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Abstract. Recent experimental results on D-, D s- and 
B-decays are interpreted on the basis of the valence 
quark model. For  nonleptonic decays generally good 
results are obtained using factorization with little di- 
rect annihilation. Final state interaction causes cor- 
rections, however: small bare amplitudes can be fed 
by stronger amplitudes through channel mixing. This 
effect can simulate or enhance weak annihilation pro- 
cesses in particular if high lying resonances contrib- 
ute. A comparison of D O ~/~Oq~ with Ds ~ pn  decays 
will clarify this issue. The effective QCD coefficients 
obtained in the analysis are discussed and used to 
estimate the contribution of two-body decays to the 
total widths. The result reflects already the lifetime 
differences between D O and D + mesons. Predictions 
for numerous B-decay branching ratios allow for fur- 
ther tests and for a determination of so far unknown 
decay constants. A first bound on IV, b[ from nonlep- 
tonic decays is found from the experimental limit on 
B0 -...~ ~ + % -" 

1. Introduction 

Historically, weak decays have always been an extra- 
ordinarily rich source of information about  form and 
symmetry of the basic interactions as well as about  
the structure of the constituents of matter. This is 
still the case today. Weak decays are essential for 
testing the standard model and determining their fun- 
damental quark mixing parameters. They also pro- 
vide important information on the quark and gluon 
composition of hadrons not yet predictable from 
Quantum-Chromo-Dynamics.  

Thanks to the efforts of the ARGUS,  CLEO, 
DELCO, M A R K  II and especially M A R K  II! colla- 
borations a wealth of important  data on D-, Ds- and 
B-decays is now available. The measured general form 

of the semileptonic D- and B-decay spectra [1] is in 
accord with the theoretical expectation from the V-A 
theory [2]. The theoretical description of semileptonic 
decays now concentrates on exclusive channels [-3-5]. 
Thereby one avoids the uncertainties connected with 
quark masses, quark phase space and various confine- 
ment effects inherent in a pure quark decay picture. 
At least the high energy part  of the lepton spectra 
is strongly influenced by exclusive channels. Their 
contribution is therefore essential for a determination 
of the fundamental ratio I V,b/V~b I of Kobayashi-Mas- 
kawa matrix elements [-3, 5]. In an exclusive treat- 
ment the decay widths are given in terms of measur- 
able physical hadron matrix elements of the weak 
currents. Unfortunately, little is known about  the 
structure of mesons consisting of a heavy and a light 
quark. In [-3] we used relativistic oscillator wave func- 
tions at infinite momentum to estimate matrix ele- 
ments of currents and found good agreement with 
the available data. More precise tests and a determi- 
nation of the formfactor dependence on momentum 
transfer are needed, however. 

In the present paper we turn to exclusive nonlep- 
tonic decays [-6, 7] where again the matrix elements 
of currents enter in an essential way. In a first analysis 
[-8] of the M A R K  III data [-9] it was found that the 
pattern of energetic two-body decays follows qualita- 
tively what one expects from a factorization ap- 
proach. In the following we will present an updated 
and extended description of exclusive nonleptonic de- 
cays of heavy flavours where in addition to factoriza- 
tion also channel mixing and weak annihilation are 
considered. We will not discuss the problem of D - / 5  
and B - B  mixing and CP violation in D- and B-de- 
cays (where we refer the reader to the literature [10]). 

We start with a review of the various ways in 
which the flavour quantum numbers are changed and 
transmitted from the decaying meson to two final 
hadrons. Unfortunately amplitudes with identical fla- 
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vour flow still depend on the specific initial and final 
meson due to different particle spins, quark masses 
and nonperturbative effects even though QCD forces 
are flavour independent. As a first step the factoriza- 
tion assumption will be used in Sect. 3. In this approx- 
imation the amplitudes are products of current matrix 
elements which can be calculated using the results 
of [3]. An extensive list of two-body decay amplitudes 
of D-, Ds- and B-mesons obtained in this way will 
be given in the appendix. In Sect. 4 we will discuss 
the effects of final state interaction for D-decays. An 
isospin analysis of the experimental data gives rise 
to substantial modifications for various decay chan- 
nels. Since the D-meson lies in a resonance region 
rescattering of the two final mesons may be impor- 
tant. In particular, amplitudes which are small in the 
factorization approach may be fed from stronger 
channels by channel mixing. Weak annihilation, its 
enhancement by resonance scattering and its relation 
to channel mixing will be discussed in Sect. 5. In 
Sect. 6 we will present our results for exclusive non- 
leptonic D- and D~-meson decays and make predic- 
tions for many two-body B-meson decay modes. 
From the experimental upper limit for the decay B ~ 
~r~+rc - [1] we find a bound for the unknown Ko- 
bayashi-Maskawa matrix element I Vubl. The differ- 
ence between D o and D + lifetimes arises at least 
partly - already from the bulk of two-body decay 
modes. We will discuss this point in Sect. 6. In the 
final chapter we will summarize our results. 

2. Flavour Flow in Nonleptonic Decays 

The various ways in which flavour quantum numbers 
are changed and transmitted in nonleptonic decays 
allow a classification of the transition amplitudes 
[11]. We illustrate this in the example of the decay 
of a charmed meson (cc7). The short distance QCD 
improved effective interaction is [12] 

G 
Lorf = ~/~ {C, (~)(~d')(~'c) + C2(~,)(~'d')(~ic) 

y 

+ 4 quark operators corresponding to 

penguin typ diagrams + h.c.} 

d' = cos (O) d + sin (O) s 
s' = cos(O) s-- sin(O) d 

C+ +C_ C+-C_ 
C1 (/~) = 2 C2 (#) = 2 (1) 

Here O denotes the Cabibbo angle. The remaining 
mixing angles are very small and do not have to be 
considered in charm decays. For  the QCD coefficients 

u tt 

t2) c op) c 
s '  c 

s 

b) c ~ . ~ u  bp) c u 

dp) c ~u 

Fig. 1 a~l. Flavour flow diagrams for nonleptonic D- and D~-decays 
into two mesons, a and b describe "quark  decay" e and d "quark  
annihilat ion" processes. Lines without a name can carry any flavour 
quan tum number  and refer to left and right handed fields. In the 
graphes coming from Penguins ap to dp the corresponding effective 
4 quark interaction is denoted by a cross. Note that the Lorentz 
structure for ep and dp is different 

C1 and C2 one expects at the s c a l e / ~  1.5 GeV [13] 

C1 -~ 1.21 C2 ~- -0 .42 .  (2) 

The flavour flow diagrams for D- and Ds-decays to 
two final hadrons are shown in Fig. 1. In the diagram 
of Fig. 1 a one of the final mesons is charged and 
obtains the ~Td or Os flavour quantum numbers. In 
Fig. 1 b one of the final mesons carries the quantum 
number of gd, gs, dd or as. Figures 1 c and d describe 
"annihilat ion" amplitudes where the two final quarks 
fragment into hadrons. It should be noted that in 
general the amplitudes a to d can obtain contribu- 
tions from both terms in (1). For  completeness we 
also show in Fig. i the corresponding flavour flow 
due to the famous Penguin contributions which arise 
from loop graphs [14, 15]. They are relevant for Ca- 
bibbo suppressed decays only. 

Unfortunately, amplitudes with identical flavour 
flow still depend on the specific initial and final had- 
ron states. Although the QCD forces are flavour inde- 
pendent, they are strongly spin dependent. Moreover 
the different quark masses generate significant flavour 
symmetry violations in several direct and indirect 
ways. Thus, the different couplings, decay constants 
and final state interaction and nonperturbative effects 
must be taken into consideration. 

3. The Factorization Approach 

Nonleptonic decays are notoriously difficult to han- 
dle. The I Afl = 1/2 enhancement in strange particle 
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decays has never been understood in a satisfactory 
way. For  energetic two-body decays of heavy mesons 
the situation might be somewhat simpler, however 
[16]. Here the direct generation of a final meson by 
a quark current is possibly a useful approximation. 

