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We calculate th&8—D®) form factors in the heavy-quark and large-recoil limits in the perturbative QCD
framework based on thie; factorization theorem, assuming the hieraMg»MD(*)>X, with the B meson
massMg, the D*) meson masp«), and the heavy meson and heavy quark mass differanc@he
qualitative behavior of the light-cori2*) meson wave function and the associated Sudakov resummation are
derived. The leading-power contributions to ti&—D®) form factors, characterized by the scale
K\/MB/MD(*), respect the heavy-quark symmetry. The next-to-leading-power correctionsVig ahd
1/Mpx), characterized by a scale larger théi Mg, are estimated to be less than 20%. TH&) meson wave
function is determined from the fit to the observBd-D®*)l» decay spectrum, which can be employed to
make predictions for nonleptonic decays, suctBasD™) 7 (p).
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[. INTRODUCTION qualitative behavior of the wave function for an energetic
D®) meson? Is it dominated by soft dynamics, the same as a

Recently, we have made theoretical progress in the pertuB meson wave function, or by collinear dynamics, the same
bative QCD(PQCD) approach to heavy-to-light decays, suchas a pion wave function() How different are the end-point
as the proof of thé; factorization theorerfil], the construc-  singularities in theB— D) form factors from those in the
tion of power counting rules for various topologies of decayB— 7 ones?(4) What is the effect of Sudakovk{ and
amplitudes2], the derivation ok; and threshold resumma-  threshold resummation in the8—D™) form factors?(5)
tions [3—5], and the application to heavy baryon dechgp How are the relations for thB— D(’.‘).form factors in the
and to three-body nonleptonic decdy3. The important dy- heavy-quark limit modified by the finit8 and D) meson
namics in the decay8—Km and B— 7 has been ex- masses?6) What is the hard scale for tH@—D®) transi-

plored, including penguin enhancement and laBge asym- t|on|s? tl's I I?rge gnouglht tg m2l$hsense outt_ of per_ltluLbatlve
metries[2,8-10. It is worthwhile to investigate to what evaluation of hard ampiitudess these questions will be an-

. . . swered in this work.
extent this formalism can be generalized to charmful decays, We attempt to develop PQCD formalism for the

such as the semileptonic decBy-D®)|v and the nonlep- B D™\ » decays in the heavy-quark and large-recoil limits

tonic decayB— D™ (p). ThekT factorizatiqn the_orem for based ork; factorization theorerfl1,12. We argue that the
the B—D™) form factors in the large-recoil region of the following hierachy must be postulated:

D®) meson can be proven following the procedure in Ref.
[1], which is expressed as the convolution of hard amplitudes
with B and D*) meson wave functions. A hard amplitude,

being infrared finite, is calculable in perturbation theory. The . o . .
B and D*) meson wave functions, collecting the infrared The relationM g> M p () justifies the perturbative analysis of

divergences in the decays, are not calculable but universalthe B—D®™’ form factors at large recoil and the definition of

The B—~D®*) transitions are more complicated than thelght-cone D) ‘meson wave functions. The relation
B— m ones, because they involve three scales:Bmeson Mpe)>A justifies the power expansion in the parameter

massMg, the D*) meson mas#! ), and trf heavy me- A/Mpx). We shall calculate th&—D®*) form factors as
son and heavy quark mass differencé=Mg—m,  double expansions iMpx)/Mg and inA/Mp). The small
~Mp)—m., wheremy(m,) is theb(c) quark mass and ratio A/IMg=(Mp)/Mg)(A/Mpw)) is regarded as being
of order of the QCD scalé ocp. There are several interest- of higher power. Whether the hierachy is reasonable can be
ing topics in the large-recoil region of ti2—D™) transi-  examined by the convergence of high-order corrections in
tions. (1) How do we construct reasonable power countingthe strong coupling constaat, and of higher-power correc-
rules for these decays with the three scal@Vhat is the tions in 1Mz and in IMp). Note that Eq(1) differs from
the small-velocity limit considered in Refl13], where the
ratio Mp+) /My is treated as being @dd(1).

MB>MD(*)>X. (1)

*Email address: krmt@sci.toyama-u.ac.jp Under the hierachy, the wave function for an energetic
"Email address: hnli@phys.sinica.edu.tw D) meson absorbs collinear dynamics, but with ¢rguark
*Email address: sanda@eken.phys.nagoya-u.ac.jp line being eikonalized. That is, its definition is a mixture of
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those for aB meson dominated by soft dynamics and for aleading-power and next-to-leading-power contributions to

pion dominated by collinear dynamics. We examine the bethe B—D*) form factors are calculated in Sec. IV. Section

havior of the heavy meson wave functions in the heavy~V is the conclusion.

quark and large-recoil limits. FoN/Mg, A/Mp#)<1,

only a singleB meson wave functiorpg(x) and a single II. KINEMATICS AND FACTORIZATION

D) meson wave functionpp+)(x) are involved in the We discuss kinematics of thB—D™)|v decay in the

