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Abstract. We calculate the exclusive semileptonic 
bottom meson decays B ~ D ( D * ) + I - + f  h in the 
spectator quark model. The helicity structure of the 
mesonic current transitions B ~D(D*) is matched to 
the helicity structure of the free quark current transi- 
tions b ~ c  at minimum momentum transfer q2= 0. 
The results are continued to q2 va 0 by pole-dominated 
form factors. Our results are compared to recent 
calculations that use quark model dynamics at 
maximum momentum transfer 2 qm,x = (M1 - M2) 2. 

2 We find agreement at qmax" At q2 ~ 0  there are 
significant differences between the predictions of the 
two approaches leading to marked differences in the 
predictions for the shape of the lepton energy 
spectrum, the shape of the q2-distribution, and the 
helicity composition of the transition measurable in 
the angular distributions of the decays D* ~ D ~  and 
W~rtual ---+ I -  -~- Vl. 

The study of the semileptonic decays of bottom mesons 
is presently an area of intensive experimental [lJ and 
theoretical work [2-12]. Experimentally, semileptonic 
b ~ c transitions appear to be dominated ( ~ (80-90)%) 
by the exclusive modes B ~ D ( D * ) + I - + f h .  It is 
therefore important and worthwhile to develop and 
experimentally test theoretical models for these two 
exclusive semileptonic modes. 

At present, the main interest in model descriptions 
of B ~ D(D*) semileptonic decays centers on the inter- 
pretation of the lepton energy endpoint spectrum in 
terms of the strengths of b ~ c  and b - ,u  transitions. 
Needless to say that, apart from settling this important 
issue, the structure of the B--*D(D*) semileptonic 
decays is interesting in its own right, since the decays 
allow one to study the underlying quark dynamics as 
probed by the fundamental vector and axial vector 
currents. 

In this paper we develop an approach to the 
exclusive semileptonic B~D(D*) decays where the 
helicity structure of the semileptonic B ~ D (D*) decays 
is matched to the helicity structure of the semileptonic 
b ~ c  free quark decay at minimum momentum 
transfer q2 = 0. The results are then continued to qZ r 0 
via power behaved invariant form factors whose power 
behaviour is determined by the canonical QCD power 
counting rules. 

This approach is in contrast to recent approaches 
[5,9] which use the quark model at maximum 
momentum transfer 2 qrnax = (M1 --  M 2 )  2, where the 
D(D*) is produced at rest in the bottom meson rest 
system. Although our results and the results of [5, 9] 

2 essentially agree at q . . . .  they deviate considerably at 
q2 = 0. It is clear that any difference in the theoretical 
input B~D(D*) form factor values has important 
ramifications for the determination of the Vbc and Vb, 
Kobayashi-Maskawa matrix elements as extraced from 
sernileptonic bottom meson decay. 

Let us begin by defining invariant form factors by 
(see e.g. [13]) 

(D(P2)] Vu[B(P1) ) = FV (pt + P2). 

( D*(pz)[A• + Vu[B(pl) ) 
- -  g~ A v A "; . - e:~(F1 gu + + P~2). (1) F2pluP1 ~FVeu~oaP~ 

In the following we shall always work in the zero- 
lepton-mass limit. Thus we have dropped invariants 
multiplying q~, = (p~ - Pz)~ in (1).* 

In order to fix the q2 = 0 values of the form factors 
we match the spin properties of the B ~ D and B--* D* 
transitions to the free quark decay b ~ c  transitions. 

* Such an approximation would no longer be justified for semi- 
leptonic b-decays involving z-leptons. In this case also the invariants 
multiplying q. would have to be included. It would be interesting to 
also test our spectator model approach in these decays 



512 

The assumption is that the spectator quark is spin- 
inert. It neither affects the spin properties of the active 
quarks in the current-induced heavy quark to light 
quark transitions nor is its own spin flipped. To this 
end we first calculate the free quark decay (FQD) 
helicity amplitudes h~ QD in the heavy quark (m 0 rest 
system with the light quark (mz) moving along z. One 
finds (helicity label is that of the current) 

hoFQD = (c,~{JoJb,~ ) = - (x/ Q + + x/Q-)(P + qo)/x/q 2 

h,oFOD= ( c TlJo{b T ) __ (x/Q + _ x/Q_)x/q2/(p + %) 

hV- ~176 = (c'rIJ-1b + > = x/2(x/Q+ + ~/Q_) 
hV+ Q~ = (c~,{J+ {b]'> -- x/2(x/Q + - ~/Q_) (2) 

where Q+ = (mz _+ m2) 2 - -  q2 p is the c.m. momentum 
2rnlp = ~/Q+ Q_ and qo is the energy of the virtual 
W in the c.m. system qo = ( m2 - m~ + qZ)/2ml. 

