PHYSICAL REVIEW D

VOLUME 52, NUMBER 7

1 OCTOBER 1995

Applicability of perturbative QCD to B — D decays

Hsiang-nan Li
Department of Physics, National Chung-Cheng University, Chia-Yi, Taiwan, Republic of China
(Received 30 December 1994)

We examine the applicability of perturbative QCD to B meson decays into D mesons. We find
that the perturbative QCD formalism, which includes Sudakov effects at intermediate energy scales,
is applicable to the semileptonic decay B — Dlv, when the D meson recoils fast. Following this
conclusion, we analyze the two-body nonleptonic decays B — Dn and B — DD,. By comparing
our predictions with experimental data, we extract the matrix element |Vcs| = 0.044.

PACS number(s): 13.20.He, 12.15.Hh, 12.38.Bx

I. INTRODUCTION

Recently, perturbative QCD (PQCD) has been pro-
posed to be an alternative theory for the study of B me-
son decays [1-3], which complements the approach based
on the heavy-quark effective theory (HQET) [4] and the
Bauer-Stech-Wirbel method [5]. The point is to include
Sudakov effects [6], which arise from the all-order summa-
tion of large radiative corrections in the processes. It has
been shown that these effects, suppressing contributions
due to soft-gluon exchange, improve the applicability of
PQCD to exclusive processes around the energy scale of
few GeV [7]. The heavy b quark possesses a large mass
scale located in the range of applicability [8]. The Su-
dakov factor for the heavy-to-light transition B — wlv
has been derived in [2], and the perturbative evaluation
of the associated differential decay rate is found to be
reliable for the pion energy fraction above 0.3.

In this paper we shall investigate the applicability of
the above PQCD formalism to heavy-to-heavy transi-
tions, concentrating on the semileptonic decay B — Div.
Heavy-quark symmetry [9] has been employed in the
analysis of this decay [10], whose amplitude is written
as

AP, Py) = %Vcbm(l — A5)(D(Py)|er b B(Py)) ,
(1)

where Gr = 107% GeV~2 is the Fermi coupling con-
stant, and P; (P,) is the B (D) meson momentum. The
transition-matrix element M* = (D|év,b|B) can be ex-
pressed in terms of a universal form factor £ in the heavy-
meson limit [9]:

M* = /mpmpé(v: - v2) (v + v3) 2)

with mp (mp) the B (D) meson mass. The velocities
vy and v, are defined by the relations P; = mpgwv; and
P, = mpuvs,, respectively. The form factor £, called the
Isgur-Wise (IW) function, depends only on the velocity
transfer v; - v2 and is normalized to unity at zero recoil
vy - v2 = 1 in the limits mp,mp — oo [9].

The IW function has been usually regarded as sensitive
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to long-distance effects, and cannot be calculated in per-
turbation theory. For the behavior of £ above zero recoil,
there is only the model estimation from the overlap in-
tegrals of heavy-meson wave functions [11]. In this work
we shall show that PQCD can give reliable predictions to
¢ in the region with large v; - v2, where the heavy quark
symmetry cannot provide any information of £. We argue
that the IW function is dominated by a soft contribution
in the slow D meson limit, at which the heavy-meson
wave functions strongly overlap, and factorization theo-
rems do not hold. However, when the D meson recoils
fast, carrying energy much greater than mp, the case is
then similar to the B — m decays, and PQCD is expected
to be applicable [12].

The above conclusion then indicates that two-body
nonleptonic decays such as B — Dm and B —» DD,
can be analyzed reliably in the PQCD formalism. The
B — D decays have been studied [12,13] based on the ex-
clusive PQCD theory developed by Lepage and Brodsky
[14]. However, these analyses lack quantitatively justi-
fication for the perturbative calculation and are highly
sensitive to the variation of the heavy-meson wave func-
tions. Our predictions for the branching ratios of these
decay processes are comparable with those from the stan-
dard PQCD in [12,13] and lead to the value 0.044 for
the Cabibbo-Kobayashi-Maskawa matrix element |V_3| by
combining with experimental data [15]. On one hand, we
derive the behavior of the IW function near the high end
of v; - v3. On the other hand, the consistency of the ex-
tracted |V | with its currently accepted value justifies the
application of our PQCD formalism to the semileptonic
decays B — wlv [2] and B — nm [3].