B— D) form factors x being the momentum fraction asso- |arge-recoil region. Thed meson momentunP; and the

ciated with the light spectator quark. Equations of motion forp(*) meson momentur®, are chosen, in the light-cone co-

the relevant nonlocal matrix elements imply thg{(x) and  ordinates, as

dp)(X) exhibit maxima ax~A/Mg and atx~A/Mp),

respectively. Since PQCD is reliable in the large-recoil re- b _ Mg 11 P 1M

gion, it is powerful for the study of two-body nonleptoriic - \/5( 1.0r), 2 2

meson decays. After determining tBé&*) meson wave func-

tion (the B meson and pion wave functions have beed fixedwith the ratio r*)=Mpx)/Mg. The factors 7 =7

in our previous works we can make predictions for the i\/nz—l is defined in terms of the velocity transfer

B—D®)m(p) decays. Preliminary results for te—~D#  =v1-v, With v;=P;/Mg andv,=P,/Mp). The longitu-

modes will be presented in Sec. IV. dinal polarization vectok, and the transverse polarization
Similar to the heavy-to-light transitions, thB—D®*)  vectorser of the D* meson are then given by

form factors also suffer singularities from the end-point re- 1

gion with a momentum fractior— 0 in collinear factoriza- (ot - -

tion theorem. When the end-point region is important, the L \/5(77 =700, er=(0.00). @

parton transverse momerka are not negligible, and; fac-

torization is a tool more appropriate than collinear factoriza- The partons involved in hadron wave functions are close

tion. It has been proved that predictions for a physical quant© the mass shell17]. Assume that the heavy meson, the

tity derived fromk; factorization are gauge invariait].  heavy quark, and the light spectator quark carry the momenta

Because of the inclusion of parton transverse degrees of fre€+: Po=Pn—k, andk, respectively. The on-shell condi-

(797 .0p), (2

dom, the large double logarithmic correctiamsin’k; appear tions lead to

and should be summed to all orders. It turns out that the k2=O(/T2) (4
resultant Sudakov factor for an energddit) meson is simi- '

lar to that for aB meson. Including the Sudakov effects from Pé— mé= M2 — sz_ 2P, -k=0O(A2), )

ks resummation and from threshold resummation for hard

amplitudes[5,14], the end-point singularities do not exist, My(mg) being the heavy mesofguark mass. For theB
and soft contributions can be suppressed effectively. e — 0_M2_m2_ e
We shall identify the leading-power and next-to—leading-meson’ e haveolzl_kl 2Maki~Msg Mo 2Mah frorp
Eqg. (5), namely,ki~A. The order of magnitude of the light

power (down by 1Mg or by 1Mp)) contributions to the .
B— D ™) form factors, which are equivalent to the expansionSpewjltor momentum is then, from He),

in heavy quark effective theofyl5,16. It will be shown that Ké~(AAA) (6)
the leading-power factorization formulas satisfy the heavy- ! T

quark relations defined in terms of the Isgur-WiB&) func-  For the D*) meson, we have R, -k,=2P; k;, +2P, k;
tl_on [15]. These contributions are characterized by the scaIeVZMD(*)X, which implies

AJMg/Mp), indicating that the applicability of PQCD to

the B~D™) form factors may be marginal. The next-to-

leading-power corrections to the heavy-quark relations, char- k5~

acterized by a scale larger thayLRM , can be evaluated
more reliablly. These corrections amount only up to 20% offor ™~ 1/r*) and = ~r*). With the above parton mo-
the leading contribution, indicating that the power expansiormenta, the exchanged gluon in the lowest-order diagrams is
in 1/Mg and in 1M ) works well. It should be stressed that off-shell by
the above percentage is only indicative, since we have not

yet been able to explore the complete next-to-leading-power

sources with the current poor knowledge of nonperturbative

inputs.

In Sec. Il we define kinematics and expldin factoriza-  which is identified as the characteristic scale of the hard am-
tion theorem for th&8—D™*)| v decay. The power counting plitudes. To have a meaningful PQCD formalism, the large-
rules are constructed. In Sec. Il we discuss the behavior afecoil limit in Eq. (1), Mg>M ), iS necessary.
the B and D®*) meson wave functions, and perforkq re- We have proved; factorization theorem for the semilep-
summation associated with an energdli€’) meson. The tonic decayB— | v [1]. Soft divergences from the region of

A, ALA

(7)
M px) Mg

Mg —MD(*)——)

(ki—kp)2~— 18 72, ®

Mpx)
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a loop momentunh, where all its components are G(K),

By T By ©
are absorbed into a light-coremeson wave function. Col- _ —_
linear divergences from the region withparallel to the pion B D¢ B D¢
q

momentum in the plus direction, whose components scale a

[#~(Mg,A%/Mg,A), 9 a
FIG. 1. Lowest-order diagrams for ti&—D®*) form factors.
are absorbed into a pion wave function. The above meson
wave functions, defined as nonlocal hadronic matrix eleas
ments, are gauge-invariant and universal.
kt factorization theorem for the semileptonic decBy (D*)(P,)[bI" ,c|B(P,))

—D™)y is similar. In the limitMg>Mp«) we havek; .
>k,r>k, from Eq. (7), indicating that theD™*) meson
wave function is dominated by collinear dynamics. The lead-
ing infrared divergences in this decay are then classfied as

dzd?z, dy d?%y,
(2m)® (2m)?

