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Abstract. We discuss the exclusive semi-leptonic (s.1.)
bottom meson decays B— D(D*)+!+v where we
include non-zero lepton mass effects in the kinematics
and dynamics. We develop the general formalism for
the non-zero lepton mass case. We then look at how
rates, spectra and angular correlations are affected by
non-zero lepton masses in the context of a specific
spectator quark model. Numerical results are presented
for s.l. decays involving the e-, u- and t-leptons. We
also discuss the s.l. decays B— n(p), D —» K(K*) and
the free quark decay model.

1 Introduction

Recently the exclusive semileptonic (s.l.) decays of the
bottom mesons B — D(D*)and B — n(p) have attracted
considerable attention in connection with the possible
determination of the KM matrix elements V,, and V,,
[1-5]. Most of the theoretical and experimental
analyses of the exclusive s.1. decays have used the zero
lepton mass approximation tacitly assuming that e.g.
m, =0 is a good approximation for s.I. B-decays.

There is no doubt that one has to include lepton
mass effects when one analyzes s.l. B-decays involving
the t-lepton. For the muonic decay modes one wants
to make sure that the zero mass approximation is good
especially in sensitive phase space regions as e.g. in the
region of the lepton energy endpoint spectrum.

Two different aspects have to be considered when
lepton mass effects are included in an analysis of s.l.
decays. One is simply kinematical in that the kinematics
of the decay processes change. The second aspect is
of dynamical nature: When the lepton acquire mass
one probes the scalar (or time-component) hadronic
current form factor which is not accessible in the
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zero lepton mass case in addition to the 3-vector
(or space-component) current form factors also mea-
surable in the lepton mass zero case.

The present paper is structured such that in the first
part we study the model independent kinematical and
“spin-kinematical” aspects of sl decays involving
massive leptons (Sects. 2,3 and Appendices A, B). In
the second part we turn to model specific predictions
(Sects. 4,5, 6).

In Sect. 2 we define invariant and helicity form
factors. In Sect. 3 we derive differential decay rate
formulae including azimuthal and polar lepton—hadron
correlation effects. Section 3 also contains the cor-
responding angular distribution formula for the
sequential decay B— D*(— Dn)+ W ;.- In Sect. 4
we discuss the free quark decay (FQD) model. We
calculate the FQD helicity amplitudes, which, when
squared and summed, lead to the known rate formula.
In Sect. 5 we introduce the spectator quark model
of [4,5] and derive analytical expressions for the
invariant form factors including the new scalar form
factor. Section 6 contains our numerical results. We
calculate the various helicity rates defined in Sect. 3
for B—D(D*), B—n(p), D> K(K*) and the FQD
model. Section 6 also contains a discussion of phase-
space boundaries and how the Dalitz plot boundaries
change when lepton mass effects are included. Section 7
contains a summary and our conclusions.

Some technical material is relegated to the ap-
pendices. Appendix A provides a brief synopsis of the
decay kinematics. Appendix B contains a derivation
of the angular lepton—hadron correlation functions
presented in Sect. 3.

2 Invariant form factors and helicity form factors

We define invariant form factors by expanding the
particle—particle current matrix elements along a
standard set of covariants. One has
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(D(p)IV,IB(p1)> =T} (1a)
where

=F%(p, +P2)u+F‘:qu (1b)
and
(D*(p )| A, + V,IB(p1)> = e3° Ty, (2a)
where

Tf; = Fll‘igua + nglupla + ngupla + iFVEuapapI{pg'
(2b)

g, =(p; — p,), is the 4-momentum transfer. We have
found it convenient to use the particle labels for the
JP¢=0"" and 1™~ mesons involved in (1) and (2)
instead of generic names. The invariants F¥ and F4
multiplying ¢, contribute only to the sl decayc
involving massive leptons since the corresponding
lepton currents are conserved in the limit of vanishing
lepton masses.

Next we calculate helicity form factors by taking
the appropriate helicity projections of the covariants
in (1) and (2). In order to make our conventions
clear we shall explicate our covariant helicity pro-
jections. In the B rest frame with the z-axis along the
D(D*) one has the current projections

£(£)=—=(0,+1,—1i,0)

\/2
_u(o):W(p’O’O’ AqO) (3)

u

m

1
3 (t) =:/‘q‘2‘(qo’0’0’ - p)

where g, and p are the energy and momentum of the
W paen 10 the B rest system. They are given by
2M,q,= M} - M} +q*

IM,p=(M*+ M2 +q* —2M2M?2 — 2M3q% — 2M3g)' 2.
1

4

The bar over the polarization four-vectors in (3)
reminds one of the fact that the quantization axis is
along the negative current axis, i.e. &, = ¢,(60 = n) [6].

In the following we shall refer to the helicity
components of the currents in (3) as to the four
helicities of the W, ... Three of these are orthogonal
to its momentum, ie. g“¢,(m)=0 for m= +, 0, and
thus make up the spin 1 part of the W ;. The spin0
(time-) component m =t has the property £,(t)cq,
and clearly does not contribute to the s.l. decays in
the lepton mass zero limit as mentioned above. The
four helicity components have the orthonormality

property
Ex(m)e(m') = gy (m,m’ =1, +,0). (5)
and satisfy the completeness relation

Z e_u(m)gt(ml)gmm’ = guv (6)

mm’

where g,,, =diag(+, —, —, —).
For the D* (spin 1) one has

&)= \/ 0,1, +4,0)

£24(0) = (P,O 0,E,) ™

where E, is the energy of the D* in the B rest system

2M E,=M?+ M2 — 42 (8)
They satisfy the orthonormality condition
3, (m)e5(m') = — Oy )

and the completeness relation

Y e2alm)e3y o = — gy + L.
m,m’ 2

We can then project out the relevant helicity form
factors from the invariant form factors (1) using the
polarization vectors (3) and (7) valid for the B rest
frame. One has

(10)

HY=e*m)T? m=1t0 (11)
where
2M
H(?— \/qlzpFK
1
H,D=W((Mf—M§)FK +4°FY) (12)
and
HY = e¥*(mie**m)T2, m=0, £
HY = e3(0)e*(0) T, (13)
where
" 1
HY = a7 (MI = ME =) F{ + 2M3p*FY)
2
Mp
HD"'—'—I—FA-FLMZ M2+ FA+ ZF
t Mz\/qz( 1+ 3( ‘1) q°r3)
HY =F4+ M, pF’. (14)

We emphasize that the invariant and helicity form
factors are functions of g% only.

3 Differential decay rates and angular distributions

Consider the angular decay distribution differential in
the momentum transfer squared g%. One has
ar___ G, @
dq*dcosOdy (2m) 8M32q?
where 4 is the lepton mass, G is the Fermi coupling

G=1.02-10"°m,* and ¥, is the (bc) Kobayashi-
Maskawa matrix element. L,, is the lepton tensor build

L, H" (15)



from the current product of the left chiral lepton
currents. In our normalization the lepton tensor is
given by

Ly, =5Trt+ uy, (1 —ys)#y (1 —v5)
2 2

=Ll Ll = TS g+ i1 (16)
where [(I') is the four-momentum of the lepton
(antineutrino). Equation (16) refers to the case (I™v)).
The corresponding lepton tensor for the case (I*v)) is
obtained from (16) by changing the sign of the e-tensor
contribution. We define our totally antisymmetric
g-tensor by gy,,3 = — 1. The hadron tensor H ,, is given
by the corresponding tensor product of the hadron
currents defined in Sect. 2, i.e.

