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Abstract. We discuss the exclusive semi-leptonic (s.1.) 
bottom meson decays B~D(D*)+I+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.1. decays involving the e-, #- and z-leptons. We 
also discuss the s.1. decays B ~ ( 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 ~ g(p) have attracted 
considerable attention in connection with the possible 
determination of the KM matrix elements Vbc and Vb, 
[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. 
rn, = 0 is a good approximation for s.1. B-decays. 

There is no doubt that one has to include lepton 
mass effects when one analyzes s.1. B-decays involving 
the z-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 s.1. 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*(~Dg)+ W~_she~ 1. 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 ~ ( 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(p2)l VulB(pa) > = T~ (la) 

where 

v (lb) TD = Fv  (pl + P2)u + F _ q .  

and 

V B  _ , ~ O *  <D*(p2)[A.+ ~1 ( p 0 > -  ~2 Tu, (2a) 

where 
D* A A �9 T,~ = F~g,~ + F2Plupl ~ + F 3 quPl~ + tFVeu~ooP~P~ . 

(2b) 

q u  = ( P l  - - P z ) u  is  the 4-momentum transfer. We have 
found it convenient to use the particle labels for the 
jPC= 0-  + and 1 - -  mesons involved in (1) and (2) 
instead of generic names. The invariants F v and F~ 
multiplying q, contribute only to the s.1. decays 
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 

1 0 gu(+) = ~ (  , _+ 1,--i ,0)  

1 
~-~(0) = ~ (p, 0, 0, - qo) (3) 

e-u(t) = ~q2 (qo, O, O, - p) 

where qo and p are the energy and momentum of the 
Wo~_~hr I in the B rest system. They are given by 

2 M l q  o= M ~ -  M~ + q2 
2M 1 p = (M 4 + M 4 + q4 _ 2M2M~ _ 2M~q2 _ 2M22q2),/2. 

(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. gu = eu(0 = n) [6]. 

In the following we shall refer to the helicity 
components of the currents in (3) as to the four 
helicities of the Wo~_~h~,. Three of these are orthogonal 
to its momentum, i.e. q"g~(m)= 0 for m = +,  0, and 
thus make up the spin 1 part of the Wo~_~hen. The spin 0 
(time-) component m = t has the property gu(t)ocqu 
and clearly does not contribute to the s.1. decays in 
the lepton mass zero limit as mentioned above. The 
four helicity components have the orthonormality 
property 

g*(m)gU(m ') = g.,,,, (m ,m'= t, +_,0). (5) 

and satisfy the completeness relation 

~, g~(m)g*(m')g,.m, = gu~ (6) 
m,m'  

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

1 
= -y-  2(0,1, + i,0) 

ez,(O ) = 1 2 (  p, 0, 0, E2) (7) 

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

2MIE2  = M~ + M 2 - q z .  (8) 

They satisfy the orthonormality condition 

e,*~(m)~z(m ') = - 6,,,,, (9) 

and the completeness relation 

, , P z ~ P z #  (10)  ez~(m)ezp(m )(~mm' = - -  gotfl qt- M 2 
m,m'  

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 

H,,--D _ g.,,(m)T o m = t,0 (11) 

where 

H~ ~ _ 2 M I p  
,/q2 

1 2 2 V H~ = x/q2 ((M 1 -- Mz)F + + q2FV_) (12) 

and 

n D• = e*~(m)g*"(m)TOu~ m = O, +_ 
" *  

- -  C, 2 (0)~.  (t)T,~ (13)  

where 

1 
H~o" - 2Mzx /q  z ((M~ - MZ~ - qZ)F~ + 2M~pZF~) 

HD*_ M l P  M z 4 q  2 (F~ + �89 - M 2 + q2)F~ + q2F~) 

H~* = F~ +_ M l p F  v. (14) 

We emphasize that the invariant and helicity form 
factors are functions of q2 only. 

3 Differential decay rates and angular distributions 

Consider the angular decay distribution differential in 
the momentum transfer squared q2. One has 

d E  G 2 - Vbc]2(q2-p2)PL H ~'~ (15) 
dq2dcosOd Z (2n)4 I 8 -~q~  u~ 

where # is the lepton mass, G is the Fermi coupling 
G~l .02"10-Sm~ -2 and Vbc is the (bc) Kobayashi-  
Maskawa matrix element. Luv is the lepton tensor build 
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from the current  product  of the left ch i r a l  lepton 
currents. In our  normal iza t ion  the lepton tensor is 
given by 

L,~ = ~ Tr-b+ p?,(1 - 75)b'?v(1 - 75) 
q2 _/~2 

= l,1'~ + lfl', 2 g,~ + ieu~.~ I~I'p (16) 

where 1(1') is the fou r -momen tum of the lepton 
(antineutrino). Equat ion  (16) refers to the case (1-~7~). 
The corresponding lepton tensor for the case (l+vz) is 
obta ined from (16) by changing the sign of the e-tensor 
contr ibution.  We define our  totally ant isymmetr ic  
e-tensor by eo~ 23 = - -  1. The hadron  tensor H,~ is given 
by the corresponding tensor product  of the had ron  
currents defined in Sect. 2, i.e. 

H.,= ~ <D(D*)IjulB><D(D*)[j~IB>* 
s p i n s  

={rTuD(T~)* �9 p B-*D 1 

T D * f T D * ~ , (  . P2P2"~ _ . . , . , ,  B - . o ,  

(17) 

In the one-hadron  to one-hadron  transit ion B--* 
D(D*) the rhs of(15) does not  depend on the azimuthal  
angle ;(. Using the results of Appendix B one obtains  
the cos 0 dependence 

LuvHU~ = 2(q2 _ #2) 

(~(1 + cos 20)I2Iv + �88 sin 2 0/tL __+ �88 COS 0/4,  + 
X 

+ 2@2 (�88 sinZ OI2Iv + ~cos 2 0/~a 

+ �89 + 3 cos OFIsl3) (18) 

where we choose to define the polar  angle 0 to be the 
angle between the D(D*) and the lepton in the l e p t o n -  
neutrino C M  system as shown in Fig. 1. The  upper  
and lower signs in front of the pari ty violating (p.v.) 
contr ibut ion Hp refer to the two cases (l-~Tl) and (l+vt), 
respectively. 

We have labelled the helicity componen t s  of the 
hadron  tensor according to the s tandard  nota t ion  
used in describing the angular  dependence of l e p t o n -  
hadron  correlations.  In terms of the helicity ampli tudes  
defined in Sect. 2 one has 

i) spin 1 /4v = I H + 12 + I H -  I z unpolar ized- t ransverse  

HL = I Ho I 2 longitudinal 

/4p = ]H + 12 - ]H_ ]2 par i ty-odd 

for the spin 1 contributions.  These are the helicity 
combinat ions  that  contr ibute  also to the on-shell W-  
decays. In addition, there are off-shell spin 0 contri-  
butions when lepton mass effects are included. These 

Z 
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i 
i 
b~ 

/ 

Fig. 1. Definition of the polar and azimuthal angles 0 and )~ of 
the lepton l- in the (I-~7~) CM frame, z-axis is along Po* and 
x-axis in the (Po,, P'o) plane with Pw, > 0 

are 

ii) spin 0 /4s = 31H,I 2 scalar 
iii) spin 0 - spin 1 interference 

/4SL = Re (Hfl*) scalar-longitudinal  interference 

We have separated (18) into lepton spin no-flip and 
flip contributions.  The flip contr ibut ion brings in the 
characteristic flip factor  #;/2qa which vanishes in the 
zero lepton mass  limit. The  polar  decay distr ibution 
(15, 18) agrees with the results of [7]. 