= gZCFNCf dxldXZdzklldszL

being soft, if a loop momentum vanishes like |* ><e*”(Z'y<D(*)(P2)|Ey(y)cﬂ(0)|0)e‘kl'z
~(A,A,A), and as being collinear, If scales ak, in Eq. _ .
(7). The former (lattep are collected into a light-cone X(0|b,(0)ds(2)|B(P1)yH %, (13
B(D™)) meson wave function. The collinear gluons defined
by Eq.(9) do not lead to infrared divergences. with the hard amplitude

Though theD™*) meson wave function absorbs the collin-
ear configuration, similar to the pion wave function, the By 5a s 1 ko—P,+my op
heavy-quark expansion applies to thequark in the same ~ H.""*=[7,]" kal Ly
way as to theb quark in aB meson. This is the reason we (kz=kq) (Py—ka)"=mp
claim that the energetid *) meson dynamics is a mixture of K. —P.+m ap
those of theB meson at rest and of the energetic pion. Be- +[y,17° S| T ! 22 ¢ Rl
causeP,-1~Mp)A is much larger tham®~ A2 according (ka—ky) (P2—ky) "= mg
to Eq. (1), we have the eikonal approximation (14)

Po—ky+f—m vy for I',=, or y,ys. It is obvious that the large component

37 C(Pa—ko)~ = C(Pa—ky),
C

2| k, picks up only the componet; in the denominators of

(10) the internal particle propagators. The first arﬁ second terms
, , in H, behave asvi3(,)/(AM3) and Mpw)/(A3Myg), re-
where c(P;—k;) is the c quark spinor, and the factor gpecively. Therefore, for a leading-power formalism, we
v5l(v,-1) the Feynman rule for a rescaledjuark field. The keepO(1) coefficients of the first term, ar@(r*)) coeffi-

physics involved in the above approximation is that the ki'cients[O(l) coefficients are absgnbf the second term.
nematics of the spectator quark and of ¢hguark is dramati-

cally different in the limitM y«)—o. Hence, a gluon mov-
ing parallel tok, can not resolve the details of tleequark,
from which its dynamics decouples. In this section we discuss the qualitative behavior of the
According toky factorization theorenpl], the light spec- B, D, andD* meson wave functions in the heavy-quark and
tator moment; in the B meson andk, in the D) meson  |arge-recoil limits, and derivek; resummation associated

(Pz_k2+|)2_m

Ill. HEAVY MESON WAVE FUNCTIONS

are parametrized as with the D*) meson.
Mg Mg i
k= O,Xlﬁle) . ko= ( X277+r(*)$,0,k2-|—) , A. B meson wave functions

According to Refs[1,18,19, the two leading-twisB me-

(1) son wave functions defined via the nonlocal matrix element

where the momentum fractiong andx, have the orders of 4
magnitude J " 0[b,(0)d(w)[BY(P))

_ _ (2m)*

X1~AIMg, Xo~A/Mpw). (12
i
The smallest componetkt, has been dropped. The neglect = J2N, (P+Mpg)7s
of ki is due to its absence in the hard amplitudes shown ¢
below. " h
The lowest-order diagrams for the—D®*) form factors X| =g (k) + —¢B(k)H : (15

are displayed in Fig. 1. The factorization formula is written V2 V2 asd
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- J;W{(PJF Mg) ysl da(K) + hg(K) T} us, (0[c(y) ys0,,d(W)|D ™ (P))

i M3
(16) =5 fomo 1—Fg (P,z,—P,z,)
with the dimensionless vectorsT=(1,0,OT) and n L ik
=(0,1,0;) on the light cone, and the wave functions X fo dxe '(PmRymikewgg(x), (22)
be=dn, de=(ds—d5)\2. (17 with z=y—w and theD meson decay constaf; . The light

spectatod quark carries the momentuknwith the momen-

— ; —1Lt+t/pt o~ ;
We have shown that the contribution fragp, starts from the UM fractionx=k"/P" and thec quark carries the momen-

next-to-leading-poweA /Mg . This contribution, which may tum P—k. In the heavy-quark limit we have

be numerically relevan20], should be included together M2

with other next-to-leading-power contributions in order to My=———=Mp+O(A) (23)
form a complete analysis. On this point, our opinion is con- M+ My

trary to that in Ref[21].