To leading order in ml and for small x/qZ(x/q2 < 
m2 < ml) one finds that the longitudinal amplitude 
hFo QD = (c  $ {Jo { b ~, ) dominates. The transverse ( - ) 
helicity amplitude hF_OD=(c~IJ_Ib+> is down by 

2 the helicity flip factor ~2q  /m 1 and the transverse ( + ) 
heticity amplitude hVQD=(c$lJ+lbT) is down by 
the helicity suppression factor mz/m~ in addition to 
the helicity flip factor x/2q2/ml. The contribution of 
the second longitudinal helicity amplitude hoFOD= 
(C'r { Jo { b T) is insignificant in this limit since it is 
suppressed by (m2/mt)(q2/m2). 

For the matching procedure we also need the helicity 
form factors of the mesonic transitions [13]. They are 
(helicity label is that of the current) 

HDO = ~q2 2Mt FV+ 

1 
- q ) 1 l P  2 )  (3)  Ho D* 2Mz~/q2( (M12-M 2 _  2,FA + 2 M  2 2FA, 

H~* =F~ +_ M l p F  v. 

We use the minimum momentum transfer point 
q2 = 0 to do the matching. At q2 = 0 one is far enough 
away from the problematic region qm~2 = (M 1 _ M2)2 
where the (pseudo-) threshold behaviour of the various 
spin transitions severely constrain the helicity 

2 amplitudes as explained later on. Also, at q~ , ,  the 
mesonic current transitions are likely to be strongly 
influenced by the effects of current-meson intermediate 
states. Such meson-dominated current transitions are 
not likely to match up with the point-like current 
transitions of the free quark decay amplitudes. 

For q2= 0 the FQD amplitude ho FQD vanishes. In 
matching the helicity amplitudes of FQD and mesonic 
transitions one has to remember to include the l/x/2 
factors of the triplet and singlet spin wave functions 
of the (bqspectator) and (Cqspectator) m e s o n  bound states. 
One obtains 
I ~ F Q D  D D*  2"o ~ "  I" Ho ~- I" Ho 

-2 hFQo _~ I 'H  D*. (4) 
-T- 

We have introduced the proportionality factor I which 
will later be identified with the wave function overlap 
integral between the two mesons involved in the 
current transition. 

Then by identifying mb = MB and mc = MD( --~ MD,) 
we obtain 

v F + (o) = I, 
A =(M1 +M2)'I ,  Ft(o) 
A - -  2/(Mr + M2)'I F2(o) = 

FUo ) = - 2/(M 1 + M2)'I (5) 

from comparing (2) and (3) a t  q2 = 0.* 
It is clear that the proportionality factor in (4) and 

(5) has to be identified with the wave function overlap 
factor I, since in the equal mass limit with no mismatch, 
charge normalization requires I = 1. Also the same 
mismatch factor appears in B ~ D  and B--D* since 
D and D* have the same spatial properties in the quark 
model. In the unequal mass situation mb >> mc one 
expects incomplete overlap between the B and D(D*) 
wave functions leading to I < 1. This is due to the fact 
that the light spectator quark's low momentum does 
not match with the energetic c-quark coming from the 
weak b --, c decay when they are collected in the D(D*) 
wave function, In order to be definite we take I = 0.7 
for the wave function overlap mismatch factor I as 
e.g. estimated in [4] for the b ~ c transitions. 

The qZ-dependence of the form factors is fixed by 
nearest meson-dominance in the appropriate current 
channel with monopole behaviour (q-2) for FV+ and 
F1A and dipole behaviour (q-g) for F2 A and F v 
according to the power-counting rules of QCD [14]. 
For the sake of simplicity we work only with one 
effective meson (b~) current mass, for which we take 
B* (6.34GeV). The spacing among the various (bg) 
bound state levels is presumably so small that one 
effective mass value is sufficient to set the scale of the 
q2-dependence in the range 0 __< q2 =< (M 1 _ M2)2. 

