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Predictions on B\p l̄ n l , D\p l̄ n l , and D\K l̄ n l from QCD light-cone sum rules
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The f 1 form factors of theB→p, D→p andD→K transitions are calculated from QCD light-cone sum
rules~LCSRs! and used to predict the widths and differential distributions of the exclusive semileptonic decays

B→p l̄ n l , D→p l̄ n l and D→K l̄ n l , wherel 5e,m. The current theoretical uncertainties are estimated. The
LCSR results are found to agree with the results of lattice QCD calculations and with experimental data on

exclusive semileptonicD decays. Comparison of the LCSR prediction ofB→p l̄ n l with the CLEO measure-
ment yields a value ofuVubu in agreement with other determinations.

PACS number~s!: 12.38.Lg, 11.55.Hx, 13.20.Fc, 13.20.He
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I. INTRODUCTION

The measurement of the exclusive semileptonic decaB

→p l̄ n l by the CLEO Collaboration@1# can be used to de
termine the Cabibbo-Kobayashi-Maskawa~CKM! parameter
uVubu. This exclusive method provides an important altern
tive to the extraction ofuVubu from inclusive measurement
of B→Xul̄ n l . However, it requires a reliable calculation
the form factorf Bp

1 (p2) defined by

^p~q!ub̄gmuuB~p1q!&

52 f Bp
1 ~p2!qm1@ f Bp

1 ~p2!1 f Bp
2 ~p2!#pm , ~1!

q and p1q being thep- and B-meson four-momenta, re
spectively. In the case of semileptonic decays into the li
leptons l 5e,m, the form factorf Bp

2 (p2) plays a negligible
role. A particularly promising approach to evaluatef Bp

1 (p2)
is based on QCD light-cone sum rules~LCSRs! @2# which
combine operator product expansion~OPE! on the light cone
@3–5# with QCD sum rule techniques@6#. The twist 2, 3 and
4 contributions to the LCSRs forf Bp

1 (p2) in leading order in
as have been derived in Refs.@7,8#, while the next-to-
leading order corrections to the twist 2 term have been
culated in Refs.@9–11#. The LCSR technique has furthe
been applied toB→K @7,12#, D→p @8,11#, andD→K @13#
transition form factors.

In this paper we update and improve the predictions of
decay distributions and integrated widths forB→p l̄ n l , D

→p l̄ n l andD→K l̄ n l . In particular, we include the twist 2
next-to-leading order~NLO! as corrections into the calcula
tion of the form factorsf Dp

1 and f DK
1 . Moreover, we reana

lyze the momentum dependence of the form factors. T
LCSR for f 1(p2) is valid at small and intermediate mome
tum transfer squared
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0556-2821/2000/62~11!/114002~11!/$15.00 62 1140
-

t

l-

e

e

p2<mQ
2 22mQx, ~2!

wherex is a typical hadronic scale of roughly 500 MeV an
independent of the heavy quark massmQ . In order to go
beyond this limit, we use a second LCSR for the residue
the pole contribution from the ground-state vector mes
B* , D* andDs* , respectively, which are expected to dom
nate at largep2. Previously, we interpolated between th
LCSR prediction at smallp2 and the single-pole approxima
tion at largep2 using a simple, but physically not very intu
tive parametrization. In the present paper, we follow a d
ferent philosophy. We use the general dispersion relation
the form factorf 1(p2) and model the integral over the ex
cited vector meson states by an effective pole. This yield
two-pole representation off 1 as suggested recently in Re
@14#. The parameters of this representation are determi
from the two light-cone sum rules. This approach is mo
physical and has the benefit of making eventual effects fr
excited vector meson states more transparent. Finally,
discuss the sources of theoretical uncertainties of the LC
method one by one, and give a careful estimate of the pre
overall uncertainty.

Wherever possible, we compare our results with the la
lattice data. FromB→p l̄ n l , the CKM-matrix elementuVubu
is determined by comparing the LCSRs and experime
widths. Conversely, the LCSR method is tested using
experimental widths ofD→p l̄ n l and D→K l̄ n l and the
known values ofuVcdu and uVcsu, respectively. This analysis
favors a valuems ~1 GeV! '150 MeV for thes-quark mass.

The paper is organized as follows. Sections II and III a
devoted to theB→p transition as a prototype example. I
Sec. II we present the LCSR analysis off Bp

1 (p2), the theo-
retical uncertainties of which are estimated and discusse
Sec. III. The analogous analysis of theD→p and D→K
transitions is described in Sec. IV. Section V deals with a
plications to decay distributions and integrated widths
B→p l̄ n l , D→p l̄ n l andD→K l̄ n l . This section also sum
marizes the comparison of theory with experiment.
-
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II. THE FORM FACTOR F Bp
¿

„P2
…

The LCSR for the form factorf Bp
1 (p2) is obtained from

the correlation function

Fm~p,q!5 i E dxeip•x

3^p~q!uT$ū~x!gmb~x!,mbb̄~0!ig5d~0!%u0&

~3!

by contracting theb-quark fields in the time-ordered produ
of currents, expanding the remaining matrix elements of n
local operators in terms of light-cone distribution amplitud
of the pion, and writing a dispersion relation in theB(b̄d)
channel. The derivation is described in detail in Re
@7–9,15#. Schematically, the resulting sum rule has the fo

f Bp
1 ~p2!5

1

2mB
2 f B

expS mB
2

M2D FF0
(2)~p2,M2,mb

2 ,s0
B ,mb!

1
as~mb!