A model-independent extraction of the matrix ele-
ment |V3| has been obtained from the semileptonic decay
B — D*lv in the framework of HQET [10]. The value
of |V,,| was read off by extrapolating the experimental
data to the zero-recoil point, at which the IW function
is known to be equal to unity. In the present work, how-
ever, we must extract |V | by studying the behavior of
the IW function at the opposite end of the velocity trans-
fer, for which the PQCD analysis is reliable. Hence, the
two-body decays are good candidates. Another possible
method of extracting |V.| has been proposed in [16], in
which a sum rule for the relevant structure function of
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the inclusive semileptonic decay b — ¢ was considered.

In Sec. II we derive the factorization formulas for the
form factors involved in the B — Dlv decay, including
the resummation of large radiative corrections to this
transition. Numerical analysis is shown in Sec. III, along
with the behavior of the IW function at large velocity
transfer. The comparison of our predictions for the de-
cays B — D7 and B — DD, with experimental data is
also made. Section IV contains the conclusions.

II. FACTORIZATION

In this section we develop the factorization formula for
the B — Dlv decay. The lowest-order factorization for
the transition-matrix element M* is shown in Fig. 1, in
which the bubbles represent the B and D mesons, and
the symbol x represents the electroweak vertex where
the lepton pair emerges. The b quark, denoted by a
bold line, and its accompanying light quark carry the
momenta P; — k; and ki, respectively, which satisfy the
on-shell conditions (P; —k;)? ~ m? and k? ~ 0, m; being
the b quark mass. We shall work in the rest frame of the
B meson such that the nonvanishing components of P
are P1+ = P = mp/ V2. k; contains a small number
of transverse components k7, and its minus component
defines the momentum fraction z; = k; /P; . The as-
signment of the momenta for the D meson is similar, but
with kq, my, and z, replaced by k3, m., and z3 = k;’/P;,
respectively, m. being the ¢ quark mass.

The expressions for the components of P> are more
complicated. At zero recoil the D meson sits at rest with
the B meson, and we have P, o P;. When the D meson
takes the maximum energy, it moves fast, and P; is much
greater than P; . To show the relation between P;" and
P, , it is most convenient to express them in terms of
the velocity transfer n = v; - v2. Solving the equations
P, - P, = ympmp and P? = m%, we obtain

Pk, -
N\

N/
7N\

(b)

FIG. 1. Lowest-order diagrams of the decay B — Div.
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+_nt+tvnrP-1
pf=1"VT " mp,
V2
- n—+/nr—1
py="1"VT " . (3)

V2

The upper bound of 7, corresponding to the maximum
recoil of the D meson, is equal to Wmax = (mp/mp +
mp/mg)/2. It is easy to check from Eq. (3) that P =
P; = mp/y/2, as 1 takes the minimum value 1, and
P} /Py =m%/m% > 1 at 7 = Nmax.

We then consider higher-order corrections to the basic
factorization picture. As analyzed before [2,6,7], these
corrections produce large collinear logarithms, when the
loop momentum is parallel to that of a light quark,
or large soft logarithms, when the loop momentum is
much smaller than the mass scale involved in the pro-
cesses. The two types of large corrections may combine
to give double logarithms. It has been shown that the
double logarithms come from two-particle reducible di-
agrams in physical (axial) gauge, whose contributions
are dominated by collinear enhancements for fast light
mesons, and are dominated by soft enhancements for
heavy mesons at rest [2]. Therefore, they can be ab-
sorbed into the corresponding wave functions, which in-
volve similar dynamics. The all-order summation of the
double logarithms in light-meson wave functions, such as
a pion, has been performed in [7]. The resummation tech-
nique [17] has been extended to the case of heavy mesons
in [2]. Combining the above results, we have derived the
Sudakov factor for the heavy-to-light transition B — =lv
[2].

The analysis of the Sudakov corrections to Fig. 1 is
more complicated compared to that of the decay B —
nlv. Because of the dominance of soft contributions near
the low end of 7, we concentrate only on the large-n re-
gion. In this region radiative corrections on the D meson
side involve three scales, P;’ > mp > kor. Note that
all the previous studies of resummation involve only two
scales, for example, P+ and kr in the pion case and mp
and kr in the B meson case [2]. The three scales pro-
duce various large logarithms of P2+ /kar, P2+ /mp and
mp /kar, which complicate their organization. As a naive
approximation, we keep only the largest one proportional
to In(P;" /kar). The neglect of those logarithms contain-
ing mp is equivalent to the neglect of P, < P, in the
analysis of radiative corrections to the D meson wave
function. The D meson is then regarded as being light in
the large 7 region, and the corresponding Sudakov factor
for the decay B — Dlv can be approximated by that for
the heavy-to-light transitions.