The q2-dependence of our form factors is thus 
given by 

/ m 2 \ n  

where n = l  for F v and F1 a, n = 2  for F2 A and F v 
and ruFF = 6.34 GeV. 

The matching solutions (5) and the power-behaved 
form factors (6) completely specify our model of 
B ~ D(D*) semiteptonic decays.** For brevity's sake 

* The solution (5) covers the semileptonic transitions /~o~ 
D +(D* +) and B -  --* D~176 For semileptonic decays involving the 
quark transition b ~ ~ + l § + v~ the matching solutions are the same 
for FV(0), FA(0), F~(0) but involve an extra minus sign for FV(O). 
This leads to H+~--,H_ as (3) shows 
** Identical q2 = 0 form factor values have been used in [4] following 
from an infinite momentum frame analysis. However, the authors 
of [4] use monpole type form factors also for the higher momentum 
form factors Fg and F v in disagreement with the power counting 
rules 



we shall in the following refer to this model as the KS 
(K6rner-Schuler) model. 

Except for the above choice of value of the overlap 
mismatch factor I this model of semileptonic B-decays 
has already been written down in 1-13] using, however, 
a closed form covariant derivation of the matching 
equations (4). 

In order to provide a connection with the work of 
[13] (see also [10]) we shall briefly outline the 
covariant derivation of the matching solutions (5) as 
given in [10, 13]. We boost the rest frame quark model 
wave functions to their respective moving frames. This 
can be done covariantly by writing covariant quark 
model wave functions as in 1-15]: 
jPC = - +. B # b 0 .MA=(Ts(p--M))~,M,,  ~ 
j P C  = - - .  B /~ b 1 . M A = ( r  ~ j (7) 

where A - ( ~ , a )  ( B - ( f l ,  b)) denote the spinor and 
flavour indices of the quark (antiquark). P and M are 
the momentum and mass of the meson and Ma b are 
the usual flavour wave functions of the mesons. 

The above form factor structure (5) can then be 
obtained in closed form by computing the traces 

< D(P2)I V~,IB(pl) > 
1 

--  M 1  -1- M 2  Tr (?5(Pa - M1)?uT5(/~ 2 + M 2 ) ) ' /  (8a)  

(O*(p2)l V. + A~,IB(pl) > 
1 

Tr (75(~1 - -  M0yu(1 -- 7s)r 
- M  1 + M  E 

(P2 + M2))'I (Sb) 

at q2 = O. We have not explicitly written out the flavour 
a~tb v ~  and ~ / / ' b  a~a~, in (8) which traces - .  l a  r b  "L'L 2 c  ~va l a Z X M v a  2 c  

are simply given by the KM matrix element Vbc. We 
have introduced the overall normalization factor 
(M~ + M2) -~ in (8) such that (8a) has the correct 
charge normalization a t  q2 = 0. 

Let us now turn to the semileptonic decay distribu- 
tions. The double differential decay distribution for 
B-~ D*(D) + l-  + vt is given by (in units o f  I V  be[Z)*, **  

d F  G 2 1 q2 
- M 2 ( ( 1  -cosO)elH-I 2 dq2dEl (2re) 3 16 

+ (1 + cos o)eIH+ [ 2 + 2(1 - cos20)lHo] 2) 
(9) 

where 0 is the polar angle between the D(D*) and the 
lepton l-  in the (l-vl) CM system, and where 

2M~pcos 0 = M~ - M 2 + qZ _ 4M~E~. (10) 

* When using (9) and (11) for free quark decay one must remember 
to include the statistical factor 1/2 in the differential decay distri- 
bution 
** For semileptonic decays involving the quark transition b -~ ~ + 
l + + vt one has to exchange the transverse helicity contributions in 
(9) IH+I2~IH_I 2 
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Fig. l a -d .  Differential q2-distribution of semileptonic bot tom 
decays b ~ c  + l- + vl and B ~ D ( D * ) + l  + % a free quark decay 
(FQD), b spectator model (KS), e model of [5] (GIW), d model of 
[6] (PS). Full lines: semileptonic b ~ c  rate for a; semileptonic 
B ~ D *  and B ~ D  rates for b,c,d. Dotted lines: transverse (+ )  and 
( - )  and longitudinal contributions to b ~ c and B-* D* rates 

The Ez (or cos 0) integration of (9) can be done 
trivially and results in the differential q2-distribution 
(in units of I gbcl 2) 
d F  G 2 q2p [2 
dq 2 -(2re) 3 12M~ ( I H - l Z + I H +  +IH~ (11) 

In Fig. lb we have plotted out predictions for the 
differential qZ-distribution for B ~ D(D*) + l- + gt 
including a separation of the longitudinal and trans- 
verse ( + )  and ( - )  contributions. 