H,, = Y {(D(D*)|j,|B>{D(D*)|j,|B>*
spins
TO(TP)* BoD
= - (17
e R

2
2

In the one-hadron to one-hadron transition B—
D(D*) the rhs of (15) does not depend on the azimuthal
angle y. Using the results of Appendix B one obtains
the cos f dependence

LuvH‘” = %(qZ - #2)

+<%(1 +cos2)H +2sin® 00, +3 cos 6H,
s - -

+ ﬁ(%sin2 6Hy, +3cos?0H,

+4Hg+ 3cos eﬁSL)> (18)

where we choose to define the polar angle 0 to be the
angle between the D(D*) and the lepton in the lepton—
neutrino CM system as shown in Fig. 1. The upper
and lower signs in front of the parity violating (p.v.)
contribution H refer to the two cases (I7v,) and (I*v,),
respectively.

We have labelled the helicity components of the
hadron tensor according to the standard notation
used in describing the angular dependence of lepton—
hadron correlations. In terms of the helicity amplitudes
defined in Sect. 2 one has

i) spinl Hy=|H,|*+|H _|? unpolarized-transverse
H, =|H,? longitudinal
Hp=|H,|*—|H_|? parity-odd

for the spin 1 contributions. These are the helicity

combinations that contribute also to the on-shell W~

decays. In addition, there are off-shell spin O contri-
butions when lepton mass effects are included. These
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Fig. 1. Definition of the polar and azimuthal angles 0 and y of
the lepton ™ in the (I"v,) CM frame. z-axis is along P, and
x-axis in the (Pp., Pp) plane with p,, =0

are

ii) spin 0 Hg=3|H,|* scalar
iii) spin0 — spin 1 interference
Hg, =Re(H,H?*) scalar-longitudinal interference

We have separated (18) into lepton spin no-flip and
flip contributions. The flip contribution brings in the
characteristic flip factor u?/2¢* which vanishes in the
zero lepton mass limit. The polar decay distribution
(15,18) agrees with the results of [7].

The lepton-hadron correlation function L, H*
reveals more structure when one considers current-
induced one hadron to two hadron transitions as
in the sl cascade decay B— D*(— Dn). Now the
azimuthal dependence in (15) becomes nontrivial.

One possible choice to describe the relative angular
orientation of lepton and hadron frames is to define
the angles # and y as in Fig. 1, where the z-axis is
defined by the D(D*) momentum (helicity frame).*
The x-axis provides the reference for the azimuthal
measurement for which one needs a reference direction.
In our case we define the x-axis to lie along the
perpendicular component of the D-momentum in the
decay chain D* — Dr as indicated in Fig. 1. It will
become clear in a moment that the azimuthal measure-
ment makes sense only in the sl. B—D* decay:
although the weak nonleptonic cascade decay D — K=«
could establish an azimuthal reference axis also for the
s.l. B— D decay, in principle, the azimuthal information
cannot be conveyed to the decay W ;. .,—!" +7V
since the D has spin zero.

* Other choices of frames are of course possible as e.g. the
transversity frame where the z-axis is chosen to lie perpendicular
to the hadron plane. For example, we shall discuss the polar
distribution in the transversity frame in Sect. 6. One should always
keep one’s mind open to different possible choices of frames which
may be dictated by theoretical and/or experimental exigency
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The hadron tensor now reads
H,, = {(D*-)D=|j,|0>{(D*—>)D=|j,|0>*
=H,, v,5,Z°“’B(D* — Dn)
= TD*(T )*Z“"B(D* — Dn) (19)

where B(D* — Dn) is the branching ratio of D* — Dxn
and where Z,; is the normalized decay tensor describing
the strong decay D* — D=. It is given by

3 M3
Zop =53 rgangzP3eP3pSa(P2)Spp(p2)  (20)
# 2 (pape — Mam P Do Sex (P2
where p, and M are the momentum and mass of the
D and S, is the spin 1 propagator S,,.(p;) = — g +
P2aP2o/M3. The decay tensor Z,, is normalized
according to

2n 1
g dy* _jl dcos0*Z 5= S,4(p,) (21)

where 6* and y* are the polar and azimuthal angle of
the D in the D* rest system.

In writing down the general decay distribution of
the cascade decay B — D*(— Dn)lv we shall always use
the narrow resonance approximation. The resulting
decay distribution in thus four-fold. In addition to the
variables 0,y and g2 introduced earlier we shall use
the polar angle 6* as the fourth variable. 6* is defined
as the polar angle between the D* and D in the rest
system of the D*.

Using the results of Appendix B one obtains the full
four-fold decay distribution

dI'(B— D*(— Dn)lv)
dq®dcos 0dyd cos 0*

1
= B(D* —>D1r)2—n

+ 2sin? 03 cos? 6*dI, /dq®
- %sin2 Ocos2y3sin? 0*dI ;/dg?
<% sin 20 cos y sin 20*d I, /dq?
cos 03sin? 0*dIp/dq?
sin 0 cos y sin 20*dI”,/dq*
sin? 02sin? 9*dT ,/dq*
cos? 03 cos? *dI", /dg>
3sin 0 cos 2y 2 sin2 0*2d T 1 /dg?
+ 25in 20 cos y sin 20*d T, /dg?
+3cos? 0*1dT g/dg?
+ 3cos B3 cos? 8*dI s, Jdg?
+9sin 6 cos y sin 20*d 7 /dg?]. (22)

[3(1 + cos? 6)3 sin? 0*d I, /dg*

H

+ + H
B Nl Mw 001\0 Y »—-

As in (18) the upper and lower signs in front of the
p.v. contributions dIp and dI", again refer to the two
cases (I”v,) and (I*v,), respectively.

We have found it convenient to define partial helicity
rates dI'; /dq and dI";/dq* according to

dr; L@* = p?)p .

ar; _ i=U P,A

i (2n)3| Vol oz “H; i=ULTLP,
(23)

and

df.  u? dr.

W‘:z"?%; i=U,L,T,I,P,A,S,SLST (24)

where the partial rates dI'; and dI’; denote the lepton
spin no-flip and flip contributions. .

The reduced hadron tensor components H,
(i=U,LTI1,P,A,S,SL,ST)appearing in (23) and (24)
are bilinear expressions of the four (two) helicity
amplitudes HY', H?" and H?* (H? and HP) describing
the current-induced transitions B— D* (B— D) (see
(12) and (14)). For i=U,L,P,S and SL the relevant
bilinear expressions H; have already been listed after
(18). The remaining four interference components are

given by
spin 1: H;=Re(H,H*)
transverse interference
H,=1Re(H,H* + H_HY)
transverse-longitudinal interference
H,=1Re(H ,H*— H_HY)
parity asymmetric’

spin O—spin ! interference:

Hgr=4Re(H Hf + H_H})
scalar-transverse interference.

Since the available g%-range (¢° < (M, — M,)?) is
below the physical threshold ¢? =(M, + M,)*, we
have assumed throughout that the invariant and
helicity form factors are real. Thus we dropped angular
terms in (22) that depend on the phase differences of
helicity amplitude, i.e. angular terms that are multi-
plied by coefficients Im (H,HY), i #j.*

When integrating (22) over cos 8* and y one recovers
the two-fold decay distribution resulting from (18) up
to the branching ratio factor B(D* - Dn). Further
integration over cos ¢ yields the differential g2-distri-
bution

dI' _dly,, dly,,  dl
dg* dq? dg*  dq?

If one is interested in the differential lepton energy
(E}) and momentum (p,) distribution, one needs to

relate the dE,, dp, and dcos @ differentials which can
be obtained from differentiating (A4) and E? — p? = u*.

(25)

* The corresponding.observables represent T-odd observables the

presence of which would signal true CP-violating effects if rescat-
tering effects can be neglected as assumed in the above derivation



One has EdE, = pdp, and
dcos 2 1
—_— = q [
dE, plg® — 1?)
where E, and p, are the lepton’s energy and momentum
in the B rest frame.
Finally, integrating (25) over g? yields the total

decay rate. The necessary g*-integrations in the limits
(A1) have to be done numerically.