The factorization formula for M* in the transverse con-
figuration space, with radiative corrections taken into ac-
count, is written as

d?b; d%b,

Wwpu(zz,bz,&,#)

1
M"=/ dz,dzy
0

Xg”(zhz%blvb2,mBamDyN)’PB($1,b17 P, I‘):

(4)
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in which both the B and D meson wave functions, Pg
and Pp, contain the evolution from the resummation of
double logarithms performed in axial gauge. We have
introduced the conjugate variable b; (b2) to denote the
separation between the two valence quarks of the B (D)
meson. We shall employ the approximation my ~ mp =
5.28 GeV and m. = mp = 1.87 GeV in Eq. (4). H*
is the Fourier transform of the hard scattering amplitude
H* to b space. p is the renormalization and factorization
scale.

Note that in the evaluation of H* we neglect those
terms proportional to k" and k; in the hard scattering
amplitude following the kinematic ordering kt ~ k; <«
kI ~ kg, which is valid in the large 7 region. For exam-
ple, the gluon propagator in the lowest-order diagram is
written as

1 -1
(k1 — k2)2 + e 2k; ki + (ki — kop)?

(5)

where kr serves as the infrared cutoff of the Sudakov
corrections. Once the approximation is made, the kf'
and k; dependences, appearing only in the B and D
meson wave functions, respectively, are integrated to give
Eq. (4).

As stated above, near the high end of 7 the Sudakov
factor e~ for the decay B — Dlv, which groups the
large logarithmic corrections in Pg, Pp, and H¥, can be
approximated by that for the heavy-to-light transition
derived in [2], with the exponent S given by

S(zs, b5, mp, mp) = s(x1,b1, Py )

+ Z s(z,ba, P3")

r=x3,l—x2

1 ) In(t/A) In(t/A)
‘E{[n—ln(blA) ? TTn(b,A) |

(6)
where t is the largest mass scale associated with the

J
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hard gluon and will be specified later. The first term
in Eq. (6) comes from the resummation of reducible cor-
rections to the heavy-meson wave function [2]. The value
of A = Aqcp will be set to 100 MeV below. The com-
plete expression for the factor s(z,b,Q), including the
leading and next-to-leading logarithms, is exhibited in
the Appendix. It is observed that e~5 decreases quickly
in the large b; region and vanishes as b; > 1/A. There-
fore, long-distance contributions are suppressed, and the
perturbative calculation becomes relatively reliable.

One may wonder whether the resummation of large
radiative corrections can improve the applicability of
PQCD near the low end of 7. If we recognize that the
D meson is regarded as a heavy meson in this region,
and is dominated by similar dynamics to that of the B
meson, the Sudakov factor for the decay B — Dlv can
be taken as the combination of the expressions for heavy
mesons [2] at two different mass scales, mp and mp. The
Sudakov exponent S is then written as

S(mivbi7m37mD) = S(w17b1’P1—) + s(xZab27P2+)
~ gl [m In(t/A) | la(t/A) ]
1

“In(b:A) " TIn(bah)

(7
Obviously, it is not expected that our perturbative anal-
ysis with the above Sudakov suppression becomes self-
consistent. The virtuality of the hard gluon in Fig. 1 di-
minishes as ; and z3 are both small, leading to a large
running coupling constant a,. However, this nonpertur-
bative region is not strongly suppressed by the Sudakov
factor in Eq. (7). It is the extra exponent s(1—x2, by, P3t)
in Eq. (6) that can provide the necessary suppression in
the small z;, or large 1 — z3, region.

Having factored all the large logarithms into the Su-
dakov factor, we can then compute the hard scattering
amplitude H* of the B — DIv decay to the lowest order
of a,. From Fig. 1(a) we have

H(a)u,zt a’YS(E-’-mD) m El_k2+m3
r[7 (Pr—ka)? —m} |

2N,

16ma,Crlmpmp — x2(1m%)

o1 +mB)Ys] —g*NLCr
V2N, (k1 — k2)?

