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The rates for the decays B—Dev and B— D *e¥ are calculated, with emphasis on the conse-
quences of approximate flavor independence of the meson wave functions. We find that one of the
form factors is not easily constrained so that the result for the D* final state is uncertain. Howev-
er, a recent measurement of the average polarization of the D* from B—D *e¥ can be used to
constrain this form factor. Implications for the determination of the Kobayashi-Maskawa matrix

element ¥V, are discussed.

I. INTRODUCTION

In the standard model, the quarks couple to the W bo-
sons through the charged weak current

Jh=—E—y.

=&V (1.1

where

Ji=u;y*(1—ys)d;

f= (12)

with the u; (d;) being the upper (lower) mass eigenstates
of the quark doublet of the ith generation. For three
generations, the V; are the elements of the unitary 3<3
Kobayashi-Maskawa matrix.! Since the measurement of
the B lifetime, many efforts have been made to determine
V., and V,, from studies of B decays.’> To minimize ha-
dronic complications, it is best to focus on the semilep-

tonic decays

B —»>Xev .
The study of the lepton spectrum indicates that
[V | << | V4| with a  recent limit*>  being

| Vup/Ve | 2<0.03. Here we concentrate on the deter-
mination of | ¥, |, with particular emphasis on the im-
portance of the measurement* of the D* polarization in
the decay B—D*ev.

The B mesons are pseudoscalar mesons which consist
of a b quark and a light quark (& or d). We are interest-
ed in the final states X, which result from the quark
transition b —cev. The differential rate can be written
as

dT(B—X.ev)= |V, |df(B—>X_ev) . (1.3)

Theory and experiment suggest that the decay is dom-
inated by X, =D or D*, the 0~ and 1~ ground states of
the D system. Calculations of these exclusive rates have
been carried out by Wirbel et al.’ using an infinite-
momentum-frame technique, and by Grinstein, Isgur,
and Wise® (GIW) using the nonrelativistic quark model.
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Our approach is similar to that of GIW, with the goal
being to get a better understanding of the model depen-
dence of the calculation. The basic idea is that the re-
sults of the calculation are highly constrained by the as-
sumption of flavor independence of the quark-binding
potential. As a result of flavor independence, except for
a small reduced-mass difference effect, the initial B
meson and the final D meson have the same spatial wave
functions. This result is more important than the
specific form of the wave functions used by GIW. We
use this flavor independence to calculate the form factors
in the limit in which py, the recoil momentum of the D
or D*, vanishes. Having fixed the form factors at this
one point, we then look at the effect of a reasonable
recoil (¢2) dependence for the form factors. Since our
calculation indicates that the shape of the electron spec-
trum is not affected much by changing the form-factor
recoil dependence, we concentrate mainly on the total
rates for the D and D* final states and the polarization
of the final state D *.

Unfortunately, one of the form factors (a,) in the
B > D*ev decay cannot be determined in this limit in a
reliable fashion. In GIW a _ is set equal to zero, but our
analysis”8 has shown that the rate is strongly dependent
on a_. An unreliable estimate of a , given by us in Ref.
8, which is in approximate agreement with that of Ref.
5, reduced the rate of B—D*e¥V by a factor of about 0.6
compared to the results of GIW. In this paper, we show
that @ | affects only the rate for longitudinally polarized
D*. Therefore, a measurement of the average D* polar-
ization can be used as a constraint on @ . As we will
discuss, the resulting limits on @ seem to rule out the
previous theoretical estimates. With this constraint on
a_ we return to the main point of determining | ¥V, |.

The general formalism is summarized in Sec. II. The
derivation of the form factors in the py —O0 limit is given
in Sec. III. In Sec. IV we discuss the decay rates for
different form-factor recoil dependence and different
values of a_ . In Sec. V we discuss the polarization of
the D* and how the experiment helps to constrain a .
Finally, with this constraint on @ in mind, we discuss
the determination of |V, | .
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II. GENERAL FORMALISM
For the decay B—X_ eV, the T matrix is given by

G
T-—FL

‘/2 cbﬁeYy(l_YS)Uv(Xc(pX’SX)|Jcl‘z IB(pB)) .