The l e p t o n - h a d r o n  correlat ion function L,~H "v 
reveals more  structure when one considers current-  
induced one hadron  to two hadron  transit ions as 
in the s.1. cascade decay B~D*(~D~) .  N o w  the 
azimuthal  dependence in (15) becomes nontrivial.  

One possible choice to describe the relative angular  
or ientat ion of lepton and hadron  frames is to define 
the angles 0 and Z as in Fig. 1, where the z-axis is 
defined by the D(D*) m o m e n t u m  (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  c o m p o n e n t  of the D - m o m e n t u m  in the 
decay chain D * ~ D ~  as indicated in Fig. 1. It  will 
become clear in a m o m e n t  that  the azimuthal  measure-  
ment  makes  sense only in the s.1. B ~ D *  decay: 
a l though the weak nonleptonic  cascade decay D ~ K s  
could establish an az imuthal  reference axis also for the 
s.1. B ~ D decay, in principle, the azimuthal  information 
cannot  be conveyed to the decay W ~ f f _ s h e l l - ' - ' ~ l - - ' 1  "- 1~ l 

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 

Hu~ = ( (D* ~ )Drtl julO ) ( (D* ~)Dn] j , ]0}* 

= H~,,;~Z~aB(D * ~ Drc) 
= TD*[TD*]*TaflITHD* --4" D~) (19) a.uat~avfl ) i._, t.,,~.*~, 

where B ( D * ~  Dn) is the branching ratio of D * ~  Dz 
and where Z,a is the normalized decay tensor describing 
the strong decay D * ~ D n .  It is given by 

3 ME 
Z't~ = 2 (pEP3) E - -  MEM 2 P 3 ~ ' P z a ' S " ( p E ) S a l ~ ' ( P 2 )  (20) 

where P3 and M 3 are the momentum and mass of the 
D and S,,, is the spin 1 propagator S~,(pE) = - g,,, + 
p Z ~ p Z ~ , / M  2. The decay tensor Z~a is normalized 
according to 
2n 1 

dz* ~ dcosO*Z,p = S~p(pE) (21) 
0 -1  

where 0* and ;~* 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 * ( ~  Drc)lv we shall always use 
the narrow resonance approximation. The resulting 
decay distribution in thus four-fold. In addition to the 
variables 0, :~ and q2 introduced earlier we shall use 
the polar angle 0* as the fourth variable. 0* 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 

dF(B -~ D*( ~ Dn)lv) 

dqE dcos Odzdcos O* 

1 
-- B(D* - ,  Dn) 2n I-3(1 + c~ 0)3 sinE 0* dFv/dq 2 

+ 3 sin E 03 cos E 0* dFL/dq 2 

_ 3 s in  E 0 COS 2Z 3 s in  2 0* d F T / d q  2 

-- ~6 sin 20 cos Z sin 20* dFt/dq 2 

+ ]cos  0�88 sin 20*dFe/dq E 

9 sin 0 cos Z sin 20* dFa/dq 2 

+ 3 sin E 0�88 E 0* dFu/dq E 

+ 3 cos E 03 cos E 0* df'L/dq 2 

+ 3 sin 2 0 cos 2Z ] sin 2 0* 2dFT/dq E 

+ 9 sin 20 cos Z sin 20* dr'Jdq E 

+ 3 cos 20,�89 

+ 3 cos 03cos 20*dF'sL/dq E 

+ 94 sin 0 cos Z sin 20* d['sT/dq 2 ]. (22) 

As in (18) the upper and lower signs in front of the 
p.v. contributions dFt, and dF a again refer to the two 
cases (l-gl) and (l+vl), respectively. 

We have found it convenient to define partial helicity 
rates dl-'i/dq 2 and d_Fi/dq 2 according to 

d F i  G 2 - VbclZ (q2 --/12)2p/~ 
dq2 (2rc)3 I 12~2q2 ~ i= U , L , T , I , P , A  

(23) 

and 

dY'i ~2 d F  i 
dq 2 - 2 q  2 dq 2 i= U ,L ,T , I ,P ,A ,S ,  SL, S T  (24) 

where the partial rates dF~ and df'~ denote the lepton 
spin no-flip and flip contributions. 

The reduced hadron tensor components /t~ 
(i = U, L, T, I, P, A, S, SL, ST) appearing in (23) and (24) 
are bilinear expressions of the four (two) helicity 

I/D* L/D* amplitudes , ,  + ,_o  and Ht ~ (Ho ~ and H~) describing 
the current-induced transitions B ~ D *  (B--rD) (see 
(12) and (14)). For i= U,L ,P ,S  and SL the relevant 
bilinear expressions /~i have already been listed after 
(18). The remaining four interference components are 
given by 

spin 1: /tT = Re(H+H*_) 

transverse interference 
/~  1 * H _ H * )  =~Re(H+Ho + 

transverse-longitudinal interference 

/4A = 1Re(H+Ho * - H_H*)  

parity asymmetric ~ 

spin 0 spin 1 interference: 

~IsT = �89 Re (H+Ht* + H_H*) 
scalar-transverse interference. 

Since the a_vailable qZ-range (qE< (M 1 _ M2)2)  is 
below the physical threshold q2 =(M1 +ME) 2, 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 (Hill*), i # j . *  

When integrating (22) over cos 0* and Z one recovers 
the two-fold decay distribution resulting from (18) up 
to the branching ratio factor B(D*~Dn).  Further 
integration over cos 0 yields the differential qE-distri- 
bution 

dF dFu+L +dffv+L dffs 
dq 2 - dq 2 dq ~ +--dq 2 (25) 

If one is interested in the differential lepton energy 
(Et) and momentum (Pz) distribution, one needs to 
relate the dEt, dp, and d cos 0 differentials which can 
be obtained from differentiating (A4) and E 2 - p2 = #2. 

~' The correspondingobservables 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 
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One has EldE ~ = p~dp~ and 

d cos 0 1 
dE l - 2q 2 p(q2 __ #2) (26) 

where Et and Pt are the lepton's energy and momentum 
in the B rest frame. 

Finally, integrating (25) over q2 yields the total 
decay rate. The necessary q2-integrations in the limits 
(AI) have to be done numerically. 