"

= P
[z1z2{mpmp + (kir — kor)?|[z2{mpmp + kis] '

16wa,Cr[m% + z2(ampmp]

* [z1z2{mpmp + (kir — kor)?][z2{mpmp + ki7] Py, (8)
with
(=n++n?-1,
1 -2
G = 3 + 51—772_——_1 s
o=n—1+ M

21 ©)

The factors (P, + mp)ys/v/2N. and v5(®, + mp)/+/2N, come from the matrix structures of the B and D meson
wave functions, respectively. Cr = 4/3 is the color factor, and N, the number of colors. Similarly, from Fig. 1(b) we
get
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H®# — ¢ ’YS(Pz +mp) o Py — K + mD u (@1 +mB)rs —9°NcCr
vV 2N (P2 - k )2 - m 2Nc (kl b k2)2
_ 167ra,CF[mD + z1{ampmp] pr
[z122(mpmp + (ki — ko7)?][z1{mpmp + k3;] !
16wa,Cp[mpmp — x1{1m%) 5 (10)

[l‘ﬂszBmD + (kir — ka7)?][z1{mpmp + k37] 2

Note that H® can be obtained from H(® by exchanging the variables associated with the B and D mesons. This
permutation symmetry has been displayed manifestly in Fig. 1.

Performing the Fourier transform of Egs. (8) and (10) to get H* and substituting them into (4), we obtain the
factorization formula for M* = f; P}’ + f, P}, where the form factors f; and f, are given by

1 oo
fr = 167Cr / de de / by dbybs dbs 6 (w1, b1)$p (23, b2)
o o

x[(mpmp — z2(imb)h(z1, 2, b1,b2) + (Mm% + z1{empmp)h(z2, 1, b2, b1)] exp[—S(z:, b, mp, mp)]

and

(1)

1 oo
fa = 16nC / dzy do, / by dbyb dbz $5 (21, b1)ép (22, b2)
0 0

x[(m% + z2¢ampmp)h(z1,z2,b1,b2) + (mpmp — x1{im%)h(z2, x1, b2, b1)] exp[—S(x:, b5, mp, mp)],  (12)

respectively, with

h(z1,z2,b1,b2) = as(t)Ko(v/z1Z2{mpmpb,)[0(b1 — b2) Ko(+/z2{mpmpbi)Io(1/z2{mpmpbs)

+8(b2 — b1) Ko(v/z2{mpmpbz)Io(\/z2{mpmpb;)] .

The wave function ¢p (¢p) comes from Pp (Pp) in
Eq. (4) with the evolution in P (P;"), which is the re-
sult of the resummation of reducible corrections, grouped
into the Sudakov factor. The argument b in ¢p and ¢p
denotes the intrinsic transverse momentum dependence
of the wave functions [18], which is a nonperturbative ob-
ject and cannot be handled in perturbation theory. Kpo
and I, are the modified Bessel functions of order zero.
We choose t as the largest scale associated with the hard
gluon:

t = max(y/z1z2(mpmp,1/b1,1/b3) . (14)

III. NUMERICAL RESULTS

Before evaluating f;, we compare our formulas with
those derived in the framework of standard PQCD
[12,13], where the kr dependence in the hard scatter-
ing amplitude is neglected and the heavy meson wave
functions, with kr integrated, take the simple form of
the é function (the so-called peaking approximation):

#5(@) = L2-5 —2p), d0() = 2w op).
(15)
Here fg = 0.12 GeV and fp = 0.14 GeV are the de-

cay constants of the B and D mesons [19], respectively.
Equations (11) and (12) are then reduced to the standard

(13)

-

factorization formulas without b integrations, which lead
to

mpmp — zplimp

zprd(2miml

fi= gWCFaafoD[

m% + zp(empmp
2 2.2
zgxp(imgmi

I

(16)

m% + zp(ampmp
zpzh(2mimi

4
fa= gﬂcFaafoD

2
mpmp — zpimp

2 2,2 2
zgxp(imgmy,

It is apparent that the above expressions are very sen-
sitive to the values of zp and zp, and the coupling con-
stant o, must be regarded as a free parameter. We con-
sider the nonleptonic decay B — D, which corresponds
to the case of maximum recoil here with 7 = fpax = 1.59.
Setting o, = 0.4, zg = 0.07, and zp = 0.2 as in [13], we
obtain f; + f2 = 1.3, which gives a branching ratio com-
parable with experimental data [15]. However, if slightly
different values such as g = 0.07 and zp = 0.15 were
inserted, the branching ratio becomes three times larger.
On the other hand, simply setting a, to a constant makes
the justification of the perturbative calculation unavail-
able. Compared to the standard PQCD approach, our
modified perturbative expressions are less sensitive to the
profile change of the wave functions because of the in-
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clusion of k7 in the hard scattering amplitude, which
moderates the divergences from small zp and zp. Sub-
stituting Eq. (15) into (11) and (12), and performing the
integrations over b; and by, we find that the latter set of
zp and zp leads to a branching ratio only 50% larger
than that from the former set.