3p
F1

(2)~p2,M2,mb
2 ,s0

B ,mb!

1F0
(3,4)~p2,M2,mb

2 ,s0
B ,mb!G , ~4!

wheremB is the B-meson mass,mb the b-quark pole mass
and f B the B-meson decay constant defined by the ma
element

^0umbq̄ig5buB&5mB
2 f B . ~5!

The mass scaleM is associated with a Borel transformatio
usually performed in sum rule calculations. It characteri
the off-shellness of theb quark. The scalemb is the factor-
ization scale separating soft and hard dynamics. Lo
distance effects involving scales lower thanmb are absorbed
in the pion distribution amplitudes which represent the u
versal nonperturbative input in LCSRs. They have been s
ied up to twist 4 and are given in Refs.@8,15,16#. The short-
distance effects are incorporated in hard-scatter
amplitudes calculated perturbatively and convoluted with
pion distribution amplitudes. The first two terms in th
brackets in Eq.~4! represent the NLO twist 2 contributions
while the third term refers to the twist 3 and 4 contributio
which are only known in LO. For illustration, the leadin
term F0

(2) is given by

F0
(2)~p2,M2,mb

2 ,s0
B ,mb!

5mb
2f pE

D

1du

u
expS 2

mb
22p2~12u!

uM2 D wp~u,mb!

~6!

with f p5132 MeV being the decay constant andwp being
the twist 2 distribution amplitude of the pion. The latter c
be interpreted as the probability amplitude for finding
quark with momentum fractionu inside a pion. The lower
11400
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integration boundaryD5(mb
22p2)/(s0

B2p2) is determined
by the effective threshold parameters0

B which originates
from the subtraction of excited resonances and continu
states contributing to the dispersion integral in theB channel.
This subtraction is performed assuming quark-hadron dua
at (p1q)2>s0

B . The explicit expressions for the remainin
termsF1

(2) andF0
(3,4) can be found in Refs.@9,10# and Refs.

@7,8#, respectively.
Numerically, we takef B5180630 MeV, mb54.770.1

GeV, s0
B53562 GeV2, andmb5AmB

22mb
2'2.4 GeV. Here

and in forthcoming theoretical results, the error notation is
be interpreted as a range reflecting the present theore
uncertainty, e.g.,f B5150– 210 MeV. It is also important to
note that the above parameters are interrelated by the
point QCD sum rule forf B @17#. Consequently, their varia
tion within the given ranges is correlated as indicated by
alternating6 signs. Furthermore, sum rules for observab
should in principle be independent of the auxiliary Bor
parameterM2. In practice, however, this is not the case b
cause of the various approximations made. The allow
range ofM2 differs for different sum rules. For LCSRs it i
usually determined by requiring the twist 4 contribution n
to exceed 10% and the contributions from excited and c
tinuum states to stay below 30%. Specifically, for the s
rule ~4!, these criteria yieldM251062 GeV2. In the case of
the two-point sum rule forf B , the allowed interval of the
Borel parameter isM25462 GeV2. With the nominal val-
ues of the parameters specified above the LCSR~4! leads to
the form factorf Bp

1 (p2) shown by the solid curve in Fig. 1
In particular, atp250 one gets

f Bp
1 ~0!50.2860.05. ~7!

The estimate of the theoretical uncertainty will be explain
in detail in the following section.

As already mentioned in the Introduction, the LCSR~4! is
expected to hold only atp2<mb

222mbx'18 GeV2. Indeed,
at p2.20 GeV2 the twist 4 contribution is found to grow
strongly, and the stability of the sum rule against variation
the Borel parameterM2 is lost. This clearly signals the
breakdown of the light-cone expansion. On the other ha
as p2 approaches the kinematical limit (mB2mp)2 the

FIG. 1. TheB→p form factor: direct LCSR prediction~solid
curve!, B* -pole contribution with the LCSR estimate of the resid
~dashed curve!, and two-pole parametrization~19! ~circles!.
2-2
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lowest-lyingB* pole is expected to give the dominant co
tribution to f Bp

1 . The residue of this pole contribution i
given by the product of theB* decay constant defined by

^0uq̄gmbuB* &5mB* f B* em ~8!

and the strongB* Bp coupling constant defined by

^B̄* 0p2uB2&52gB* Bp~q•e!. ~9!

This product can be calculated from another LCSR wh
follows from the same correlation function~3! as the LCSR
~4!, considering this time, however, a double dispersion
lation in theB andB* channel. Again, we only indicate th
schematic form of this sum rule@8,11#:

f B* gB* Bp5
1

mB
2mB* f B

e(mB
2

1m
B*
2

)/2M2FG0
(2)~M2,mb

2 ,s0
B ,mb!

1
as~mb!

3p
G1

(2)~M2,mb
2 ,s0

B ,mb!

1G0
(3,4)~M2,mb

2 ,s0
B ,mb!G . ~10!

In analogy to Eq.~4!, the NLO twist 2 contributions are
denoted byG0

(2) and G1
(2) , while G0

(3,4) stands for the LO
twist 3 and 4 contribution. Explicitly, the leading twist
term is given by

G0
(2)~M2,mb

2 ,s0
B ,mb!

5mb
2M2~e2mb

2/M2
2e2s0

B/M2
! f pwp~u0 ,mb!.

~11!