4 Free quark decay model 

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

, P + q o  
"o,,hFQD ---- <c $1Jo.~lb $ > = (4Q + + ~/~-Y-x/-q2 

h,FQD - -  

o(o  - < c T l S o  rib1"> : - (+) (x /Q+ - x/Q-) ~ 
' P + q o  

hFQD -(+) = <c $(T)lJ-(+)lb T(~,) > 

(27, 
where Q• =(ml fro2) 2 _q2 with quark masses m b =m 1 
and me = m2. 

When one computes the longitudinal and time-like 
contributions to the reduced hadron tensor compo- 
nents H L, Hs and filSL one has to sum over unprimed 
and primed helicity amplitudes, i.e. --L f i  -- ~"ol~VODI2~ + 
I h'V~ etc. The reduced hadron tensor components 
in the FQD case are given by 

filv : 8( m2 + m2 -- q2) 

4m~p2, ~ 
HL = 4  m2 + m 2 - - q 2  + q 2 - - / ]  

f i le= -T- 16 m l p 

i l ls = 3 fil ~ 
2 2 

filSL n m l  - -  m 2 = 6role ~ (28) 

where the upper and lower signs in the p.v. contri- 
bution file in (28) refer to the quark and antiquark 
transition cases q~ ~ q2 and 41 ~q2,  respectively. 

The q2-spectrum is given by 

dE 1 G 3 u 12(qz _ _  ]AZ)2p 
dq2 -- 2(2r031, b~J 12m2qZ 

+4m~p2{1 - ~ - \  + 2q~2)] (29, 

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 

q2-integration where the relevant q2-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. 

5 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.1. 
B - .  D(D*) transitions. The particle helicity amplitudes 
were matched to the free quark decay helicity ampli- 
tudes at q2= 0, assuming that the spectator quark is 
spin-inert. Thus one has 

HDo'D*= <D,D*]Jo[B ) ~ �89 (C,[[Jo[b ~, >, 
D* H_(+) : (D* ~,('r)IJ_(+)]B) 

1 
= x/2 Ibc<c+(T)lJ_(+)lb$(T)>. (30) 

The factors �89 ) are spin projection factors and Ibc 
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 b >> m c one 
expects incomplete overlap between the B and D(D*) 
wave functions leading to lbc < 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 
lbc = 0.7 for the wave function overlap mismatch factor 
Ibc as e.g. estimated in [2] for the b ~ c transitions. 

The matching conditions (30) can be solved for the 
invariant form factors F v, F A, F a and F v that contri- 
bute in the lepton mass zero limit. We identity 
mb = MB = M1 and mc :  Mo (~  Mr.) = M2. One obtains 

F v (0) = lbr 

F'~(O) = (M,  + Mz)Ibc 

--2 
F~(O) (M1 + M 2 )  Ibc 

FV(O) = V~(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*(g) and D(g) --* K*(g) transitions, FV(O) 
acquires an extra sign. Thus, from (14), one has the 
relations H • (O---*(I)=H~-(Q~q) for the transverse 
helicity amplitudes. 

To obtain the matching solutions for the two form 
factors F v _ (B ~ D) and F~ (B ~ D*) that multiply qu 
(see (1) and (2)) requires the solution of the matching 
conditions (30) and the corresponding ones for the 
time-component helicity amplitudes to the next order 
in qZ. 
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For the time-like and longitudinal components one 
now has 

H"o (~ = <D(D*)IJo I B> 

~- �89 Ibr (C ~, IJolb ~, > + ( - ) ( c  $lJolb T ) ) 

H~ (~ = <D(D*)IJ, I B> 

~-�89 Ib'f>). (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 q: one obtains the 
solutions (3 l) as well as the solutions for the two form 
factors multiplying q, at the same time. One has 

FV (o) - i l  - M 2 Ib c 

Ma + M 2  

F3a(0) = - F~(0). (33) 

In obtaining the small q2 solution of the matching 
conditions the invariant form factors have been held 
fixed at their q2= 0 values, i.e. their dynamical q2_ 
dependence was not included in the small q2-expansion. 

We would like to mention that one obtains the 
same q2 = 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 q2 = 0, cif. 

(D[VuJB~ 

]be 
- 2(M1 + M2) Tr ~5(P2 + M2)7~s(P~ - M~) 

(D*]Vu + AulB) 

-Ib~ Tr r162 + M2)7,(1 -75)7~(P~ - M0. 
- 2(M1 + M2) 

(34) 

The invariant form factors (31) and (33) are conti- 
nued to q2 ~ 0 by using pole-type form factors with a 
power behaviour given by the QCD power counting 
rules. 

The q2-dependence of the form factors is fixed by 
nearest meson-dominance in the appropriate current 
channel with monopole behaviour (q-Z) for F v, F v_ 
and F A and dipole behaviour ( q - a )  for F~,F v and 
F3 A 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* (6.34GeV). 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 
q2-dependence in the range 0 < q2 =< (M~ - M2) 2. 

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

/ m 2 ",,n ) (35) 

w h e r e n = l  for v v F +, F_ and F~, n = 2 for F~, F~ and 
F v and mee = 6.34 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- (K6rner-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 lb~ ~ Ib, , lc~ 
and mvv(bg)--* mvv(bt~), mFF(CS~, respectively. 

6 Numerica l  results 

In this section we present numerical results on the 
exclusive s.1. decays of bottom and charm mesons. 
Many models of exclusive s.1. 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.1. decays B--* it(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 /~o ~ D , + +  l - +  ~ for l = e,/~,z 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 q2_ and Et-values, 
whereas there is no visible change at the right boundary 
curve. According to (A2) the maximal lepton energy 
is only shifted by (m ] -m~) /2M B 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/~-cases the z phase space is considerably reduced 
and is shifted to larger values of q2 and E~. 

Figure 3 shows the corresponding Dalitz plot for 
the s.1. decays D ~ --+ K*-  + l + + vl. 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 d F i / d q  2 (no-flip) and dFi /dq  2 (flip) for the b ~ c 
transitions. It turns out to be convenient to discuss 
their q2-dependence by first defining rescaled helicity 
form factors according to 

lepton spin no-flip: 

h i = A(q2)Hi i = 0, +,  - (36) 

lepton spin flip: 

hi = x / ~ / Z q  2 A(qZ)Hi i = Oi + ,  - 

ht = x f 3  ~ A ( q 2 ) H t  (37) 

where 
G q 2 _ / 2 2  /pq2[ 

A(q2) = 4M1 q2 ~ /6n  VbJ. (38) 

According to (25) the angle integrated differential 
q2-rate is then given by 

d F  
]hil2+ ~ [hll z. (39) 

dq 2 o,+,- t,o,+,- 

In Fig. 4. we plot the q2-dependence of the rescaled 
helicity form factors h i and h i for B-* D in the e- and 
r-modes. One notes that the longitudinal no-flip ampli- 
tude is considerably reduced at lower q2-values going 
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from e to z. This reduction is due to the threshold like 
factor ( q 2 / / 2 ) / q 2  appearing in the rescaled helicity 
amplitudes. The longitudinal flip amplitude ho is 
further reduced by the flip factor ~ .  Quite 
remarkable is the large value of the time-like (or scalar) 
flip amplitude hr. 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 
q2 resulting from the time-like form factors in the 
helicity amplitudes (see (12) and 1-283). 