(26)

4 Free quark decay model

Let us list the helicity amplitudes of the free quark
decay model. One has

P+qo

NCIENLRL

ho?P=<clJo by =

MW@+ —/0- )f

o> = e oalb 1) = —(+ I,

B9, = (e LD (1 lb (L)
= J2A—(+)JQ: —2-) (27)

where Q , =(m, +m,)> —¢* with quark masses m,=m,
and m,=m,.

When one computes the longitudinal and time-like
contributions to the reduced hadron tensor compo-
nents A, , A and Hy, one has to sum over unprimed
and primed helicity amplitudes, ie. H, =|hE?P|? +
|FQ)2 etc. The reduced hadron tensor components
in the FQD case are given by

Hy=8(m? + m} — g%

" 4m?p?
HL=4<mf+m§—q2+—1ip—>

q
ﬁ,,= Flomp
Hg=3H,
2_
Agy =8m,p i~ m; (28)

where the upper and lower signs in the p.v. contri-

bution H, in (28) refer to the quark and antiquark

transmon cases g, =4 and g, — §,, respectively.
The g*-spectrum is given by

ar 1 G* v 12(q - 2)2

dg? ~ 2077 " T 12miq

12
-4[3(m§ Fmi— ) (1 +q7>
+4'""’ <1 2K )] (29)
q q

where one has to remember to include the statistical
spin factor 1/2 when using the general rate formula (25).
The total rate, finally, is obtained from (29) by
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g2-integration where the relevant g*-range is given by
(A1). The integration can in fact be done analytically
and results in a somewhat lengthy closed-form expres-
sion given e.g. in [8]. Numerical results for the FQD
model will be presented in Sect. 6.

S Spectator quark model

Let us briefly recall the spectator quark model approach
of [4,5] that was used to calculate the invariant
and helicity form factors of the current induced s.l
B — D(D*) transitions. The particle helicity amplitudes
were matched to the free quark decay helicity ampli-
tudes at g% =0, assuming that the spectator quark is
spin-inert. Thus one has

HYP" = {D,D*|J,|BY = 31, {c||J,|bL),
H‘Z*H) = <D*l(T)|J—(+)|B>

1
EﬁleCl(T)lL(ﬂlbl(T)) (30)
The factors 5(1/,/2) are spin projection factors and I,
is to be interpreted as the B— D(D*) wave function
overlap. It is the same for the D and D* since the D
and D* have the same spatial properties in the quark
model. In the equal mass case charge normalization
fixes I = 1. In the unequal mass situation m, > m_ 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— ¢ 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 [2] for the b — ¢ transitions.
The matching conditions (30) can be solved for the
invariant form factors F,, F4,F4 and F¥ that contri-
bute in the lepton mass zero limit. We identity
m,=Myg=M, and m,= M, (= Mp)=M,. One obtains

FL0)= I

F{0)= (M, + M),)I,,

-2

(M, +M,) "™

FY(0) = FA(0). (31)

The matching solutions (31) holds for the semi-leptonic
B(b}— D(c), D*(c) and D(c)— K(s), K*(s) transitions.
For the B(b) —» D*(¢) and D(¢) » K*(5) transitions, F*(0)
acquires an extra sign. Thus, from (14), one has the
relations H* (0 —q) = H*(Q > q) for the transverse
helicity amplitudes.

To obtain the matching solutions for the two form
factors F¥ (B— D) and F4 (B— D*) that multiply g,
(see (1) and (2)) requires the solution of the matching
conditions (30) and the corresponding ones for the
timez-component helicity amplitudes to the next order
in g%

F3(0) =
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For the time-like and longitudinal components one
now has

HP®Y = (D(D*)|J,|B)

=31, (el olbL> + (=) J,1b1))
HP'®) =<D(D*)|J,| B)

=35, (el bl + (=)<t 1J,161)). (32)

The transverse matching conditions remain as in (30).
Solving the matching conditions (32} and the trans-
verse part of (30) to first order in ¢? one obtains the
solutions (31) as well as the solutions for the two form
factors multiplying g, at the same time. One has

Ml - M2

Fr)= ——~——*1
(0) M1+M2 bc

F4(0)= — F4(0) (33)

In obtaining the small g solution of the matching
conditions the invariant form factors have been held
fixed at their g =0 values, ie. their dynamical ¢°-
dependence was not included in the small g-expansion.

We would like to mention that one obtains the
same g =0 form factor values as in (31) and (33) if
one works with boosted quark model wave functions
[9]. The solutions (31} and (33) can be obtained in a
compact form by evaluating the corresponding quark
model matrix elements at g2 = 0, cif,

(D|V,|B)

I
= o, ) st M — M)

(D*|V,+ A4,|B>

-1
:m’rr ¢§(ﬁ2 + MZ)yu(l _’))5)’})5(,51 - Ml)

(34)

The invariant form factors (31) and (33) are conti-
nued to g* # 0 by using pole-type form factors with a
power behaviour given by the QCD power counting
rules.

The g*-dependence of the form factors is fixed by
nearest meson-dominance in the appropriate current
channel with monopole behaviour (g~?) for F%,, F¥
and F{ and dipole behaviour (g~*) for F4,F¥ and
F{ according to the power counting rules of QCD
[10]. For the sake of simplicity we work only with
one effective meson (b¢) current mass, for which we
take B¥ (6.34 GeV). The spacing among the various
(b€) bound state levels is presumably so small that one
effective mass value is sufficient to set the scale of the
g*-dependence in the range 0 < q°> < (M, — M,)%.

The g2-dependence of our form factors is thus
given by

Fay=rOor (2 ] (39)

2
Mep —

where n=1 for F,F¥ and F{, n=2for F4, F4 and
F¥ and mgp =634 GeV.

The matching solutions (31) and (33) and the power
behaved form factors (35) completely specify our model
of B— D(D*) semileptonic decays. For the sake of
brevity we shall in the following refer to this model as
the KS- (Korner—Schuler) model [5].

The matching solutions for the s.1. decays B — n(p)
and D — K(K*) discussed later on are obtained from
(31) and (33) by the obvious replacements I, —1,,, 1,
and mgp(b¢) > mpp(btt), mpg(cs), respectively.

6 Numerical results

In this section we present numerical results on the
exclusive s.l. decays of bottom and charm mesons.
Many models of exclusive s.I. heavy meson decays have
been proposed in the last few years. Among these are
[2-5,7,11-29]. An understanding of the dynamics of
the s.1. decays will be eventually reached by a detailed
comparison of the measured values of experimental
observables such as rates, spectra, polarization and
angular decay distributions with the predictions of the
various models. In this paper we choose the spectator
quark model of [5] (KS model) in order to highlight
the qualitative features of expected rates, spectra,
angular distributions and polarization observables.
Although the KS model has successfully stood the first
tests in the b—c sector it goes without saying that
such a simple first generation model may have to
undergo some fine tuning at a later stage when more
data becomes available.

Our main discussion will be concerned with the s.1.
decays B D(D*) since one expects to have numerous
data on these decays in the next few years. We also
present some results on the interesting yet suppressed
exclusive s.l. decays B —n(p). We finally also proffer
some numerical results for exclusive s.l. D-decays.

We start our discussion by presenting a Dalitz plot
for the s.l. decay B°—»D** + 1™+, for [=¢,p,7 in
Fig. 2. There is only a small change in the phase space
boundary going from the electron to the muon which
occurs at the left lower corner at low g2- and E-values,
whereas there is no visible change at the right boundary
curve. According to (A2) the maximal lepton energy
is only shifted by (m? —m2)/2M which is invisible at
the scale of the plot. We already anticipate from this
fact that the lepton’s energy or momentum endpoint
spectrum is only changed insignificantly when going
from the electron to the muon. Compared to the e-
and p-cases the t phase space is considerably reduced
and is shifted to larger values of ¢* and E,.