The currents are - according to the current-field 
identities - proportional to interpolating stable or 
quasistable hadron fields [17]. The approximation 
now consists in taking, for one current of the current 
product, only the asymptotic part of the full hadronic 
field, i.e. its " in"  or "ou t "  field. Then the weak ampli- 
tude factorizes [18] and is fully determined by the 
hadron matrix element of the other current. With this 
replacement of interacting fields by asymptotic fields 
one neglects, of course, any initial or final state inter- 
action of the corresponding particles. It has been em- 
phasized in particular by Buras et al. [19] that factor- 
ization follows to leading order in an 1/N expansion 
where N is the number of quark colours. This argu- 
ment provides some theoretical justification for the 
factorization approach. 

Thus writing the effective interaction in the form 
of a Wick ordered product of hadronic currents one 
gets 

Left = ~22 : {a l  (hi d ' ) / / ( s '  C)H q- a2 (s' d')/j 0ic)n} : (3) 

The index H indicates the change to hadron field op- 
erators in the way described above. We kept the cur- 
rent times current form and omitted Penguin type 
contributions. Instead of the scale dependent coeffi- 
cients C1, C2 of (I) new scale independent coefficients 
al, a 2 had to be introduced. They are real by time 
reversal invariance. One expects a relation between 
al, a 2 and the coefficients Ca, C2. By assuming factor- 
ization of (1) at the scale of the decaying heavy quark 
one finds 

a l ~ C a + ~ C 2 I , ,  . . . . .  b a z ~ C e q - ~ C l l u  . . . . . .  �9 (4) 

The colour factor ~ = 1/N arises from the colour mis- 
match in forming colour singlets after Fierz transfor- 
mation. However, (4) with the value 4=  1/3 cannot 
be trusted because of the uncertain contribution of 
colour octet current products obtained by the Fierz 
transformation [20]. In the following we take a~ and 
a 2 as free parameters and later come back to (4). All 
we need now for the evaluation of nonleptonic decays 
in the factorization approximation are the meson de- 
cay constants and current matrix elements. The am- 
plitude for the process D ~  +, for instance, is 
obtained from (3) with (tid)~ r ~" ~b~_ + . . .  ~- 
- f ~  0" qS~ t + . . .  which gives 

G 
A (D O --* K - ~ +) = ~ c o s  2 ( 0 )  a I ( - -  if~) p~, 

�9 ( K  [ (gc)" I D ~  [q2 =,.~. (5) 

We can distinguish 3 classes of decays: decays de- 
termined by aa only (class I), decays determined by 
a2 only (class II) and decays where al and a 2 ampli- 
tudes interfere (class III). Factorization can thus be 
tested in many ways provided the current matrix ele- 
ments are known with some confidence. Another  fea- 
ture of the factorization approximation is that "quark  
annihilation" (Fig. 1 c, d) is generally a small correc- 
tion. There, current matrix elements (in fact the diver- 
gence of currents of the lighter quarks) are needed 
at momentum transfer q2= m~, m z Ds, m2 where the rel- 
evant formfactors are expected to be quite'small (see 
Sect. 5). In Tables 9-13 of the appendix we give an 
extensive list of transition amplitudes in the factoriza- 
tion approximation in terms of aa and az. The current 
matrix elements at zero momentum transfer have 
been calculated as in [3] using relativistic oscillator 
wave functions. The corresponding formfactors at 
qZ= 0 are presented in Table 14. For  simplicity a pole 
ansatz with pole masses given in Table 15 is taken 
for the q2 dependence of the formfactors. The decay 
constants used are presented in Table 16. In the com- 
putation of Tables 9-13 "annihilat ion" and final state 
interaction were neglected. Therefore a comparison 
of Tables 9-13 with the experimental data must be 
done with care. We know from experiment [9] that 
final state interaction cannot be neglected. Indeed, 
an isospin analysis (next section) shows significant 
phase differences between I =  1/2 and I =  3/2 ampli- 
tudes at the mass of the D-meson. Nevertheless, and 
in view of the theoretical uncertainties and approxi- 
mations quite surprisingly, the experimental decay 
widths agree roughly [3, 8] with the naive expectation 
from Tables 9-11. In particular the relative rates with- 
in each class of transitions are reasonably well repro- 
duced. The relative signs of a 1 and a 2 can be obtained 
from class III transitions where al and az amplitudes 
interfere. In D ~ P P  transitions (P: pseudoscalar non- 
et n, K ...) the relevant combination is of the form 
a l + x a 2  with x =  +1 in the SU(3) symmetry limit. 
x =  + 1 also holds in D--, PVtransi t ions (V: nonet of 
vector mesons) if the decay constants and matrix ele- 
ments of P and Vare related by collinear SU(6), which 
combines SU(3) symmetry with spin. (For D + ~ P V  
transitions an incorrect V-spin argument leading to 
x = -  1 was given in literature. Unfortunately, this 
argument was accepted by several authors even 
though it contradicted previous correct calculations.) 
The D +-decay rates immediately show that the ampli- 
tudes interfere destructively. With x ~ + 1 this gives 
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az/al<O in agreement with what is expected from 
(4). An indication for a2/a 1 < 0  was already found in 
a very early analysis of D-decay data [21]. 

4 .  T h e  E f f e c t  o f  F i n a l  S t a t e  I n t e r a c t i o n  

Final state interaction can seriously affect the decay 
processes [22]. The D-meson mass lies in a resonance 
region where rescattering effects of the outgoing me- 
sons will be of particular importance. B-decays may 
be less influenced, but so far most data are from D- 
decays. For  on-mass-shell final state interactions the 
bare amplitudes A ~ should be corrected according 
to the equation 

A = S 1/2 A ~ (6) 

where  S 1/2 denotes the square root of the strong inter- 
action S-matrix for hadron-hadron scattering. Equa- 
tion (6) induces phasefactors and mixings of channels 
having the same quantum numbers. Since little is 
known about the many open channels S 1/2 cannot 
be estimated, however. Nevertheless, an isospin analy- 
sis gives some information about the effect of final 
state interaction. In the decays D--. K n, for instance, 
the relative phases of amplitudes to I = 1/2 and I = 3/2 
final states can be obtained directly from the measure- 
ments. The isospin decomposition gives 

A(D ~ --* K - n + ) = ~ 3 3  (]/~ A1/2 + A3/2) 

A(D~ ~ K"~176 (--A'/2 +]//2 A3/2) 

A(D + ~ / ( ~  =~/3  A3/2 

A1 = I A1[ exp(i6x). 

(7) 

Squaring these expressions and using M A R K  III [9] 
and lifetime data [23] one finds 

IA1/z["~(3.35+O.19) 10 - 6  GeV 

IA3/el---(0.99+0.38) 10 -6 GeV 

(~1/2 -- 63/2 "~ (77 + 11) ~ 

(8) 

The individual rates - especially those of class II tran- 
sitions - are modified by final state interaction. For  
instance F(D~ n0) would decrease by a factor of 
3 if we set 61[2 -- t~3/2 = 0  keeping IA~n l, [A3/2[ fixed. 

The isospin analysis (7) can now be used to obtain 
values for our coefficients a~, a2. With the factoriza- 
tion assumption for the bare amplitudes A ~ and by 

Table 1. I = 1/2 and I = 3/2 amplitudes for D ~ / ( p  and D ~ / ( * n .  
a a and a2 are taken from D~ Kn. The units are 10-12 GeV 2 

Decay [A1/z12h 2 [A3/2IZTh 2 IA1/2lExp IA3/2lzxp 

K p  21.1• 24.5• 4.7 • 3.4• 

+0.80 
K * n  9.3• 16.5• 0.08_0.08 0.8• 

+2.1 
K p + K * ~  30.4• 41.0• 4.8 - 1 . 4  4.2• 

allowing only little inelastic effects* we obtain from 
(7), (8) and Tables 9-11 

a2 - -~ -  -(0.4-t-0.1) (9) 
a l  

and individually (but with correlated errors) 

al-~ 1.3___0.1 a:~- -0.55_+0.1. (10) 

The ratio a2/al is not close to - 1 which would imply 
perfect SU(3) sextet dominance [-24, 25] for Cabibbo 
allowed transitions. The negative sign of az/a~ leads 
to destructive interference in important exclusive D + 
decays as expected from the QCD coefficients C~, Cz 
in (4) [16, 25]. 