In Fig. 5 we show the q2-dependence of the rescaled 
helicity amplitudes for B ~ D *  in the e- and the 
v-modes. The largest reduction in the no-flip amplitudes 
again occurs for the longitudinal no-flip amplitude h o. 
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 
is now an orbital p-wave (see (14) and [283). 

Figures 4 and 5 also show the q2-dependence of the 
rescaled helicity amplitudes ht for the z-mode when 
the contribution of the scalar invariant form factors 

F A, 2x Fr_(q 2) and 3tq ~, respectively, are switched off. In 
the B -* D case the contribution o fF_  (q2) is destructive 
and consequently ht increases when F r _ (q2) is switched 
off. The effect amounts to maximally ~ 29% at the 
amplitude level and maximally ~ 66% at the squared 
amplitude level. Since ]ht] 2 gives the dominant con- 
tribution to the rate, the above figures show that 
an accurate experimental determination of the s.1. 
B--* D(z) rate alone would allow one to extract infor- 
mation on the sign and magnitude of the scalar 
invariant form factor Fr_(q2). In the B - * D *  case 
the contribution of the scalar form factor F~(q 2) 
to ht is constructive and consequently h, decreases 
when F3A(q 2) is switched off. The effect is rather large 
(=  50% reduction over a wide q2-range), however, on 
a small amplitude which would make an experimental 
determination of F~(q 2) from a rate measurement 
alone rather difficult. 

In Fig. 6 we show the q2-spectra for B---* D(e, z) 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 
z-case, whereas the scalar flip contribution S dominates 
the differential rate over the whole accessible qZ-range. 

Figure 7 shows the corresponding q2-spectra for 
B ~ D * ( e , r ) .  Since the lepton spin flip rates dFi /dq  2 
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 z-case except 
for the longitudinal contribution which is dispropor- 
tionally reduced because of the threshold-like factor 
((q2 _ 1~2)/q2)2., 

* The threshold factor is also present in the e-case leading to the 
vanishing ofdFL/dq 2 at q2 = m2. However, this is not visible at the 
scale of Figs. 5 and 7 
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In Figure 8 we show the total q2-spectra dF/dq 2 = 
dFv+L/dq 2 + dFo+L/dq 2 + dFg/dq 2 for the three s.l. 
decays B --+ D, B -+ D* and b --+ c in their e- and z-modes. 
In the e-case the q2-spectra decrease from their highest 
value at q2 = 0 for B--+ D and b-+ c, whereas there is 
a shoulder in the B--+ D* spectrum at q2 = 7 GeV 2 as 
also visible in the experimental B-+ D* q2-spectrum 
[30]. The q2-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 z-mode dominates over the 
e-mode for q2> 8 GeV 2 contrary to the naive phase 
space expectations. 

In Table 1 we have listed the partial helicity rates 
F i and r'i for the s.1. decays B(b)-+ D(c), B(b)-+ D*(c) 
and b-+c for the electron-, muon- and z-cases. One 
notes that there are only slight changes in the decay 
rates going from the electron to the muon case. In the 
z-mode all partial no-flip rates F~ are considerably 
reduced. The reduction is most pronounced for the 
longitudinal rates F L as commented on already above. 

I01 

The flip rates T" i in the z-mode are generally quite 
small compared to the total rate except for the S-wave 
enhanced scalar flip rate F s in the decay B---, D. 

Going from the e- to the r-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 r-lepton in the decay Wo~_she, ~ r -  + ~, in the (r ~,) 
CM frame. Since the massless r-anti-neutrino has 
positive helicity the longitudinal r-polarization is 
determined by* 

d P -  d r  
PL -- dr" + dF" (40) 

The average longitudinal polarization of the z is then 
given by (we define U:= F v, U:= Fv,  etc.) 

D + L + g - U - L  
= . (41) 

(PL)  U + L + S + U + L  

Using the numbers of Table 1 one finds (PL)B~D(,) = 
0.33, (PL),~D*(,) = --0.53 and (PL)b-,r --0.26. The 
average longitudinal polarization of the r 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 Fs. It would be interesting to 
experimentally check on this prediction by analyzing 
the r's subsequent decay distributions. 

Concerning the ratio of total s.l. B-+D and B ~ D *  
rates we find the ratio of rates R = FB~D,(e,u)/FB~o(~,~,) 

* N o t e  t h a t  o u r  q u a n t i z a t i o n  axis  differs  f r o m  the  one  u sed  in  [26]  

where  the  l o n g i t u d i n a l  p o l a r i z a t i o n  o f  the  z is c a l c u l a t e d  in  the  

B-res t  f r a m e  

T a b l e  1. P a r t i a l  ra tes ,  t o t a l  r a tes  a n d  p o l a r i z a t i o n  p a r a m e t e r s  for  s.l. b--* c t r a n s i t i o n s  in  the  e-, #- a n d  r -sec tors .  W e  t ake  m b = 4.73 G e V ,  

mc = 1.55 G e V ,  m 8 = 5.28 G e V ,  m o, = 2.01 G e V ,  m o = 1.865 G e V  a n d  m e = 1.8741 G e V .  Ra te s  are in  u n i t s  o f  I Vbcl 2 1012 s - 1  

B ~ D(e) B - ~  D*(e)  b - *  c(e) B - D(,u) B ~ D*(,u) b-+ c(#)  B ~ D(z)  B.-* D*('r) b--*c(r) 

U - -  12.7 12.4 - -  12.7 12.3 - -  3.03 2.22 

L 8.3 13.1 24.8 8.1 12.9 24.1 0.72 1.95 2.01 

T 5.3 - -  5.2 - -  1.33 - -  

I - -  8.2 - -  - -  8.1 - -  - -  1.65 - -  

P - -  - 6 . 9  - 7 . 7  - -  - 6 . 9  - 7 . 7  - -  - -1 .39  - 1 . 1 4  

A - -  - 2 . 6  - -  - -  - 2 . 6  - -  - -  - 0 . 4 2  - -  

/~ - -  - -  0.02 0.02 - -  0.64 0.51 

L - -  0.04 0.04 0.12 0.17 0.43 0.49 

- -  - -  - -  0.01 - -  - -  0.28 - -  

? --  0.01 --  --  0.35 --  
g - -  - -  - -  0.13 0.12 0.36 1.26 0.46 1.47 

S L  - -  - -  - -  0.04 0.04 0,12 0.26 0.25 0.43 

S T  - -  - -  - -  0.01 - -  - -  0.20 - -  

F 8.3 25.8 37.2 8.27 25.7 36.9 2.15 6.50 6.72 

( P L )  -- 1 -- 1 -- 1. 0.95 - -0 .99  - -0 .97  0.33 - -0 .53  - -0 .26  

~ o *  - -  1 . 1  - -  - -  1 . 0 5  - -  0 . 5 5  - -  
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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+_~ 
[32]. 