One notes that dPDo/dq2~_dP~ a t  q 2 = 0  

as is clear from the spin matching argument (4). At 
pseudothreshold (q2=q2m,x) the B ~ D  transition 
shows p-wave behaviour (~(q2-q2m,x)3/2 ) and the 
B ~ D *  transition s-wave behaviour ( ~ (q2 _ q2max)l/2 ) 
with [HD_*[ 2 = IH~ 2 = [Ho~ 2. 

In Fig. la we have also plotted the q2-distribution 
according to free quark decay using m b = 4.73 GeV 
and me = 1.55 GeV. At pseudothreshold the free quark 
decay is s-wave dominated ( ~ ( q 2 _  q2ax) l /2  ) with 
IhFoQDIZ= Ih'oFQDI2=�89189 2 leading to 
equal contributions of the longitudinal and both 
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Table 1. Semileptonic decay rates involving a b ~ c transition. First row: Free quark decay (FQD) b ~ c + l -  + ~7~. Row 3-5: B ~  D+(D * +) + 
l -  + ~ decays in our spectator quark model approach (KS), and in the quark models of Grinstein, Isgur, Wise (GIW) and Pietschmann, 
Seh6berl (PS). Listed are transverse/longitudinal (T/L) helicity compositions of the semileptonic rates. Also shown are ratios of B ~ D *  and 
B ~ D rates, as well as the asymmetry parameter ~ for the strong decay D * ~  D + 

F D* F D* 

F T  - I T +  EL B~ D* F T  + L F T +  L r = - -  o~ 
F o F D + F D* 

El V~ol 2 x 10~2s-~] 

F Q D  10.0 2.4 24.8 - -  37.1 - -  - -  - -  

Mode B ~ D *  B ~ D *  B ~ D *  B ~ D  B--*D* B ~ D + D *  B ~ D *  
KS 9.8 2.9 13.1 8.3 25.8 34.1 3.1 0.76 1.06 
GIW [5] 11.6 3.0 35.0 14.3 49.6 63.9 3.5 0.78 3.83 
PS [-6] 8.2 8.2 52.4 7.2 68.8 76.0 9.6 0.91 5.38 

transverse currents at pseudothreshold. From 
comparing Fig. la and lb one can see that the p-wave 
pseudothreshold behaviour of the B ~ D transition can 
never by modelled by the s-wave dominated free quark 
decay when one is close to 2 qma~. This causes no 
problem for the B ~ D *  transitions which are s-wave 
dominated as is the free quark decay. The fact that 
[HD+*[ 2 < [HD_*[ 2 and IhV+QDI2 < IhV_QD[ 2 away from 
pseudothreshold reflects the chirality structure of the 
b ~ c transition. 

In Table 1 we list our predictions for the q2_ 
integrated rates. For  the ratio r = F o * / ( F  D* + F ~ we 
find r -- 0.78 which is compatible with the experimental 
value r = 0.85 4- 0.32 [16]. In fact, it is quite unavoid- 
able that r > 0.5 in the spectator quark model. The 
threshold behaviour at q2 2 = qmax and slope values at 
q2= 0 of the longitudinal contributions imply FOP*> 
Fo D such that r > 0.5. Models that feature r < 0.5 [11] 
must be judged to be incompatible with the spectator 
quark model. For  the ratio F D * / F  ~ we find 3.1 which 
is close to the "magical" ratio 3 which would follow 
from a naive counting of the spin degrees of freedom. 
Note though, that the ratio -~ 3 in our approach is a 
consequence of quark dynamics and not due to spin 
counting as shown by the fact that the helicity states 
of the D* are populated quite differently. That 
F ~ ~ 3 F  D has also recently been argued for on very 
general grounds by Shifman and Voloshin in [21]. 

From (4) and (5) (including the statistical spin factor 
1/(2S + 1) in the free quark decay) it is clear that for 
I = 1 and no q2-dependence in the form factors one 
expects rFQM ~ r O  D, --~.t. - ~ . t . + F ~ . z .  �9 Table 1 shows that 
we indeed predict r~FQM D D* --~.l. ~ Fs.l. + Fs.t. which 
shows that the suppression I = 0.7 due to momentum 
mismatch and the time-like form factor enhancement 
tend to compensate each other. Therefore we predict 
that the D and D* exclusive modes constitute a large 
fraction of the total semileptonic rate. 