2.1

The hadronic tensor which arises in the calculation of

the decay rate is

=3 (B (pp) | I} | X, (py,Sx))
S

X

By Lorentz invariance, the most general form of this
tensor is

hyy=—0ag,,+B. (pp+px).pp+pPx)y+B, _(ps+Px)u(Pp—Px),
+B_ (pg—px ) \Pp+pPx),+B_ _(pg—px).(Pp—Px),

)0

+i7/6pvpa(pﬂ +Px )p(pB —Px

(2.3)

A straightforward calculation shows that in the limit where the electron mass is neglected, the differential decay rate

depends only on a, B, and y and is given by

Gims

2x

d’r
Vcb |2

1 m
dxdy | 3273 T m

wNIkN

‘aLz +2B, .
mp

where x=(p,pg)/m} and y=t/m}=(pp—py)*/mp
are Lorentz scalars. Since we work in the B rest frame,
x=(E,/mpg)andy =14+m}/m}—2Ey/mp.

With J #zVﬂ—A w the matrix elements can be ex-
pressed in terms of familiar form factors with only ¥V,

contributing to the final D state:
(D(px) |V, |Blpg))=f ,(pp+Px)y+f_(Pp—Px)u

(2.5)

(D*(px,€)| V, | B(pp))=ig€,yp0€* (g +pPx ¥

X(pB —Px )7, (2.6)

(D*(px,€)| A, | B(pg))=fe;+a (e*pp)pp+px),

+a_(€*pg)pg—pPx)u >
(2.7)

where €, is the polarization vector of D* with
(e-py)=0. Since we will look at the polarization of the
D*, we must separate into longitudinal (L) states (those
with M=0) and transverse (7) states (those with
M ==1). Of course, the spin quantization axis is the
boost direction Py. The crucial point is that in the B
rest frame, (e€*-pg)=eimyz. However, only the
longitudinal-polarization vector eﬁf‘) is boosted and gets a
zero component, €5)=(|py | /mp). Therefore, a
only affects the longitudinal rate. Note that a _ does not
contribute for m,=0. Since the matrix elements depend
on the polarization, we will separate the hadronic tensor
according to h,,=h D +h L.

For the B— DeV decay, the quantities in Eq. (2.4) are
related to the form factors by

2
2 mx
mpg
[
a=y=0, ﬁ++=fi_ N (2.8)
while for B—D*ev
aP =y o, (2.9a)
aP=f21amlg?p} , (2.9b)
Yy D=2gf , (2.9¢)
2
L) l mB m;‘ 2
ATl L G o
2 m? 2
mg D* mp
108y 2 e T phat
D* B Mp*
(2.9d)
, )2
2
1 1 mp Mp+
BT = - 1—y — f?
+ 4m12). 16p% m;a mj
—mjgly .
(2.9¢)

III. FORM FACTORS IN THE py —0 LIMIT

We now proceed to the calculation of the matrix ele-
ments of Egs. (2.5), (2.6), and (2.7). The normalized
meson state vectors are given by
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| X (px,Sx)) =V "2my [ d’py(p) [zxf;] q

where 2)(;" is the factor which couples the spins to
Sy=0 or 1. The same formula holds for the initial
spin-zero B meson with the same wave function
d5(p)=0x(p)=¢(p) because of flavor independence.
Because we are essentially using a “‘weak-binding” ap-
proximation, some question exists about whether to use
the meson mass my or a ‘“weak-binding mass”
My =mg+m; in the normalization factor 2my.
However, using the standard normalization

<X(Pi/,sir) | X(PX’SX ) > =2EX83(p:Y —Px )SS,{’SX

requires the normalization factor v/ 2Ey. Therefore, the
Vv 2m x factor, with the real meson mass my, arises nat-
urally in the nonrelativistic limit. In any case, it is the
only reliably known mass.

