
PHYSICAL REVIEW D VOLUME 36, NUMBER 1 1 JULY 1987

Comparison of exclusive decay rates for b = u and b =c transitions
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We present a variety of estimates for nonleptonic and sernileptonic few-body decays of the B meson
which indicate that b~u transitions tend to produce multibody final states. This implies that chan-
nels such as B~mvr or B~np offer little chance to improve the current upper bound on the b~u
Kobayashi-Maskawa matrix element. Also the leptons in b~u semileptonic transitions tend to be
emitted together with massive multibody states rather than a single m or p. This makes the b~u
spectrum somewhat softer and the task of distinguishing such leptons from B~Dlv, say, more
dificult.

I. INTRODUCTION
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Such leptons extend beyond the end point of the dom-
inant B~Dlv, D*lv transitions with
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The b~u transitions could also produce very energetic
pions from B~~X decays with X a low-mass hadronic
system.

Let P„(f) denote the probability that a B decay
proceeding via b~u leads to the specific final state f.
The branching ratio for this final state is then given by

B(B~f)=2rP„(f) .

If P„(f) is known then an upper bound on B(B~f)
translates into an upper bound on r:

2

—:r =B(B~f)/2P„(f) .
Vb,

Strong upper bounds on Vb„or sensitive searches of
b~u transitions require kinematically clean final chan-
nels which yield stringent experimental bounds on

r:—
I

Vbu~I'bc
I

is of prime importance, and presently is bound by r (0.02
(Ref. 1). The idea underlying efforts to improve this
bound and eventually find b~u transitions is to use the
special kinematics of the b~u decays of B mesons at
qt(4s). Two-body decays such as B~7rtr, p~, A2sr have
characteristics allowing B reconstruction and efficient sep-
aration of background events. The semileptonic decays
B~~lv, B~plv, and more generally B~Xlv, where X is
a noncharmed, nonstrange, low-mass mesonic system, can
yield leptons of maximal energy

B(B~f). However, we also need to make sure that
P„(f) is not dynamically suppressed.

In the following, we will compare P„(f) for f =trtr, harp,

trlv, pl v with the corresponding quantity P, (f') for
f'=7rD, AD*, Dlv, D*lv. Our estimates of various kinds
all indicate a suppression of the hadronization of the u

quark into the low-lying states. This observation implies
that the most straightforward signatures for b~u transi-
tions are dynamically disfavored.

II. KINEMATICS

The basic feature affecting all subsequent estimates is
the large mass ratio m&/m„) 10 involved in the b~u
transition. In b~ulv or b~uud the average u-quark en-
ergy =mz/3=1. 75 GeV considerably exceeds the typical
light-quark energy in ground-state mesonic systems
E=m„=350—500 MeV. In contrast, for charm (c~s)
or b ~c transitions with m~ /m, =m, /m, =3, the ener-
gies of the secondary particles fit better into the low-lying
states. Therefore, available results about charm decays
such as D 'art, D K', or about B~D (D * )+ tr,
B~D(D*)+lv have to be used with caution as a guide-
line for the corresponding b~u transitions.

Following most workers ' we adopt a simple spectator
model for the b nonleptonic decays [see Fig. 1(a)):

b~q'+ud, q'=(u or c),
with the other, "spectator" quark q in the B unaffected.
Subsequently the four quarks (q', ud, and q) combine into
the final-state hadrons.

Furthermore, following Ref. 4 we assume that the
color-singlet clusters [ud from the virtual W, and u (or c)
with q] hadronize separately [see Fig. 1(b)]. With these
assumptions the semileptonic and nonleptonic B decays
are very similar. In particular, B~~~, say, is analogous
to B~srlv with m (lv) =m„=0.

Let the "decay" quark q
' from b ~q '+ 8', q

' = u, or
c, carry energy pm~. The invariant mass of the qq' sys-
tem then is

m (qq') = (m- ) +2mt, rim-+ (m „or m, ) .
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q= C, u

of the total energy, whereas u, d quarks fragment into
softer leading pions or p mesons.