Different strategies can be adopted to experimentally 
separate the various angular coefficients d F j d q  2 and 
d f f Jdq  2 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 Z one arrives at 

d F  
dcos O* ~ �88 sin20*(U + U) + 3cos20*(L+ L) 

+ 3cos 2 0*7. (42) 

Defining an asymmetry parameter ~0. from the 
angular distribution W(cos 2 0") = 1 + c%, cos z 0* one 
has 

- ( U +  0)  + 2(L+ 7_,) + 2S 
~0. - U + 0 (43) 

From the partial rates in Table 1 one finds c%, = 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 z-mode. The asymmetry value 
~0,= 1.1 is in nice agreement with the ARGUS 
measurement [30]. The polarization of the D* measured 
by the asymmetry parameter ~0, is considerably wash- 
ed out in the z-mode which can be traced to the 
strong suppression of the longitudinal rate L as 
explained before. 

The polar cos 0 distribution is obtained from (22) 
by 0* and Z integration. One has 

d F  
cos 0 oc 3(1 + cos 2 O)U + �88 sin 2 O(L + 0) 

+ �88 + 4gL) + ~cos2 Og + �89 (44) 

Defining asymmetry parameters by W(cos0)= 1+  
~ cos 0 + ~0 cos2 0 has 

2e  + 8SL 
U + 2 L +  2 0  + ~ S  (45) 

! 
0~ 0 - -  

and 

U -  2 L -  2U + 4L 
U + 2L + 20  + ~g (46) 

where we find c ~ = - 0 . 3 5  ( -0 .09)  and % = - 0 . 3 5  
(0.05). Note that the cos 0 contribution is quite small 
in the z-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* --+ Dn) decay plane 

d F  
dcos g = 1 + 0 { o C O S  2 g (48) 

where Ois the polar angle between the lepton momen- 
tum and the normal of the (D*--*Dn) decay plane. 
Note that there is no linear cos O-term in (48). The 
asymmetry parameter c~ is now given by 

- � 8 9  + L + 3T + 0 - 2 L - 6 7  
e0 - ~ U  + L - T + 0 + 2L + 2T + IS" (49) 

Using the results of Table 1 one finds c~g-- 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.1. decay B ~ D, with 
D ~ K n  fixing the decay plane. In the z-mode the 
asymmetry becomes smaller. 

The asymmetry parameter c~ 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 z-distribution finally is obtained by 
0 and 0* integration. One has 

dE' ~ ~ 
- - o c U + U + L + L + S + c o s 2 z ( - T + 2 [ F ) .  (50) 
dz 

We define an azimuthal asymmetry parameter fl by 
writing W(X)= 1 + flcos 2Z, where 

- T + 2 7 "  
f l=  U + 0 + L + L + g '  (51) 

We find fl = -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 
F r  and F, ,  and the p.v. partial rates F e and F a in the 
lepton mass zero limit. One has 

d r ( z )  - dV( z  + n/2) + dV(x  + a ) -  dV( z  + ~n) 
T : A  r = dF(z)  + d F ( z  + n/2) + dF( z  + n) + dF(Z + 32 n) 

- n/4 __< Z _-< n/4 (52) 

I :A I = N j D  1 (53) 

with 
NI = dF(O, 0", Z) - dF(O, 0", Z + n) 

- d F ( O ,  n - 0" ,  Z) + d F ( O ,  n - 0" ,  Z) 

- dF(n  - O, 0", 7.) + dF(n  - O, 0", Z + n) 

+ dF(n  - O, n - 0", Z) 

- d ( n  - O, n - 0" ,  Z + n)  

0 <= O* <-_ n/2 

n/2 <_ 0 <- n 

- n / 2  < Z < n/2 

where the denominator D I is given by the same 
expression with plus signs everywhere. We further 
define the asymmetries 



d r ( o )  - d r ( ~  - O) 

P : A v 8  = dF'(O) + d l ' ( n  - O) 

< _ O < n  
2 - - 

dF(O*, Z ) -  dF(O*, Z + n ) -  d I " ( n -  0", Z) + dY'(n - 0", Z + n) 

A : A A  = dF(O*, )~) + dF(O*, Z + n) + dl-'(n - 0", Z) + d l - ( n -  0", Z + n) 

0 <= O* <= n/2 

- n/2 <= Z <= n / 2 .  

(54) 

(55) 
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We have used a no ta t ion  in (52 55) where the angles 
that  do not  appea r  in the a rguments  of the differential  
rate d F  in (52-55) have been in tegra ted  out  over  their  
physical  ranges (0 < 0, 0* < n, 0 < Z < 2n). In tegra t ing  
over the remaining  var iables  (numera to r  and  deno-  
mina to r  separately!)  we finally ob ta in  the fol lowing 
values for the a symmet ry  rat ios in the K S  mode l*  

2 - T + 2 T  
A T -  - - 0 . 1 3  ( - 0 . 0 8 )  (56) 

n F 

2 I -  2I" 
A, - - 0.20 (0.09) (57) 

n F 

3P+4gs 
A w  - 4 /" - 0.20 (0.05) (58) 

3 A - 2ST 
a A - - 0.15 (0.19). (59) 

2 F 

One observes that  the po la r iza t ion  type observables  
defined by the a symmet ry  pa ramete r s  (52, 53, 54, 55) 
and  the a symmet ry  rat ios  A T , A  ~ and  AF~ tend to 
become washed out  when going from the e -mode  to 
the r -mode.  In except ion is the a symmet ry  ra t io  A a 

which is s t ronger  in the r -mode.  
In o rder  to invest igate the effect of  the lep ton  mass  

on the lep ton  energy (Et) and  lep ton  m o m e n t u m  (p~) 
spectra  we have p lo t ted  the (E t, Pt) spect ra  for the e-,/L- 
and  r -modes  in Fig. 9 ( B ~ D )  and Fig. 10 (B--,.D*). 
The lepton energy and  m o m e n t u m  spect ra  for the e- 
and  #-modes  prac t ica l ly  fall on top  of  each o ther  and  
are pract ica l ly  no t  discernible at  the scale of Figs. 9 
and 10. The energy threshold  E~ =/~ is bare ly  visible 
in the E r s p e c t r u m  of B - , . D ( # )  in Fig. 9 due to a 
relatively steep rise of  the (E z, Pt) spect ra  in the e-mode.  
In the r - m o d e  the p~ and  E t spectra  are  shifted to the 
left and  to the r ight  relative to the e- (and #-) spectra,  
respectively, as one expects from the decay kinematics .  
The B ~ D  spectra  are somewha t  softer than  the 
B ~ D* spect ra  for bo th  the e- (and #-) and  r -modes .  