The matrix elements may now be written in the B rest
frame (pp =0) as

(X (py,Sy) | J& | B =1 dmgmy
x [d’pe*

my
P+ my Px
Xo(p){Sy | I | Sg) .

(3.2)

The last factor in Eq. (3.2) is the spinor matrix element.
In the spectator model,

m,
My Px t+P,S

q (3.1

"z -
;;PX—P,S ) ’

r

Using a nonrelativistic approximation, we now calculate
the matrix element in the small-py limit. While it is
clearly wrong to treat the light quark nonrelativistically,
we feel that this is not very important because the light
quark is a spectator. We insert the nonrelativistic limit
of the spinors ¢(p+py,5) and b(p,s) into Eq. (3.3),
keeping terms of order (p/m_), (p/my), and (py/m,).
In order to do the spin projections, we also treat the
light-quark spin nonrelativistically since it is coupled to
the ¢ in |Sy). For the transition B —De¥, only the
vector current ¥, contributes yielding the results

(Sp | Vo|Sp)=1, (3.42)
P+Px
Sp |V = |—5 42| .
(Sp|V|Sp) o, +2mb (3.4b)
For B—D*ev we get
(S,s| A|Sp)=¢€", (3.5a)
P+DPx
—et | —X P 3.5b
(Sps| 4o |Sp) =€ 2m, +2mb\’ (3.5b)
<SD* l Vo |SB)=0 y (3.5C)
ey |PTPx _ p
(S,+|V|Sp)=i€*X m. " amy | (3.5d)

Substituting the approximate forms of Eq. (3.4) into
Eq. (3.2), one finds the following two equations for the

b =T(p+py3 " (1—y5)b(p,s) . (3.3)  B—>De¥ form factors defined in Eq. (2.5):
|
my
(mp+Ex)f . +(mg—Ex)f =V 4mpmp f d’p¢* p+—n;;px é(p), (3.6a)
mg P P Px
— = 4 d3 * _a .
(fo—f_Ipx=V4mpmy [ dpg* |p+ g PX [8P) 5ot gt (3.6b)
[
The py —0 limit of Eq. (3.6a) yields Thus in the py =0 limit we find
_— 172
(mg+mp)f . +(mg—mp)f _=1V'4mpmyg . (3.72) mp mg—mp
f+ = —’n—‘ 1+ "—E;"‘_ y (3.8a)

In Eq. (3.6b) we take the limit of small py and neglect ? ¢
the term proportional to (m,;/mp) in the argument of mp 172 mg+mp
¢*. Note that the linear p terms integrate to zero by f-= m 1— m . (3.8b)
parity. The result is B €

V mpmpg

c

fy—f_)= (3.7b)

Similarly, from Eq. (3.5) we find the following results
for the B—D*ev form factors defined in Egs. (2.6) and
(2.7) in the limit py —O0:
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f=v/Fmpm_s (3.92)
m 172
g=—" L , (3.9b)
2m, | myg
a,(mp+mpy)+a_(mg—mp,)
M. . 172 M .
= |2 2 _2]. (9
mp m,

The results in Egs. (3.8) and (3.9) follow essentially
from flavor independence. The main corrections are un-
certain terms of order (m,;/m,). In the limit of setting
my =0, they essentially agree with the results of GIW.
Relativistic corrections are probably small and QCD
corrections seem inappropriate since the results follow
from flavor independence in the limit (m,/m,)—1. To
determining a , would require a second equation for a
and a_ in the small-py limit. This equation would
come from the three-vector part of the matrix element of
the axial-vector current [see Eq. (2.7)]. However, in the
B rest frame,

mp
. . |px| for el ,
(e*-pp)=€gmp= 1 Mp*
6 for P (3.10)
.