The isospin decomposition as given in (7) also 
holds for the pseudoscalar-vector (PV) decays 
D ~ / ( p  and D ~ / ( *  n. The cosines of the phase differ- 
ence 61/2-63/2 in this case are (again using MAR- 

K I I I  data) 0.90 +0"10 068 +0.32 - 0.22 and . - 0.46 respectively. 

Unfortunately, the channels / ( p  and / ( * n  can mix 
by final state interaction. They are also connected 
to the two vector particle s t a t e / (*p ,  and the I =  1/2 
amplitudes can additionally communicate wi th / (o  co, 
/ ( .  o q a n d / ( o  ~b. Neglecting all these mixings is cer- 
tainly not justified, but the corresponding result nev- 
ertheless is of some interest. Using a 1 and a 2 from 
Eq. (10) the calculated I = 1/2 and I :  3/2 amplitudes 
are compared with the experimental results in Ta- 
ble 1. The trend of the data is reproduced but still 
allows for sizeable mixing effects. If we consider the 
sums [A~ p [2 + [A~*.lz as presented in the last line of 
Table 1 the agreement improves as one expects from 
the unitarity of S~/2: in the sum the mixing between 
/ ( p  a n d / ( * n  is inessential if mixing to other channels 
can be neglected. 

* We assume 

I <(/(~), = 3/21 sl /2 I(K ~), = 3/2 > I = 1 
[((/(z)I=l/2IS1/2](K~)I 1/2)[=0.9to 1 

I <(K~)I s v2 I(/(~),=.2)1_- < 0.4 

and I<(k*pb ,21S~/~I(/(g),=~/DI-~O 
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/ d , 4 ~ - ~ Q \  "K ~ ~"~..~.~ 
c . l  J . ~ I  "<------<-----I" V s  D~ ) ', ( 

s 

Fig. 2. "Quark annihilation" from "quark decay" and subsequent 
final state interaction in the process D~176 The dotted region 
describes the subprocess D~ ~ where the ,,/~o,, states carry 
the quantum numbers of a/s176 

Amplitudes which are small before final state in- 
teractions (especially bare amplitudes proportional  to 
a2) may receive important  contributions via mixing 
with stronger coupled channels. A case in point is 
the decay D o ~ /~o  q5 [-26] recently taken up by Don- 
oghue [27]. The corresponding amplitude is a pure 
annihilation amplitude (Fig. 1 c) which is very small 
in the factorization approximation. But this ampli- 
tude can be fed through other I = 1/2 channels. Don- 
oghue suggested the chain D o ~ / s  o qc,./~o qS. In our 
scheme however, the bare amplitude D ~ 1 6 3 1 7 6  is 
proportional to a2 (class II) and thus small. The decay 
chains D O ---+(K.p)l=l/z<::~.K~ a n d  D O -'--~(/~'7C)I=1/2 

~ / s 1 7 6  ~b involve stronger transitions because the weak 
part is proportional to al and therefore larger. The 
diagram for this process is shown in Fig. 2. With re- 
spect to flavour flow it is an annihilation diagram 
but the annihilation occurs at the strong vertex and 
thus at the time scale of strong interaction. Such a 
process will be enhanced if one of the intermediate 
states ,,/~o,, with quantum numbers of a K~ 
is a resonance in the energy region of the D-mass. 

If the transition D~ K~ is indeed caused by 
rescattering effects one expects an even bigger contri- 
bution to the other 1= 1/2 channels K~ and K* o q 
because of the larger p-wave phase space in these 
cases. Without final state interaction and without an- 
nihilation one finds from Table 9 taking ]a2]~-0.55 
Br(D ~ --. K ~ co) _~ 0.3% while the experimental number 
is about 4%. Channel mixing alone as inferred from 
D o ~, , /~o, ,  ~KOq5 and applying SU(3) already pre- 
dicts Br(D ~ ~ Ko 09)_ 2% or even more if the creation 
of the ddpairs  is favoured with respect to the creation 
of the s g pair in Fig. 2. A similar situation might occur 
for the decay D o ~ Ko ~. The factorized transition am- 
plitude is too small but could be fed by the chain 
DO ~ (/s ~)I = 1/2 <::>/~0 ~]. 

5. Weak Annihilation Contributions 

Apart from the remarks on D o ~ /~o  ~b we considered 
so far only flavour fows  in which the heavy quark 
decays while the remaining antiquark acts as a specta- 

" K~ / r p*,... 

p§ pO, K~',... 

~o,r~+, K* .. .  

Fig. 3. Cabibbo allowed annihilation diagrams at the hadron level. 
The cross denotes the weak transitions to virtual states with the 
quantum numbers of/~o in D~ and to virtual states with 
the quantum numbers of ~ + in D +-decays which then decay strongly 

tor. Processes in which heavy and light quarks annihi- 
late and two new quarks are created (Fig. lc,  d) are 
called annihilation processes. In the factorization ap- 
proximation the corresponding amplitudes are small 
since they involve the divergence of currents formed 
by the lighter quarks and thus go to zero in the limit 
of vanishing light quark masses. Furthermore,  the 
current divergence is to be taken a t  qZ=m2,  m 2 

D s ' 

m~i.e, values which are large compared to the quark 
masses in the decay products. Since all currents are 
presumably asymptotically (for large q2) conserved 
the corresponding contribution is expected to be very 
small [16]. However, the presence of soft gluons in- 
side hadrons can lead to momentum and angular mo- 
mentum exchange between gluons and quarks and 
thus vitiate the helicity suppression of factorized am- 
plitudes [-28]. This provides a mechanism which can 
enhance the annihilation amplitudes and could con- 
tribute to the D o - D + lifetime differences. It is of great 
interest to know to what extend the annihilation pro- 
cess is important, and in particular to what extend 
it affects two-body decays. The decay D ~  K'~ can 
only proceed via annihilation of the valence quarks 
and the subsequent creation of a strange quark-anti- 
quark pair [29] as is easily seen from the flavour 
flow diagrams (Fig. 1). The recent discovery of this 
process [-26] has therefore been interpreted as a signal 
for weak annihilation in D-decays [30]. 

On the level of hadrons the relevant graphs for 
Cabibbo allowed annihilation transitions to vector 
and pseudoscalar mesons are shown in Fig. 3. Here 
the annihilation processes D o ~ ,, 1,_~o ,,, D+ __, ,,n + ,, are 
followed by decays caused by strong interaction. Be- 
fore taking these graphs into account we remark that 
hadron diagrams in which the strong vertex proceeds 
the weak vertex (Fig. 4) are with regard to quark to- 
pology decay graphs and not annihilation graphs. 
More important, the corresponding contribution 
from heavy intermediate states already are contained 
in the factorization approach as a form factor effect. 
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u 9* 

5 

Fig. 4. Decay graph on the level of hadrons. The strong vertex �9 
proceeds the weak transition�9 The cross denotes the subsequent 
weak vertex. The flavour flow has quark decay topology (the ~7 
quark acts as a spectator) 

Table 2. Theoretical branching ratios for D ~  PV 

Decay Br(%) Br(%) Br(%) 
Theory a Theory b Experiment [9] 

D~ ~ / s 1 7 6 1 6 2  0.0 1.0 fitted 1 1 +0.7 
�9 - 0 . 5  

D O ~/s176 0.4 2.7 4.2-t- 1.7 
D ~  + 12.5 13.8 13.0_+1.3 
D o .../~o p0 0.9 1.1 1.4_+0.5 
D~ --*/(* -Tr + 3.7 9.1 7.4_+1.3 
D ~ 1 7 6  ~ 1.4 3.9 2.0_+0.9 
D~176 0.3 2.5 - 