In contrast to Eq.~6! where one has an integral over th
normalized distribution amplitudewp , the above term de
pends on the value ofwp at the pointu0'0.5. This differ-
ence also applies to terms of higher twist, whence the LC
~10! is much more sensitive to the precise shape of the p
distribution amplitudes than the LCSR~4!. The parameters
of the two LCSR coincide with the exception of the Bor
mass which in the case of Eq.~10! is constrained to the
interval M25963 GeV2. Numerically, we obtain@11#

f B* gB* Bp54.461.3 GeV. ~12!

Again, the uncertainty estimate will be discussed in the n
section.

In order to determine the form factorf Bp
1 (p2) at large

momentum transfersp2.18 GeV2, where we cannot rely on
the LCSR~4!, we consider the dispersion relation

f Bp
1 ~p2!5

f B* gB* Bp

2mB* ~12p2/mB*
2

!
1E

s0

`dtr~t!

t2p2
. ~13!

Here, the pole term is due to the ground stateB* meson and
the dispersive integral takes into account contributions fr
higher resonances and continuum states in theB* channel.
11400
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Using Eq. ~12!, the B* -pole contribution is shown by the
dashed curve in Fig. 1. With decreasing momentum tran
the one-pole approximation deviates noticeably from
LCSR result~4!. At p250 the difference reaches about 50%
showing that the dispersion integral in Eq.~13! over the
heavier states cannot be neglected. In Ref.@14#, it has been
suggested to model their contribution by an effective sec
pole:

f Bp
1 ~p2!5cBS 1

12p2/mB*
2 2

aBp

12p2/gBpmB*
2 D . ~14!

By means of the LCSRs~4! and~10! one can now determine
the parameterscB andaBp . From Eqs.~12! and~13! we get

cB5
f B* gB* Bp

2mB*
50.4160.12, ~15!

and puttingp250 in Eq.~14! and using directly Eqs.~4! and
~10! we obtain

aBp512
2mB* f Bp

1 ~0!

f B* gB* Bp

50.3220.07
10.21. ~16!

It should be emphasized that the latter result is independ
of f B or the corresponding two-point sum rule. Moreove
since the LCSRs~4! and ~10! involve common parameters
some of the uncertainties cancel in the ratio~16!. In the
heavy quark limit @15#, f Bp

1 (0) should scale like 1/mb
3/2

which implies a positive sign foraBp . Thus, the result~16!
nicely demonstrates the consistency of the LCSR met
with the heavy quark limit. The remaining parametergBp

can in principle be obtained by fitting Eq.~14! to Eq. ~4! at
p2,15 GeV2 with cB and aBp fixed. However, since the
LCSR prediction deviates in shape very little from th
B* -pole contribution as can be anticipated from Fig. 1, the
only gives the lower boundgBp.2.

In the combined limitmQ→` and Ep→`, one has a
relation betweenf Bp

1 and the scalar form factor

f Bp
0 ~p2!5 f Bp

1 ~p2!1
p2

mB
22mp

2
f Bp

2 ~p2!, ~17!

namely@18#

f Bp
0 5

2Ep

mB
f Bp

1 . ~18!

If a parametrization similar to the second term of Eq.~14! is
used for f Bp

0 , this suggestsgBp51/aBp @14#. Interestingly,
the fit described above is well consistent with this constra
Therefore, we will assume this relation in the following.

Our final result for the form factorf Bp
1 (p2) can then be

written in a very convenient form:

f Bp
1 ~p2!5

f Bp
1 ~0!

~12p2/mB*
2

!~12aBpp2/mB*
2

!
, ~19!
2-3
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where f Bp
1 (0)5cB(12aBp) has been used, andf Bp

1 (0) and
aBp are given in Eqs.~7! and ~16!, respectively. The above
parametrization is plotted in Fig. 1. We see that it coincid
nicely with the LCSR prediction~4! at low p2 and ap-
proaches the single-pole approximation at largep2. Figure 1
therefore shows that at small and intermediate momen
transfer our result is actually model independent, the tw
pole model~14! being nothing but a convenient parametriz
tion in this region.

Figure 2 shows a comparison of Eq.~19! with recent lat-
tice results@19–23#. The agreement within uncertainties
very satisfactory. Here, the overall uncertainty in the LC
prediction is estimated by adding the uncertainties from
dividual sources linearly. This explains why the range
uncertainty updated in Fig. 2 is larger than the uncertai
estimated previously by us and other authors adding the v
ous uncertainties in quadrature. We consider the present
cedure to be the appropriate treatment of theoretical un
tainties. Finally, the LCSR prediction also obeys t
constraints derived from sum rules for the inclusive semil
tonic decay width in the heavy quark limit@24#. This is dem-
onstrated in Fig. 3.

III. THEORETICAL UNCERTAINTIES

The theoretical uncertainties in the LCSRs~4! and ~10!
originate from uncertainties in the input parameters and fr

FIG. 2. The LCSR prediction for theB→p form factor in com-
parison to lattice results. The solid curves indicate the size of
LCSR uncertainties. The lattice results come from FNAL@19#
~solid circles!, UKQCD @21# ~triangles!, APE @22# ~solid square!,
JLQCD @23# ~open circles!, and ELC@19# ~semi-solid circle!.