The investigation based on equations of moti@2] implying that the contribution from the distribution ampli-
shows that the distribution  amplitude ¢g(x) tude @3 is suppressed b (A/Mp) compared to those from
= [d?kr¢g (x,ky) vanishes at the end points of the momen- ¢} and ¢P . The distribution amplitudey,, appearing at
tum fractionx=k /P~ —0, 1. Hence, we adopt the model O(r?), is negligible.
in the impact parametdr space 8] Rewrite the pseudotensor matrix element as

2 wgb” 0lc ,d(w)[D~ (P
d’B(X,b):NBXz(l—X)ZeXF{—%(XMB) _‘*’Bz (0lc(y) yso,,d(w)[D~(P))

wpg

1(18) =i(0[c(y) 57, 7,d(w)|D~(P))

—~ig,,{0[c(y) ysd(W)[D~(P)),  (24)
where the shape parameteg has been determined as;

=0.4 GeV. The normalization constaNt; is related to the and differentiate both sides with respectwoandy. The
decay constantg through differentiation on the left-hand side gives a result suppressed

by O(A/Mp). The relations

fg
dx¢g(X,b=0)= . 19 ) ) _
f Pal ) 22N, (19 f dxxph(x)e PRy =kw=0Q(A/Mp), (25
It is easy to find thaipg in Eq. (18) has a maximum ax . . o
~A/Mg as claimed in Sec. Il. f dx[ ¢ (x) — ¢ (x)]e PRk W=0(A/Mp),
(26)

B. D meson wave functions . ) o .
) ] ) ) arise from the differentiation with respect to, for u=—
Consider the nonlocal matrix elements associated with thgnq 1oy for v=+, respectively. Equatiof25) states that
M ! :

D meson, the distribution amplitudep?, possesses a maximum at

<O|?(y)ysyﬂd(w)|D*(P)> ~K/MD. Equeﬁon(%) states that the moments ¢f and
. ¢}, differ by O(A/MD_) (they have the same normalizations

- _ipoMJ dxe (PR y=ikwgy ) Neglecting theD(A/Mp) difference according to Ec_q:L),
0 only a singleD meson wave function is involved in the

evaluation of theB— D form factors

o2 2 [fxe iy -ikew
2fDMDP_Z dee y gp(X), o ) _
(20 J (277)4e' Y(0[cg(0)d,(w)|D™(P))
<0|E(Y)75d(W)|D_(P)> :_\/ZIT[(P+MD)75]7B¢D(X)1 (27)

1
=—ifpm f dxe ((PR-y=ikwaR (), (21
P70 o $p(x). (2D where the distribution amplitude
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fo (Olc(y)d(w)|D*~(P,e))
$p= $p= $b (28)
22N, 2\/2N i m.+m
T c d 2
=——<fD*—fD* €-ZMp.
2 M px
satisfies the normalization b
1 . .
x f dxe (PRY-KwpGl) (33
1 fo 0
dxe¢p(Xx) = . 29
| axsoi0= = (29 B -
(Ofc(y) ysy,d(w)|D* " (P, €))
For the purpose of numerical estimate, we adopt the simple 1 ; T mg+my vap
model g\ Tox T Tpx Mpx€, “er,Pazg
M p=
1
3 xf dxe—i(P—k)-y—ik-wg(a)(X) (34)
X)=—="Ffpx(1-x)[1+Cp(1—2x)]. (30 e
¢’D( ) \/Z_NC D ( )[ D( )] ( ) 0

where theD* meson decay constafy« (fg*) is associated

The free shape paramet€y is expected to take a value, with the longitudinal(transversgpolarization.

such that¢p has a maximum at~A/Mp~0.3. We do not
consider the intrinsid dependence of th® meson wave
function, which can be introduced along with more free pa-
rameters. Note that Eq30) differs from the one of the

Gaussian form proposed in R¢23].

C. D* meson wave functions

The information of theD* meson distribution amplitudes
is extracted from equations of motions for the nonlocal ma-

trix elements

(0lc(y) y,d(w)|D* ~(P,€))

:fD*MD*

€zt iPKy—ikew
P’U’ﬂ dee ¢\|(X)

1 ) )
+ ETMJO dxefl(Pfk)-yflkwg(lv)(X)

1 €z 5 (1 vk

31

(0[c(y)a,,d(w)|D*~(P,€))

1 . .
(er,Pu=eriPy) jo dxe P9y g, (x)

D*J dx

. . 1
x e 1Py =ikewh(D(x) + S(eruz,~ €nz,)

T
=ifp
+(P,z Pz#)

2
Mo+
P-z

1 ) )
X fo dxe '(P=R-y=ikwh (%) |, (32

In the heavy-quark limit we have

Ty mc+md~ 1 Metm
D* D* D* D*
D* MD*

4 O(A/Mps).
(35

Hence, the contributions from the various distribution ampli-
tudes are characterized by the powers

&%), S(x): O(1),

gx), hPP): O(r),

93(X), hg(x): O(r*?),
20, gP(x): O(A/Mg). (36)

To the current accuracy, we shall consider the distribution
amplitudese)(x) and h{"(x) for the longitudinal polariza-
tion, and¢, (x) andg(")(x) for the transverse polarization of
the D* meson.