Therefore, from Eq. (2.7) we see that the coefficients of
a, anda_ in {D*| A|B) are of order |py|% When
we extended the calculation of (D*| A|B) to order
| px | 2 in Ref. 8, we found

—1

a,—a_=————— (3.11)
’ ‘/mp*mB
Combining this with Eq. (3.9¢) for py =0 we find
_ m, « m o«
0, =—— 142 122, 62
’\/4th"‘13 mpg m,
fa,=-0.96. (3.13)

While this is our best guess for a |, the calculation is not
trustworthy because at order (p?/m?) there are
significant relativistic effects which are not included in
our derivation. In Ref. 5, the infinite-momentum-frame
analysis gives the value fa  ~—0.77 at py =0. Howev-
er, as we will show in Sec. V, these values are probably
ruled out by the measurement of the average D* polar-
ization.

IV. RATES FOR B —Dev AND B —»D*ev

To calculate the decay rate, we must now make an as-
sumption about the behavior of the form factors away
from py =0. We assume that there exists a common py
dependence (or y dependence) for all the form factors
given by F(y) which satisfies the boundary condition

F(y,)=1.

The value y,, =(1—my/mg)? which is the maximum
value of y, corresponds to py=0 in the B rest frame.
The decay rates are then given by

I'(B—D,e¥)
fD)=————
| Vcb |
dft?
= 2 !
= [y 1Fo* [ax | | 4.1)

where the (df' ) are obtained by substituting the py =0
results from Sec. III into Egs. (2.8) or (2.9) and then
plugging these terms into Eq. (2.4). Here D; is either D
orD*.

In GIW, a particular form of harmonic-oscillator
wave functions is used. This leads to an exponential
form-factor recoil dependence

F,(y)=exp %(y —Vm) | 4.2)

where s ~1.61 (Ref. 9). As an alternative, we consider
the simplest form suggested by dispersion relations, a
pole at the mass m* of the B* vector meson. This gives

F,(y)=constX 1 =2 , 4.3)
m

*Z—t yp_y

where y, =(m*/mg )2. By making an analogy with oth-
er mesons, we assume [m(B})—m(B})]~[m (D)
—m (K)] which gives m (B})=m*~6.8 GeV. For all
calculations, the masses mp=1.87 GeV, m D* =2.01

GeV, mp=5.27 GeV, and m_=1.8 GeV are used.

We first explore the effect of the choice of different
form factors. The results for £\(D) and £(D*), the total
rates divided by | V,, | ? as defined in Eq. (4.1), are given
in Table I for @, =0. In addition to F,(y) and F,(y), we
show the results for F(y)=1 as well as the results given
by GIW. We note that the two different form factors
F,(y) and F,(y) give very similar results. This is because
the first term in the small recoil expansion, given by
F(y)=14c(y —y,,)+ -, has approximately the same
value (¢ ~0.8) for the two forms factors. While the next
terms in the expansions are quite different, the similarity
in the results shows that the rate is mainly sensitive to
the term ¢ which classically corresponds to the charge
radius. Our results using F,(y) are seen to differ from

TABLE 1. Results for total rates with @, =0. In this table,
we define (B —D,ev)= | V,, | 2['(D;). All rates are given in
units of 10" sec™!.

o) % ftm+fo* fo*H /D)
F(y)=1 189 5.41 7.30 2.86
F,() 1.23 3.92 5.15 3.19
F,(y) 1.17 3.76 4.93 3.21
GIW 1.10 4.12 5.22 3.75
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those of GIW by about 10%. The main reason for this
difference is that we normalize our meson states with the
physical masses mg, mp, and m D while GIW use
fiy=mgy+m,. While we feel that our normalization is
more reasonable, this difference may represent some
measure of uncertainty in the calculation.