Figure 3 shows the corresponding Dalitz plot for
the s.l. decays D° - K*~ + 1" +v,. Now the reduction
of phase space becomes more pronounced when going
from the electron to the muon. At the scale of the plot
there is, however, no visible shift on the right shoulder
of the phase space boundary.

Next we turn our discussion to the partial helicity
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rates dI";/dg® (no-flip) and dI";/dg? (flip) for the b—c
transitions. It turns out to be convenient to discuss
their g2-dependence by first defining rescaled helicity
form factors according to

lepton spin no-flip:
hy=A@@HH; i=0,+, — (36)
lepton spin flip:

hi= 12 2q7 A(qDH; i=0, +, —

b= /3 1224* A(gH)H, (37)

where

Alg) =71 il W) (38)
q° 6m

According to (25) the angle integrated differential
g*-rate is then given by
ar -
= > IkP+ Y kI (39)
dq 0,¥,— 1,0, ¥, -

In Fig. 4. we plot the g*>-dependence of the rescaled
helicity form factors h; and h; for B— D in the e- and

r-modes. One notes that the longitudinal no-flip ampli-
tude is considerably reduced at lower g*-values going
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from e to 1. This reduction is due to the threshoid like
factor (q%> — u?)/q* appearing in the rescaled he11c1ty
amplitudes. The longitudinal flip amplitude %,

further reduced by the flip factor /u?/24>. Qulte
remarkable is the large value of the time-like (or scalar)
flip amplitude %,. This can be traced to the fact that
the scalar current contribution proceeds via an orbital
s-wave and thus there is no pseudo-threshold factor
(proportional to p) to temper the enhancement at large
q* resulting from the time-like form factors in the
helicity amplitudes (see (12) and [28]).

In Fig. 5 we show the g*-dependence of the rescaled
helicity amplitudes for B—D* in the e- and the
7-modes. The largest reduction in the no-flip amplitudes
again occurs for the longitudinal no-flip amplitude A,.
Contrary to the B— D case, however, all flip ampli-
tudes are generally quite small compared to the no-flip
amplitudes. This can again be traced to the partial
wave structure of the scalar current contribution which
1s now an orbital p-wave (see (14) and [28]).

Figures 4 and 5 also show the g*-dependence of the
rescaled helicity amplitudes h, for the 7-mode when
the contribution of the scalar invariant form factors
FY (q%) and F#(g?), respectively, are switched off. In
the B — D case the contribution of F _(g?)is destructive
and consequently %, increases when FY (¢?) is switched
off. The effect amounts to maximally =299, at the
amplitude level and max1mally =~ 669, at the squared
amplitude level. Since |f,|? gives the dominant con-
tribution to the rate, the above figures show that
an accurate experimental determination of the s.l.
B — D(7) rate alone would allow one to extract infor-
mation on the sign and magnitude of the scalar
invariant form factor F¥ (¢?). In the B—D* case
the _contribution of the scalar form factor F$(q?)
to h, is constructive and consequently h, decreases
when F4(q?) is switched off. The effect is rather large
(= 50% reduction over a wide g2-range), however, on
a small amplitude which would make an experimental
determination of F#(q?) from a rate measurement
alone rather difficult.

In Fig. 6 we show the g2-spectra for B— D(e, 1) for
the different helicity contributions defined in (23).
Notable is the large reduction of the longitudinal
no-flip contribution when one goes from the e- to the
1-case, whereas the scalar flip contribution § dommates
the differential rate over the whole accessible g2-range.

Figure 7 shows the corresponding g>-spectra for
B— D*(e, 7). Since the lepton spin flip rates dI";/dg*
are quite small, they have not been included in the
figure. The helicity rates appear to be uniformly
reduced when going from the e- to the t-case except
for the longitudinal contribution which is dispropor-
tionally reduced because of the threshold-like factor

((q* — )/ g *

* The threshold factor is also present in the e-case leading to the
vanishing of dI"; /dq? at q* = m?. However, this is not visible at the
scale of Figs. 5 and 7
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Fig. 4. Reduced helicity amplitudes h; and Tli,
(i =1,0) as functions of ¢* for B> D* +e” +7,
(left) and B° > D" + 1t~ + ¥, (right). Also shown is

h, with F¥. = 0 (dashed curve)

Fig. 5. Reduced helicity amplitudes h; and
(i=t, +,—,0) as functions of ¢* for B°—D** +
e” + 7, (left) and B°— D** + 1 + 7 (right). Also
shown is h, with F§ = 0 (dashed curve)
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Fig. 7. Partial helicity rates dI;/dg> i=U,L, T,I, P, A as functions
of g% for B° —» D** + 17 + ¥, with I = e (full curves) and / = t (dashed
curves). Flip rates dI;/dq” are not shown as they are small on the
scale of the figures. Labelling of dashed curves (I = 1) is as labelling
of full curves (I = e from down (P) to up (U) at g*> = 7.5GeV?
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Fig. 8. g%-spectrum of sl. decay rates B°—»D* +1~ + ¥ (dotted),
B°—D** 4+ 17 + v, (dashed) and b —> ¢ + I~ + ¥, (full) as functions of
q? for | = e, 1. The spectra of the t-modes start at g2 = m?

In Figure 8 we show the total gq>-spectra dI"'/dg? =
Ay, /dg* +dT g, ;/dg* + dI5/dq* for the three s.l
decays B— D, B— D* and b — cin their e- and -modes.
In the e-case the g*-spectra decrease from their highest
value at g2 =0 for B— D and b —c, whereas there is
a shoulder in the B— D* spectrum at g> = 7GeV? as
also visible in the experimental B— D* g*-spectrum
[30]. The g*-spectra are uniformly reduced when going
from the e-mode to the z-mode for B— D* and b—c,
whereas for B— D the 7-mode dominates over the
e-mode for ¢g* > 8 GeV? contrary to the naive phase
space expectations.

In Table 1 we have listed the partial helicity rates
I'; and T, for the s.l. decays B(b)— D(c), B(b)— D*(c)
and b—c for the electron-, muon- and t-cases. One
notes that there are only slight changes in the decay
rates going from the electron to the muon case. In the
t-mode all partial no-flip rates I'; are considerably
reduced. The reduction is most pronounced for the
longitudinal rates I'; as commented on already above.
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The flip rates I'; in the t-mode are generally quite
small compared to the total rate except for the S-wave
enhanced scalar flip rate I'g in the decay B— D.

Going from the e- to the T-mode the total rates are
reduced to 26%,, 25% and 18%, for B— D, B— D* and
the FQD b — c, respectively. In the case of the decay
B—D the strong suppression of the longitudinal
no-flip contribution is made up by the strong scalar
current excitation as explained above.

A measure of the flip/no-flip composition of the
decay rate is given by the longitudinal polarization of
the z-lepton in the decay W, — 1t~ + 7, in the (t¥,)
CM frame. Since the massless t-anti-neutrino has
positive helicity the longitudinal t-polarization is
determined by*

_dl—dr
Lo dr +dr

The average longitudinal polarization of the 7 is then
given by (we define U:= T, U:= T, etc)
U+L+S~U-L
U+L+85+U+L’
Using the numbers of Table 1 one finds (P, )p_p =
0.33, (PYpopyn = —0.53 and (P )}y = —0.26. The
average longitudinal polarization of the 7 resulting
from the decay B— D has undergone a drastic change
from —1 in the lepton mass zero case to the large
positive value of 0.33 due to the enhanced scalar
current contribution I's. It would be interesting to
experimentally check on this prediction by analyzing
the 7’s subsequent decay distributions.

