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whereq25(P2p)2. The matrix elements for the decaysB
→K* g andB→K* l 1l 2 are parametrized by the following
three invariant form factors:

^V~p,e!uq̄smnQuH~P!&

5g1«mnlse* l~P1p!s1g2«mnlse* l~P2p!s

1h«mnls~P1p!l~P2p!s~e* •P!,

^V~p,e!uq̄smng5QuH~P!&

5 ig1@en* ~P1p!m2em* ~P1p!n#

1 ig2@en* ~P2p!m2em* ~P2p!n#

1 ih@~P1p!n~P2p!m2~P1p!m~P2p!n#~e* •P!.

~2!

Here the second relation is obtained from the first one us
smn5( i /2)«mnlsslsg5.

We use the heavy quark effective theory~HQET! @2# to
study these form factors to the order of 1/mQ . The HQET
provides a clear physical description for the hadrons cont
ing a single heavy quark. It has been successfully applie
the analysis of theB→D (* ) decays. It has also been used f
the heavy-to-light meson exclusive weak decays@3#. In this
latter case, the form factors have no normalization point. T
heavy quark symmetry~HQS! does not simplify the analysis
significantly. Nevertheless, the relations between vari
heavy-to-light meson transitions can be found by the HQ
At the order of 1/mQ many form factors are introduced
However, they are universal for all the heavy to light tran
tions. The systematic nature of the heavy quark expans
means uncertainties are easier to identify and estimate.
thermore the analysis based on HQET is model independ
©2000 The American Physical Society19-1
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It is therefore meaningful to consider the 1/mQ corrections to
the heavy-to-light meson transitions, in addition to the le
ing order results. They are also practically important for
analysis of theD→r, K* weak decays. For the heavy-to
light pseudoscalar weak decays, the 1/mQ corrections have
been considered in Ref.@4#. We will calculate the 1/mQ cor-
rections to the heavy-to-light vector meson transitions.

Let us make a brief review of the HQET. In the hea
quark limit, the velocity of the heavy quarkQ, v, is a well
defined quantity and the heavy quark field can be represe
by the velocity-dependent field

hv~x!5exp~ imQv•x!P1Q~x!, ~3!

whereP15(11v” )/2. The effective Lagrangian is

Leff
0 5h̄viv•Dhv, ~4!

where the gauge-covariant derivative generates the res
momentum. To the 1/mQ order@2,5#, the relation betweenQ
andhv is obtained by treating 1/mQ as a perturbation

Q~x!5exp~2 imQv•x!S 11
iD”'

2mQ
Dhv~x!, ~5!

whereD'
m5Dm2vmv•D, andhv satisfies exactly the equa

tion of motion iv•Dhv50. The effective Lagrangian be
comes

Leff5Leff
0 1

1

2mQ
@Okin1Omag#1O~1/mQ

2 !, ~6!

where

Okin5h̄v~ iD !2hv , Omag5
gs

2
h̄vsmnGmnhv . ~7!

Okin describes the kinetic energy of the heavy quark in
hadron, andOmag the heavy quark chromomagnetic energ

To study the hadronic matrix elements in the HQET, t
form factors are considered as functions of the kinem
variable

v•p5
mH

2 1mV
22q2

2mH
. ~8!

Accordingly, Eqs.~1! and ~2! can be reexpressed as

^V~p,e!uq̄gmhvuH~v !&52i g̃~v•p!«mnlse* np̂lvs,

^V~p,e!uq̄gmg5hvuH~v !&52@ f̃ ~v•p!em* 1ã1~v•p!

3~e* •v ! p̂m1ã2~v•p!