Thus it is more likely for the cq "jet" resulting from the
b ~c transition to fragment into a D or D* only, than it
is for the uq "jet" to fragment into a vr or a p only.

The same conclusion is reached by considering the
infinite-momentum frame distribution functions
cD(x)[u„(x)] for the c(u) valence parton in the D(m)
meson. For the u-quark distribution (in the m) we take
the conventional parametrization

u (x)=6x (1 —x), (3)

which is symmetric under x~1—x and peaks at x = —,'.
In contrast, the c-quark distribution cD (x ) should be
peaked near the point xo given by the quark mass ratio:

xo ——m, /(m, +m„)=0.8 . (4)

q=c, u

FIR. 1. (a) Spectator-model diagram for nonleptonic B de-
cays. (b) Spectator-model diagram for B~m.~ with color clus-
tering.

An example for cD(x) is shown in Fig. 2 which has the
property that the probability to find x (xo is approxi-
mately equal to xo.

We now use the qualitative difference between the dis-
tribution functions depicted in Fig. 2 to estimate for the
nonleptonic two-body decays the ratio P„(~rr)/P, (~D) [or
P„(mp) /P, (vrD *

) ]. Using the boost-invariant quantity
(energy + longitudinal momentum) to estimate the x value
x' of the "decay" quark which eventually has to fit into

In B~vr~ (or B~nD), q= —,', w. hereas in the semileptonic
case we expect an average g= —,'.

Using m =m „=0.35 GeV, m, = 1.5 CreV, and

mb ——4.9 GeV we find, for the semileptonic case,

m (qu) = 1.2 GeV, m (qc) = 1.9 GeV, (2a)

and, for the two-body nonleptonic case,

m(qu)=1. 4 GeV, m(qc)=2. 0 GeV. (2b) co( x)

Thus, m (qc) is the D mass or not very far above it-
consistent with the dominance of B~DIv, D*lv and the
reasonable branchings for B~D~, D*w.

This is to be contrasted with the invariant masses in the
b~u case. Here m (qu) is definitely above the m. ,p region
and for the two-body decay even above the p-wave band

[ 3 &, 2 p, fo, B ( 1235 )]. As a consequence we expect that
P„(f)&P, (f') where f and f' denote analogous few-body
final states involving only the low-lying hadrons.

III. NONLEPTONIC CHANNELS

We now present estimates to the effect of the kinemati-
cal differences between b~c and b~u on the nonlepton-
ic few-body decay rates of the B meson.
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A. Rudimentary parton model

The expectation that D,D* mesons are a more likely
end product of the b ~c transition than the ~ or p
mesons are for the b~u transition is related to the con-
cept of "hard fragmentation" of heavy quarks introduced
in Ref. 6. Fast charmed quarks fragment into jets, which
typically contain a fast D or D' meson carrying =80%

.5 [.0

FIG. 2. Typical shapes for, respectively, the e quark distribu-
tion inside the D meson and the u-quark distribution inside the
pion. For details see Sec. III A.
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cD(x) or u (x), we get for both b ~c and b~u that

mb —k cos0
X

mg

Here k is a typical momentum of the spectator quark with
polar angle 0 relative to the decay quark. The angle is as-
sumed to be distributed uniformly in cosO. Thus, x' is
uniformly distributed in the interval (x —6x, x+6x),
where

mb

mg

4.9 =0.93, 6x =
5.27 mg

"=0.06.
5.27

(6)

Clearly the magnitude of x makes the formation of a D
meson more likely than the formation of a ~ meson. As a
measure for this probability we take the area within X+6x
under each of the respective distribution functions. We
then get

—,
' &P„(trtt)/P, (AD) & —,',

C. Empirical estimates

The small branching for the decay of a massive object
into a particular two-body final state has to do with the
large number of competing channels. From this point of
view the transitions B~m~ +mz, tl~m, +m~,
Y~m ] +m 2, where m

&
and m z are light hadrons, share

a common feature. We propose to use empirical informa-
tion available for these processes to estimate the probabili-
ty P„(f) for f =ntr and rtp. In the spectator model the
B~~~ and B~p~ decays proceed through the hadroni-
zation of a two-quark —two-antiquark system. We there-
fore expect comparisons with P and Y decays where the
hadrons emerge from a multigluon system to be reason-
able.