FIG. 3. The LCSR prediction on the form factorf Bp
1 ~circles! in

comparison to the constraint~dashed lines! derived in Ref.@24#.
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unknown contributions of higher order in twist andas . The
former are estimated by varying the numerical values of
input parameters within the ranges given in Sec. II; for t
latter we present some plausible arguments concerning
size of these corrections. If not stated otherwise, only
single parameter is varied at a time, while the other para
eters are held fixed. Forf B we substitute the correspondin
two-point sum rule. The uncertainty in a given quantity
then expressed by plus or minus the interval of variation w
respect to the result obtained for the nominal values of
input parameters. Although in the parametrization~19! of
f Bp

1 (p2) the LCSR~4! is only used to determine the norma
ization atp250, we investigate the uncertainty of the LCS
prediction ~4! in the whole range of validity, that is at 0
<p2,18 GeV2. This serves as a cross-check and ensures
consistency of Eq.~19! with the LCSR ~4! in the whole
range of overlap. In the regionp2.18 GeV2 we rely on the
parametrization~19! in a more substantial way. This ma
introduce some model dependence due to the particular f
tional form assumed. However, since only the kinematica
suppressed region of large momentum transfer is affec
this uncertainty has little influence on the integrated wid
and the value ofVub extracted from the latter. Our finding
are summarized below.

A. Borel mass parameter

The variation off Bp
1 with M2 is illustrated in Fig. 4~a!. It

turns out to be rather small,6(3 – 5)% depending onp2.
The corresponding variation off B* gB* Bp amounts to
610%.

B. b-quark mass and subtraction threshold

Figures 4~b! and 4~c! show the variation off Bp
1 with mb

ands0
B , respectively. Ifmb ands0

B are varied simultaneously
such that one achieves maximum stability of the sum rule

e

FIG. 4. Sensitivity of the LCSR forf Bp
1 (p2) on the Borel pa-

rameter~a!, theb-quark mass~b!, and the subtraction threshold~c!
at momentum transfer squaredp250 ~solid lines!, p258 GeV2

~long-dashed lines!, andp2516 GeV2 ~short-dashed lines!.
2-4
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f B , the change inf Bp
1 is negligible at smallp2, rising to

about 63% at largep2. The corresponding variation o
f B* gB* Bp is about64%.

C. Quark condensate density

The coefficientmp5mp
2 /(mu1md) of the twist 3 pion

distribution amplitude is related to the quark condensate d
sity ^q̄q& by partial conservation of axial-vector curre
~PCAC!. Therefore, the uncertainty in the quark condens
^q̄q&(mb)52(268610 MeV)3 induces an uncertainty in
both the sum rule forf B and the termsF0

3 and G0
3 of the

LCSRs~4! and ~10!, respectively. The resulting uncertain
in f Bp

1 and f B* gB* Bp is about63%. Gluon and quark-gluon
condensates have little influence onf B and no direct connec
tion to the LCSR considered here.

D. Higher-twist contributions

No reliable estimates exist for distribution amplitudes b
yond twist 4. Therefore, we use the magnitude of the twis
contribution tof Bp

1 as an indicator for the uncertainty due
the neglect of higher-twist terms. From Fig. 5~a! we see that
the twist 4 term of Eq.~4! contributes less than 2% at lowp2

and about 5% at largep2 to f Bp
1 . Also the twist 4 term in Eq.

~10! contributes no more than 5% tof B* gB* Bp .

E. Pion distribution amplitudes

The asymptotic distribution amplitudes and the scale
pendence of the nonasymptotic coefficients are determ

FIG. 5. The LCSR prediction off Bp
1 : ~a! individual contribu-

tions from twist 2~dashed line!, 3 ~dash-dotted line!, 4 ~dotted line!,
and the total sum~solid line!; ~b! with ~solid line! and without
~dashed line! non-asymptotic corrections to the pion distributio
amplitudes.
11400
n-

e

-
4

-
ed

by perturbative QCD. However, the values of the nonasym
totic coefficients at a certain scalem0 are of genuinely non-
perturbative origin. They can be determined either from
periment or, eventually, from lattice QCD@25#. For
illustration, the twist 2 distribution amplitude appearing
Eqs.~6! and ~11! is given by

wp~u,m!56u~12u!@11a2
p~m!C2

3/2~2u21!

1a4
p~m!C4

3/2~2u21!#, ~20!

whereCn
3/2(x) are Gegenbauer polynomials, andan

p(m) are
the nonasymptotic coefficients. Investigation by means
conformal partial wave expansion justifies the neglect
terms withn.4 ~see, e.g., Ref.@26# for further explanation
and references!.

In Refs. @8,9,11# we have used the Braun-Filyanov~BF!
distribution amplitudes@16#. Two recent analyses based o
the LCSR for theg* g→p0 transition form factor@27,28#
and the pion form factor@29# indicate that nonasymptotic
effects inwp are in fact smaller than the effects implied b
the original BF coefficients@16#. However, the uncertaintie
are still sizable. The latter is even more so for the nonasym
totic coefficients of the twist 3 and 4 distribution amplitud
@26#. There is a crude, but simple and as we will see su
cient way to estimate the sensitivity of the LCSRs to non
ymptotic effects, that is by comparing the results obtain
with BF and purely asymptotic distribution amplitudes. F
f Bp

1 (p2), this comparison is displayed in Fig. 5~b!. We see
that the difference is very moderate: about27% at smallp2

and 17% at largep2. The intermediate region aroundp2

510 GeV2 is almost unaffected. A similar investigation o
Eq. ~10! shows thatf B* gB* Bp increases by about 8% if al
nonasymptotic effects are disregarded. Since the LCSR~4!
involves convolutions of relatively smooth coefficient fun
tions with normalized distribution amplitudes, the modera
sensitivity to the precise shape of the latter is easy to un
stand. In contrast, the LCSR~10! depends on the amplitude
at a given point and could, therefore, be strongly affected
nonasymptotic effects. However, in this case the effects h
opposite signs for twist 2 and 3, and thus tend to cancel

F. Perturbative corrections

The NLO QCD corrections to the twist 2 contribution
f Bf Bp

1 derived from Eq.~4! @9,10# amount to about~20–
30!%. Corrections of similar size affect the two-point su
rule for f B @17#. Hence, in the ratio givingf Bp

1 they almost
cancel, leaving a net correction of less than 10%. A sim
cancellation takes place between the NLO corrections
f Bf B* gB* Bp derived from Eq.~10! and the NLO corrections
to f B . Here, the net effect is only 5%.