The experimentally observed branching ratio for 
D O ~ / ~ o r  is "-~ 1%. Taking this number as an input 
value one can easily calculate the "annihilat ion" c o n -  
tribution to the other channels shown in Fig. 3 a since 
they are all related by SU(3). An immediate conclu- 
sion is that "annihi lat ion" is certainly not a dominant 
mechanism in D ~  K - p  + and D ~  + decays: 
the corresponding amplitudes from Fig. 3a are too 
small to fit the data. However using the graph of 
Fig. 3 a for D ~ 1 6 2  with t h e / ( o  (498 MeV)-meson 
as an intermediate state the fitted value for 
(K~176 is very big [31]. If a similar large 
number would hold for the amplitude Qr+[Hw[D~ +) 
the branching ratios for the decay modes D + ~ p~ 
p+rc ~ would be large. This would be very interesting 
but is improbable. It seems more likely to us that 
the processes of Fig. 3 a proceed via a high lying reso- 
nance ,,/(0,, and therefore are enhanced. Such states 
could be produced directly through the weak Hamil- 
tonian (direct annihilation) if the decay constants fD 
and f,K., defined in correspondance to the ~-meson 
decay constant f .  are large enough. The correspond- 
ing amplitude is then proportional  to azfDf , ,K, , .  
These states can, however, also be produced in the 
rescattering process as discussed in Sect. 4 and pic- 
tured in Fig. 2. In the latter case the weak amplitude 
is proportional  to al instead of a2 and thus automati- 
cally favoured. Now the cross in Fig. 3 a which con- 
nects the D-meson with the states ,,/~o,, stands for 
the dotted region in Fig. 2. In this case large decay 
constants are not required. 

In any case, for D ~ P V d e c a y s  we have to add 
to the I = 1/2 amplitudes obtained from factorization 
a piece corresponding to Fig. 3a. The magnitude of 
this additional amplitude is fixed by the D~162 
branching ratio, its phase needs an assumption. In 
a recent article Lusignole and Pugliese [32] also 
pointed out the necessity of a resonance contribution 
to D ---, PV decays and identified it with the indication 
for such a resonance as reported in [33]. The reso- 
nance parameters are M("/s  MeV and F ~  
250 MeV. We take this suggestion, use the Breit 
Wigner formula and thus find for the phase ~ of this 

a We used factorized amplitudes (Table 9) with aa = 1.3, a2 = - 0 . 5 5  
b The contributions of the graphs of Fig. 3 are included 

For/~*Tz a n d / (  p final states the experimentally determined isospin 
phases are taken into account 

annihilation amplitude (taking the factorized ampli- 
tude real) J tan e[-~ 3.7. There still is a sign ambiguity 
in the real part to be removed before we can get the 
magnitude of the I =  1/2 amplitude from the sum of 
factorization and annihilation amplitudes. Here we 
simply use that sign which gives good agreement for 
the D O ~ p+ K -  width, a transition which is well mea- 
sured and sensitive to the sign. The relative phases 
between I = 1/2 and I = 3/2 amplitudes are taken from 
the isospin analysis as described in Sect. 4. The result 
is shown in Table 2. From pure factorization we have 
qualitative agreement except for D ~ 1 6 2  and/(~ 
The inclusion of the contribution from Fig. 3 a with 
a phase corresponding to a high lying resonance gives 
perfect agreement. We remark that the parameters 
at ,  a 2 have not been adjusted here but taken over 
from D ~ / s  ~ decays. 

The idea of annihilation in the final state interac- 
tion as the main origin of otherwise small annihilation 
amplitudes needs to be tested of course. This will be 
supported though not proven if the resonance at 
1830 MeV can be confirmed. A more conclusive test- 
ing ground is provided by Ds-decays. Writing for the 
matrix element of the effective weak interaction (3) 
which connects D O to any sd  state ,,/(0,, 

( , , / ( o  ,, i Leff  ] D o )  = c o s  2 0  (a t B + a 2 A)  

the corresponding matrix element connecting D~ + to 
the u d  state " n "  (related by SU(3) to ,,/(0,,) is given 
by 

("n"lL~fr[D+ )=cos2 0(al A + az B). 

As seen from (3) the quantity A receives contributions 
from direct annihilation of the heavy meson. In the 
matrix element B, on the other hand, strong interac- 
tion must turn the generated hadrons H into the state 
,,/(0,, (or "re") as in Fig. 2. In the expression for the 
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Tab le  3. Theore t i ca l  b r a n c h i n g  ra t ios  for  D~ + ~ PV 

D e c a y  B r ( % )  B r ( % )  B r ( % )  
T h e o r y  a T h e o r y  b E x p e r i m e n t  [35 ]  

D + ~ / ~ ,  o/~ + 1.6 2.4 4.8_+2.4 
D + ~ / ~ o / ~ ,  + 0.6 0.3 - 

D + ~ p ~  + 0.0 0.5 - 
D + ~ r t ~  + 0.0 0.5 - 

D + ~ h n  + 2.8 2.8 3.3_+ 1.4 

" We used factorized amplitudes (Table 10) with al = 1.3, a2 - -0.55 
b Annihilation in the final state interaction only (no direct annihila- 
tion) as described in the text 

annihilation amplitudes for D o and D + it is an essen- 
tial point that al and a2 change their role. Using 
this fact and comparing D o with D + decays we can 
already exclude the case of a pure direct annihilation 
process i.e. B~-0! Compared to the well measured 
decay D o ~ /~0  q5 the D + annihilation channels would 
win a large p-wave phase space factor and in addition 
a factor [al/a212. In this case O + ~ p + r c  ~ p ~  would 
completely dominate the D+-decays and also the 
branching ratio D + - * / ( * ~  would be more than 
twice its observed value. The opposite extreme, anni- 
hilation in the final state interaction process (B+ 0) 
and very little direct annihilation (A ~-0) remains as 
an interesting possibility. The large p-wave phase 
space factor for D + -* p n is then almost compensated 
by the factor l a z /a l  [2. This alternative therefore gives 
branching ratios for D + ~ pn  of roughly 1%. More 
detailed predictions depend on wether or not 
/(~ and n + (1770) [34] exist. Column 3 of Ta- 
ble 3 has been calculated assuming the relevance of 
these resonances, taking F.,~,, ~300 MeV and setting 
Br(D ~ -*/(~ 1%. From the above discussion and 
the results of Table 3 it is evident that good experi- 
mental values or limits for D + -* p n will be very help- 
ful to clarify the role of annihilation in two-body de- 
cays. Branching ratios D + -* p rt much larger than pre- 
sented in Table 3 would indicate the presence of direct 
annihilation contributions. Branching ratios close to 
the ones given in Table 3 or smaller would show that 
the observed annihilation amplitude in D~163176 is 
mainly the result of a final state interaction process. 
In Table 3 one can notice an increase of Br(D + 
-* /~ ,  o/~ +) compared to the pure factorization result 
(column 2) in better agreement with the data. But 
even without any annihilation an enhanced rate 
should occur for this process through the chain D + 
---, ~b p, t/p r o K + with quark exchange scattering 
in the final state [8]. 

In regions far outside any resonances we expect 
no important  annihilation and channel mixing effects. 
The decay B ~ ~ D* +n-  for instance (Table 12) should 
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be such a case, although mixing with D * p  (and D* 0 no 
of course) cannot be excluded. We conclude this sec- 
tion with the remark that inspite of the 1% branching 
ratio for D~176 direct weak annihilation could 
still be of minor importance in energetic two-body 
decays. 

6. Results and Predictions 

We are now in a position to present our complete 
results and to compare them with the numerous 
branching ratios now available. 

D- and Ds-Decays  

For  the calculation of the theoretical branching ratios 
of the factorized amplitudes we used decay constants, 
polemasses and the q2 = 0 values of the various form- 
factors given in Tables 14-16 of the appendix. For  
the lifetimes we used Z,o=(4.4_0.4) .10 -13 s, zo+ 
=(9.25___1.0).10 -13s  and ZD~+=(3.5_+1.0)'10 -13s- 
The parameters al and a2 have been fixed from D 
-*/(re decays where we expect little inelasticity and 
annihilation and where the isospin phase difference 
6I= 1/2--61=3/2 is rather well determined. The result 
for a l ,  a2 was quoted in (9) and (10). In Fig. 5a and 
Tables 2, 3 and 4a the results for Cabibbo allowed 
D- and Ds-decays is presented and compared with 
the experimental branching ratios (with error bars 
corresponding to statistical errors only). Isospin 
phase shifts are only taken into account for D -*/s 
D -* /s  and D -*/(*Tt transitions. Typical theoretical 
errors due to the various input parameters in particu- 
lar al ,  a2 and the errors of the phases range from 
20 to 40%. Cabibbo suppressed decays are presented 
in Fig. 5b and Table 4b. 