1. Bop@versus ./~pm, Y~p~

Let us conjecture that the respective probabilities for
the hadronization into ~p derive from a common power
law, i.e.,

somewhat depending on the particular form used for cD
but always in this range as long as xo approximately mea-
sures the probability for x to be below xo.

P(harp)=C p
1

d-,

(9)

B. Potential models

where m is either the B, the P, or the Y mass. Since
m~ =(m&mz)' the conjecture implies

P„(vrp) = [B(/~per)B (Y~prr)]' & 10 (10)
A large suppression of B~~~ relative to B~D~ is in-

dicated in potential models. Let 4s(r), O'D(r), and 'Il (r)
be nonrelativistic wave functions describing the B, D, and
m mesons, respectively. The overlap integrals arising for
B~~~ or B~Dm are

mu
F~ D —— dr%'D r exp i qa-r +z r

m„+m,

F~ = f dr+ (r)e' '+z(r),

where B(Y~pn) & 10 has been used. From the mea-
sured branching ratios for B~D ' rr or B~D~~ the prob-
ability P, (Dp+D*~) is expected to be on the one percent
level. The above result for P„(~p) therefore implies a
suppression by about a factor of 10, when comparing
P„(~p) to P, (Dp+ D ' tr).

Of course, the basis upon which Eq. (9) has been de-
rived is debatable. We cannot solidly underpin the as-
sumption that the constants c and d, are roughly the
same for the four-quark and the three-gluon systems.

where qD and q are the momenta of the decay products
in the rest frame of the B meson. The suppression of
F[~ „j relative to F[~ Dj stems mainly from the fact that
the first form factor is evaluated at a momentum transfer

Qz = —,'q =1.32 GeV,

much higher than

mu
Q~ D = qD =0.2q~ =0.46 GeV .

m„+m,

Assuming the pole form F=(Q +m~ )
' we find

2. Extrapolation from D~mrr to B~vrm

We are concerned here with the question of how
P„(sr~) scales with the mass of the b quark or the B
meson. Once this is settled we can estimate P„(rr7r) by
substituting mz for mD and using the experimental results
about D~~~.

Since the spectator model diagram for B~trtt [Fig.
1(b)] includes the extra dimensional coupling f, dimen-
sional arguments suggest that the rate for B~~~ is pro-
portional to mz as opposed to the characteristic mz' be-
havior of the inclusive rate. One then expects

2
Fg

Fa-D
mp +Qg D =0. 1 .
me +Qg and

I'„(~~)—1/m~'

A pion of momentum 2.6 CreV is clearly relativistic and
this simple approach is questionable. It suggests, howev-
er, that P„(ster) and P, (AD) can differ by an order of mag-
nitude.

P„(~~)=
2

mD

ms
B (D~~tr) =0.8%%uo (12)

To obtain the 0.8%%uo figure, we have taken the experimen-
tal value B(D ~tr+~ )=0.18% (Ref. 9) and assumed
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that the ~ ~ channel contributes an equal amount.
Since the D~ branching ratios are now below 0.5%

(Ref. 8) the estimate (12) does not support the expectation,
that P„(sr~) is suppressed. We believe, however, that Eq.
(12) is an overestimate. The reason is that it does not take
into account the price to pay for the formation of a single
7r at the lower branch in Fig. 1(b) instead of a multipion

system. Thus the above reasoning applies to the compar-
ison of the fictitious processes b~~u and c~~d rather
than the real process with two pions in the final state.