The most important uncertainty in the B— D *e¥ rate
is the effect of a .. Using our pole form factors F,(y), in
Fig. 1 we show the value of I'(D*)/I'(D) as a function
of fa, for —3 < fa, <1. Over this range of fa_, the
ratio ['(D*) /(D) varies from 1.2 to 5.3 and since £(D)
is fixed, I'(D)+T(D*) varies by a factor of almost 3.
This clearly demonstrates the importance of the a_
term. Furthermore, as we have discussed, the a, term
affects the rate for longitudinal D*, T (L) but it has no
effect on the rate for transverse D*,I''T). The effect of
this is seen in Fig. 2 where 'Y /T"? is plotted as a func-
tion of fa_, . In Sec. V, we discuss how a measurement
of the D* polarization can be used to constrain
F(L)/F(T).

V. THE POLARIZATION OF THE D*

The D* which emerges from the decay B—D*e¥ is in
general polarized. The polarization is described by a
vector (the spin direction) and a tensor!”

FlT)_ZF(L)

0_ 2 =
T3=(35}-S(S+1))= T

(5.1

In the D* rest frame, the angular distribution of the de-
cay D* — D is given by

fa.

FIG. 1. T(D*)/T(D) as a function of fa, with pole form
factors F,(y).

F(6*)=1+ A cos?6* ,

2F(L)__F(T)
4= o

where 6* is the angle between the 7 direction and the
boost direction Py. The result does not depend on the
vector polarization because parity is conserved in the
D*— D decay, but does determine T by
r9-—24
3+ 4

A recent CLEO experiment (Ref. 4) measures the D*
decay angular distribution for a decay sample subject to
two cuts. These cuts are electron energy E, > 1.2 GeV
and cos@,_, < —0.7, where 0, is the angle between the
decay pion and the electron in the B rest frame. Since
the pion is moving very slowly in the D* rest frame, we
assume that P, (the 7 direction in the B rest frame) is a
good approximation to the direction py. With this ap-
proximation we can translate these cuts into cuts in the

(5.2)

s

(5.3)

phase-space region (x,y). We then integrate the
differential decay rate over the cut phase-space region
(n
PO_ [ aray |4l 5.4
out fcut i dx dy ’ ( )

where I =L or T. These rates are then put into Eq. (5.1)
to determine T9. The resulting values of T3, which are
to be compared with the experiment with the cuts, are
plotted in Fig. 3 as a function of fa_, . We have used
pole form factors here, but the results are very similar if
we use the exponential form factors.

I“(L)
I“(T)

fa.

FIG. 2. T'Y/T'T as a function of fa, with pole form fac-
tors F,(y).
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A result of the CLEO experiment* is 4> 3.0 (99%
confidence limit) or, from Eq. (5.3),

T9<—10. (5.5)
From Fig. 3, we find that this gives the limit
fa,>0.35. (5.6)

An additional solution of fa_, < —4.8 seems unreason-
ably large in magnitude. This result seems to rule out
both  previous theoretical estimates of fa;
fa,~—0.96 in Ref. 8 and fa, ~—0.77 in Ref. 5.
However, care must be taken in interpreting this result
strictly as a limit on @ _. This is illustrated by examin-
ing an alternative approach to the -calculation of
(B —De v) and (B —D*e ¥) which has been given by
Suzuki.!' He uses the free-quark model and projects the
final quarks into states of total spin O or 1. At py=0,
our results, including our theoretical estimate of
fa, ~—1, essentially agree with his. Since he is not
treating the binding of the quarks into mesons, he does
not introduce a recoil dependence based upon meson
wave functions or dispersion relations. However, he
does find a ¢? (or y) dependence of the form factors from
his relativistic analysis of the free-quark transition am-
plitude. He finds that all the form factors do not behave
the same away from py=0. In particular, f increases
with respect to a_ as y decreases from y,,. This partial-
ly counteracts the effect that a _ has on the polarization.
Suzuki finds a value of 'Y /I"'") ~ 1.4 while from Fig. 2
we find I'Y/I'P~091 for fa,~—1. While both
binding effects and relativistic boosting effects probably

-2.0 . : -
-3.0 -2.0 -1.0 0.0 1.0

fa.