The overall agreement between the theoretical and 
experimental numbers is quite remarkable consider- 
ing the simplicity of the model and the fact that D- 
decays occur in a resonance region. Taking into ac- 
count resonance enhanced annihilation contributions 
improves the agreement with data for some important  
Cabibbo allowed D o ~ PVdecays (Table 2, column 3). 
A comparison of D+-decays to pn  with the decay 
D o -*/~o ~b will greatly help to understand the annihi- 
lation mechanism. 

For  Cabibbo suppressed decays the experimental 
number for the ratio D O ~ K + K - / D  ~ -* re+re - is 3.8 
+ 1.4 in disagreement with the prediction -~ 1.4 from 
the factorization approach. Since in P P  decays anni- 
hilation is of minor minor importance this discrepan- 
cy may indicate strong final state interaction effects 
or Penguin type contributions [37] which are, how- 
ever, difficult to evaluate in this case. 
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a Cabibbo allowed D- and D,-decays. b Cabibbo suppressed D- 
decays 

Table 4a. Branching ratios for Cabibbo allowed D- and D~-decays 

Decay Br(%) Br(%) 
Theory Experiment [-9] 

D + ~ O p +  15.3 11.2_+2.6 
D + ~ /~o~+ 3.6 4.1 __+0.6 
D + --,/~* ~ rc + 0.3 2.7_+ 1.8 
D~ K ~+ 5.8 5.6_+0.4 
D ~ _~ K o ~o 2.5 2.4 +_ 0.5 
D O ___,/~0q 0.4 2.0_+0.9 
D O ~ K* 0 pO 2.5 1.6 + 1.6 [-36] 

The theoretical numbers represent the expectation from factoriza- 
tion only. al ~ 1.3 and az ~ -0 .55 are fixed by the K~ data 

Table 4b. Branching ratios for Cabibbo suppressed D-decays 

Decay Br(%) Br(%) 
Theory Experiment [9] 

D O ~ K* - K + 0.21 1.02 + 0.47 
D~ --* re+re- 0.39 0.18___0.06 
D~ ~ K  K + 0.56 0.68__+0.11 
D + --*/s176 K + 1.18 1.30___0.40 
D + ~ / s 1 7 6  0.44 0.56_+0.25 
D + ---, ~ + q~ 0.28 0.97__+0.27 

The theoretical numbers displayed in column 2 correspond to fac- 
torization contributions only. al~-1.3 and a2-~-0.55 are taken 
from K ~ data 

Knowing now the values for al and a 2 we can 
discuss the relation of these parameters with the QCD 
coefficients C~ and C2. The numerical comparison 
shows [8] 

al~Cl(mc)  az~,Cz(mc). (11) 

Using (4) with ~ = 1/3 there is now a large discrepancy 
between the measured and the naively expected value 
of a 2. However, ~ 0  (corresponding to N ~ oo) sat- 
isfies simultaneously (4) and (11). Physically, this im- 
plies that quarks belonging to different colour singlet 
currents do not combine to form a single meson [8]. 
Considering our results Buras et al. [19] remarked 
that factorization together with ~ ~-0 corresponds to 
the lowest order in the 1IN expansion and that it 
seems to be better to stick to this approximation as 
long as not all next order corrections are known. Can- 
cellations might occur. Indeed, in the QCD sum rule 
approach of Blok and Shifman [38] the contribution 
proportional to ~--1/3 is practically cancelled by an 
additional term. Notice, however, that in some partic- 
ular PV decays Blok and Shifman predict no such 
compensation. A further study of this point would 
be very valuable. 

We conclude from our experience with D-decays 
that factorization together with (11) gives generally 
good results at least for energetic two body decays. 
The corresponding predictions for D-, Ds- and B-me- 
son decays are presented in Tables 9-13. Especially 
for weakly coupled channels and for channels to 
which resonances contribute, corrections for final 
state interaction and annihilation effects should be 
taken into account as discussed above. Many not yet 
measured D-, Ds- and especially B-decay rates can 
now be predicted with some confidence. 

B-Decays 

The predictions for various imporant B-decay modes 
to charmed mesons are given in Table 5a in terms 
of [V~b[. We used zs~-1.2.10-12 s. Again the values 
of al and a2 are of great practical and theoretical 
interest. What to we expect? The QCD coefficients 
at the scale of the b-quark mass are [13] C1 (mb)~-1.1 
C2 (r%)_~ -0.24.  Once more applying (4) one observes 
that the value of al is not very sensitive to the colour 
suppression factor 4. The value of a2 on the other 
hand depends strongly on this colour suppression fac- 
tor. r would practically give a2=0.  From our 
experience in D-decays we expect, however, 

aa~Cl(mb)~--l.1 a2~C2(mb) ~ -- --0.24 (12) 

using ~ -~ 0. 
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Table 5a .  Predic ted b ranch ing  ra t ios  for B-decays. We  used a~ -~ 1.1, 
a2 -~ --0.24 and  zB ~ 1 .2 .10-12 s 

Decay Br(%)  Br(%)  
Theory  Expe r imen t  [39] 

/~0 _} D + n  - 0.6 (V~d0.05) 2 0.14___0.19 +0 .05  
`g~ D* + ~ -  0.5 (V~ J0.05) 2 0.25__+0.15+0.15 
,go _, D* + p -  1.5 (V~b/0,05) 2 
`go _,  D . +  A ;  1.9 (V~b/0.05) 2 
`go ~. D* + D* - 2.4 (V~b/0.05) 2 

~o - ,  iXo j / T t  0.06 (Vcb/0.05) 2 
` g o ~ , ~ , o j / ~ p  0.25 (Vcb/0.05) 2 0 .44+0 .27  

B -  --*DOn - 0.4 (V~b/0.05) 2 0 . 3 8 + 0 . 1 4 + 0 . 1 1  
B -  ---} D~ p 1.3 (V~b/0.05) 2 
B -  ~ D * ~  - 0.3 (Vcb/0.05) 2 
B -  -~ D * ~  p - 1.0 (Vcb/0.05) 2 

B -  ---}D~ 0.8 (V~b/0.05) 2 
B -  ~ D ~  0.9 (V~b/0.05) 2 
B -  - ,  D* o DZ 2.4 (V~b/0.05) z 
B -  -~ D * ~  D * -  0.4 (V~b/0.05) 2 

B -  ~ K - J /~ '  0.06 (V~b/0.05) 2 0.09 + 0.06 __+ 0.02 
B -  - ,  K *  - J/Cg 0.25 (V~b/0.05) 2 

B -  --, p - J / ~ e  O.Ol ( v ~ d o . o s )  ~ 

For  the decay cons tan t s  the values  given in Table  16 are used 

As a test for a I the decay B ~ D *  +re- can be used. 
From (12) taking I V~bl~0.05 we predicted [3, 8] a 
branching ratio of -~0.5~ This number is in agree- 
ment with a recent measurement by the A R G U S  col- 
laboration [39] which found Br(B---} D* +rc-)'-~0.25 
+0.15-t-0,15%. As a test for la21 the decay B ~ 
~ l K * ~  j is suitable. Using (12) we predicted [3, 
8] a branching ratio of 0.3%. Recent measurements 
from CLEO and A R G U S  give Br(B~176 j) 
---0.41 +0 .19+0 .03% and 0.44+0.27% [39]. Again, 
our simple model appears to be surprisingly success- 
ful. Necessary additional tests can now be performed. 
If they are successful, specific decay channels will al- 
low a determination of so far unknown decay con- 
stants. For  instance the decay Bo } D* + D*-  is pro- 
portional to (F m /Fp+) 2 (see Appendix A). 