As Fig. 1(b) indicates, this deficiency of the estimate
Eq. (12) should be corrected by including the mi, depen-
dence of Fs (q =0), the form factor of the 8 ~alv de-
cay at q =0. The precise dependence of F~ (q =0) on
mz is not known. The type of considerations which will
be made in Sec. IV, which is devoted to the semileptonic
decay, indicate that anything between m&

' or mz
could be true. Thus an additional suppression of a factor
from 3 to 30 should be expected making P„(sr~) up to 10
times smaller than P, (~D).

m~ + /g~ ~ and the B'B~ coupling, i.e.,

2
m~g

Res =,— g
2 g B77. (17)

2
m~g

=(m~*mii) fli .1/2 (18)

The decay constant fz in turn is estimated by assuming
that the behavior fbi —mii ', which is expected to hold
in the heavy-quark limit, remains valid in an extrapolation
down to the s-quark mass. This yields

1/2

mg

Like the 8-decay constant fz, the 8*—vector-current cou-
pling m~g /g&g involves the spatial wave function at the

origin times an appropriate power of mass. Assuming the
spatial wave functions of 8* and 8 to be equal (at the ori-
gin) we can write

IV. SEMILEPTONIC CHANNELS

In the limit of zero lepton masses the B~O lv decay
amplitude (0 =~ or D), is described by

—„&—Xs
A (8~0 lv)= —&2GFF~ ~ (ps+pa )„ly" v,

(13)

mb
g~ g~ f (20)

For the 8*8~ coupling we resort to a PCAC (partial
conservation of axial-vector current) consideration similar
to the one leading to the Goldberger-Treiman relation,
with the B and B* mesons replacing the nucleons. From
this we find

where F is a form factor depending on

q =(pii —p ) =mii —2miiE +m

Fii (q )=2 = Res
q~ —m s 2m&(E +5)

—Res

~=mz~ —mz ——50 MeV .

A. B -dominance estimate for 8 ~~lv

Parametrizing Fs by the B*(1 ) pole we have

(14)

(15)

1 fsc
Res = —(m em+ )' ma = 7.3 GeVB (21)

where f~ =158 MeV and f =131 MeV have been used.
With these specifications the B* dominance model
yields"

This result also has some experimental support. The
measured branching ratio of D'~D~ can be converted
into an absolute value for I (D*~Dvr) if we assume that
the electromagnetic transition rate can be calculated reli-
ably. ' The width then yields a value for gD D which is

near to the prediction m, If .

Combining Eqs. (17)—(20) we arrive at

Because of the proximity of the 8* pole Eq. (15) causes a
strong variation of Fz across the physical region. With

r(8'-~+lv) r(8 -~'lv)=2r(b-ulv) r(b-ulv) (22)

(m + —q ) ~;„=2mii(m +A)=2 GeV

(16)

(m * —q ) m, „=2ma
mg +5 =28 GeV

2

~
Fs

~

would decrease by a factor of 200 from the
maximal to the minimal q . This is to be contrasted with
the situation for B~Dlv. The dominance of the lowest
(bc) (1 ) state only leads to a variation of Fs D ~

by a
factor of 2. Thus the q dependence of the form factors is
of main concern for an estimate of the b~u transition,
but of relatively modest importance for the b ~c case.

The residue in Eq. (15) is the product of the
B*—vector-current coupling conventionally written as

The lepton spectrum observed in B decays is well de-
scribed by assuming that the b~c transition essentially
leads to the formation of a D or D* meson only, with
proportions ranging between 1:2 and 1:3 (Ref. 12). The
3% figure for the formation of a pion therefore means a
substantial suppression of P„(~lv) relative to P, (Dlv).

We stress that due to the uncertainties involved, the
above calculation can only be considered as providing an
estimate for the suppression rather than definitively estab-
lishing its magnitude. In particular, the assumption that
the q dependence is dominated by the B* pole all the
way down to q =0 may be criticized. Note, however,
that the model has the feature that F~ at q =0 behaves
like mz ' as a function of mz. This is a weaker de-
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crease than we find otherwise. The consideration where
the spectator quark is made collinear to the u quark by an
exchange of a hard gluon or a consideration based on the
properties of the infinite-momentum-frame wave functions
for the 8 and vr (see the next section) most naturally lead
to powers like m&

' or mz

B. Estimating B~Dlv, B—+n.lv from normalization
at maximal q

Most calculations of exclusive semileptonic decays (e.g. ,
Ref. 4), rely on an estimate of the form factors at q =0.
At q =0 the lepton and neutrino momenta are parallel
and the D (n) is recoiling with maximal energy.