FIG. 3. Tj as a function of fa, with pole form factors
F,(y). T9is determined here by putting the [ (%), the rates for

cuty

the cut phase-space region as defined in Eq. (5.4), into Eq. (5.1).

contribute to the recoil dependence of the form factors,
it is not possible at this time to include them both in a
completely consistent manner. Therefore, we have only
treated the binding form-factor recoil dependence here.

We now return to the determination of |V, |. The
decay rate for B —XeV, summed over all final states X,
can be written

(L)

T(B—Xew)= |V, |2 |FD)+1D 1+%—ﬁ

X(1+X)X14+U) . (5.7)

Here [ T is the transverse part of £(D*) defined in Eq.
(4.1). Both £(D) and £'7 are independent of a ,, and
using pole form factors we find £'(D)=1.23x10" sec™!
and I'M'=1.21x10" sec™!. X is the ratio of the num-
ber of b —ceV decays which go to excited states X, com-
pared to the number which give D or D*. We accept
the GIW estimate of X ~0.11, but we recognize this as
an important uncertainty. U is the ratio of b—ueVv to
b—cev transitions. From the report by Schmidt-
Parzefall (Ref. 2), this is clearly between 1% and 10%,
so we set U=0.05. Because of the cuts involved, the ex-
perimental results for the D* polarization do not direct-
ly determine the ratio of total rates, I')/T''T. Howev-
er, by putting the lower limit fa | > 0.35 into our calcu-
lation for the total rates, we can get a lower limit on
'Y /1", From Fig. 2, we see that this gives

Il
F(T)

However, this limit is slightly model dependent.

To illustrate the determination of |V, |, we set
r'Y/r'M=29. Additional data on the D* polarization
would certainly be helpful. We also use the value
75 =1.17X 10712 sec and a semileptonic branching ratio
of 11.8% so that I'(B—Xev)=1.01x10" sec™! (see
Ref. 2). Using pole form factors, we then find

|V, | =0.038 .

>2.9. (5.8)

(5.9)

A larger value of 'Y /T'T would further reduce the
value of |V, |. Given I'Y'/T"T)| the major theoretical
uncertainties are the form-factor recoil dependence and
the excited-state ratio X. To some extent, these two
compensate for each other because an increase in the
form-factor suppression away from zero recoil should in-
crease the probability of going to excited states. An ex-
treme case, with F(y)=1 and X=0, leads to the lower
limit of 0.033 for |V, |.

An alternative approach is to use the measured
branching ratio (Ref. 2) of (7£1.2+1.9)% for the decay
B—D*ew. This  gives the exclusive rate
[(B—D*ev)=(6+2)x 10" sec~!. We can then write

I(B—D*ev)= |V, | |1

For T'®/1'"=2.9, this gives |V, | =0.036+0.006
where only the experimental error is included.
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VI. CONCLUSION

In this paper we have studied the rates of the most
important semileptonic B decays: B—Dev and
B —>D*ev. For the D* final state, we have looked at the
rates 'Y (longitudinal) and T (transverse) which
determine the tensor polarization T9. For the rates
I'(B —De¥) and T, the assumption of flavor indepen-
dence determines the necessary form factors (f, and f)
in the zero-recoil limit. We believe that a good estimate
of these rates can be made using reasonable form factors.
However, the rate I''Y) depends critically on the form
factor @, which cannot be reliably determined in the
same way.

An experimental measurement of T9 provides a mea-
surement of I''L/I"" which can be used in place of a
theoretical estimate of a_. . Given I'®)/T"", one can at-

tempt to determine |V, | from the measured semilep-
tonic decay rate. The major uncertainties are the as-
sumed form factors and the correction for decays other
than B—Dev and B—D*ev. Using I'Y/r'M=29
(which at present is only a lower limit), we find a value
of |V, | =0.038. Further data on the D* polarization
and on transitions to excited states are needed to obtain
a better value and to estimate the uncertainty.

While preparing this paper, we received a similar pa-
per by Grinstein and Wise. 1
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