The perturbative corrections to the higher-twist terms
still unknown. Most important are the NLO corrections
F0

(3) andG0
(3) . Optimistically, they could be as small as th

correction to the quark condensate term in the sum rule
f B , namely about 2%@30#. More conservatively, they may
be of the same order as the twist 2 NLO corrections. Sinc
LO the twist 3 terms contribute about~30–50!% to the
2-5
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A. KHODJAMIRIAN et al. PHYSICAL REVIEW D 62 114002
LCSR, one may expect corrections tof Bp
1 and f B* gB* Bp as

large as~5–15!% in total. Therefore, it is very important t
make every effort to calculate these corrections.

G. Normalization scale

Also them dependence of the sum rules forf B and f Bf Bp
1

turns out to be quite similar. As a result, the ratio of the
sum rules yieldingf Bp

1 shows very little scale dependence
can be seen from Fig. 6. An analogous cancellation of s
dependences is observed in the ratio of sum rules giv
f B* gB* Bp .

The total theoretical uncertainty in Eqs.~4! and ~10! is
obtained by adding the uncertainties from the differe
sources given in Secs. III A–III G linearly. However, expec
ing that the twist 3 NLO corrections will be calculated
near future and assuming that they will turn out to be on
lower side of the range considered in Sec. III F we have
included them in the numerical uncertainty estimates quo
in this paper. The same procedure has been followed in
timating the uncertainty onaBp which is given by the ratio
of the LCSRs~4! and ~10!, and has therefore to be studie
separately. Finally, in the parametrization~19! of the form
factor f Bp

1 the uncertainty in normalization and shape
given by the uncertainty inf Bp

1 (0) andaBp , respectively.
The theoretical uncertainties quoted in the following s

tion dealing withD→p andD→K transitions are obtained
analogously to the uncertainty onB→p.

IV. D\p AND D\K FORM FACTORS

With the LCSRs~4! and~10! at hand it is straightforward
to obtain the corresponding sum rules for theD→p form
factor f Dp

1 and for the residuef D* gD* Dp/2mD* of the
D* -pole contribution. The input parameters are as follow
For thec-quark pole massmc , the subtraction thresholds0

D ,
and the factorization scalemc we takemc51.370.1 GeV,
s0

D5661 GeV2, andmc5AmD
2 2mc

2'1.3 GeV. The decay
constantf D is calculated from the two-point QCD sum ru
in NLO @17# with the Borel mass squaredM251.560.5
GeV2 yielding f D5200620 MeV. Again, the variation of
the parameters in the above ranges is correlated as indic
by the alternating6 signs. Furthermore, the pion distributio

FIG. 6. Scale dependence of the form factorf Bp
1 (0) from

LSCRs with f B calculated from the correspondingm-dependent
two-point sum rule~solid line!, and with fixed f B5180 MeV
~dashed line!.
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amplitudes are to be taken at the scalemc . Details can be
found in Ref.@15#.

The form factorf Dp
1 resulting from Eq.~4! with the input

specified above is shown by the solid curve in Fig. 7. For t
illustration, we have chosen the nominal values of the
rameters. The range of the Borel parameterM2 in which Eq.
~4! satisfies the criteria on the size of the twist 4 terms a
the contribution from excited states is found to beM254
61 GeV2. For later use, we also quote the value off Dp

1 at
zero momentum transfer:

f Dp
1 ~0!50.6560.11 ~21!

which nicely agrees with lattice estimates, for example,
world average@20#

f Dp
1 ~0!50.6560.10, ~22!

or the most recent APE result@22#, f Dp
1 (0)50.64

60.052.07
1.00.

In the case ofD→p transitions, the LCSR~4! is reliable
as long asp2,mc

222mcx'0.6 GeV2. Here, the same had
ronic scalex'500 MeV is assumed as forB→p. At larger
momentum transfer, one may make use of a dispersion r
tion in analogy to Eq.~13!. The residue of the pole contri
bution from the ground stateD* meson can be calculate
from the LCSR~10! adjusted to theD* Dp coupling. One
gets

f D* gD* Dp52.760.8 GeV ~23!

with the allowed interval of the Borel parameter beingM2

5361 GeV2. In Fig. 7, theD* -pole contribution is shown
by the dashed curve, again for the nominal values of
parameters. Comparison with the LCSR prediction at lowp2

indicates that there is little room for additional contributio
from higher resonances, in contrast to what we have fo
for the B→p transition.

In order to quantify this statement, it is useful to inves
gate a parametrization off Dp

1 (p2) similar to Eq.~19!:

f Dp
1 ~p2!5

f Dp
1 ~0!

~12p2/mD*
2

!~12aDpp2/mD*
2

!
, ~24!