Concerning the ratio of total sl. B—» D and B— D*
rates we find the ratio of rates R = I'g_, pe,u)/ T B D(ey

(40)

(Py= (41)

* Note that our quantization axis differs from the one used in [26]
where the longitudinal polarization of the t is calculated in the
B-rest frame

Table 1. Partial rates, total rates and polarization parameters for s.1. b— ¢ transitions in the e-, u- and t-sectors. We take m, =4.73 GeV,
m, = 1.55GeV, my = 5.28 GeV, mp. = 2.01 GeV, m;, = 1.865GeV and m, = 1.8741 GeV. Rates are in units of |V, |? 10'?s™!

B—D(e) B— D*(e) b—cle) B - D(p) B—D*(u) b—c(w) B—D(1) B — D*(1) b - (1)
U — 12.7 124 — 12.7 123 — 3.03 222
L 8.3 13.1 248 8.1 129 24.1 0.72 1.95 201
T — 5.3 — — 52 — — 1.33 —
I — 8.2 — — 8.1 — — 1.65 —
P — ~6.9 -7 — —69 ~177 — —1.39 ~1.14
A — -26 — — —26 — —_ —0.42 —
U — — — — 0.02 0.02 — 0.64 0.51
L — — — 0.04 0.04 0.12 0.17 043 0.49
T — — —_ — 0.01 — — 0.28 —
T — — — — 0.0t — — 0.35 —
S — — — 0.13 0.12 0.36 1.26 0.46 1.47
SL — — — 0.04 0.04 0.12 0.26 0.25 0.43
St — — — — 0.01 — — 0.20 —
r 8.3 258 37.2 8.27 25.7 36.9 2.15 6.50 6.72
(P> -1 —1 —1L —095 —0.99 —0.97 0.33 —0.53 —0.26
— 1.1 — — 1.05 — — 0.55 —

K
£
H
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to be R=3.11 which agrees with the recent experi-
mental values R=3.0+ 1.6 [31] and 1.6 +0.8%57
[32].

Different strategies can be adopted to experimentally
separate the various angular coefficients d1 ./dq* and
dI';/dq? that appear in the angular expansion (22) (see
also (23), (24)). Let us concentrate on the case B— D*
because of its rich angular structure.

A possible first strategy is to make a fit to the data
using the angle functions appearing in (22). One would
start with single angle distributions. Integrating (22)
over 0 and y one arrives at

ar

Woc%sinZG*(U + Uy +3cos?0*(L+ L)

+2cos? 0*S. (42)

Defining an asymmetry parameter o, from the
angular distribution W(cos? 0*) = 1 + a,. cos? 0* one
has

—(U+0O)+2(L+L)+28
U+U '

From the partial rates in Table 1 one finds ag = 1.1
(0.55), where here, and in the following, the first quoted
value stands for the e-mode and the value in the
bracket stands for the t-mode. The asymmetry value
ag=1.1 is in nice agreement with the ARGUS
measurement [ 30]. The polarization of the D* measured
by the asymmetry parameter a, is considerably wash-
ed out in the t-mode which can be traced to the
strong suppression of the longitudinal rate L as
explained before.

The polar cos 8 distribution is obtained from (22)
by 6* and y integration. One has

_dF
dcost

Agx =

(43)

oc (1 + cos? O)U + 2sin? O(L + U)

+3cosO(P+4SL)+3cos? L +1S.  (44)

Defining asymmetry parameters by W(cos) =1+
oy cos B + oy cos? @ has

) 2P + 8SL
U+2L+2U +48
and
U—2L-20+4L
ty = h (46)

T U+2L+20+23

where we find o5 = —0.35 (—0.09} and ayz= —~0.35
(0.05). Note that the cos 6 contribution is quite small
in the 7-mode due to a partial cancellation of the
p-v. rate P and the parity conserving (p.c.) rate SL.
In the same vein one can define a polar angle
distribution of the normal to the (D* — Dz) decay plane

ar ~
Toosd 1 + azcos? 6 (48)

where § is the polar angle between the lepton momen-
tum and the normal of the (D* —» Dn) decay plane.
Note that there is no linear cosf-term in (48). The
asymmetry parameter oz is now given by
—4U+L+3T+U-2L—6T

JU+L-T+U+2L+2T+45
Using the results of Table 1 one finds ;= 0.84 (0.32).
In the e-mode the asymmetry value is close to 1 which
would also result from longitudinal (L) dominance in
(49) as would be the case for the s.l. decay B — D, with
D — Kr fixing the decay plane. In the t-mode the
asymmetry becomes smaller.

The asymmetry parameter o is now also sensitive
to the transverse interference contribution T. It is then
a question of experimental exigency whether one
attempts to determine T by the above polar measure-
ment in the transversity frame or by an azimuthal
measurement as discussed in the following.

The azimuthal y-distribution finally is obtained by
@ and 6* integration. One has

%g

(49)

ar ~ . = ~

EOCU%— U+L+L+S+cos2y (—=T+2T). (50

We define an azimuthal asymmetry parameter § by

writing W{y) =1 + fcos 2y, where

g T+ 2T
U+U0+L+L+S

We find f= —0.21 (—0.12).

A second strategy is to define suitable asymmetry
ratios that project out the partial rates from (22). Let
us consider the following four asymmetry ratios which
project out the contributions of the p.c. partial rates

I'; and I';, and the p.v. partial rates I, and I, in the
lepton mass zero limit. One has

A () —dIr (x+n/2)+d(x+n)—dl(x+37)

(51)

T A=)+ dT  t 2+ dl (+ )+ dl o+ 37)
—n/d <y <mn/4 (52)
I:4,= N,/D, (53)

with
N, =dI'(6,0*, y)—dl(6,0% x+ =)
—dl(0,m— 0%, ) +dI(0,m— 0% y)
—dlN(n—0,0*% ) +dl(n— 0,0,y + n)
+dlN(n—0,7—6*y)
—dln— 6,7 — 6%y + n)
0Z0*<n2
n2<0<n
—n2Zy<n/2

where the denominator D; is given by the same
expression with plus signs everywhere. We further
define the asymmetries
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e = r @)+ dr—0)
gé@én (54
4: AA:dF (0%, y)—dI (0%, y + 1) —dI(n— 0%, ) +dI (n — 6%,y + ) 59
dI (0%, ) +dI (0%, x+m)+dl(r—0% ) +dl (n—6% 1 +m)
0<6*<m2
—n2< < m/2

We have used a notation in (52—-55) where the angles
that do not appear in the arguments of the differential
rate dI” in (52-55) have been integrated out over their
physical ranges (0 < 6,0* < n, 0 < y < 2n). Integrating
over the remaining variables (numerator and deno-
minator separately!) we finally obtain the following
values for the asymmetry ratios in the KS model*

_2-T+2T

Ar="—F ~0.13 (—0.08) (56)
A= %f_r—ﬁ =0.20 (0.09) (57)
App= — ipt_‘m =0.20 (0.05) (58)
A= ~;A_l_m:o.ls (0.19). (59)

One observes that the polarization type observables
defined by the asymmetry parameters (52,53, 54, 55)
and the asymmetry ratios Ag, 4; and Agg tend to
become washed out when going from the e-mode to
the t-mode. In exception is the asymmetry ratio 4,
which is stronger in the t-mode.

In order to investigate the effect of the lepton mass
on the lepton energy (E;} and lepton momentum (p,)
spectra we have plotted the (E,, p;) spectra for the e-, u-
and t-modes in Fig. 9 (B— D) and Fig. 10 (B — D*).
The lepton energy and momentum spectra for the e-
and p-modes practically fall on top of each other and
are practically not discernible at the scale of Figs. 9
and 10. The energy threshold E, = u is barely visible
in the Ejspectrum of B— D(y) in Fig. 9 due to a
relatively steep rise of the (E,, p;) spectra in the e-mode.
In the t-mode the p, and E, spectra are shifted to the
left and to the right relative to the e- (and u-) spectra,
respectively, as one expects from the decay kinematics.
The B— D spectra are somewhat softer than the
B — D* spectra for both the e- (and p-) and t-modes.