3~e* •v !vm#, ~9!

and
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^V~p,e!uq̄smnQuH~v !&

52@ g̃v«mnlse* lvs1g̃p«mnlse* lp̂s

1h̃«mnlsvlp̂s~e* •v !#,

^V~p,e!uq̄smng5QuH~v !&

52$ i g̃v8@en* vm2em* vn#1 i g̃p8@en* p̂m2em* p̂n#

1 i h̃8@vnp̂m2vmp̂n#~e* •v !%, ~10!

where the dimensionless variable is

p̂m5
pm

v•p
, v• p̂51, ~11!

so that all of the form factors have the same dimension. I
convenient to work in the matrix representation of the ha
rons @6#. These wave functions are only dependent on
HQS and their Lorentz transformation properties. T
ground-state pseudoscalar and vector heavy mesons ar
scribed by

M~v !5
11v”

2

3H 2g5 pseudoscalar meson,

e” vector meson with polarization vectorem .

~12!

Based on the symmetry and the Feynman rules of the HQ
one can express the hadronic matrix element by evalua
some trace over the above wave functions. At the lead
order of 1/mQ , the matrix element of the relevant curre
q̄Ghv can be written as

^V~p,e!uq̄GhvuH~v !&52Tr$VL~v,p!GM~v !%, ~13!

where the matrixVL(v,p) transforms as a Lorentz scalar a
functions ofv•p. And it has linear dependence on the pola
ization of the mesonV. ConsideringM(v)v”52M(v), the
general form forVL is

VL5L1e”* 1L2v•e* 1@L3e”* 1L4v•e* #p”̂ , ~14!

where the universal functionsLi ( i 51 –4) depend on the
kinematic variablev•p, but not on the heavy quark mas
mQ .

The power corrections proportional to 1/mQ result from
both the effective currents and the effective Lagrangian
the HQET. We first consider the corrections coming from t
expansion of the currents. Weak current of the heavy-to-li
transition in the effective theory can be expanded as

q̄GQ5q̄GS 11
iD”'

2mQ
Dhv~x!. ~15!
9-2
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In the same manner as shown in leading order, one can find that the matrix elements of the operators containing a
derivative which acts on the heavy quark field have the formal structure

^V~p,e!uq̄G iD mhvuM ~v !&52Tr$VD
m~v,p!GM~v !%. ~16!

The matrixVD
m(v,p) also contains some universal functions depending only on the variablev•p , and transforms as a vecto

The generic structure ofVD
m is

VD
m5~D1vm1D2p̂m1D3gm!e”* 1~D4vm1D5p̂m1D6gm!~v•e* !1~D7vm1D8p̂m1D9gm!e”* p”̂

1~D10v
m1D11p̂

m1D12g
m!~v•e* !p”̂1~D131D14p”̂ !e* m. ~17!
o

e-
nite
rk
The functionsDi are functions ofv•p. Not all of these 14
universal functions are independent. Using equation of m
tion of the heavy quark,iv•Dhv50, we can easily obtain

D11D22D350,

D41D52D61D1350,

D71D82D950,

D101D112D121D1450. ~18!

Furthermore, using the following relations:

i ]m~ q̄Ghv!5q̄G~ iD m!hv1 i q̄~DmQ !Ghv , ~19!

and
gh
s

o

e
a

tiv

ac
ch
g-
n

05401
-
^V~p,e!u i ]m~ q̄Ghv!uH~v !&5~L̄vm2pm!

3^V~p,e!uq̄GhvuH~v !&,

~20!

where L̄5mM2mQ denotes the finite mass difference b
tween a heavy meson and the heavy quark in the infi
quark mass limit, and equation of motion for the light qua
field, iD” q50, we can obtain

Tr$VD
m~v,p!gmG8M~v !%5~L̄vm2pm! Tr$VL~v,p!

3gmG8M~v !%, ~21!

where we have substitutedG by gmG8. It yields
D122D312D71 p̂2D81D1352L̄L12~2L̄2v•pp̂2!L3 ,

2D22D414D612D101 p̂2D115L̄~L222L1!2~2L̄2v•pp̂2!L4 ,

D22D72D145L̄L31v•pL1 ,

D522D71D1022D125L̄~2L32L4!1v•pL2 . ~22!
de-
ns
The relations, Eqs.~18! and ~22!, imply that only six of the
14 universal functions are independent. Note that the li
quarks have been taken to be massless. This reduce
number of HQET operators appearing in the expansion
QCD currents.