We adopt the following model for the B meson wave
function [20]:

m2 k2 -2
®p(z,kr) = N [CB+ £+ Tz)] . Qan

1—z z(1-

The constants Ng and Cp are determined by the nor-
malizations

1
/ dz/dszd)B(w,kT)— Iz
0

2v/3’
(18)

/O "o / Pkr[®p (2, k)2

which give Np = 0.923 GeV?® and Cp = —27.877255
GeV2. ¢p is then defined by

I
Ni=

$5(z,b) = / &ky @, kr)e TP
_ wNpbz?(1—z)?
\/sza: + Cpz(1 — z)

xKi(y/mye +Cpa(l—2)b) . (19)

It is observed that ¢p peaks at © ~ 0 and decreases
monotonically with z for fixed b, signifying the soft dy-
namics involved in the rest B meson.

If we assume a similar model for the D meson wave
function, with mp in Eq. (17) replaced by mp, straight-
forwardly,

wNpbz?(1 — z)?2
vVmbz + Cpz(l — z)

¢D(xab) =

xKi(y/mpz + Cpe(1-z)b),  (20)

we obtain the constants Np = 0.136 GeV?3 and Cp =
—3.495 345 GeV2. The resulting wave function ¢p also
peaks at small z = 0.01 for fixed b. However, the QCD
sum-rule analysis in [21] has shown that the average mo-
mentum fraction of the light valence quark in a fast D
meson is roughly 0.2. To be consistent with this obser-
vation, we employ Eq. (20) but with Cp determined by
the requirement that ¢p takes the maximum value at
z =~ 0.2 for b — 0. We then have Cp = —2.9 GeV?,
along with Np = 0.240 GeV® from the normalization
Jdzép(z,0) = fp/(2V3).

Results of f; and f, derived from Egs. (11) and (12),
respectively, with b; and b, integrated up to the same
cutoff b. are shown in Fig. 2. We find that at n = 1.30
approximately 55% of the contribution to f; comes from
the region with o, (1/b.) < 1 or, equivalently, b. < 0.5/A.
The percentage of perturbative contribution increases
with 7, and for n above 1.39, more than 60% of the full
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FIG. 2. Dependence of (a) fi and (b) f2 on the cutoff b.
for (1) n = 1.3, (2) n = 1.39, and (3) = 1.59.

contribution is accumulated in this region. It implies that
our PQCD analysis of the decay B — DIv in the range
of § > 1.39 is relatively reliable. It is also found that
the self-consistency of the perturbation theory becomes
worse quickly for 7 < 1.3, as expected. Compared to a
similar analysis of the decay B — 7lv [2], in which about
80% of the whole contribution arises from the above per-
turbative region, PQCD does not work as well for the
decay B — Dlv as for the B — 7 decay. The reason is
that it is only a fair approximation to treat the D meson
as being light because the ratio P;" /mp is only equal to
2 even in the maximum recoil region. However, it is still
sensible to compare our predictions with experimental
data, since perturbative contribution indeed dominates
[7].

Based on the above conclusion, we are led to consider
the two-body nonleptonic decays such as B — Dm and
B — DD,, which can be best described by our PQCD
formalism. The decay rate of the specific mode B® —
D*x~ is given by