In order to highlight the shapes of the hadron and

* Note that the forward—backward asymmetry A and the asym-
metry ratio A, no longer test purely p.v. effects in the r-mode

lepton momentum spectra we show the normalized
hadron momentum and lepton momentum distri-
butions as functions of the scaled hadron momentum
X = p/Pmax and scaled lepton momentum y = p;/p;nax
in Figs 11 and 12, respectively.

In Fig. 11 we show the x(= p/ppa,) hadron momen-
tum spectrum of the s.l. decays B — D(e, 1), B— D*(e, 1)

w
o
T
=
4

dr/dE,, dridp(Iv, F10%sec” Gev™)

E,.p(GeV]

Fig. 9. Lepton energy E, and lepton momentum p, spectra for
B°—»D* +1” + v, for | =e,p (full and dotted) and ! =7 (dashed). E,
and p, spectra for e and u practically lie on top of each other. Barely
visible is E, spectrum at lower end
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Fig. 10. Lepton energy E, and lepton momentum p; spectra for
B°—»D** 4+ 1" + 7, for I=e,u (full) and /=1 (dashed). E, and p,
spectra for e and yu are not resolvable at the scale of the figure
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Fig. 11. x (= p/p....) hadron momentum spectra of b— c(e) tran-
sitions (full lines) and b — () (dashed lines)
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Fig. 12. y (= p;/Pimax) lepton momentum spectra of b—c(e) tran-
sitions (full lines) and b — (1) transitions (dashed lines)

and b — c(e, 7). In the e-mode the spectra rise to their
highest values at x =1 for B—» D and b—c, whereas
the B— D* spectrum is softer and shows a shoulder
around x = 0.6 as also seen in the data [33]. In the
t-mode the heavy lepton kinematic forces the spectrum
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Fig. 13. y (= p)/Pimax) lepton momentum dependence of longi-
tudinal polarization of the e and 7 in b— ¢ transitions

to go to zero at x=1. Consequently, the spectra
become softer in the t-modes. The same behaviour is
observed to a lesser degree in the y (= p;/Pimay) lepton
momentum spectra, where the spectra become slightly
softer going from the e-mode to the t-mode (see
Fig. 12).

In Fig. 13 we show the y-behaviour of the longi-
tudinal polarization P(y) of the 7 in the three decay
modes B — D(t), B— D*(z) and b - ¢(1) (in the e-mode
the longitudinal polarization is obviously equal to 1).%
In all three cases the longitudinal polarization decreases
uniformly from its highest (positive) value at y=0 to
its lowest (negative) value at y=1. That P,(y=0)=1
for B— D is due to spin kinematics as there are only
spin flip contributions to B—D in this limit. The
longitudinal polarization of the t is positive for the
cases B—D* and b—c close to y=0 where the

* We remind the reader that we are defining the longitudinal
polarization of the  relative to a z-direction determined by the ©
three-momentum in the (tv,) CM system

Table 2. Partjal rates, total rates and polarization parameters for s.I. b — u transitions in the e-, u- and t-sectors. m, = 4.73 GeV and m, = 0.3 GeV.
Rates in units of |V,,[210'2s™ ", Rates are for B’—n'(p"). Rates for B~ —>n°(p°) are down by a factor 2. Also [y _ =31, ,*

since m,, =m,

w =

B nle) B—ple) b— u(e) B —n(w) B—p(y) b— u(u) B—m(t) B—p() b—u(t)

U — 219 26.1 — 21.9 26.0 — 1.9 9.1
L 7.25 11.0 52.2 7.16 109 51.2 2.38 4.6 9.8
T — 5.1 — — 5.1 — — 30 —

I — 8.8 — — 8.8 — — 4.5 —

P — —19.0 —252 — —189 —25.1 — —10.1 —87
4 — —54 — — —54 — — -26 —

U — — — — 0.01 0.03 — 1.4 14
L —_— — — 0.02 0.02 0.18 0.33 0.6 1.8
T — — — — 0.002 — — 0.3 —

T — — — — 0.01 — — 0.5 —

S — — — 0.05 0.04 0.55 1.10 0.8 53
SL — — — 0.02 0.02 0.18 0.35 0.4 1.7
ST — — — — 0.01 — — 0.3 —

r 7.25 329 78.3 723 32.8 78.0 382 192 274
(P —1 —1 -1 —0.98 —10 —0.98 —0.25 —0.72 —0.38
e — 0.003 — — 0.003 — — —0.11 —




transverse and parity-odd no-flip contributions U and
P add destructively. That P, (B—D)> P, (b—c)>
P,(B— D*) over the whole y-range reflects the relative
strength of flip and no-flip contributions as evidenced
by the partial rates in Table 1.

Next we turn to the sl. B—n(p) and b—u decays
involving the b—u transition. As our model para-
meters we take mgr = mp,. = 5.33GeV and I,,=0.33
as suggested by [2]. Further we choose m;, = 4.73 GeV
and m, =0.3GeV.

In Table 2 we list our pedictions for the b—-u
transitions. When comparing the exclusive B— 7 and
B— p modes with the FQD modes one has to take
into account the theoretical uncertainty in the calcu-
lation of the overlap factor I,, which could easily
deviate from its value of I, = 0.33 used in this calcula-
tion by 25%,. For this reason we limit our discussion
to the qualitative features of the two exclusive b—-u
decay modes.

The total decay rates are generally reduced going
from the e- to the t-mode. The reduction, however, is
not as strong as in the corresponding b — ¢ transitions.
The 7-rates are 52%;, 58%; and 349, of the correspond-
ing e-rates in the B — n, B— p and b — u cases, respect-
ively. In the t-mode the two decay channels B — & and
B — p almost saturate the FQD rate. The flip rates are
generally small except again for the scalar current
contribution in the B— 7 cases which occurs at a level
of 28% compared to the total rate. That the scalar
current contribution is not as strong as in the B—D
case discussed earlier is due to the fact that there is a
strong cancellation of the F% and F¥ contributions
to the scalar helicity amplitude H} (with F%,/FV =
—(M; —M)(M,+M,;)»—1as M,/M, -»0) which
partially compensates for the s-wave enhancement.
The average longitudinal z-polarization is negative for
all three cases B—n, B—p and b-»u. The largest
reduction from the left-handed value P, = —1 in the
7-mode occurs for the B—n cases with P, = —0.25
which is mainly due to the strength of the scalar current
contribution §. The alignment polarization of the p as
measured by the asymmetry parameter of is small for
both e- and the t-modes.

The B—n, B—»p and b—u hadron momentum
spectra are shown in Fig. 14. In the e-mode the spectra
rise to their highest valuesat x =1 for B+mand b —u.
The B— p spectrum shows a shoulder around x = 0.3
at a lower x-value than in the corresponding B — D*
cases. This is due to the time-like form factor effect—
the p prefers to be produced at low momentum where
q? is largest. In the t-mode all spectra become slightly
softer which is due to the fact that the spectra go to
zero at x =1 in the 7-mode.

The y (= p;/Pmax) lepton momentum spectra shown
in Fig. 15 remain practically unchanged for the B—n
case and become slightly softer for B— p and slightly
harder for b — u when going from the e- to the t-mode.