We rewrite the tensor matrix element as

(0c(y)a,,d(w)|D* ~(P))
=i(0[c(y) v, 7,d(w)|D* ~(P))
—ig,,,{0[c(y)d(w)|D* ~(P)), (37)

and differentiate both sides with respectwoandy. The
relations

f dxxh9(x)e (P00 Y kW= O(A/Mps),  (38)

J dx{ b, () + ha(x)Je (PR Y-k W= O(R7M ),
(39)
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f dx{ ¢(x)—h{?(x)]e PRy =ik W=O(A/Mpy),
(40)

fdx[¢u<x)—g3<x)]e*“'°*k>'y*‘k'W=O(K/MD*L
(41)

f dx[ ¢, (x)+hs(x)—2g{) (x)]e 1(P~R-y—ikw

=O(A/Mps), (42)

come from the derivatives with respectuq, for u=—, to
w, for u=1, toy, for v=—, toy, for v=+, and toy,, for
v=_1, respectively. Equation@8) and(39) indicate that the
D* meson distribution amplitudes have maxima at
~A/Mp«. Equations(40) and (41) state thatg, h{", and
g3 are identical up to corrections @(A/Mpx). Similarly,
¢, , hs, and g(f) are also identical up to corrections of
O(A/Mpx) from Eq. (42).

Neglecting theO(A/Mp«) difference, we consider the
structure for aD* meson

J

4

W X —
e’ "(0[cg(0)d (W) [D* ~(P))

(2m)*
i
= - P+Mp«)£ L* X
\/Z_NC[( D ) L(ZSD ( )
+(P+Mpw) brdbpe (X1, 43
with the definitions
fox fl,
L _ D _ D t)
= = h{v, 44
Yo S N 2\/2Ncﬁ 49
fl f
= =g, 45
¢D 2\/2_Nc¢i 2\/2_NCgL ( )

TheD* meson distribution amplitudes satisfy the normaliza-
tions

1 1
fo dxgl, ()= fo dxgL, (x) = (4

fox
22N,
where we have assumef@*zfg* . Note that equations of

motion do not relatep;, and ¢, . In this work we shall
simply adopt the same model

3
¢>;*<x)=¢g*(x>=ﬁfo*x<1—x>[1+CD*<1—2x>].
i (47

Similarly, the free shape parametey« is expected to take a
value, such thatpp» has a maximum at~A/Mp«~0.3.

PHYSICAL REVIEW D 67, 054028 (2003

(a)

(c)

FIG. 2. Radiative corrections to tHe meson wave function in
the axial gauge.

D. Sudakov resummation

Radiative corrections to the meson wave functions and to
the hard amplitudes generate double logarithms from the
overlap of collinear and soft enhancements. The double loga-
rithmic correctionsagIn®; to the heavy and light meson
wave functions and their Sudakov resummation have been
analyzed in Ref[3]. The property of thdD*) meson wave
function is special, since its dynamics is a mixture of the soft
one in theB meson wave function and the collinear one in
the pion wave function. In this section we derike resum-
mation for theb-dependenD meson wave function

ysy"
2

B [ aw™ - —
¢D(Xyb)_\/?ch - €2" (0[c, (0)

xpex;{igfowdsA(s) d(w)[D™(Py)),

(48)

with the coordinatev= (0w~ ,b). The path for the Wilson
link is composed of three pieces: from 0 ¢o along the
direction ofn, from o to «o+b, and fromoo+b back tow
along the direction of-n [1]. The derivation for theD*
meson is the same. TH2(*) meson distribution amplitude
dp)(X) discussed in the previous two subsections is re-
garded as the initial condition of the Sudakov evolutiotn.in

In the axial gauge the double logarithms appear in the
two-particle reducible corrections, such as Figé)2and
2(c). Figure 2a) gives only single soft logarithms. To imple-
ment the resummation technique, we allow the directiarf
the Wilson line to vary away from the light cone. Because of
the rescaleat quark field,P, does not lead to a large scale,
and the only large scale ks,. Due to the scale invariance in
nand inv,, k, appears in the ratioskg-n)?/n? and K,
-v,)?lv3. However, the second ratio is 6¥(r?) compared
to the first one, and negligible. Thereforgyp depends only
on the single large scald{-n)?/n?. The rest of the deriva-
tion then follows that in Ref[3]. The Sudakov factor from
kt resummation is given by

N w d; —
EXF{—SD&)(M)]:eXD[ —s(k ,b)—ZLIb 77[015(#)]
(49)
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with the quark anomalous dimension= —as/7. For the
explicit expression of the Sudakov exponentefer to Ref. £aiasy= 167TCF\/f—*M§f Xmdxzf b,db;b>db,
[8]. It is found that Eq(49) has the same functional form as
the Sudakov factor for thB meson. X dg(X1,b1) ppx (X)[E(t)h(X1,%,, b1 ,by)
The double logarithmsyg In“x produced by the radiative
corrections to the hard an’slplitudes are the same as iBthe T E()h(xz,x0,b2,b1)], (56)
—ar,p decays at leading power in Mg and in 1M ).
[14]. Threshold resummation of these logarithms leads to with the color factorC-=4/3. Obviously, the above expres-
sions obey the heavy-quark relations in E§2), if we as-
2121 (3/2+¢) sume

m[x(l—x)] : (50)

with the constanit=0.3~0.4. The factorS;,(x,) [ Si(x1)],
associated with the firstsecondl term of H, in Eq. (14),
suppresses the end-point region with—0 (x;—0). In the
numerical study below we shall adopt 0.35.