FIG. 7. TheD→p form factor: direct LCSR prediction~solid
curve!, D* -pole contribution with the LCSR estimate of the resid
~dashed curve!, and two-pole parametrization~24! ~circles!.
2-6
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where in addition to theD* pole a second pole is present
the effective massmD* /AaDp. The normalizationf Dp

1 (0) is
given by Eq.~21! and the deviation in shape from single-po
form is described by the parameter

aDp512
2mD* f Dp

1 ~0!

f D* gD* Dp

50.0120.07
10.11. ~25!

The LCSRs~4! and ~10! thus predictaDp to be consistent
with zero, that is complete dominance of the lowest lyingD*
pole and negligible influence of higher poles and continu
states. In other words, here the use of the two-pole par
etrization~24! does not introduce any significant model d
pendence. For the nominal values of the parameters, Eq.~24!
is plotted in Fig. 7. Comparing this figure with Fig. 1 on
clearly sees that theD* dominance inf Dp

1 is more pro-
nounced than theB* dominance inf Bp

1 . This finding can be
understood by considering the splitting between the gro
and excited vector meson states in the heavy quark li
e.g.,

m
D* 8
2

2mD*
2

mD*
2 5

2~D82D!

mc
1O~mc

22!, ~26!

where we have used the heavy quark mass expansionmD*
2

5mc
212mcD and similarly for mD* 8. Since the hadronic

scalesD and D8 are independent of the heavy quark ma
the relative splitting of the states in theD* system is ex-
pected to be larger than the splitting in theB* system. Con-
sequently, the heavierB* states are expected to contribu
more to the dispersion relation~13! for f Bp

1 (p2) than the
excitedD* states to the corresponding dispersion relation
f Dp

1 (p2).
The theoretical uncertainties in Eq.~21! and ~23! are es-

timated analogously to the uncertainties in theB-meson case
explained in Sec. III. However, there are certain differen
which should be pointed out. First, unlike inB→p, the twist
3 term yields the largest individual contribution tof Dp

1 (p2)
as shown in Fig. 8~a!. This causes no problem for the ligh
cone expansion itself because even and odd twists are a
ciated with different chiral structures of the underlying co
relation function. The corresponding series are, theref
independent from each other. More definitely, the expans
of the term in the heavy quark propagator proportional to
quark mass gives rise to a series in even twist, whereas
term proportional to the quark momentum is expanded i
series of terms carrying odd twist. Important for the conv
gence of the expansion is the observation that the twis
contribution is heavily suppressed with respect to the twis
contribution as shown in Fig. 8~a!. Unfortunately, very little
is known about the twist 5 term. If twist 5 is similarly sup
pressed with respect to twist 3 as twist 4 is suppressed
respect to twist 2, the uncertainty due to the neglec
higher-twist contributions is practically negligible. This a
sumption is made tacitly in all LCSR calculations. Seco
the uncertainties in the nonasymptotic coefficients of
pion distribution amplitudes induce an almost momentu
11400
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independent uncertainty in the form factorf Dp
1 by about 5%

in contrast to the shape-dependent uncertainty inf Bp
1 . This

can be clearly seen by comparing Fig. 8~b! and Fig. 5~b!.
Third, for D→p the NLO QCD corrections to the LCSR a
twist 2 tend to be smaller than the corrections to the LC
for B→p, in contradiction to naive expectation. The reas
is that the shrinkage ofas(mQ) when going from charm to
bottom is over-compensated for by the growth of logarith
of the heavy quark mass appearing in the coefficient fu
tions of the sum rules@11#. Quantitatively, the NLO effects
on f D , f Dp

1 and f D* gD* Dp amount to about 10%, in contras
to ~20–30!% corrections in theB-meson case. We also ex
pect this tendency to persist for the missing NLO correctio
at twist 3. The maximal 15% estimated forB→p would then
correspond to about 6% forD→p.

The D→K transition form factor is calculated from th
LCSRs~4! and ~10! using the same input parameters as
D→p with the exception of the distribution amplitudes. F
the kaon distribution amplitude of twist 2 we take

wK~u,m!56u~12u!F11 (
n51

4

an
K~m!Cn

3/2~2u21!G
~27!

FIG. 8. The LCSR prediction onf Dp
1 : ~a! individual contribu-

tions from twist 2~dashed line!, 3 ~dash-dotted line!, 4 ~dotted line!,
and the total sum~solid line!; ~b! with ~solid line! and without
~dashed line! non-asymptotic corrections to the pion distributio
amplitudes.
2-7
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with a1
K(mc)50.17, a2

K(mc)50.21, a3
K(mc)50.07, and

a4
K(mc)50.08. In addition to the features of the pion dist

bution amplitudewp(u,m) given in Eq.~20!, the above am-
plitude incorporates effects fromSU(3)-flavor violation.
This is seen from the presence of the coefficientsa1,3 giving
rise to asymmetric momentum distributions for the stran
and nonstrange quark constituents inside the kaon. The
tribution amplitudewK used in Ref.@12# to calculate theB
→K transition form factor differs from Eq.~27! in neglect-
ing a3,4

K which, however, is quantitatively not importan
OtherSU(3)-breaking effects in the distribution amplitude
are neglected. This is certainly justified for the nonasym
totic terms of twist 3 and 4 analyzed recently in Ref.@26#
which have anyway only a minor influence on the LCSR
pointed out earlier. For a similar reason, the twist 3 an
quark-gluon distribution amplitudes are also taken in
SU(3) limit. Furthermore, in the coefficients of the twist
and 3 distribution amplitudesf p is replaced byf K5160
MeV, andmp by mK5mK

2 /(ms1mu,d), respectively. The lat-
ter brings the mass of the strange quark into the game w
is not very well known. In Ref.@26# it was advocated to rely
on chiral perturbation theory in theSU(3) limit and use

mK5mp522
^q̄q&

f p
2

. ~28!