The corrections to the effective states should be includ
The 1/mQ terms in the effective lagrangian are treated
perturbation,hv is still defined by Eq.~4! at the subleading
order of the heavy quark expansion. Therefore the effec
states of Eq.~12! are not the eigenstates of the operatorsOkin
andOmag. The corrections to the effective states can be
counted for by including time-ordered products in whi
Okin or Omag is inserted into matrix elements of the leadin
order currents. By using the Feynman rules in HQET, o
can obtain
t
the
f

d.
s

e

-

e

^V~p,e!u i E dyT$q̄Ghv~0!,Okin~y!1Omag~y!%uH~v !&

52TrH VK~v,p!GM~v !

1VG
ab~v,p!G

11v”
2

sabM~v !J , ~23!

where the properties of matrixVK(v,p) are very similar to
matrix VL , and the matrixVG

ab(v,p) also has similar prop-
erties except it must transform as a tensor. They can be
scribed in terms of 16 additional universal functio
Si(v•p) as follows:
9-3
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VK5S1e”* 1S2~v•e* !1@S3e”* 1S4~v•e* !#p”̂ ,

VG
ab5~ iS5p̂agb1S6sab!e”* 1~ iS7p̂agb1S8sab!

3~v•e* !1~ iS9p̂agb1S10s
ab!e”* p”̂

1~ iS11p̂
agb1S12s

ab!p”̂ ~v•e* !1~ iS13g
ae* b

1 iS14g
ae* bp”̂ !1~ iS15e* ap̂b1 iS16e* ap̂bp”̂ !.

~24!
at

e
o

or
e

ha

d.
or
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To get the independent universal functions inVG
ab , let us

consider the following matrix element of the time-order
operator products@7#:

^V~p,e!u i E dyTH q̄Ghv~0!,
i

2
gsh̄vG1GabhvJ uH~v !&

52TrH V̄G
ab~v,p!G

11v”
2

G1M~v !J , ~25!

whereG1 is any fixed Dirac matrix, and
V̄G
ab5 1

2 @~ iS5p̂[agb]12S6sab!e”* 1~ iS7p̂[agb]12S8sab!~v•e* !1~ iS9p̂[agb]12S10s
ab!e”* p”̂1~ iS11p̂

[agb]

12S12s
ab!p”̂ ~v•e* !1~ iS13g

[ae* b]1 iS14g
[ae* b]p”̂ !1~ iS15e* [ap̂b]1 iS16e* [ap̂b]p”̂ !1~ iS17e* [avb]

1 iS18e* [avb]p”̂ !1~ iS19p̂
[avb]e”* 1 iS20p̂

[avb]e”* p”̂ !1~ iS21p̂
[avb]1 iS22p̂

[avb]p”̂ !~v•e* !1~ iS23g
[avb]e”*

1 iS24g
[avb]e”* p”̂ !1~ iS25g

[avb]1 iS26g
[avb]p”̂ !~v•e* !#, ~26!
with @a,b# being the antisymmetric index. Note th
igsG

ab5@ iD a,iD b#, and

2h̄vG1DaDbhv52]a~ h̄vG1Dbhv!1h̄vDaQ G1Dbhv .
~27!

After the integration overx, the total divergence term can b
neglected. Consequently, using the equation of motion
heavy quarkiv•Dhv50, one finds that

vbTrH V̄G
ab~v,p!G

11v”
2

G1M~v !J 50. ~28!

This meansvb V̄G
ab50, which yields

S55S19, 2S65S192S23, S71S155S21,

2S85S171S212S25, S95S20, 2S1052S24,

S111S165S22, 2S125S181S222S26,

S131S1552S17, S141S1652S18. ~29!

Therefore, all of the 12 universal functionsSi( i 55 –16) are
independent.