Instead of q =0 we prefer to work at q =(mB —mD)
or q =(mB —m ), respectively, where no recoil is im-
parted to the final hadron (D or n) in the B meson rest
frame.

Consider first B~Dlv where both hadrons contain a
massive quark. Since mz —mD=mb —m„ the decay at

q =(mB —mD) can be viewed as transforming the b

quark in the B meson into a c quark without changing its
momentum. Consequently gluon emission from the
heavy quark is not likely to occur. Also, since the
remaining components in the wave function (the spectator
quark and possibly gluons or qq pairs) see the same color
source before and after the weak transition very little ad-
justment is necessary for the formation of the D meson.
The form factor at q =(mB —mD) is therefore expected
to have a value almost independent of dynamical details.

Strictly speaking, the B and D mesons contain quarks,
antiquarks, and/or gluons with Fourier components k in
the range mb )k & m„which can probe the difference be-
tween the initial b and the final c quark. Since for such k
values the strong coupling constant aQCD is small, these
effects are calculable perturbatively. They amount to
changing the bare vector-current vertex y„ into the
effective vertex

In light of the preceding remarks this result is expected to
have the status of a theorem in the hypothetical world in
which mB and mD (i.e., mq and m, ) can be made
sufficiently large. We have derived Eq. (25) in two ways
which will be outlined below.

The first derivation is in the realm of nonrelativistic
quantum mechanics. This may seem inappropriate so far
as the spectator quark is concerned, but since only very
general properties are playing a role we feel justified to do
so. By a straightforward calculation, one finds

FB D(q =(mB —mD) )

mg +mD (q, ~q, )+o
2 (mBmD)

mu mu

mb m,

(26)

where ( 'PB
~

4D ) is the overlap integral between the
bound-state wave functions of the 8 and D meson. Be-
cause of flavor symmetry the overlap is complete, i.e.,
(O'B

~

'PD) =1 in the limit where the b and c--quark
masses become large (keeping m fixed). The wave func-

tions only depend on the reduced masses which in this
limit become equal to the common spectator mass. If the
deviation of the ratio of reduced masses from 1 is e, the
correction to (4B

~
%D ) =1 is found to be quadratic in e..

For the case at hand with m„=0.35 GeV, m, = 1.5 GeV,
and mb ——4. 9 GeV, e is of the order of 0.2. Therefore,
even for the modest value of the c-quark mass (4B

~
4D )

can deviate from 1 by at most a few percent only. '

The second derivation uses the infinite-momentum-
frame formalism of quantum field theory. Hence, no re-
striction to a nonrelativistic motion of the spectator quark
or on the degree of compositeness of the B and D meson
is made here.

One starts out describing the mesons by its various
Fock-space components such as

l
'pB) I +B (x,q), 'pB'(xi, x»qi, 'q2) . (27)

I =F,(q')y —iF, (q') " F3(q ')q-
mb+m, P (23)

~QcD(V)
Fj ——1+ 3'

mb+m, mb—4+2 ln
m,mb —m,

lxQCD(p ) mq +m
ln3' mb mc

mb

m,

(24)

These results were first given in Ref. 13 and reproduced
by us in an independent calculation. Taking aQCD

——0.2
one gets F& ——1.008 and F2 ——0.05, which lead to a short
distance correction of 2%%uo in the form factor Fz D. Since
this correction is small we will not explicitly display it in
the following.