With the quark condensatê q̄q&(1 GeV!52~240610
MeV)3, this yieldsms(1 GeV!5150620 MeV. In the fol-
lowing, we takems(mc)5150650 MeV which covers the
range of most estimates including the rather low mass s
gested by some of the lattice calculations@31#.

The numerical predictions derived from the LCSRs~4!
and ~10! with the above input are tabulated in Table I f
three different values of the strange quark mass. Figur
shows the form factorf DK

1 at p2,0.6 GeV2 and the pole
contribution from theDs* ground state as a function of th
momentum transfer squared. The two-pole parametriza
analogous to Eq.~24!,

f DK
1 ~p2!5

f DK
1 ~0!

~12p2/mD
s*

2
!~12aDKp2/mD

s*
2

!
, ~29!

is also displayed in Fig. 9. For these plots we have cho
the nominal values of the input parameters. Whereas the
malization of f DK

1 is rather sensitive toms @7#, the shape
parameteraDK is more or lessms independent. Moreover
similarly as in the case off Dp

1 , aDK is consistent with zero
implying a strong dominance of theDs* pole.

TABLE I. D→K transition parameters as a function of th
s-quark mass.

ms(mc) ~ MeV! 100 150 200

f DK
1 (0) 0.9960.11 0.7860.11 0.6860.09

f D
s*
gD

s* DK 3.960.8 3.160.6 2.760.5
aDK 20.0820.07

10.15 20.0720.07
10.15 20.0620.07

10.14
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This is confirmed by measurements ofD→Kl 1n in the
CLEO @32# and E687@33# experiments. The data includin
those from earlier experiments are summarized in Ref.@34#.
For illustration, fitting the single-pole formula

f DK
1 ~p2!5

f 1~0!

12p2/M2
~30!

to the world average of the data one obtains

f 1~0!50.7660.03, M52.0060.15 GeV. ~31!

While for ms'150 MeV the expectation onf 1(0) and the
experimental result perfectly match, the mass of the pol
measured to be slightly lighter thanmD

s*
52.11 GeV, but

within error it is still consistent with expectation.
There are also lattice determinations of theD→K form

factor which confirm theD* -pole dominance. The world av
erage off DK

1 (0) is given by@20#

f DK
1 ~0!50.7360.07, ~32!

while a more recent calculation by the APE Collaborati
@22# yields f DK

1 (0)50.7160.0320.07
10.00. Comparison of these

results with Table I implies ans-quark mass which is even
somewhat heavier than 150 MeV. While such a value is
accordance with the PCAC expectation~28!, it remains to be
seen if it can be reconciled with the smallest mass val
resulting from lattice investigations@31#.

V. SEMILEPTONIC DECAY DISTRIBUTIONS
AND WIDTHS

The parametrizations~19!, ~24! and ~29! of the form fac-
tors f Bp

1 , f Dp
1 and f DK

1 can be used to calculate the distrib
tions of the momentum transfer squaredp2 in exclusive,
semileptonicB and D decays, respectively. ForB→p l̄ n l
with l 5e,m one has

FIG. 9. TheD→K form factor: direct LCSR prediction~solid
curve!, Ds* -pole contribution with the LCSR estimate of the resid
~dashed curve!, and two-pole parametrization~29! ~circles!. Results
are shown forms5 100 MeV ~upper part!, 150 MeV ~middle part!
and 200 MeV~lower part!.
2-8
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dG~B→p l̄ n l !

dp2
5

G2uVubu2

24p3
~Ep

2 2mp
2 !3/2@ f Bp

1 ~p2!#2

~33!

with Ep5(mB
21mp

2 2p2)/2mB being the pion energy in the
B rest frame. The charged lepton is considered mass
Substituting Eq.~19! for f Bp

1 (p2) one obtains the integrate
width

G~B→p l̄ n l !5E
0

(mB2mp)2

dp2
dG~B→p l̄ n l !

dp2

5~7.362.5!uVubu2 ps21. ~34!

It is important to note that the theoretical uncertainty in t
above mainly comes from the uncertainty in the normali
tion parameterf Bp

1 (0). Theuncertainty in the shape param
eteraBp has very little influence on the integrated width, a
so does the use of the two-pole parametrization~19!. This is
anticipated from the normalized decay distribution plotted
Fig. 10. Our result agrees with the integrated semilepto
width

G~B→p l̄ n l !58.521.5
13.4uVubu2 ps21 ~35!

derived in Ref.@35# from a lattice-constrained parametriz
tion of f Bp

1 .
Experimentally, combining the branching ratioBR(B0

→p2l 1n l)5(1.860.6)31024 with the B0 lifetime tB0

51.5460.03 ps@36#, one gets

G~B0→p2l 1n l !5~1.1760.39!31024 ps21. ~36!

From that and Eq.~34! one can then determine the qua
mixing parameteruVubu. The result is

uVubu5~4.060.760.7!31023 ~37!

with the experimental error and theoretical uncertainty giv
in this order. This value lies within the range ofuVubu quoted
by the Particle Data Group@36#:

uVubu50.002– 0.005, ~38!

FIG. 10. The normalized distribution of the momentum trans

squared inB→p l̄ n l ( l 5e,m). The steeper distribution correspond
to aBp50.25, the flatter toaBp50.53.
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and also agrees@15# with the determination fromB→r l̄ n l
@37#.