Figure 16 finally shows the y-independence of the
longitudinal polarization. As in the corresponding
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Fig. 14. x (p/pma,) hadron momentum spectra of b — u(e) transitions
(full lines and b — u(7) transitions (dashed lines)
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Fig. 15. y (= p;/Pimax) lepton momentum spectra of b — u(e) tran-
sitions (full lines) and b — u(t) transitions (dashed lines)
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Fig. 16. y (= p)/Pimasx) lepton momentum dependence of longitudinal
polarization of the e and 7 in b—u transitions

b— ¢ transitions the flip contributions dominate at
lower y-values whereas no-flip contributions dominate
at higher y-values leading to positive and negative
values of P, at lower and higher y-values. The
dominance of the respective contributions is, however,
more pronounced than in the b—c transitions with
P (y=0)= + 1and P, (y=1)= — 1 in all three cases.
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Finally we discuss the sl. c¢—s transitions
D— K(K*)+1I* +v,and the FQD c—s + [* +v,. For
the overlap integral we take I, =0.82 as in [2]. As
form factor pole mass we take mpp =m, =2.11GeV

for the monopole form factor. For the dipole form
factor we choose a generalized vector dominance
model (GVDM) form factor behaviour:

2 m%‘F . m}’ZF
F) F(O)|:m12?F - qz mrFZF - q2:|
1 1 mipm
=F(0)[ 2 Y 2] /2” Fz
Mgp— {4~  Mpp— " |Mpp — Mg
where mpr=2.71GeV is the mass of the first re-
currence of the D¥ according to the potential model
approach of [34]. The GVDM form factor (60) is the
appropriate physical representation of a dipole-type
form factor which, for reasons of simplicity, was chosen
to be of the simple yet unphysical monopole squared
form in the b—c¢ and b—u cases (see (35)). For the
quark masses occurring in the s.l. free quark decay we
choose m, = 1.55GeV and m, = 0.45GeV.

In Fig. 17 we show the g?-spectra of the three s.l.
decays D— K(K*}J and c¢-s in the e- and.in the
u-mode. One notes that the difference in the e- and
u-modes occurs mainly for low g2-values where the
effect of the threshold-type factor (g2 — u2/q?)? is most
prominent. Whereas the g-mode is slightly suppressed
relative to the e-mode for D — K* and ¢— s over the
entire g>-range, the u-mode slightly dominates the
e-mode for g% > 0.15GeV? in the s.1. D - K decay. The
latter effect is again due to the relatively strong scalar
current excitation in the g-mode.

This is quite apparent in the values of the integrated
partial rates listed in Table 3. The scalar flip contri-
bution § makes up 6.3% of the sl. D— K(y) rate.
The scalar flip contribution is less pronounced with
2.5%, and 4.6% in the D— K*(u) and ¢ — s(p) decays
respectively. In all three cases the strongest rate
reduction occurs for the longitudinal no-flip contri-
bution L when going from the e- to the y-modes. This
is easy to understand since it is the longitudinal mode
which is most strongly affected by the threshold factor
((g® — 1®)/q?)? as Fig. 18 shows.

Table 3 shows a slight dominance of the si. D> K
rate over the D — K* rate where the ratio of rates in
the e-mode is calculated as R = I'$% 4/ 5" x = 0.96.
This is considerably smaller than the corresponding
ratio (=~ 3) found in B decays discussed earlier in this
section. The relatively large K-rate can partly be
understood as a timelike form factor effect: the available
time-like g*-range is quite close to the relevant (cs3)
form factor pole with form factor mass myx ~2.11 GeV.
This is further illustrated by listing the maximal
g?-values for the s.l. decay cases (D - K*, D— K) and
(B— D*, B— D) which are (0.96, 1.9 GeV?) and (10.7,
11.6 GeV?). The corresponding form factor poles are
atg® = 4.45GeV?and 40.2 GeV?forthec—»sand b—c¢
cases.

(60)
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Fig. 17. g2-spectra of s.. decay rates D* — K° +[* + v, (dotted),
D* 5> K* +1* + v, (dashed) and ¢ > s+ " + v, (full)
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Fig. 18a,b. Partial helicity rates dI'";/dq*,i= U,L, T, I, P, A as func-

tions of ¢* for D* — K** +I* + v, with | = e a and | = u b. Flip rates
dI';/dq? are not shown as they are tiny on the scale of the figure

Recently the s.l. rates have been measured to be
(82+1.2)x 10'°s™ ! and (42+0.6+0.5 x 1010571
for D> K(e) and D — K*(e), respectively (see [35]).
Using V,,=0.975 and the numbers in Table 3 we find
9.7 x 10'%s™1 and 9.3 x 10'°s™* for the two rates.
Whereas the D— K rate can be accounted for in our
approach, the D — K* rate comes out too large. A
further disagreement with the D — K* measurement
occurs for the ratio of the longitudinal to the un-
polarized transverse contribution. We find L/U = 1.1
in the e-mode whereas the measurement of E691
has a stronger longitudinal component, cif. L/U =
2.411-140.2 [34]. If the results of the E691 D— K*
measurements are confirmed by other experiments the
present simple spectator quark model would require
some more fine-tuning, at least in the ¢ — s sector.



Table 3. Partial rates, total rates and polarization parameters for s.l. ¢ — s transitions in the e- and p-sectors. m, = 1.55 GeV and m, = 0.45 GeV.

Rates in units of | V|2 10'%s~!

D—K(e) D—K*(e) ¢ sle) D—K(p) D—K*(u) c—slp)
U — 47 5.5 — 44 52
L 102 5.2 11.0 9.1 4.5 9.5
T — 2.1 — — 20 —
1 — 32 — — 29 —
P — -20 -37 — —-19 -35
A — —08 — - —07 —
U — — — — 0.06 0.06
L — — — 0.2 0.10 0.2
T — — — — 0.02 —
T — — — — 0.05 —
Ky — — — 0.6 0.2 0.7
SL — — — 02 0.09 0.2
ST — — — — 0.04 —
r 102 9.8 16.5 99 93 15.7
(P> 1 1 1 0.84 092 0.87
e — 121 — — 117 —
301 T T T T 7 Summary and conclusions
£
i o) N D—K" 1 We have presented a detailed -analysis of lepton—
A 4 A\ . hadron correlations in exclusive semi-leptonic decays
20F / 3\ ] including lepton mass effects.
i / 3 ] In the (2 hadron-2 lepton) case relevant to the s.l.
» ] decays B— D* and b — ¢ one has the familiar (3 + [2])-
10l \ ] fold structure where the number in the square bracket
T - 1 refers to the added structure when lepton mass effects
& i ] are included.* In the (3 hadron-2 lepton) case relevant
"o - 1 to the the cascade decay B-» D*(— Dn)+ 1~ + v, one
S o s ] has the familiar (6 4 [3])-fold structure which would
° [ bl . D—K | be appended by an additional (3 + [1]-fold structure
3 - T 1 if T-odd or CP-o0dd effects would be included which
= 20r 7 BN ] were not discussed in this paper.
= L 2 A\ 1 Our discussion centered on the quark transitions
© - \\\ 1 Q —gq. The corresponding antiquark transition cases
10 B B Q — g can easily be included within the formalism of
L : this paper by noting that the transverse helicity
t 1 amplitudes are related by H*(0—-§)=(H"(Q—q)
. | ] whereas the longitudinal and scalar helicity amplitudes
0 fAE N S N S R OGS D, NS remain unchanged. This only effects the p.v. structure
0 02 04 o [Gev?a 08 ! functions H, and A, whose sign change.
1

Fig. 19a,b. Lepton momentum spectrum for a D — K*° +[* 4y,
and b D¥ - K® +1* + v, for [ = e (full) and [ = p (dashed)

Figure 19 shows the lepton mass effect on the lepton
momentum spectrum in the D — K(K*) decays. The
differential rate becomes uniformly reduced in both
the D - K and D —» K* decays, where the reduction is
larger in the D — K* case. This is reflected in the total
rates listed in Table 3 where one finds Iy, e,/
Iy pre=095 and Ig.pu/Ip-pe =097 These
observations imply slightly softer endpoint spectra in
the yp-modes where the effect is stronger in the D - K*
mode (see Fig. 19).