In  o rder  to highlight  the shapes of the h a d r o n  and 

* Note that the forward-backward asymmetry Arn and the asym- 
metry ratio A a no longer test purely p.v. effects in the z-mode 

lep ton  m o m e n t u m  spect ra  we show the normal ized  
h a d r o n  m o m e n t u m  and lep ton  m o m e n t u m  distri-  
but ions  as functions of the scaled h a d r o n  m o m e n t u m  
x = P/Pmax and scaled lep ton  m o m e n t u m  y = Pt/Ptmax 
in Figs 11 and  12, respectively.  

In Fig. 11 we show the x ( =  P/Pmax) h a d r o n  momen-  
tum spect rum of the s.1. decays B --* D(e, r), B ~ D*(e, r) 
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Fig. 9. Lepton energy E~ and lepton momentum p~ spectra for 
B ~ ~ D + + l- + v~ for 1 = e,/~ (full and dotted) and l = z (dashed). E t 
and p~ spectra for e and # practically lie on top of each other. Barely 
visible is E u spectrum at lower end 
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spectra for e and/~ are not resolvable at the scale of the figure 
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and b ~ c(e, r). 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 
z-mode the heavy lepton kinematic forces the spectrum 
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t u d i n a l  p o l a r i z a t i o n  o f  the  e a n d  r in  b - *  c t rans i t i ons  

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

In Fig. 13 we show the y-behaviour of the longi- 
tudinal polarization PL(Y) of the z in the three decay 
modes B~D(z ) ,  B ~ D * ( z )  and b ~ c ( z )  (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 PL(Y = O) = 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 z is positive for the 
cases B--,D* and b ~ c  close to y = 0  where the 

* W e  r e m i n d  the  r e a d e r  that  w e  are  de f in ing  the  l o n g i t u d i n a l  
p o l a r i z a t i o n  o f  the  r re lat ive  to  a z -d i rec t i on  d e t e r m i n e d  by  the  z 

t h r e e - m o m e n t u m  in the  ( z ~ )  C M  s y s t e m  

T a b l e  2. Par t ia l  rates ,  to ta l  rates  a n d  p o l a r i z a t i o n  p a r a m e t e r s  for  s.l. b ~ u t r a n s i t i o n s  in t he  e-,/~- a n d  z - sec to r s ,  m b = 4.73 G e V  a n d  m ,  = 0.3 G e V .  
R a t e s  in uni ts  o f  IVb,121012s 1. R a t e s  are  for  B~ R a t e s  for  B-~n~  ~ a re  d o w n  by  a f a c t o r  2. A l s o  F B ~,o~-�89 
s ince  m,o -~ mp 

B~u(e) B--,p(e) b-~u(e) B-u (# )  B-~p(#) b-~u(#) B-*~(z) B-,p(r) b-*u(r) 

U - -  21.9 26.1 - -  21.9 26.0 - -  11.9 9.1 

L 7.25 11.0 52.2 7.16 10.9 51.2 2.38 4.6 9.8 

T - -  5.1 5.1 - -  - -  3.0 - -  
I - -  8.8 . - -  - -  8.8 - -  4.5 
P - - -  - 19.0 - 2 5 . 2  - 18.9 - 2 5 . 1  - -  - 10.1 - 8 . 7  

A - 5 . 4  - -  - -  - 5 . 4  - 2 . 6  - -  
0 - -  - -  0.01 0.03 - -  1.4 1.4 
L, - -  0.02 0.02 0.18 0.33 0.6 1.8 
~" . . . .  0 .002 - -  - -  0.3 - -  

- -  - -  0.01 - -  - -  0.5 - -  

- -  - -  - -  0.05 0 .04 0.55 1.10 0.8 5.3 

S L  - -  - - -  0 .02 0.02 0.18 0.35 0.4 1.7 

S T  - -  - -  0.01 - -  0.3 - -  
F 7.25 32.9 78.3 7.23 32.8 78.0 3.82 19.2 27.4 
( P L )  - - i  - -1  - -1  - - 0 . 9 8  - - 1 . 0  - - 0 . 9 8  - - 0 . 2 5  - - 0 . 7 2  - - 0 . 3 8  

S0. - -  0 .003 - -  - -  0 .003 - -  - -  - O. 11 - -  
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transverse and pari ty-odd no-flip contributions U and 
P add destructively. That  PL(B ~ D) > PL(b--* c) > 
PL(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 s.1. B ~ re(p) and b ~ u decays 
involving the b ~ u  transition. As our  model  para- 
meters we take mvv = mB,* = 5.33 GeV and Ib. = 0.33 
as suggested by [2]. Fur ther  we choose mb= 4.73 GeV 
and rn, = 0.3 GeV. 

In Table 2 we list our  pedictions for the b ~ u  
transitions. When compar ing the exclusive B ~ r~ and 
B ~ p  modes with the F Q D  modes one has to take 
into account  the theoretical uncertainty in the calcu- 
lation of  the overlap factor Ib, which could easily 
deviate from its value of Ib, = 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 r-mode. The reduction, however, is 
not  as strong as in the corresponding b ~ c transitions. 
The r-rates are 52%, 58% and 34% of the correspond- 
ing e-rates in the B ~ re, B ~ p and b ~ u cases, respect- 
ively. In the r -mode the two decay channels B ~ rc and 
B ~ p almost saturate the F Q D  rate. The flip rates are 
generally small except again for the scalar current 
contr ibution in the B ~ rt cases which occurs at a level 
of 28% compared  to the total rate. That  the scalar 
current contr ibut ion 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 v and F v contr ibutions 
to the scalar helicity amplitude H r ~ (with F+/F_V v = 
- ( M  a - M z ) / ( M  1 Jr" M 2 ) - - - ~  - 1 a s  M z / M  1 ---~ 0 )  which 
partially compensates for the s-wave enhancement.  
The average longitudinal r-polarization is negative for 
all three cases B~rc,  B ~ p  and b ~ u .  The largest 
reduction from the left-handed value PL = - 1  in the 
r -mode occurs for the B ~ T t  cases with PL = --0.25 
which is mainly due to the strength of the scalar current 
contr ibution S. The alignment polarization of the p as 
measured by the asymmetry  parameter  ~ '  is small for 
both e- and the z-modes. 

The B--* re, B ~ p and b ~ u hadron  m o m e n t u m  
spectra are shown in Fig. 14. In the e-mode the spectra 
rise to their highest values at x = 1 for B ~ ~ and b --, u. 
The B--* p spectrum shows a shoulder a round  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 momen tum where 
q2 is largest. In the r -mode all spectra become slightly 
softer which is due to the fact that the spectra go to 
zero at x = 1 in the r-mode. 