Si(x)=
Mp=Mpx, ¢p=dps. (57)

The hard function is written as

h(X1,%2,by1,b2) = Ko(VXxar 17" Mgby) Si(x2)

IV. B—»D,D* FORM FACTORS X[a(bl_bz)Ko(WMBbl)
The B—D®) transitions are defined by the matrix ele-
ments B y X1 o(V%or ®T " Mghg) + 6(by— by)
XKO(szrz*:ﬂJrMBbz)

(D(P,)|b(0)7y,c(0)|B(Py))

Xlo(\xor ™) Mgby)]. (58
=VMgMp[ &, () (v1tvo) T E (M) (vi—v2) L],

_ In the evolution factor
(D*(P,,€%)|b(0)y,¥sc(0)|B(Py))

:\/MBMD*[gAl(')?)(nJF 1)EZ_§A2(77)E*'U]_U1M E(t):as(t)eXF[_SB(t)_SD(*)(t)]v (59)

- € v1sy,], . .
$nal(7) w2l we keep the Sudakov factor associated with Bheneson,

. N and allow the behavior of th& meson wave function to
(D*(Py,€ )|b(0)yMC(O)|B(P1)) determine whether this effect is important. For the model

=i VMgMpx &y( 7)€ Ber vy 5. (51) ¢s(x,b) in Eqg. (18), the Sudakov effect is r.10t important
because ok~A/Mg. The hard scalesare defined as
The form factorst, , ¢, Eny En, Eng and ¢, satisfy the
relations in the heavy-quark limit t@W =max \x,r *) 5" Mg,1b,1hb,),
SrTE T T T £ 0,0 52 t@=max(\x,r 1 Mg, 1/b;,1/b,). (60)
whereé is the Isgur-WisgIW) function[15].
We write the form factors as the sum of the leading-powerEquationg54) and(56) contain at most the logarithmic end-

and next-to-leading-power contributions point singularities in the collinear factorization, which are
o L weaker than the linear singularities in tBe— 7 form fac-
&=+ (53 tors. We conclude that Sudakov resummation is also crucial
for the B—D®) transitions.
fori=+, —, Ay, Ay, Az, andV. The leading-power factor- The next-to-leading-power corrections are given by
ization formulas are given by
0 2 ED=47Ce M2 | dxdx, [ bydb;b,dbydg(Xy,by)
£Q=167Ce\IrM Bf dxldxzf b,db;b,db,¢g(X1,b1) * F B 1772 ) PR e A
t—1)(npt-2
X o (X)) [E(tM)N(x1,X5,b1,b,) ><¢D(x2)(7] \/)2(_7’1 )[rsz(tﬂ))
+rE(t(2))h(X2 1Xl7b2!bl)]1 (54) K
Xh(Xq,%2,b1,02) + X E(t)N(%p,%1,b,,b1)],
£%%=0, (55 (61)
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%
59’=—4wcFﬁM§f dxldXZJ b,db,b,db,dg(x1,b;)
70
(n"+1)(n"-2) 60
X ¢p(X rx,E(t
¢D( 2) \/;Tl [ 2 ( ) 50
40
Xh(X1,X2,01,b2) =X E(t®)h(x;,%;1,b7,01)], 30
(62) 20
10
(All?IBWCF\/r—*Méj dxldxzf b,dbib,dbydg(X1,b4) ~o.1~o.2~o.3m~o.s(~o.)a~o.7~o.e~o.9~1.o 1.0~
a
77+_ o
X ppx(X2) 1 r*XE(tM)h(xq, %z, by ,b,) .
X
- jlE<t<2>>h(x2,x1,b2,bl>}, (63
75
g12>=—16wcFJr—*M§f dxldxzf b,db;b,db, 50
25
4
/AR 2
X(bB(Xl'bl)(bD*(Xz)mE(t( )) ~0.2 0.3 <04 ~0.5 ~0.6 ~0.7 ~0.8 ~0.9 ~1.0 1.0~
-25
X h(x5,Xq,b5,b7), 64
(X X1,b,b1) (64 o)
L __ T hn2 FIG. 3. (a) Contribution to£?) at the maximal recoil from the
€Ay SWCF\/r—MBf dxldxzf b, db,b,db, different ranges ofxg/ 7. (b) Contributions to'" (black and to
X (X0 by) o (Xg.b5) &M (gray) at the maximal recoil from the different rangesaf/ .
B\A1,M1 D*\A2,M2
sources of Th corrections. However, their estimation re-
t-2
7 e (1) quires more information of nonperturbative inputs, and can-
X ,/,72_1r XeE(T)h(X1,%2,b1,b2) not be performed in this work. Equatiof81)—(65) will be
employed to obtain an indication of the order of magnitude
X1 ) of next-to-leading-power corrections to tfe—D®*) form
- WE(I )h(X2,Xq,b5,07) |, (65  factors.