We have used a simple spectator quark model
(the KS model) for the sl B—D(D*), B—n(p) and
D — K(K*) decays to calculate the various structure
functions relevant to these exclusive s.l. decays. We
discussed rates, spectra, angular distributions and the
longitudinal polarization of the lepton that can be
measured in these s.l. decay processes. We worked
out in detail how lepton mass effects effect these
observables.

* In the B — D case this reduces to a (1 + [2])-fold structure because
the spin 0 —spin O transitions does not allow for a transverse
contribution
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We concluded that the s1. B—~D and B —x decays
are more sensitive to lepton mass effects than the s.l.
B— D* and B — p decays due to a strong scalar current
excitation in the former case. This would allow one to
experimentally isolate the new dynamics brought in
by the invariant scalar form F¥ in the sl B— D(7)
decays. A determination of the corresponding new
scalar form factor F% in the s.1. B— D*(t) and B— p(7)
appears to be more difficuit.

The angular distribution structure discussed in this
paper together with the associated structure functions
calculated in this paper within the context of the KS
model can be used as input in efficient Monte Carlo
generator programs that are needed to do reliable
acceptance corrections to experimental decay distri-
butions.

Let us conclude with an optimistic note. Present
plans for next generation B-factories call for a yearly
rate of 107 — 108 analyzed B-meson decays necessary
to discover possible CP-violating effects in B-meson
decays. Such a large yearly sample of B-meson decays
would provide ample opportunity to experimentally
measure the various observables discussed in this

paper.
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Appendix A

Decay kinematics

We are dealing with a one — three particle decay with
momenta (masses) p, (M) - p,(M,) + I(z) + I'(0). The
decay kinematics of such processes is well documented
(see e.g. [36]). There are two independent kinematic
variables. In our discussion we shall use the two
complimentary sets (i) g2, cos 0 and (i) g2, E,, where g2
is the momentum transfer squared, E, is the lepton’s
energy in the B rest system and 6 is the polar angle
of the lepton in the lepton—neutrino rest system as
defined in Fig. 1.
The bounds on ¢? are given by

=g S(M— M) (A1)
where the lower and upper bound correspond to the
D momentum being maximal

Prax = (MT + Mg + ”4 - 2M%M%

—2Mip? - 2M3p?) P 2M, (A2)
and minimal (p = 0). The bounds for the lepton energy
are given by
M3 — M3+ p?

2M,

where the lower and upper bound correspond to
the lepton’s momentum being minimal (p,=0) and

WSE< (A3

maximal (p; max = Pmax) {5€€ (A2)), respectively. For the
cosine of the scattering angle 8 one has

(M} — M3+ @*)q* + 1*)—4¢4° M, E,
2M,p(g* — 1)

cos = + 1 defines the phase space boundaries in the
(q% E;)-plane as shown in Figs. 2 and 3. One has

cosf = (Ad)

E}f

1
= 2 2___ 2_ 2 2 2 2
M, [q +u —_2(12((4 Mi+M3) (g +p%)

F2M, p(¢? —uz)):[- ' (A5)

The calculation of the lepton energy spectrum requires
the integratic limits g% = g3 (E,), i.e. the inverse of (AS5).
One obtains

di= 0+ /F—ac) (A6

where

a=M?+u*—2ME,
b=M,E(M]— M3+ u*—2M,E)+ > M3

¢ =p’[(M}— M%) + 12 M} — (M} — M3)2M  E,].

Appendix B

Derivation of angular decay distribution

Our aim is to expand the lepton tensor L,, into
a complete set of covariant helicity vectors. This
can be achieved by using the completeness relation
(6). Consider the lepton—hadron correlation function
[**H,,. Using the completeness relation (6) L**H,,, can
be written as

LMVH‘W = Lu’v’gu,ugv'vHuv
- rrgnl, (L}i’ v S_ﬂ,(m)gv,‘(n)gmm’gnn')éﬂ*(m’)év(n,)gﬂv'
nn’ (Bl)

The expression in brackets in (B1) provides the desired
expansion coefficients for the expansion of I*** into the
tensor basis £**(m) £"(m).

The point is that the two Lorentz contractions
appearing on the r.h.s. of (B1) can be evaluated in two
different Lorentz systems. The bracketed expression
will be evaluated in the (I¥) CM system bringing in
the decay angles § and y as drawn in Fig. 1, whereas
the remaining part will be evaluated in the B rest
system bringing in the helicity amplitudes as defined
in Sect. 2. Turning to the (Iv) CM system one has for
the lepton momenta (see Fig. 1)

lepton:
l,= (E,, p;sinfcos x, p;sin O sin y, p; cos )
antineutrino:

I, =(p,, — pisinfcos y, — p;sinBsin x, — p,cos 0)



with E; = (¢% + u2)/2\/q* and p, = (¢* — u*)/2,/¢*. The
longitudinal and time-like polarization four-vectors
are given by £,(0)=(0,0,0, — 1) and £,(t)=(1,0,0,0)
whereas the transverse parts remain unchanged from
3).

( )The expansion of the lepton tensor can be written
very compactly in terms of Wigner d-functions. One
has

1 . _.
L6, 0= ; (=0 hy, =3Pe ™ dy 512 —0)

mm’
J.J

g, (e — 0)ZE(m)E,(m). (B2)

The sum over J,J' runs over 0 and 1, and the indices
m,m’ run over the four components +,0 and ¢. The
terms (J;m) =(1;0, ) and (J';m') = (0:t), and (J;m) =
(0;1) and (J';m)=(1;0, +) take care of the scalar-
vector interference contributions Hg; and Hgy in (18)
and (22). These terms obtain an extra phase from the
factor (— 1)’ *7 coming from the metric factors g, g
in (B1). The arguement of the Wigner functions is
{m — 8) due to the “backward” definition of the z-axis
(see Fig. 1). For the same reason one has y— — x
compared to the standard decay formula.

The lepton helicity amplitudes h; ; _,, has been
specified to the decay B— D* + 1~ + ¥, with positive
helicity for the antineutrino. For the moduli squared
of the lepton-side helicity amplitudes one calculates in
the (I79,) CM systems:

spin no-flip: Ay = —3: [h_y 12,1217 = 8(¢* — p?)

2

spin flip: =% |h1/2;1/2|2=852—(q2—u2).

The case B—D* +1* + v, involving a neutrino can
be discussed along similar lines. The net effect is to
change the sign of the angular coefficients multiplying
the p.v. contributions Hp and H , as indicated in (22).

In the same vein we can expand the strong decay
tensor Z,,; describing the angular dependence in the
decay D* — Dz. One has

3 M? .

T T2 B (e

2 (p2p3)2 _ M%Mg P3D3 &, (m)eﬁ (n)

&3 (M')&5(1") Sy O (B4)
where the invariant Lorentz contraction on the rhs of
(B4) can now be evaluated in the D* rest frame. As

Fig. 1 shows we have chosen a system with y* = 0. We
can then write (B4) in terms of Wigner d-functions as

Z(0%, x*) =

20,5 =0) =2 . dbn(0¥)di(O%)cE ey o).
' (BS)

The lepton and hadron decay functions (B2) and/or
(B5) can then be used to evaluate the decay distributions

(B3)
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L™0)H,, and (0, y)H,,.,,Z**(6*) leading to the
angular decay distributions (18) and (22). The advantage
of using the covariant expansions (B2) and (B5}) is that
one can explicitly check on the phases component-wise
without having to rely on a particular set of phase
conventions.
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