1 m2 3
= 1 GLVial|Veol? £2md, ( - —D) o+ fal?
647 sz

(21)
which is derived from the amplitude
Gr
V2

with the PCAC (partial conservation of axial vector cur-

A= VuaVesr(m|vu(1 — v5)|0)(D|cy*b| B) (22)
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rent) relation (m(P)|y,(1 — 745)|0) = iv/2f.P, inserted,
fxr = 93 MeV being the pion decay constant. Equa-
tion (22) is achieved following the conclusion in [22] that
the nonfactorizable W-exchange contribution is negligi-
ble. The value of f; + f> in this case can easily be read
of from the curves corresponding to n = 1.59 in Fig. 2,
which is equal to 1.44. Substituting the matrix element
|Vuda| = 0.974, we obtain I' = 8.4 x 10713|V,|? GeV,
or equivalently, the branching ratio B(B® — D+n~) =
1.65|V5|2 from the total width (0.51+0.02) x10~° MeV of
the B® meson [23]. Comparing with experimental data
B(B® - D*n~) = 3.2 x 1073, we extract the matrix
element |V = 0.044, consistent with the currently ac-
cepted value [23]. Similarly, the decay rate for the mode
B® —» D*D; is given by

1 m ,
T = = G3|Veu Va2 £}, =5 /120 — 1
mp

327 max
x|(mp —m} +mp,) fr + (mp — mp — mp,) fol?
(23)
with the matrix element |V | = 1.0, the decay con-

stant of the D, meson fp, = 0.16 GeV [19], and the
D, meson mass mp, = 197 GeV. In this case we
have the maximum velocity transfer 7)., = (m% +
m} — m} )/(2mpmp) = 1.39, for which the corre-
sponding values f; = 0.47 and fo = 1.32 are read
off from Fig. 2. Equation (23) then gives the de-
cay rate I' = 2.7 x 10712|V4|?, or the branching ra-
tio B(B® — D%D;) = 5.3|Vs|?. Experimental data
show B(B® - D*D;) = 9.9 x 1073, from which we ex-
tract |Vep| = 0.043, close to that obtained from the decay
B - D*r™.

Because of the consistency of our predictions with ex-
perimental data, we can explore the behavior of the IW
function near the high end of 7 reliably. For finite mp
and mp, Eq. (2) is modified to

M* = /mpmpl[€+(v1 - v2)(v1 + v2)*

+€—(v1 - v2)(v1 —v2)¥], (24)
where £; — £ and £_ — 0 in the heavy-meson limit. A
simple manipulation gives the relations

€xr=1 (\/mB/mel + va/mez) .

(25)

The dependence of £, and £_ on 7 is shown in Fig. 3,
which exhibits a falloff and an increase with 7, respec-
tively. The magnitude of £_ indeed diminishes as stated
above.

Note that in the analysis based on the heavy-quark
symmetry only the single form factor £ is involved, as
shown in Eq. (2). HQET and PQCD are basically two

different approaches to B — D decays, and which one"

is more appropriate depends on the region we are con-
sidering. From Fig. 3 it is observed that the form factor
&_ becomes smaller, and thus only £, is important in
the low-7 region, as required by heavy-quark symmetry.
However, £_ increases with 7, indicating that this sym-
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FIG. 3. Dependence of (a) £+ and (b) £~ on 7 derived
from our PQCD formalism. The dependence of £ on 7 from
the model calculation in [11] (dashed line) is also shown.

metry breaks down gradually when the D meson moves
fast, and then PQCD may serve as an alternative tool. In
fact, the heavy-quark symmetry also breaks down, when
1/m corrections are included in HQET [11]. These cor-
rections usually increase with 7 [11], consistent with the
observation made here. This is the reason the matrix
element |V3| is extracted from the behavior of the IW
function at zero recoil, £(1) = 1, in HQET [10] and at
maximum recoil in PQCD. Therefore, HQET and PQCD
are complementary to each other in the study of B meson
decays as stated in the Introduction.

A model calculation of the IW function in terms of the
overlap integrals of the heavy-meson wave functions has
been performed [11], which leads to

€n) = (26)

2
1

" exp [—(2,:2 - 1)’7—_1]

n+1

with the parameter p =~ 1. The behavior of £ is also
shown in Fig. 3. It is observed that our predictions for
&, are close to & at large n and begin to deviate from
£ as 7 < 1.39. The match confirms the applicability of
PQCD to heavy meson decays in the large recoil region.
Finally, the differential decay rate for the specific mode
B°® — D*1~© with vanishing lepton masses is given by

dr
dn

il

|Ves|*R(n)
1

= IVCb[z487r3 Gimpmb(n? — 12 fi + f2|* . (27)
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FIG. 4. Dependence of R(n) on 1 derived from the PQCD
analysis.