It is observed from Fig. @& that most of the contribution

(0)
whose hard amplitudes are consistent with those obtained ¢ _the form factor &% comes from the range Ofs/m
Refs.[24-26. The additional powers ir, and inx; provide <0.3, implying that_ the applicability of PQCD to thi
stronger suppression in the end-point region with x, —D®) form factors is acceptable, and not worse than that to
—0. Hence, the characteristic hard scales of the correspond€B—7 ones[4]. This is attributed to the fact that the hard

ing terms increase tm/KMB and toM /K/MD(*), respec- scalesA VMg /Mpx) and VAMg in the two cases do not

tively. differ very much. The applicability improves for the next-to-
Consider the expansion of the currents@¢1/m,) and Ieadlng-power contributions as shown in Figb3 most of
o(1/my) [27] them arise froma/7<0.2. We emphasize that the above

percentage analysis is only indicative, and that the conver-
o o 1 _ 1 _ gence of higher-order corrections needs to be justified by
bI'ic~b, I'c, + ﬁbull}iﬂ)zcvz— Hbull“iill)lcv2 explicit calculation. We estimate from Fig. 4 that next-to-
¢ J leading-power contributions are less than 20% of the leading
. (66)  one. In fact, they are small excepfy, implying that the

power expansion il\/Mg and in A/Mp) is reliable. Our
where the ellipses stand for the terms which are further supresults are smaller than those obtained from QCD sum rules
pressed byrs. Compared to the right-hand side of E§6),  at large recoil 28].
£© and the terms proportional to, (x;) in &%) are identi- The next step is to determine tBé*) meson distribution
fied as the first term and the secoftdird) term. We do not amplitudes, i.e., the free parametefs ), by fitting the
distinguishMg andm,, andMp), m., andmg, and em- leading-power PQCD predictions to the measured decay
ploy only one single wave function for tH®@ andD™*) me-  spectra at large recof29—31. The IW function extracted
sons. The differences of the above quantities are also thieom theB— D) v decay is parametrized as

4.
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0.05 form factor
0.04
-
0.03 L
L} ry
» : a A A 0
0.02 n 1 a
A
l !
| 0. [ 3
0.01 a B M
n ege
[ ~. veoo
.o ~. o~
1.35 1.4 1.45 1.5 1.55 0.4 ~.
~.
(a) 0.2
0.25
1.1 1.2 1.3 1.4 1.5 .6
0.2 4 :

(b)

FIG. 4. (a) Dependence of{M/¢® (square and of £&1)/¢®
(triangle on the velocity transfer(b) Dependence of- 5211)/55\01)
(squarg, of — glg/gg"l) (triangl®), and of 55\13)1\,/5%01) (stah on the
velocity transfer.

&) =Fpm(L[1—p2uy(n—1) o)

- Y _1\3
+cp)(7—1)°+0((n—1)°)], (67) FIG. 5. (a) [(b)] £ as a function of the velocity transfer from the

. -~ B—D®™)v decay. The solid lines represent the central values, the
with the factors Fp(1)=0.980.07 [32] and Fp«(1) dashed(dot-dashejl lines give the bounds from the linedqua-

=0.913+ 0'042 [33]. Th_e above va_lues are con_sistent with dratic) fits. The circles correspond ©p)=0.5, 0.7, and 0.9 from
those derived from lattice calculatiofi84]. The linear and

o . bottom to top.
guadratic fits give 29,30

~ . ~ . leptonic charmful decays, such 8—-D®)z(p). Our pre-
pp=0.69£0.14, ¢cp=0, pp,=0.81+0.12, cpx=0, dictions for theB— D branching ratio$35]

pp=0.69'0T;, Ccp=0.00"5c0, (68) B(B"—D%7)~5.5¢10",
respectively. Choosing the decay constafifs=- 190 MeV B(EOHD-F’]T_)’“Z.SX 103,
andfp=fp« =240 MeV, we find thalCp~Cp+=0.7 leads -
to an excellent agreement with the data at large recoil as B(B’—D%#%~2.6x10"* (69

exhibited in Fig. 5. For these values, the correspondifiy

meson distribution amplitude exhibits a maximum at are in agreement with experimental dgéé—38. The above

~0.36, consistent with our expectation. The rough equalityresults correspond to the phenomenological coefficients

of Cp and Cp« hints that the heavy-quark symmetry holds and a, [39] with the ratio |a,|/a;~0.5 and the phase

well. —57° of a, relative toa;. The point is, from the viewpoint
Note that our aim is not to extract the Cabibbo-of PQCD, that the phase is of short distance and generated