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

Figure 16 finally shows the y-independence of  the 
longitudinal polarization. As in the corresponding 

2.5 ' ' ' i �9 �9 ' i �9 ' ' ~ ' ' �9 J ' ' ' 
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b ~ c  transitions the flip contr ibut ions dominate  at 
lower y-values whereas no-flip contr ibut ions dominate  
at higher y-values leading to positive and negative 
values of  PL at lower and higher y-values. The 
dominance  of the respective contr ibut ions is, however, 
more  pronounced  than in the b ~ c transitions with 
Pr(Y = 0) ~ + 1 and Pr(Y = 1) -~ - 1 in all three cases. 
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Finally we discuss the s.l. c ~ s  transitions 
D ~ K ( K * )  + I + + vt and the F Q D  c ~ s + l + + v v For 
the overlap integral we take I~a = 0.82 as in [-2]. As 
form factor pole mass we take mvv = roD,, = 2.11 GeV 
for the monopole form factor. For the dipole form 
factor we choose a generalized vector dominance 
model (GVDM) form factor behaviour: 

/,/,/2 

[ '  ' 1 i60, =F(0) m~ q; m~%-q2" ~ - -  
d ruFF - -  r o v e  

where m~v--2 .71GeV is the mass of the first re- 
currence of the D* according to the potential model 
approach of [-34]. The G V D M  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.1. free quark decay we 
choose m~ = 1.55 GeV and m~ = 0.45 GeV. 

In Fig. 17 we show the qZ-spectra of the three s.l. 
decays D - ~ K ( K * )  and c ~ s  in the e- and , in  the 
y-mode. One notes that the difference in the e- and 
p-modes occurs mainly for low qZ-values where the 
effect of the threshold-type factor (q2 _ p2 /q2 )2  is most 
prominent, Whereas the y-mode is slightly suppressed 
relative to the e-mode for D ~ K *  and c ~ s  over the 
entire q2-range, the y-mode slightly dominates the 
e-mode for qZ > 0.15 GeV / in the s.l. D --* K decay. The 
latter effect is again due to the relatively strong scalar 
current excitation in the y-mode. 

This is quite apparent in the values of the integrated 
partial rates listed in Table 3. The scalar flip contri- 
bution S makes up 6.3% of the s.1. D--*K(p) rate. 
The scalar flip contribution is less pronounced with 
2.5% and 4.6% in the D ~ K * ( # )  and c-~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 
( ( q 2  __p2)/q2)2 as Fig. 18 shows. 

Table 3 shows a slight dominance of the s.l. D ~ K 
rate over the D ~ K* rate where the ratio of rates in 

r ' s l "  /rs'l" = 0.96. the e-mode is calculated as . . . .  n - r * / - - ~ - ~  
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 q2-range is quite close to the relevant (cg) 
form factor pole with form factor mass my. -~ 2.11 GeV. 
This is further illustrated by listing the maximal 
q2-values for the s.1. decay cases (D ~ K*, D ~ K) and 
( B ~ D * ,  B ~ D )  which are (0.96, 1.9GeV 2) and (10.7, 
11.6 GeV2). The corresponding form factor poles are 
at q2 = 4.45 GeV 2 and 40.2 GeV z for the c ~ s and b ~ c 
cases. 
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Recently the s.1. rates have been measured to be 
(8.2_+ 1.2) • 101~ -1 and (4.2+0.6_+0.5) x 10~~ -1 
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 • 10~~ -1 and 9.3 • 101~ -~ 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 
m the e-mode whereas the measurement of E691 
has a stronger longitudinal component, cif. L / U  = 

a+ 1.7 + 0.2 [-34]. If the results of the E691 D ~ K* " ~ -  0 . 9  - -  
measurements are confirmed by other experiments the 
present simple spectator quark model would require 
some more fine-tuning, at least in the c ~ s sector. 
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T a b l e  3. P a r t i a l  r a tes ,  t o t a l  r a t e s  a n d  p o l a r i z a t i o n  p a r a m e t e r s  fo r  s.I. c ~ s t r a n s i t i o n s  in  t he  e- a n d / l - s e c t o r s ,  rn~ = 1.55 G e V  a n d  m~ = 0.45 G e V .  
R a t e s  in  un i t s  o f  I V~I 2 l O ~ ~  1 

O ~ K(e)  O ~ K*(e)  c ~ s(e) D --* K ( p )  D ~ K*(p )  c ~ s(#) 

U - -  4.7 5.5 - -  4.4 5.2 

L 10.2 5.2 11.0 9.1 4.5 9.5 

T - -  2.1 - -  - -  2.0 - -  

I - -  3.2 - -  - -  2.9 - -  

P - -  - 2 . 0  - 3 . 7  - -  - 1 . 9  - 3 . 5  

A - -  - 0 . 8  - -  - 0 . 7  - -  

/-~ . . . .  0.06 0 .06 

- -  - -  - -  0.2 0.10 0.2 

7" - -  - -  - -  0 . 0 2  - -  

7 --  -- -- 0.05 --  
g - -  - -  - -  0.6 0.2 0.7 

S L  - -  - -  - -  0.2 0.09 0.2 

gT . . . .  0.04 
F 10.2 9.8 16.5 9.9 9.3 15.7 

<PL) 1 1 1 0 .84 0.92 0.87 

% ,  - -  1.21 - -  - - .  1.17 - -  
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a n d  b D + ~ K ~ + l § + v~ for  l = e (full) a n d  l = / t  ( d a s h e d )  

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 Fn~D*U,)/ 
FB~o,(e)=0.95 and Fe~oo,)/F~o(e)=0.97. These 
observations imply slightly softer endpoint spectra in 
the #-modes where the effect is stronger in the D ~ K* 
mode (see Fig. 19), 

7 Summary and conclusions 

We have presented a detailed analysis of lepton-  
hadron correlations in exclusive semi-leptonic decays 
including lepton mass effects. 

In the (2 hadron-2 lepton) case relevant to the s.1. 
decays B --* D* and b ~ c one has the familiar (3 + [2])- 
fold structure where the number in the square bracket 
refers to the added structure when lepton mass effects 
are included.* In the (3 hadron-2 lepton) case relevant 
to the the cascade decay B~D*(-~Dn)+ l- + vt one 
has the familiar (6 + [3])-fold structure which would 
be appended by an additional (3 + [1]-fold structure 
if T-odd or CP-odd effects would be included which 
were not discussed in this paper. 

Our discussion centered on the quark transitions 
Q_~q. The corresponding antiquark transition cases 
Q ~ c] can easily be included within the formalism of 
this paper by noting that the transverse helicity 
amplitudes are related by H+(O~gT)=(H~-(Q~q) 
whereas the longitudinal and scalar helicity amplitudes 
remain unchanged.This only effects the p.v. structure 
functions He and HA whose sign change. 

We have used a simple spectator quark model 
(the KS model) for the s.1. B~D(D*), B--,~r(p) and 
D ~K(K*) decays to calculate the various structure 
functions relevant to these exclusive s.1. 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  t h e  B ~ D c a s e  th i s  r e d u c e s  to  a (1 + [2 ]  )-fold s t r u c t u r e  b e c a u s e  
t h e  s p i n  0 - s p i n  0 t r a n s i t i o n s  d o e s  n o t  a l l o w  fo r  a t r a n s v e r s e  
c o n t r i b u t i o n  
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We concluded that the s.1. B ~ D and B--. n 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 v _ in the s.1. B ~ D ( r )  
decays. A determination of the corresponding new 
scalar form factor F a in the s.1. B--+ D*(r) and B ~ p(r) 
appears to be more difficult. 