Of great interest of course are B-decays to non 
charmed and non strange states. They depend on the 
Kobayashi-Maskawa matrix element [V,b [ for which 
only an upper limit is know. Such transitions can, 
however, also be induced by the Penguin interaction 
term proportional to V*o V~b- The factorization meth- 
od gives us an orientation about the significance of 
this latter interaction: For  two-body transitions to 
non charmed and non strange states one finds branch- 
ing ratios from the standard Penguin graph of the 
order of only ~ 3  x 10 -7. Thus, we will neglect the 
Penguin diagram here assuming that the matrix ele- 
ment I Vub[ is not too small (The standard model re- 
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Table  5 b. Predic ted b ranch ing  ra t ios  for B-decays.  We  used aa -~ 1.1, 
a 2 ~ -- 0.24, I V~b[ ~ 0.05 and  zB -~ 1 .2 .10-12  s 

Decay  Br(%)  Br (%)  
Theory  Exper imen t  [1] 

B ~ --+ n+n  - 0.21 (Vub/V~b) z <0 .02  
B ~ ~ +p- 0.56 (V, dV~) 2 
B ~ ---} g + A~- 0.59 (V,b/V~b) 2 < 0.24 
`go ___}p+p- 0.45 (V~b/V~b) 2 
`go ~ p + A ~- 0.67 (V,b/V~b) 2 

`g0 ~pOnO 0.01 (V~b/V~b) 2 
`go ___}pOpO 0.01 (Vub/V~b) 2 

B -  ---} n~  rt - 0.06 (V~dVcb) 2 
B -  ~ z ~  - 0.22 (V~d~b) 2 

B -  ~ p~ 0.06 (V~dV~b) 2 <0 .02  
B -  --} pOp-  0.14 (~dV~b) 2 
B -  ...} pO A?  0.33 (V~dV~b) 2 <0 .08  

Table 6. Predicted b ranch ing  ra t ios  for B- t rans i t ions  via  Pengu in  
in te rac t ion  

Decay  Br (%) 
Theory  

B~ ---}/(~ ~b 1.2.10 5 
B~ * -  7.8.10 6 
B ~ --* n ~  - 4 .4 .10 -6 

quires I V, b/V~bl > 0.05 to be able to describe CP-viola- 
tion in K-decays. Models for the quark mass matrix 

[40-42] predict IVuo/Vcbl - -~~~- -0 .06 ,  very close 
to the lower limit). 

In Table 5 b our predictions for the branching ra- 
tios of several B-decays to non charmed states are 
displayed. The theoretical numbers proportional to 
IV.bl 2 depend on the square of small overlap factors 
between the wavefunctions of a very heavy and a light 
meson. Therefore, the theoretical error can be a factor 

2 but presumably less for the relative rates of these 
decays. A first restriction for the unknown matrix 
element I Vubl from exclusive nonleptonic decays can 
be obtained from the observed limit Br(B ~ --}rc+~z -)  
<0.02% [1]. Taking into account the above quoted 
error we obtain the limit IV.hi <0.03. 

B-decays to non charmed but strange final states 
also are of great interest. They are ideally suited to 
obtain information about the Penguin interaction [43, 
44]. In Table 6 we present three relevant branching 
ratios in factorization approximation taking 
(~(#b)/127z x lnm2/m2)~-0.05. The decay B ~176 
can only arise from this interaction. The two remain- 
ing rates in Table 6 are expected if the Penguin dia- 
gram dominates, i.e. for I V, dV~b] <0.1. 
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Exclusive Decays and Lifetime Differences 

Exclusive nonleptonic decays not only provide infor- 
mation on QCD coefficients and their relative signs 
but also shed light on the origin of the lifetime differ- 
ence between D o and D + mesons. We have seen in 
the last section, that at least the energetic two-body 
transition amplitudes are roughly described by a fac- 
torized form of the weak amplitude. Encouraged by 
these results we computed many more two-body de- 
cays* (more than presented in Tables9-13) and 
summed them up, in order to estimate their contribu- 
tion to the nonleptonic decay widths. Naturally, this 
estimate can at best give an orientation since for tran- 
sitions with little energy release, for instance 
D ~ / (*co ,  the factorization approximation is doubt- 
ful. Final state interaction effects, on the other hand, 
cancel to some extent in the sum because of the uni- 
tarity of the strong interaction S-matrix. 

Using for the parameter a~, az the values 1.3 + 0.1 
and -0.55_+0.1, it turns out that about 70-80% of 
the total nonleptonic transition rates of D o and D + 
are accounted for by two-body decays (Table 7). More 
important, the calculated ratio F ( D ~  + 

X Y )  for these nonleptonic two-body decays turned 
out to be ~- 2.7 (Table 7). Thus a sizeable part of the 
lifetime difference between D o and D + arises from 
two-body decays due to the destructive interference 
(az/al <0) in several important D + decays [8]. Note 
that no annihilation contribution has been used for 
this estimate. 

The corresponding calculations have also been 
performed for nonleptonic two-body decays of the 
B ~ and B mesons*. We use for al and a 2 the values 
displayed in (12). If these numbers are approximately 
correct, interference effects are small. Thus we do not 
expect that two-body decays cause a sizeable lifetime 
difference between B ~ and B -  decays (see Table 8). 
Furthermore it turns out that only 10-15% of the 
total decay rates for B -  and B ~ involving presently 

Table 7. Two-body nonleptonic decay widths summed up and com- 
pared with the measured total nonleptonic widths for D ~ D § and 
D~ + transitions. The units are 101~ s-1 

Meson F th (D ~ X Y) F~XP(D ~ nonleptonic) 

D O 153_+22 194+48 
D § 56--+15 71_+14 
D + 126_+ 15 - 

* In this calculation we included all particles which belong to a 
SU(3) pseudoscalar or vector nonet. Also included are A 1 and K1 
particles but only as far as they can be produced directly from 
the corresponding currents 
* Here we included all members of the SU(4) pseudoscalar and 
vector 15-plet in the final state but also A~ and K1 as far as they 
are produced directly from the corresponding currents 

Table 8. Summed up nonleptonic two-body decay rates for B ~ and 
B- mesons. We used a l-~ 1.1, a2-~ -0.24 and za---1.2.10-12 s. The 
units are 101~ s -1 

Meson FTh(B --, X Y) FEt~P(B --> all) 

B- 9.8 83+30 /~o 12.0 

known states can be due to nonleptonic two-body 
decay channels. 

7. Summary 

In the present paper we analyse two-body decay rates 
of D-, D s- and B-mesons. Using a factorized form of 
the weak Hamiltonian we found good agreement with 
the existing data indicating that quark decay is the 
dominant mechanism for energetic two-body decays 
of heavy mesons. The D ~ K n decay rates measured 
by the M A R K  III  collaboration have been used to 
fix the two parameters a~ and a2 which we had to 
introduce in the effective interaction (3). The result 
a l ~ C l ( m c )  and a2~C2(mc)  indicates effective total 
"colour mismatch":  4 - 0 .  In physical terms this 
means that quarks associated with different colour 
singlet currents do not easily combine to form a single 
meson. We calculated the decay widths of practically 
all two-body decay channels of D O- , D § and 
D~ +-mesons into pseudoscalar and vector mesons. We 
found that a sizeable part of the lifetime difference 
between D O and D § arises from two-body decays due 
to the destructive interference - (a2/a~ < 0) - in impor- 
tant D + decays. Since the D- and Ds-mesons lie in 
a resonance region we argued that in some decay 
channels resonances enhance final state interaction 
effects and otherwise small annihilation contributions. 
A case in point is the experimentally well established 
decay D~ where annihilation might occur in 
the final state interaction. D~-decays will shed further 
light on this problem as discussed in Sect. 5: a large 
branching ratio for Ds ~ p n would indicate a notice- 
able contribution from the direct weak annihilation 
process. A smaller but not negligeable branching ratio 
(~  1%) would suggest the occurrence of annihilation 
in a resonance scattering process after the weak decay. 