Numerically we find FO+D*/r~.l. /~ total = 7.8 X (I/0.7)2% 
for Vb~ 0.045 [17] and r'~p 101as-X = - - t o t a l  " ~  0 . 8 8  X 
[19], as compared to the total experimental semi- 
leptonic branching fraction ~ 11.8% [20]. It is clear 
that the above estimate of 7.8% is subject to change 

15~ I i 
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Fig. 2. Dalitz plot for B ~  *+ + l - + v z .  Peak occurs for q 2 =  
(M1 - M2) 2 and E~ = �89 - M2). E~(max) = (M 2 - M2)/ZMt . 
Region I and region II (pseudothreshold region) indicate the regions 
where our and the model of [4], and the models of [5, 6, 9], 
respectively, match invariant form factors to quark model results. 
Arrows on the q2-axis indicate where form factors are needed for 
the factorization approach to nonleptonic B-decays involving b ~ e 
transitions. 

when either the experimental measurements of Vcb and 
B life-time change, or when the theoretical estimate of 
the overlap mismatch factor I changes as has been 
indicated above. 

In Fig. 2 we show the Dalitz plot for /~o~ 
D* + + l- + ~Tt. Matching of the spectator quark model 
and the invariant form factors in our approach are 
done in region I (q2 _~ 0). This is also the region where 
the transition form factors are needed in the factoriza- 
tion approach to the nonleptonic B-decays [12,13] 
involving the b ~ c  transition as indicated on the 
q2-axis. Other authors prefer the pseudothreshold 
region II (q2 ~ ( M ~ - M 2 )  z) for the matching pro- 
cedure [10, 11] where the D*(D) is produced at rest. 

From (3) one notes that the transformation between 
the B - ~ D *  helicity amplitudes (which are amenable 
to a quark model calculation) and the invariant 
amplitudes becomes singular at pseudothreshold qZ = 
( M  1 - -  M 2 )  2 where the D*'s momentum p goes to zero. 



If one evaluates the quark model amplitudes at this 
point it is clear that information on the higher 
momentum form factors F v and F A is lost unless one 
evaluates relativistic O(p/MD. ) corrections to the static 
quark model. 

In the approach of [-6] only the static quark model 
limit was evaluated and thus no information was 
obtained on the form factors F v and F A which are 
set to zero. This is similar to the models of Ref. [2] 
and [12] which also feature F v = F~ = 0. As is evident 
from (3) this results in the loss of chirality information, 
i.e. in these models dFD+*/dq2=dFD_*/dq z as is 
apparent from Fig. ld. 

The authors of [5] expanded their quark model 
results to first order in (p/MD,) and thus they were 
able to calculate F v but not F g which they set to 
zero.* We show their q2-distribution in Fig. lc. 
The inclusion of the form factor F v now leads to the 
correct chiral property d F + / d q 2 < = d F _ / d q  a as is 
expected from the underlying left-chiral b ~ c quark 
transition. However, the omission of the higher order 
form factor F~ is not justified close to q2= 0 as is 
evident from (3). In both the GIW [5] and PS [6] 
models the neglect of the F~ contribution leads to 
an unreasonably large enhancement of the D* channel 
at q2,,~ 0 compared to the D channel, which, as we 
have argued above, is in disagreement with the 
spectator quark model approach. 

On the other hand, extrapolating our form factors 
to q2 2 = qmax we find qualitative agreement with the 
results of [-5, 6] for the lower (momentum) order form 
factors F +, F~ and F v (in the case of [5]). It seems 
safer to extrapolate quark model results into the 
singular region than out of it. Note also, that our 
matching procedure is done far away from the 
problematic quark and particle pseudothreshold 
region. 