Conversely, turning toD→p l̄ n l one can use the known
value of uVcdu and subject the LCSR method to an expe
mental test. From Eq.~24! one obtains

G~D0→p2l 1n l !

uVcdu2
50.1360.05 ps21, ~39!

while the experimental width following fromBR(D0

→p2e1ne)5(3.760.6)31023, tD050.41560.004 ps, and
uVcdu50.22460.016@36# is given by

G~D0→p2e1ne!

uVcdu2
50.17760.038 ps21. ~40!

The agreement is satisfactory, although the theoretical
experimental uncertainties are still too big for a really de
sive test. For this reason, it is particularly interesting to n
the very small theoretical uncertainties in the normaliz
momentum distribution shown in Fig. 11. It would be ve
useful to have comparably precise data.

Similarly for D→K l̄ n l , Eq. ~29! and Table I yield

G~D0→K2l 1n l !

uVcsu2

5H 0.15160.058 ps21, ms~mc!5100 MeV,

0.09460.036 ps21, ms~mc!5150 MeV,

0.07260.027 ps21, ms~mc!5200 MeV,

~41!

which should be compared with the experimental width

G~D0→K2l 1n l !

uVcsu2
50.08760.004 ps21 ~42!

derived from BR(D0→K2l 1n)5(3.4960.17)% together
with the aboveD0 lifetime, anduVcsu50.9734– 0.9749@36#.
The latter interval foruVcsu obtained from unitarity of the
CKM matrix is very tight and has therefore a negligible i
fluence on the experimental error in Eq.~42!. Despite the
considerable uncertainty remaining even whenms is fixed,

r FIG. 11. The normalized distribution of the momentum trans

squared inD→p l̄ n l ( l 5e,m). The steeper distribution correspond
to aDp520.06, the flatter toaDp50.12.
2-9
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the comparison of LCSRs and data clearly favors a relativ
heavy strange quark mass of about 150 MeV or sligh
more. This conclusion is confirmed by considering the ra
of partial widths

R5
G~D0→p2l 1n l !

G~D0→K2l 1n l !
5H 0.04, ms5100 MeV,

0.07, ms5150 MeV,

0.10, ms5200 MeV,

~43!

in which the uncertainties not related to the strange qu
mass drop out to a large extent. The experimental wo
average quoted in@34#,

R50.1060.02, ~44!

again supports a strange quark mass between 150 MeV
200 MeV. Contrary to the integrated width, the distributi
in momentum transfer is insensitive toms . Moreover, since
the shape parameteraDK is very small or vanishing, the nor
malized decay distribution inD→K l̄ n l is predicted very re-
liably as demonstrated in Fig. 12. It can therefore serve a
stringent test similarly as the corresponding distribution
D→p l̄ n l .

We conclude with a final remark on the uncertainties
the LCSR results. Unlike phenomenological quark mod
the LCSR approach allows one to estimate the uncertaint
a given result within the same framework. This is one of
main virtues of QCD sum rules. The model dependence
to the use of a particular two-pole parametrization of
form factors is negligible or unimportant in the present a
plications. In B→pi it only concerns the region of larg
momentum transfer, and is therefore negligible in the in
grated semileptonic width and the value ofuVubu extracted
from it. The D meson form factors, on the other hand, a

FIG. 12. The normalized distribution of the momentum trans

squared inD→K l̄ n l ( l 5e,m). The steeper distribution correspond
to aDK520.14, the flatter toaDK50.08.
l.
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completely dominated by the pole of the respective grou
state vector meson, and therefore insensitive to the effec
second pole modeling effects from excited states. In total,
present theoretical uncertainty in the integrated widths of
semileptonicB andD decays considered in this paper is e
timated to be about~30–40!%.

Thus, in order to match the accuracy of the data onD

→p l̄ n l and the precision ofB→p l̄ n l measurements ex
pected at the newB factories, the theoretical uncertaintie
have to be reduced by more than a factor of 2. This is
impossible, but will require considerable efforts. Among t
most important tasks are the NLO calculation of the twis
contributions, a reanalysis of the non-asymptotic correcti
to the light-cone distribution amplitudes including mass
fects, and an at least rough estimate of the size of the twi
terms.

Note added. For completeness, we also present an upd
of the LCSR prediction on theB→K transition form factor
f BK

1 . This form factor plays an important role in the theore
ical analysis of the rare decaysB→Kl 1l 2, l 5e,m,t @38#.
The previous LCSR estimates off BK

1 @7,12# are restricted to
the region of small and intermediate momentum transfer
not applicable to large momentum transfer where theBs*
pole contribution with the residue given by theBs* BK cou-
pling becomes dominant. Here, we have performed an an
sis in analogy to the calculation of theB→p form factor
described in this paper with the pion distribution amplitud
replaced by the corresponding kaon distribution amplitu
given in Sec. IV. Calculatingf BK

1 (0) from the LCSR~4! and
f B

s*
gB

s* BK from the LCSR~10!, and deriving, from that, the

remaining parameteraBK of the two-pole parametrization

f BK
1 ~p2!5

f BK
1 ~0!

~12p2/mB
s*

2
!~12aBKp2/mB

s*
2

!
, ~45!

we find f BK
1 (0)50.3660.07(0.3360.06;0.4160.08) for ms

5150(200;100) MeV andaBK50.2820.08
10.29. The ground-state

massmB
s*
55.416 GeV is taken from@36#.
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