Kobayashi-Maskawa matrix elemej\.,| from experimen- from hard amplitudes. This is contrary to the conclusion

tal data. This extraction is best done in the zero-recoil regiongdrawn from naive factorizatiof39—42: the phase comes

where the heavy-quark symmetry defines unambiguously thigom long-distance final-state interaction.

normalization of theB— D*) transition form factors. It has If the D*) meson decay constant is known from, for ex-

been emphasized that the PQCD formalism is reliable aample, lattice QCD calculation, it is then possible to extract

large recoil, and appropriate for two-body nonleptonic de-the matrix elemen{V.,| from the measured semileptonic

cays. Therefore, one of the purposes of this work is to deterdecay spectra at large recoil using the PQCD formalism. The

mine the unknowrD*) meson wave function. ThB meson  experimental data of the produftV.,|&( 7) lexp for the B

and pion wave functions have been fixed already in the lit-— DIl v mode[29] are listed in Table I. The region with the

erature. With these meson wave functions being availabldarge velocity transfet;>1.35 is regarded as the one, where

we are able to predict the branching ratios of two-body nonPQCD analyses are reliable. We compute the following
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TABLE I. Experimental data ofV,|£(7) for the B—DIv de- C 1
cay. D
9
k 1 2 3 4 8
n 1.39 1.45 1.51 1.57
[ Venl £(7) Texp 0.028 0.030 0.024 0.024

square as a function of the two parameté4,,| and the

o O O o O O o
(&2 B

shape parametélp(Nyq=2): 4
T2 1 8.03 0.035 0.04 0.045 0.05
X Ndata_ Npara |VCb |
[V epl €0 Jexp— [ Vienl €0 ﬂk,CD)‘Z FIG. 6. The}z value as functions ofVes| and Cp with the
XEK o ‘ ) shaded region corresponding ¥8<1.

(70 to-leading-power contributions, which is equivalent to the

whereNg..=4, o, are assumed to be 10% of the dé&tan- heavy-quark expansion ip bothmy and 1Mm;. The leading-
sidering only the systematic errors for illustratipand §(f) power formulas, respecting the heavy-quark symmetry, are

has been defined in E¢54). The band in Fig. 6 stands for identified as the_IW function. This contribution, character-
the allowed|V,|-Cp range withy?<1. It is found that tak- ized by the scaléh yMg/Mp), is calculable marginally in
ing Cp=0.7, V.= (0.035-0.036)(240 MeVi,) is con- PQCD. The next-to-leading-power corrections, characterized
sistent with the value extracted in R¢R9] from the zero- by a scale larger thayAMg, can be estimated more reli-
recoil data. Choosiny.,=0.04, Cp=0.4~0.5 is allowed. ~ ably, and are found to be less than 20% of the leading con-
tribution. That is, the heavy-quark expansion makes sense.
V. CONCLUSION Note that the next-to-leading-power corrections considered
here, which can be analyzed under the current knowledge of
In this paper we have developed the PQCD formalism fomonperturbative inputs, are not complete. The conclusion
the B—D™) transitions in the heavy-quark and large-recoil drawn in this paper provides a solid theoretical base for the
limits based onk; factorization theorem. The reasonable PQCD analysis of thé\, baryon charmful decay3].
power counting rules for these decays with the three scales We have determined tHe*) meson wave function from

Mg, Mpw), andA have been constructed following the hi- the B—D ™)l decay spectrum, which has a maximum at
erachy in Eq(1). Under this hierachy, only a singmeson the spectator momentum fraction-0.36 as expected. This

wave function and a S|ng|@(*) meson wave function are wave fUnCtion iS Useful for making pl’ediCtiOHS fOI’ the two-
involved, which possess maxima at the spectator momentufody nonleptonic decays in the PQCD formalism. The re-
fractionsx~K/MB andx~K/MD(*) respectively. Dynam- sults of theB— D 7 branching ratios have been presented in
ics of an energeti® ™) meson is the mixture of those ofga Eqg. (69), which are consistent with the experimental data.

meson at rest and of an energetic light meson: it absorbghe details of this subject will be published elsewhere.

collinear divergences but the heavy-quark expansion applies
to thec quark. The Sudakov factor frokyy resummation for
an energeti® *) meson is similar to that associated witBa
meson. The end-point singularities, being logarithmic in the The work of H.N.L. was supported in part by the National
collinear factorization theorem, do not exist in thefactor-  Science Council of R.O.C. under Grant No. NSC-91-2112-
ization theorem. Including also the Sudakov effect fromM-001-053, by National Center for Theoretical Sciences of
threshold resummation for hard amplitudes, the PQCD apR.O.C., and by Theory Group of KEK, Japan. The work of
proach to theB—D™*) transitions becomes more reliable. T.K was supported in part by Grant-in Aid for Scientific
The factorization formulas for thB—D®) form factors  Research from the Ministry of Education, Science and Cul-
have been expressed as the sum of leading-power and nektwe of Japan under Grant No. 11640265.
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