The difference among the three models clearly show 
up in the q2-integrated rates of Table 1. Whereas all 
three models are in approximate agreement for the 
transverse B - ~ D *  contributions (except for PS on 
Fr+ ) there is a marked difference in the predictions 
for the longitudinal B - ~ D *  contribution. This also 
shows up in the predictions for the total B - ~ D *  
semileptonic rates which is large for the GIW model 
and quite large for the PS model. These large B ~ D* 
rates result solely from an overestimate of the longi- 
tudinal contribution. As argued above this is due to 
having (erraneously) neglected the contribution of the 
higher momentum form factor F2 A. This point is 
emphasized when one compares the longitudinal/ 
transverse contributions of the GIW and PS models 

* The predictions of the nonrelativistic quark model become 
progressively less reliable as one attempts to include higher order 
relativistic corrections. Altomari and Wolfenstein [9] expand their 
quark model calculation to second order in (P/Mo.) and thus obtain 
an approximate value for F2 A at q 2  (M 1 _ M2)2 which, quite 
remarkably, is in approximate agreement with our model results 
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with the free quark decay model in Table 1. It is quite 
clear that the use of the GIW and PS models to extract 
values of Vbc from experimental data would lead to 
an underestimate of Vbc as has also been stressed in [9]. 

For the B ~ D  semileptonic rates the PS and KS 
models agree, whereas GIW obtain a larger rate. The 
GIW prediction for the F ~  D ratio is 3.5 and close 
to our prediction of 3.1, whereas the PS prediction is 
quite large at 9.6. Concerning the ratio r =  
( F  ~ + F D ) / F  D* all three models are compatible with 
the experimental measurement r = 0.85 + 0.32 [16]. 

It would be very useful if experimentalists could 
check on the helicity patterns predicted by the various 
models as drawn in Fig. l b - l d  and listed in Table 1. 
The helicity pattern could be checked by either 
analyzing the angular decay distributions of the weak 
decay W~irtual~l - +~Z and/or the strong decay 
D*-~ Dn. 

The polar angle distribution of the weak decay 
Wv-~m, a l ~ l  - + ~  is already contained in (9) and 
provides a unique opportunity to check on the handed- 
ness of the b ~ c transition, which, for the canonical 

2 ( V -  A) form, leads to [H~*[ 2 < [H~*I 2 for q2 < qmax 

regardless of the details of the underlying quark 
dynamics.Such an angular measurement constitutes 
a true ( p" S)  p.v. type measurement of the handedness 
of the b ~ c transition. Attempts to conclude for the 
b ~ c handedness solely from the shape of the lepton 
energy endpoint spectrum (which is a p.c. observable) 
are much more problematic because of their model 
dependence. 

On the other hand, the angular distribution of the 
strong decay D* ~ D n  is only sensitive to the sum of 
the transverse contributions and the longitudinal 
contribution. For the angular decay distribution one 
finds 

W(cos 0") = 1 + ~cos 2 0* (12) 

where 0* is the polar angle of the D (or n) in the D* 
rest frame relative to the D* momentum direction. In 
terms of the B ~ D* helicity amplitudes the asymmetry 
parameter ~ reads 

21HoD*l 2 _ IHD+*I 2 _ IH~_*I 2 
c~ - iHO+.le + [HD, t2 (13) 

Our predictions for the asymmetry value ~ are listed 
in Table I, together with those of the GIW and PS 
models. Our calculation gives the smallest value for 
the asymmetry parameter (~ = 1.06), and the PS model 
the largest value (~ = 5.38). 

The CLEO collaboration have recently reported on 
a measurement of the asymmetry parameter [18], 
albeit in the restricted phase space region 1.2 GeV < 
El _--< Ez(max) and cos q)'(/, 70 < - 0.7, where ~'(1, n) is 
the angle between l- and re. In Fig. 3 we have plotted 
the dependence of the asymmetry parameter ~ on the 
lower lepton energy cut-off. Assuming that the above 
angle cut is not stringent we can compare the predic- 
tions of the three models with the measurement of Ref. 
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Fig. 3. Values of asymmetry parameter ~ versus lower lepton energy 
cut E~(cut) for decay O * ~ D n .  Asymmetry parameter determined 
in the integration region El(cut) _--< El < El (max) 

[18]. For El(lower) = 1.2 GeV we find ~- 1 = 1.61 (KS), 
0.42 (GIW) and 0.22 (PS). The CLEO collaboration 
quotes e -  1 < 0.33 at 90% CL suggesting dominance 
of the longitudinal contribution as is also the case 
for the GIW and PS models. However, this agreement 
is fortuitous since the dominance of the longitudinal 
contribution in the GIW and PS models is a conse- 
quence of having neglected the contribution of the 
second order form factor F~. As already argued 
above, this neglect leads to unreasonably large 
longitudinal contributions in semileptonic B ~ D *  
transitions which is in disagreement with the spectator 
model close to q2 = 0. Our value of c~- 1 = 1.61 is in 
disagreement with the measurement [18]. It implies 
approximate equality of longitudinal and transverse 
contributions (F z = 0.82FT). Let us stress that any- 
thing but approximate equality or dominance of the 
transverse over the longitudinal contribution for lower 
energy cut values El (lower) > 1.2 GeV would be very 
hard to accommodate theoretically if one believes in 
the spectator quark model approach. In order to settle 
this issue it would be very important to have an 
independent confirmation of the CLEO measurement. 