We now state our main result about the value of the
form factor FB D at q =(mB —mD) which is

2 2 1 B+ D
FB D(q =(mB —mD) )=—

2 (mBmD )
(25)

To one loop the form factors F; at q = (m& —m, ) are (F3
does not contribute in the limit mi =0)

=finite . (28b)

Here 4'z' is the bq wave function with x denoting the
longitudinal-momentum fraction carried by the spectator
quark and q being a relative transverse momentum. Simi-
larly +z ' is the bqg component with longitudinal-
momentum fractions x&,x2 for, respectively, the spectator
and the gluon, etc. By considering a particular com-
ponent of the b ~c vector current one then derives a rep-
resentation for FB D(q ) in terms of overlap integrals be-
tween the Fock components of the B and D meson [ana-
log of Eq. (26)]. This representation yields the result of
Eq. (25) if the Fock-space components for m
= m b (m, )~ oo have the following two properties: (i)
scaling,

(i) (c —1 )/2 (t)(x, , . . . , q, , . . . )=m 4 (mx, , . . . , q), . . . );
(28a)

(ii) x &O(1/m),

lim I dg, J dq, ~'lI"(gi, . . . , q), . . . ) ~'
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The scaling property means that for large m the various
components reduce to universal functions 4" dependent
on m only through the momentum xm. The explicit m
dependence in front of +" is dictated by the property
(28b) which guarantees that the light constituents only
carry momentum fractions of order 1/m. In fact, without
this feature the scaling property would not make sense be-
cause factors such as (1—x) would invalidate it.

At present we cannot give a rigorous justification for ei-
ther (28a) or (28b). They are, however, natural assump-
tions as they substitute for the property of the nonrela-
tivistic wave function to become independent of the heavy
mass and to fall off sufficiently fast in momentum space.

Knowing the normalization of Fs D at q =(ms
—mD) we can now determine the semileptonic rate
B~Dlv. With a q dependence of Fz D as given by the
dominance of the lowest (bc) (1 ) state we get

I (B~Dlv)
r(b-.i )

= (29)

It was pointed out in Ref. 13 that the similarity be-
tween the nonrelativistic wave functions for the D and D *

mesons allows us to relate the B~D '1v form factors at

q =(ms —mD) =(mg —mD)2= 2 ~ 2

to F& D. Assuming a common q dependence for the
form factors appearing in either B Derv and B~D*lv
they obtained

In the spirit of extending b ~c results to b ~u transi-
tions we may also assume the relationship between the D
and D* rates to be extendable to the ~-p case. Using the
expression of Ref. 13 with m„substituting for m, one ob-
tains a p to ~ ratio which is near 1 ~ In conjunction with
the above figure for the ~ rate, this result would imply
that P„(plv) is disfavored by about one order of magni-
tude compared to P, (D '1v). Closer examination of the
model shows that the near equality between the ~ and p
rates depends critically on the fact, that a common u-

quark mass rn„=0.35 GeV has been used for both ~ and
p. To obtain an idea about how sensitive the result is to
this assumption we have used the expressions of Ref. 13
with the physical masses mz, mz, m appropriately sub-
stituted for the quark masses. This causes the p to vr ratio
to increase by about a factor of 10 thereby making
P„(plv) almost comparable to P, (D*lv).

The general conclusion which we draw from our inves-
tigation of form-factor models is that the semileptonic
branching into ~,p is subject to large uncertainties from
the form factors. The ~ rate seems to be suppressed but
the situation is less clear for the p where three different
form factors play a role, whose magnitude and q depen-
dence are only partially known.

The properties laid out in Eq. (28) have direct bearing
on the m~ dependence of F~ „at either q = (ms —m )

or q =0. The typical overlap integrals at these values of
are

I (B D*lv)
I (B~Dlv) (30) Fz ((mz —m ) )= f dx dq 4'„'(x,q)

m&
Fz (q =(mz —m ) )=—

2 m~
(31)

supplemented by a q dependence as given by B* domi-
nance yields

Both (29) and (30) are consistent with the experiment.
To gain some idea on the corresponding quantities for

b ~u we take the seemingly bold step and utilize Eq. (25)
also for the b~u transition (m substituting for mD).
This extrapolation does not look so dramatic when the
size of the short-distance corrections and the lack of com-
plete overlap between +z and 4 are considered. For the
limiting cases of a harmonic or a Coulomb potential,
(4~