Substituting the results of f; into Eq. (27), we derive
the behavior of R(n) for n > 1.39 as in Fig. 4, which
shows an increase with 77. Once experimental data for
the spectrum of the decay B® — DI~ are available,
the matrix element |V,3| can also be extracted from the

curve in Fig. 4.

IV. CONCLUSIONS

In this paper we have applied the PQCD formalism to
the semileptonic decay B — DIv and found that the per-
turbative calculation is reliable for the velocity transfer
above 1.4. The point is to include the resummation of
large radiative corrections in the process, which improves
the applicability of PQCD. The intrinsic transverse mo-
mentum dependence also plays an essential role in the
calculation. We emphasize that our analysis does not
involve any phenomenological parameter and is insensi-
tive to the profile change of the wave functions. The
perturbative calculation is shown to be self-consistent by
considering the magnitude of the running coupling con-
stant, which defines the region where perturbation theory
is reliable.

Our predictions are satisfying in the sense that they
match the model estimation of the IW function at the
high end of the velocity transfer, and the values 0.044 and
0.043 for the matrix element |V, 3| are extracted from the
decays B — Dm and B — DD,, respectively. The agree-
ment of perturbative predictions with experimental data
justifies the approximation of regarding the D meson as
a light meson, which has been employed in this work.
Weé then confirm the perturbative analysis of the decay
B — 7lv in [2], which is important for the extraction of
|Vus|. On the other hand, it is also worthwhile to apply
the same formalism to B — D*, D** decays [24], in which
spin effects introduce more form factors. To explore the
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relations among these form factors will provide further
justification for the PQCD analysis presented here.
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APPENDIX

In this appendix we show the derivation of the expo-
nent s(z,b,Q) in Eq. (6). We start with Eq. (5.42) in
Ref. [6]:

zQ

s(z,6,Q) = /

dﬂ mQ) ]
— |ln{—<] A4 B ,
[ [ (5) Aot + Blot)
(A1)
in which the factors A(g) and B(g) are expanded as

A(g) = AW % 4 42) (%)2

i (A2)

2a, 271
B(g)—-i-;r—ln( ; )

in order to take into account the next-to-leading loga-
rithms. The running coupling constant «, is written as

as(p) _ 1 _ B2 Inln(u?/A?) (A3)
™ B1 In(p2/A%) B3 In®(u2/A2)
The above coefficients 3; and A®) are
_ 33 —2ny¢ _ 153 — 19n;
,31 = 12 9 ﬂZ = 24 )
(A4)
4 67 «? 10 8 e
(€ —— @_22_= _ = i ha
4 3 4 9 3 27"f+35‘1n(2)’

where ny = 4 is the number of quark flavors and « is the
Euler constant. Performing the integration in Eq. (Al),
we obtain s, which is given in terms of the variables

d =1In(zQ/A), b=In(1/bA) (A5)

by [7]
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e 5 W . A® /g @ AW 2v-1 5
A g (1) < A gy A (4 0) A A ()] (0)
26, b 26, 467 \b 467 45 2 b
AW, [In(2)+1 In@2b)+1] AME, , .
i . - A In?(2§) — In?(2b
ags ¢ i 7 83 [In®(24) (26)]
AMg, . (ezv—l) In(2¢) +1 _ In(2b) +1
803 2 q b
AMB, [21n(24)+3 2In(2b) +3| AMB G—b .
_ _ . - —[21n(2b) + 1
1632 3 5 Tept 5 (2 m(28) +1]
A®)2 118 1n®(24) + 30 In(29) + 19 18 In®(2b) + 30 In(2b) + 19
1728038 §? B2
APBEG—b 2 ;
T [9 In?(2b) + 6 In(2b) + 2] . (A6)

The previous studies involving the Sudakov logarithms
pick up only the first six terms in Eq. (A6), which are
more important than the remaining ones in the large-Q
region. Note that the coefficients of the fifth and sixth
terms are different from those in Refs. [6,7]. It can be
easily checked that with these corrections the results for
the pion form factor in [7] are reduced only by a few per-
cent. An explicit examination on the form factors f; in

B — D decays shows that the partial expression, includ-
ing only the first six terms, gives predictions smaller than
those from the full expression by less than 5%. Hence,
for simplicity, this partial expression is substituted into
(11) and (12). Note that s is defined for § > b and is set
to zero for § < b. As a similar treatment, the complete
Sudakov factor exp(—S) is set to unity, if exp(—S) > 1,
during the numerical analysis.
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