Let us mention that an additional check on the 
transverse/longitudinal helicity composition of the 
B ~ D *  transition can be obtained from nonleptonic 
B-decays involving a b ~ c  transition. Within the 
factorization approximation [12, 13] the nonleptonic 
decays involve the same transition form factors as 
the semileptonic decays. Thus an analysis of the 
angular decay distributions in D* ~ D 7~ and/or p ~ nrc 
following the weak decay B ~D*p would provide the 
opportunity to obtain information on the transverse/ 
longitudinal composition of the B ~ D *  transition at 
a fixed low value of qa = m 2. Note that the predictions 
of the three models differ most for such small q2-values. 
A similar statement holds for the decay B ~ D* F* for 
the higher fixed value of q2 = m~,. Note that the decay 
B--+ D* F* is expected to have a substantial branching 
ratio [13]. 
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Fig. 4a-d. Differential lepton energy distribution of semileptonic 
bottom decays b ~ c + l-  + ~ and B --* D(D*) + 1 - + ~ .  Explanation 
as in Fig. 1. 

We now turn to the differential lepton energy distri- 
butions which are obtained from (9) by q2-integration 
in the interval 

M 2 _ M 2 _ 2M 1 El 
0 < q2 __< 2E l 

(M1 - 2El) 

In Fig. 4 we show the Erspectra for free quark decay, 
our spectator model, the GIW model [5] and the PS 
model [-6] including again a separation of the various 
helicity contributions. 

As is apparent from comparing the different spectra 
in Fig. 4 the shapes of the GIW and PS spectra are 
qualitatively different from the FQD and KS spectra. 
Adding up the two longitudinal contributions F~* 
and F D to facilitate the comparison with the FQD 
spectra one finds qualitative agreement between the 
KS and FQD spectra, whereas the GIW and PS 
spectra differ from the FQD spectra particularly in 
the endpoint region. 

A nice qualitative discussion of the shape of the 
endpoint spectrum is afforded by an expansion of the 
differential energy distribution around El(max)= 
(M~ -- M22)/2M1 in powers of (El(max) -- El). 



For the longitudinal contributions one obtains 

dEl "" 16u 3 21~/qZHDo'~ El) 2 

(14) 

and for the transverse contributions 

dFD_ * G 2 (M~ - M2) 2 IHD_,(0)I2(EL(max) _ E~)~ 
dE 1 16re a M24 

(15) 
dFO+ ~ G 2 2 

M~IHD+*(O)IZ (E~(max) - E3*. 
dE t 16re 3 3 M 4 

(16) 

The chirally suppressed transverse ( + ) contribution 
vanishes with the fourth power at the kinematic 
boundary, whereas the longitudinal and transverse 
( - ) contributions vanish with the second power.* The 
corresponding FQD behaviour is simply obtained by 
substituting the corresponding q2= 0 FQD helicity 
amplitudes hoFOD(0), hFQD(0) and hFQ~ and by 
multiplying the statistical factor 1/(2S + 1) = 1/2. 

From an inspection of the endpoint region in Fig. 
4 one notes that the transverse ( - )  distribution 
dominates the endpoint spectrum in the FQD and KS 
models. In fact, comparing (14), (15) and ( 3 -  5) one 
finds to leading order in (M1/M2)  2 

in the KS and FQD models. Here we have again taken 
the sum of the B ~ D and longitudinal B -~ D* contri- 
butions in dFL in order to be able to compare the 
FQD and KS models. As (17) shows explicitly, the 
transverse ( - )  contribution dominates the endpoint 
spectrum for the FQD and KS models. 

The present discussion implies also that the decay 
distribution D* ~ D ~ should be dominantly transverse 
for large lepton energies. This observation highlights 
the puzzle posed by the experimental observation of 
the CLEO collaboration that the D * ~ D ~  decay 
distributions is dominated by the longitudinal contri- 
bution for medium and large lepton energies [18]. 