We give predictions for many two-body B-mesons 
decay widths. They can be used with some confidence 
since resonance scattering in the final state is presum- 
ably of minor importance in most cases. Our theoreti- 
cal results are in agreement with the few available 
experimental data using al ,.~ Ca (rob) and a 2 ~,~ C2(mb).  
If these relations for a~ and a 2 are supported by fur- 
ther measurements one can conclude that effective 
total "colour mismatch" also holds at the scale rele- 
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vant for B-meson decays. A first restriction on the 
Kobayash i -Maskawa matrix element I V,~I has been 
obtained from the limit B r ( B ~  n+rc- )<0 .02%.  We 
found IV, hi <0.03. 
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Appendix A. Nonleptonic Widths of  D-, D~- and 
B-Mesons 

Tab le  9. D ~  wid th s  

D e c a y  W i d t h s  D e c a y  W i d t h s  
in 101~ s -1  in 101~ s -1  

D~ ~ K - n  + 9 . 9 2 a  2 
D O - . K - p  + 17.43 a 2 

D~ ~ K A'[ 2 . 4 3 a  2 
D~ ~ K *  - n  + 5 . 1 2 a  2 
D o ~ K* - p + 34.05 a 2 

DO--.n n + 0 . 5 2 a  z 
D ~  p +  1 . 1 1 a  2 
D~ ~ n -  A + 0 . 6 5 a  2 

D~ ~ p - n  + 0 . 2 8 a  2 
D ~  + 1.89 aa z 
D o . - . K  K + 0.75 a~ z 
D o ~ K K *  + 0.74 a 2 
D O c K  * K + 0 . 2 8 a  2 

D ~ ~ K *  - K*  - 1.45 a 2 

D~ ~ n ~  ~ 7 . 5 5 a  2 
D~ ~ n ~  *~  9 . 7 2 a  2 
D~ ~ p ~  ~ 3 . 1 4 a  2 

D~ ~ p ~  *~ 18.45 a22 
D O --* r / / (  ~ 2.86 a 2 

D~ ~ r i R  *~ 2 . 5 7 a  2 
D O ~ t / ' K  ~ 1.15 a2 z 

D~ --* q ' / ( *  ~ 0.02 a22 
D O ~ co/~ ~ 3.04 a22 

D ~  *~ 17.64 a~ z 

D O ---, n~  ~ 0.26 a~ 
D ~ ~ r r~  ~ 0.63 a22 
D O ~ n o w  0.06 a~ 

D~ ~rc~176 0 .16a~  
D O ~ n~  0.15 a22 
D O ---*n~ ' 0,07 a2 z 

D ~ ~ n~ 0.49 a 2 
D ~ ~ pO pO 0.95 az z 

D ~ 1 7 6  0.01 a2 ~ 
D O ~ pOr/' 0,02 a~ 

D ~ ~ pO ~b 0,82 a z 
D O ~ ~o 09 0,87 a22 

O ~ ~ ~ q 0,43 a~ 
O ~ ~ ~ ~b 0,74 a~ z 
D o ~ t/t/ 0,29 aa z 

D ~ ~ r/r/' 0,03 aa a 
D ~  0.11 a 2 

Tab le  10. D~ +-decay  w id th s  

D e c a y  W i d t h s  D e c a y  W i d t h s  
in 101~ s -~ in 10 ~~ s -1  

D~+ ~ ~/~z + 4 . 9 3 a  2 
D~ + ~ / p +  9 . 2 7 a  2 

D + ~ ~I A + 2 .21a~  
D + ~ r / ' n  + 2.89 a} 
D + ~ q ' p +  2.62 a 2 

D~ + + ~ b n  + 4 . 7 2 a  z 
D~ + + q 6 p  + 29.74 a~ z 

D + ~ K ~  + 0.44 aa z 
D~ + ~ K ~  + 0.89 a 2 

D ]  - - * K ~  0.31 a 2 
D~ + ~ K * O n  + 0 . 2 6 a  2 
D~ + ~ K * O p  + 1 . 6 9 a  2 

D~ + ~ K + / (  ~ 12.76 a 2 

D~ + ~ K + n  ~ 0.22 a~ 
D~ + ~ K + o ~  0.41 a~ 
D + ~ K + A  ~ 0 . t 6  a~ 
D+ ~ K * + n  ~ 0.13 a~ 
D + - - * K * + p  ~ 0 .85a~  
D, + --* K *  + w 0.80 a~ 

D~ + ~ r / K  + 
D + ---~ r /K* + 
D + ~ / ' K  + 
D + ~ q , K  *+ 

D + ~ q~K + 

D+ ~ K  *+ 

0.38 (al  + 1.31 az) z 
0.41 (a l  + 0 . 8 2  a2)  2 
0.21 (a 1 + 0.34 a2)  2 

0.06 (a a + 0 . 1 9  a2) 2 
0.26 (a 1 + 1.67 a2) 2 
1.15 (a 1 + 1.08 az) 2 

D + ~ K + / ( * o  15 .04a  2 

D + ~ K *  + / ( ~  5 . 8 5 a  2 
D + ~ K *  + / ( . o  32.54 a~ 

Tables 9 to 13 contain decay widths in the factoriza- 
tion apprOximation. The formfactors of current ma- 
trix elements at q2 = 0  are calculated as in (3) and 
are displayed in Table 14. Pole masses for the formfac- 
tors are given in Table 15. ClassI I I  decays are written 
in the form (at + x a2) 2. (For V V  transitions this form 
is only approximately correct, the numerical deviation 
however is very small.) For  the decay constants we 
used the values shown in Table 16. The explicit de- 
pendence on the decay onstants is as follows: In a 
decay D ~ X Y the amplitude proport ional  to a~ (class 

Table  11. D + -decay  w id th s  

D e c a y  W i d t h s  D e c a y  W i d t h s  
in 101~ s -1  in 101~ s -1  

D+ ~ / ~ ~  + 9.98 (al  + 1.23 a2) 2 
D + ___~/(o p + 17.57 (a l  + 0 . 6 0  a2)2 

D+ ~ R * ~  + 5.18 (a l  + 1.95 a2) 2 

D + ~ K * ~  + 3 4 . 5 9 ( a l + l . O 4 a 2 )  z 

D + --, n%z + 0.26 (al  + 1,00 a2) 2 
D + --* ~z~ + 0,57 (al  + 0 . 5 0  a2) z 

D + ~ p ~  + 0.14 (a l  + 2.00 a2) 2 
D + ~ p ~  + 0.96 (a l  + 1.00 a2) 2 

D+ ~ o g n  + 0.93 (aa + 0 . 9 9  a2) 2 
D + --*r /n + 0.10 (al  + 2 . 7 3  a2) 2 
D + ~ q p  + 0.17 (al  + 1.32 a2) 2 
D + -~ q 'n  + 0.05 (al  - - 0 . 8 0  a2) 2 
D + ~ ~/'p+ 0.02 ( a l - - 0 . 3 4  a2) 2 

O + ~ / ( O A +  2 . 4 9 a  2 

D + ~ / ( ~  0 . 7 6 a ~  
D + ~ / ( ~  0 .74a~  

D + - -* / (*OK+ 0 .29a~  
D + ~ / ( * O K *  + 1 . 5 0 a  2 

D + ~ n ~  ~ 0.33 a~ 

D+ ---,n+ ~b 0.99 az 2 
D + ~ p + @  0 . 7 1 a  2 

Tab le  12 . /~~  wid ths .  W e  used  I V~bl = 0 . 0 5  

D e c a y  W i d t h s  D e c a y  W i d t h s  
in 101~ s -1  in 101~ s ~1 

Bo --, D + n - 0 . 4 0 a  2 

B ~  1.04 a~ 
B ~  1 . 0 4 a  z 
Bo .-, D* + n -  0 . 3 1 a  2 
B o - - , D * + A ?  1 . 3 6 a  2 

~ ~  0 . 5 6 a  2 
B O ~ D + D  * -  0 . 6 1 a  2 

~ ~  0 . 2 5 a  2 
B ~  D * -  1 . 6 9 a  2 
B ~  0 . 0 3 a  2 
B ~  0 . 0 5 a  2 
/~o __, D* + K -  0.02 a 2 
BO ~ D * + K  * -  0 . 0 5 a  2 

B ~ --* D + D -  0.03 a 2 
BO ~ D + D * - 0 . 0 3 a  2 

B ~  0.01 a l  z 
B~ ~ D* + D * - 0 . 0 8 a  2 

BO -~ 7~+n 
Bo ~ n +  p - 

B ~  A 1  
BO ~ p + n  - 

B~ p + p - 

B~ ~ p +  A ?  