~

4 ) is down from 1 by 25% only. The short-
distance correction for aQCD 1/2 has about the same
magnitude but goes into the opposite direction. Numeri-
cally, the estimate

1/2

, q +-. .
m&

'

Fs (0)= f dx dq 4 ' (x,q)%s (x,q)+

(34a)

(34b)

2= d„+1/2
F~ (q =0)- lcm& (35)

The parton distribution function u from Fig. 2 suggests
d„=—,

' and, thus, Fz „(0)—mz '. It is also conceivable
that 4 (x) vanishes linearly at x =0 resulting in
Fg (0)-ms

Using (28) one immediately recognizes that (34a) is pro-
portional to mz' confirming therefore the mz behavior
from Eq. (31). It also becomes obvious that for (34b) the
important region is near x =0. Assuming that
satisfies an integrability condition analogous to the
square-integrability condition of (28b) and assuming that
near x =0 4" ' is proportional to x one concludes that

r(B'-~+iv) r(B -~'Iv)
I (b~ulv) r(b~ulv) (32) V. SUMMARY

1

2m~ —(m~ —m )
2

1

2

mg

m
L

1/2

2m~

(33)

The fact that essentially the result in Eq. (22) is repro-
duced can be understood from the following approximate
equalities:

1/2

We have used a variety of approaches to estimate how
the kinematic differences between b ~u and b~c transi-
tions affect the branchings of the B meson into few-body
final states. Information of this kind has important bear-
ing on the extraction of the KM ratio
r =

~
Vb„~ /

~
V,„~ from measurements of exclusive B

decays. Since exclusive processes depend on long-distance
physics which is not easily brought under control, a phe-
nomenological attitude had to be taken. Some of our esti-
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TABLE I. Summary of our estimates for P„(f)/P, (f') where P„(f) and P, (f') are the probabilities,
that a b~u or b~c transition leads to a particular final state f or f' Th.e approach used for the indivi-
dual estimates is indicated by keywords.

~~/~D
~~/mD
wp/(Dp+ D *~)
~~/~D
~1v/Dl v
~l v/Dl v

plv/D *Iv

P. (f)/P, (f')

4X10
10-'
10-'

10 ' to1
2X 10

10-'
10-' to 5X10-'

Type of consideration

Rudimentary parton model
Potential model
Interpolation of Q, Y~rrp
Extrapolation of B(D~~~)
B dominance
Normalization at maximal q-'

Normalization at maximal q

mates are rather ad hoc; some rely on extrapolating a
functional dependence into regions where it need no
longer be valid. In spite of this we believe to have provid-
ed some evidence that the exclusive few-body decays offer
little chance to improve the current upper bound for r de-
rived from the semileptonic lepton spectrum. As can be
seen from Table I the nonleptonic and semileptonic few-
body channels for b~u transitions are disfavored by al-
most one order of magnitude compared to the corre-
sponding b ~c decay channels.

While this work was underway, two comprehensive
studies of exclusive B decays have appeared in the litera-
ture. ' ' Reference 15 uses the relativistic formalism of
the infinite-momentum frame supplemented by a particu-
lar model for the two-particle component of the wave
functions in Eq. (27), whereas Ref. 16 relies on a nonrela-
tivistic picture with wave functions of Gaussian type. As
far as the semileptonic rates are concerned there is overall
agreement on the order of magnitude, but individual
numbers from either Refs. 15, 16, or this paper can differ

by factors of 2. A systematic feature is that the results of
Ref. 15 exhibit less of a suppression for the b~u transi-
tions than found either in Ref. 16 or by us.

In our opinion, the spread between the individual re-
sults has to be viewed as a measure of the precision to
which these rates can be calculated at present.

Evidently, the various theoretical estimates will not
discourage the efforts to find a clear exclusive signal for
b~u transitions. All that the present work suggests is
that when such a signal is found, the b~u mixing Vb„ is
in fact at least twice and most likely even 5 —10 times
larger than the value that a more naive estimate neglecting
the dynamic (b~u/b~ ),c„,&„„„spupressi onmay sug-
gest.
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