Until now all the independent universal functions f
heavy meson to light vector meson transitions are obtain
four at leading order, 22 at next-to-leading order. Note t
even to the order of 1/mQ , the form factors inB→r semi-
leptonic decay and that inB→K* rare decays are connecte

By evaluating the traces, we get the relevant form fact
to the order of 1/mQ in terms of the universal functions
f

d,
t

s

g̃52L31
1

2mQ
~D22D722D92D142S322S512S9

26S1022S141S152S16!,

f̃ 52~L11L3!1
1

2mQ
~2D12D214D32D72 p̂2D8

22D91D132D142S12S326S61~12 p̂2!S926S10

22S1322S141~ p̂221!S16!,

ã25L21
1

2mQ
~D412D61 p̂2D111S222S716S8

22p̂2S1112S132 p̂2S16!,

ã15~L32L4!1
1

2mQ
~2D21D51D712D92D1022D11

14D122D141S32S412S512S722S916S10

12S1126S121S16!, ~30!

and

g̃v5L11
1

2mQ
~D112D223p̂2D81D131S12S516S6

15p̂2S912S131S142S1513S16!,

g̃p5L31
1

2mQ
~D21D724D92D141S313S51S9

16S1013S141S151S16!,
9-4
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h̃5L41
1

2mQ
~D51D1012D121S42S522S722S1116S121S141S15!,

g̃v85L11
1

2mQ
~D112D22 p̂2D81D131S122S516S612p̂2S913S131S152 p̂2S16!,

~31!

g̃p85L31
1

2mQ
~D21D712D824D92D141S312S522S916S1012S142S151S16!,

h̃85L41
1

2mQ
~D51D1012D121S422S722S1116S1212S142S15!.

In summary, within the HQET, we have systematically analyzed the heavy-to-light vector meson transitions to the
1/mQ . Besides the four universal functions at the leading order, there are 22 independent universal form factors at t
of 1/mQ . Both the semileptonic decayB→r which is relevant to theuVubu extraction, and the penguin induced decayB
→K* which is important to new physics discovering, depend on these form factors. Once they are given, we can use
calculate all kinds of decays involving such transitions to a good precision.

Some model-independent observations can be made. Consider the decayB→r ln; the decay rate will be largely simplified
if we work at the zero recoil point ofr meson. Onlyu f̃ u2 has nonvanishing contribution. So we have

dG~B→r l n̄ l !

d~v•p!
U

v•p;mr

5
GF

2 uVubu2

24p3
A~v•p!22mr

2
•

Q~v•p!2ml
2

Q~v•p!

3H F2~L11L3!1
1

2mb
~2~D12D81D13!1~L̄1v•p!L1

1~3L̄2v•pp̂2!L32S12S326S61~12 p̂2!S926S1022S1322S141~ p̂221!S16!G2

3FmB
2

mr
2 S ~v•p!2

mr
2

mB
D 2S 12

ml
4

Q2~v•p!
D 22~Q~v•p!2ml

2!G J , ~32!

whereQ(v•p)5mB
21mr

222mB(v•p). Only 13 universal functions are needed to determine the decay rate at zero recoil

We may also include the flavor changing neutral current decays, such asB→K* g andB→K* l l̄ to get some information of
the unknown universal functions that appeared at the order of 1/mQ .

The 1/mQ corrections are more important for the decaysD→K* andD→r. The information of the 1/mQ corrections can
be drawn through the following way. First, from theB→r decay, neglecting the 1/mb effect, we can get a certain result for th
leading order heavy quark expansion by comparing it with the experimental data. Then by inputting this knowledge
D→K* (r) decays, while keeping the 1/mc corrections, the information on the 1/mQ correction to the decay can be obtain
with an uncertainty subject tomc /mb;30%.

To obtain more detailed results of the decays, knowledge about the universal form factors themselves is needed.
HQS simplifies the analysis, it does not predict thev•p dependence of the universal functions. This dependence mu
determined separately by using nonperturbative techniques, such as QCD sum rules or lattice simulation, which are
important steps to obtain quantitative results.
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