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 10 v - 10 s 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) Px (M1) ~ P2(M2) + l(#) + l'(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) q2, cos 0 and (ii) q2, Et, where qZ 
is the momentum transfer squared, E l is the lepton's 
energy in the B rest system and 0 is the polar angle 
of the lepton in the lepton-neutr ino rest system as 
defined in Fig. 1. 

The bounds on qZ are given by 

/~2 __< q2 =< (M~ - M2) 2 (A1) 

where the lower and upper bound correspond to the 
D momentum being maximal 

Pm.x = (M~ + M 4 + #4 _ 2MZMZ z 

-- 2M~# 2 -- 2M~#2) ' /2 /2M ~ (A2) 

and minimal (p = 0). The bounds for the lepton energy 
are given by 

# =< El _--< M 2 _ M 2 + #2 (A3) 
2Ma 

where the lower and upper bound correspond to 
the lepton's momentum being minimal (Pt = 0) and 

maximal (P/max = Pmax) (see (A2)), respectively. For  the 
cosine of the scattering angle 0 one has 

cos 0 = (m2 - Mz + q2)(q2 + #2) _ 4q2MxEl 
2M lp(q2 _ #2) (a4) 

cos 0 = ___ 1 defines the phase space boundaries in the 
(q2, El).plan e as shown in Figs. 2 and 3. One has 

E ? = ~  qZ+#2 ( ( q Z _ M ~ + M ~ ) ( q 2 + p 2 )  

T 2M ~ p(q2 _ #2))]. (A5) 

The calculation of the lepton energy spectrum requires 
the integratic limits q~: = q~ (El), i.e. the inverse of (A 5). 

One obtains 

q~ = ~ ( b  __ ~ - ac) (A6) 

where 

a =  M~ + l ~ z -  2M1E, 
b = M , E I ( M  ~ - M z + #2 _ 2MtEI)  + #2M2 

c = #2 [(M~ - M~) 2 + It2M~ - (M~ - M~)2MxEI].  

Appendix B 

Derivation of  angular decay distribution 

Our aim is to expand the lepton tensor Lu~ into 
a complete set of covariant helicity vectors. This 
can be achieved by using the completeness relation 
(6). Consider the lep ton-hadron  correlation function 
L"~Hu~. Using the completeness relation (6) L"~H.~ can 
be written as 

LUVHuv = L,,r U gr Hu~ 

= Z (Lu'r162 

"" (B1) 

The expression in brackets in (B1) provides the desired 
expansion coefficients for the expansion of L "~ into the 
tensor basis g"*(m) g~(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 (lq) CM system bringing in 
the decay angles 0 and ;~ 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 (l~) CM system one has for 
the lepton momenta  (see Fig, 1) 

lepton: 

l, = (E t, Pl sin 0 cos Z, Pl sin 0 sin •, Pl cos 0) 

antineutrino: 

l'u = (Pl, - Pt sin 0 cos Z, - Pt sin 0 sin Z, - Pz cos 0) 



with Et = (q2 + #2)/2~/q2 and Pt = (q2 _/~2)/2x/q2" The  
longi tud ina l  and  t ime-l ike po la r iza t ion  four-vectors  
are given by  g , (0 )=  ( 0 , 0 , 0 , -  1) and  g~(t)= (1,0,0,0)  
whereas the t ransverse  par ts  remain  unchanged  from 
(3). 

The expans ion  of  the lep ton  tensor  can be wri t ten 
very compac t ly  in terms of  Wigner  d-functions.  One  
has 

1 
L.~(O, z)= ~ - -  11 it21.!~ - - ~ [  t~ " ~ m , 2 t -  1/2~/~" 

( l v + J ' z .  _ 1  2o-,,.z.~J " - - 0 )  

m , m "  
J , J '  

�9 i m ' z r l J '  e "m',~,- 1/2 (n -- O)g*(m)gv(m'). (B2) 

The sum over J, J '  runs over  0 and 1, and  the indices 
m,m' run over  the four componen t s  _+,0 and  t. The 
terms (J; m) = (1; 0, _+) and (J';  m') = (0: t), and  (J; m) = 
(0;t) and  (J ';m')=(1;O, +_) take care of the scalar-  
vector  interference con t r ibu t ions /4sL  and I~ST in (18) 
and (22). These terms ob ta in  an ext ra  phase  from the 
factor ( - i)  z +s' coming  from the metr ic  factors gmm'gnn' 
in (B1). The  a rguement  of the Wigner  functions is 
(re - 0) due to the "backward"  defini t ion of  the z-axis 
(see Fig, 1). F o r  the same reason one has Z ~ - Z  
c o m p a r e d  to the s t anda rd  decay formula.  

The lep ton  helicity ampl i tudes  h; ~-1/2 has been 
specified to the decay B ~ D * +  l -  + Vl with posi t ive 
helicity for the ant ineutr ino.  F o r  the modul i  squared  
of the lepton-s ide  helicity ampl i tudes  one calculates  in 
the (l-~l) C M  systems: 

spin no-flip: 2t = - � 8 9  Ih-a/z;x/2[ 2 =- 8(q 2 --~t 2) 
2 

spin flip: 21=�89 I h l / 2 ; 1 / 2 1 2 = 8 # ( q 2 - # 2 ) .  

(B3) 
The case B ~  D* + l + + vl involving a neut r ino  can 

be discussed a long similar  lines. The  net effect is to 
change the sign of  the angu la r  coefficients mul t ip ly ing  
the p.v. c o n t r i b u t i o n s / 4 p  and /4A as ind ica ted  in (22). 

In  the same vein we can expand  the s t rong decay 
tensor  Z~p d e s c r i b i n g  the angular  dependence  in the 
decay D * ~  Dn. One has 

3 M E 

Z ~ ( O * ' z * ) = 2  (p2P3)2 _ M2M32 3P~'P~'~'(m)~'~'(n) 

gr t ! "G (m)e~(n )6,.,,.6.., (B4) 

where the invar iant  Lorentz  con t rac t ion  on the r h s o f  
(B4) can now be evalua ted  in the D* r e s t  frame. As 
Fig. 1 shows we have chosen a system with ;~* = 0. We 
can then write (B4) in terms of  Wigner  d-functions as 

3 
= : dom(O )dom,(O )G(m)ea(m). z , p ( o * , x *  o) ~ E ~ * ' * * ' 

?rt,Fr 

(85) 
The lepton and h a d r o n  decay funct ions (B2) a n d / o r  
(B5) can then be used to evaluate the decay dis tr ibut ions 
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L"v(O)Hu, and  Luv(O,z)Hu,;voZ'P(O *) leading to the 
angular  decay dis t r ibut ions (18) and (22). The advan tage  
of  using the covar ian t  expans ions  (B2) and  (B5) is that  
one can explici t ly check on the phases  component -wise  
wi thout  having to rely on a pa r t i cu la r  set of  phase  
conventions.  
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