0.14 a~ (V.dV~b) 2 
0.38 a 2 (V~b/V~b) 2 
0.41 a2 (V,b/V~b) 2 
0.09 a2 (V~b/V~b) 2 

0.31 a 2 (V.b/V~b) 2 
0.46 a 2 ( V. b/V~b) 2 

B~ ~ n~ D ~ 0.11 a22 

B~ ~ n ~  *~ 0.16a22 
BO --, pO D ~ 0 . 0 6 a  2 
BO ~ p ~  *~ 0 . 3 2 a  2 

B~ *~ 0.07 a~ 
B~ ~ o g D  ~ 0.06 a22 
BO---,,o)D *~ 0 . 3 1 a  2 

B ~  ~ 0.03 az  2 
Bo ~ r l ' D  *~  0 . 0 4 a  2 

B ~ 1 7 6  0 . 8 5 a  2 
B~ ~ / ( * ~  s 3 . 6 3 a  2 
Bo ~ / ( * ~  *~ 0 . 0 4 a  2 

B ~ --,, n ~ J / 7  ~ 0.02 a~ 
B ~ 1 7 6  0.08 az z 

B ~ --* r  0.08 a ]  

/~0 _+ ~0/~0 

/~~ ~ n ~ 1 7 6  
/~o ~ no A o 
Bo...., pO p o 

BO..., pO A o 

BO -+ 7~O (D 

0.07 a2(V,b/V~b) 2 
0.21 a22 (V,b/V~b) 2 
0.10 a~ ( V~b/V~b) 2 
0.16 a 2 (V.b/V~b) 2 
0~12 a2(V.b/V~b) 2 
0.02 a~ (V.b/V~b) 2 



114 M. Bauer  et al.: Decays  of D-, D,- and  B-Mesons  

Table  13. B - - d e c a y  widths.  We  used [Vcb I =0 .05  

Decay  Wid ths  in 10 ~~ s -  1 Decay  Wid ths  in 10 ~~ s -  

B -  ~ DOn 0.40 (al  +0 .75  a2) 2 

B -  ~ D ~ p - 1.04 (aa + 0.34 a2) z 

B - ~ D * % z -  0.31 (a~ + 1.04 a2) 2 
B -  ~ D * ~  - 0.98 (a~ +0 .79  a2) 2 
B -  ~ D ~ K -  0.03 (a~ + 0.46 a 2 )  2 

B - ~ D ~  * -  0.05 (a~ +0 .26  a2) 2 
B - ~ D * ~  - 0.02 (a~ +0 .64  a2) 2 
B - ~ D * ~  * -  0.05 (a~ +0 .85  a2) 2 

B -  ~ D ~  1.04a~ 
B - ~ D * ~  1.35a 2 
B -  ~ D~ D~ - 0.56 a 2 
B -  ~ D ~  * - 0.61 a 2 
B -  ~ D * ~  0.25 a l  2 
B -  ---r D* O D * -  1.68a 2 
B -  ~ D O D -  0.03 a 2 
B -  ~ D O D* - 0.03 a 2 
B -  ~ D*O D - 0 .01a  2 

B -  ~ K -  J / ~  0.84 a~ 
B - ~ K * - J / T  3,61a  2 
B ~ ~ re- J / 7  / 0.04 a22 
B - ~ p  J / T  O.16a 2 

B -  - '* ; z ~  7~ - 

B -  ~ O p -  

B -  ~ p O ~ -  

B -  . . . p o p -  

B -  ~ rl r~ - 

B -  --, rl p -  
B - --* to rc - 

B - ~ p -  

B-  
B -  

B -  

B -  

B 

~xOA~- 

~ p ~  

~ r l A {  

--+~I'A~ 
+ o J A ~  

0.07 (a, + 1.00 az) 2 (V~gV~b) 2 
0.19 (a 1 + 0.50 a2) 2 (I/ub/Vcb) 2 
0.05 (al  +2.01 a2) 2 (V,b/Vcb) 2 
0.16 (al  + 1.00 a2) 2 (V~dV~) 2 
0.03 (a~ + 1.11 a2) 2 (V~dV~b) 2 
0.08 (al  + 0.55 a2) 2 (VuJVcb) 2 
0.05 (a 1 + 1.95 a2) 2 (V, dV~b) 2 
0.15 (al  +0 .98  a2) 2 (V.dV~b) 2 

B -  ----~ K - O 0 

B-  ~ K -  D *~ 
B -  --* K * -  D ~ 

B -  --, K *  - ~ , o  

0.21 a~ (V~dV~b) 2 
0.23 a~ (V~dV~b) 2 
0.09 a 2 (V~dV~b) 2 
0.05 a~ z (V.gV~b) 2 
0.23 a 2 (V,b/V~b) 2 

0.28 a 2 (V~dV~b) 2 
0.40 a 2 (V~JV~b) z 

0.15 a~ (V~b/V~b) z 
0.76 a 2 (V~dV~b) 2 

I) or a2 (class II) scale according to the decay constant 
of the meson Y. For class III amplitudes the parts 
proportional to al (a2) scale according to the decay 
constant of the meson Y(X). 

Table  15. Values  of pole masses  used in the numer ica l  es t imates  

Cur ren t  m(0 - )  r e ( l - )  m(0 +) m(1 +) 
(GeV) (GeV) (GeV) (GeV) 

Appendix B. Formfactors Polmasses and Couplings 

Table  14. Formfac to r s  at  zero m o m e n t u m  transfer  for P - *  P and 
P ~ V t rans i t ions  

Decay F a = F o V A 1 A 2  A3 = Ao 

dc  1.87 2.01 2.47 2.42 
gc 1.97 2.1l 2.60 2.53 
u-b 5.27 5.32 5.78 5.71 
gb 5.38 5.43 5.89 5.82 
~b 6.30 6.34 6.80 6.73 

K -* rc 0.992 
D ~ K  0.762 
D ~ n 0.692 
D - ~ /  0.681 
D ~ ~/' 0.655 
D - * K *  
D -* p 

D -* o9 

D~-~ ~7 0.723 
Ds--* ~/' 0.704 
D s-~ K 0.643 
Ds-~ K* 

Ds-~r  
B ~ D 0.690 
B - , K  0.379 
B -~ rc 0.333 
B ~ r /  0.307 
B --, q' 0.254 
B ~ D *  
B -~K* 
B ~ p  

B --~ o) 

1.226 0.880 1.147 0333  
1.225 0.775 0.923 0.669 
1.236 0.772 0.920 0.669 

1.250 0.717 0.853 0.634 
1.319 0.820 1.076 0.700 

0.705 0.651 0.686 0.623 
0.369 0.328 0.331 0.321 
0.329 0.283 0.283 0.281 
0.328 0.281 0.281 0.280 

The  numer ica l  ca lcu la t ion  is per formed as in [3] 
This  reference a lso  con ta ins  our  defini t ion of  the formfactors  

Table  16. Values  of decay cons tan t s  used in the numer ica l  es t imates  

W e a k  Part icle  f u  W e a k  Part ic le  Fv 

current  (MeV) current  (MeV) 

rid ~ -  133 rid p -  221 
ds  K ~ 162 ds  K *~ 221 
ard q 68 dd  co 156 
gs r/ - 92 5s r 233 
aTd ~/' 65 gc J / T  382 
gs q' 96 ~d A I  221 
t2c D O 162 tic D *~ 221 
gc D~ + 162 gc D* + 221 

The vector  coupl ings  are defined accord ing  to (0[Ju[  V)  = e ,  F v m v  

We set fD = fK and  Fx. = FA 1 = Fo. = Fp- 
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