A corresponding analysis of the endpoint region in 
the GIW model shows that the transverse ( - )  contri- 
bution is not as dominating as in the FQD and KS 
models as is evident from Fig. 4d. In the case of the 
PS model one finds dFD_*/dF~*~ 2 and dF~ 
2(M1/M2)  z which implies that the transverse ( - )  and 
longitudinal contributions of B ~ D* contribute equally 
in the endpoint region as is also evident from Fig. 4d. 

From this discussion of the shape of the lepton 

* At the lower bound  E l = 0 the role of the transverse ( + ) and ( - ) 
contributions are exchanged: the transverse ( - )  contr ibut ion 
behaves as E~ and the transverse ( + ) and longitudinal contributions 
as E~ 
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energy spectrum in the endpoint region, which is 
determined by the q2 = 0 behaviour of the transition 
form factors, it is clear that it is dangerous to rely on 
quark models that are reliable only in a q2-region far 
away from q2 = 0 (as is the case for the GIW and PS 
models) when discussing the lepton energy endpoint 
spectrum. 

In Fig. 5 we show our prediction for the q2-spectra 
of the b --* u semileptonic decays /~o __, p + + l- + 
and/~o ~ ~z + + l- + ~ including a separation of the 
transverse and longitudinal contributions in the case 
of B ~ p .  The mismatch in the momentum of the 
spectator quark and the energetic u-quark from b 
decay is more pronounced and we expect IB-~o~ << 
IB-*DW*). For definiteness we take IB-~.(p)=0.33 as 
estimated in 1-4]. For the meson entering the meson 
dominance form factors (6) we take the jFc = 1 - - (bff) 
bottom meson which is expected to have a mass of 
ms, = 5.33 GeV. 

From Fig. 5 one notes that the predicted q2-spectra 
of semileptonic B ~ p  decays are more weighted 
towards the large qZ-values than their B ~ D* counter- 
parts in Fig. lb. This is in part due to the fact that 
the form factor enhancement towards 2 qmax is  quite 
substantial in this case. The form factor variation from 
q2 = 0 to qmax2 = (M 1 - M 2 )  2 is 3.52 (14.3 in the case 
of B ~ z )  for the monopole type form factor and 12.4 
for the dipole type form factor in (6), This large 
enhancement rate also explains the dominance of the 
transverse ( - ) contribution in the B --+ p case as Fig. 5 
shows. 

For the integrated exclusive semileptonic rates we 
obtain 

B ~ ~ ~-:Fs.t.  -- 7.251 gb,] 21012 sec- 1 
(18) /~o __,p-:F~.z. = 33.01Vbu[ 2 1012 sec- 1 

with 

T_ :L: T+ = 0.62:0.33:0.05 (19) 
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for the longitudinal/transverse composition in the 
latter case.* 

The predicted semileptonic B ~ n  rate essentially 
agrees with the prediction of [4], but is larger by a 
factor of 3.5 than the GIW prediction [5]. For B ~ p  
we obtain larger semileptonic rates than [4] which is 
due to the fact that we use dipole form factors for F2 a 
and F v as dictated by the power counting rules instead 
of the monopole form factors used in [4]. Both our 
model and the model of [4] yield larger semileptonic 
B ~ p rates than GIW [5]. 

In conclusion we have presented detailed predic- 
tions of a spectator quark model for exclusive semi- 
leptonic B-decays which emphasizes the similarity 
between exclusive B-decays and the free b-quark decay 
in the small qZ-region. The small q2-region is appro- 
priate for a matching of the two descriptions since it 
is far away from the problematic pseudothreshold 
region where the particles spins enter nontrivially 
through (pseudo) threshold constraints. A correct 
description of the small q2-region is crucial for the 
correct description of the lepton energy endpoint 
spectrum and for the calculation of nonleptonic rates 
via the factorization approach. The main theoretical 
uncertainty concerns the theoretical value for the wave 
function overlap mismatch factor I which affects our 
predictions for the total exclusive semileptonic rates. 
This theoretical uncertainty, however, does not affect 
our predictions for the relative semileptonic B ~D* 
rates, the shapes of the q2 and lepton energy spectra 
and the longitudinal transverse helicity composition 
of the semileptonic decays. 

* The semileptonic rates for B-  ~ z ~  ~ are down by a factor of 2 
compared to the rates (17) as can be easily seen in the quark model 
approach 
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