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ABSTRACT 

The role of annihilation and exchange diagrams in charmed meson, 
$j and B meson decays is analyzed. 

I. INTRODUCTION 

Recent measurements1 of charmed particle lifetimes and semilep- 
tonic branching fractions have made it necessary to revise our theo- 
retical description of heavy particle decays. The conventional quark 
model for these decays assumes that the heavy quark decays freelywith 
light quark constituents acting merely as spectators. This spectator 
model predicts equal lifetimes and semileptonic branching ratios for 
AZ and the charmed mesons Do, D+, F+, whereas recent data indicate 
that t(D'>/r(D")-r(D')/~(A~)N1O, r(D+)/r(F+)~5, and B(D++eX)/ 
B(DO+eX) of order 3 or larger. Although preliminary, the data 
strongly suggest that Do, F+ and A$ are shorter-lived than the D+. 

Additional contributions to the decay rates have been known for 
some time. These are of the nonspectator type, e.g., cu+sa in the 
case of the Do. However, these contributions vanish in the Born ap- 
proximation with vanishing light 
tator)-m2,1$(0)12/m~ 8 

uark masses, I'(nonspectator)/I'(spec- 
where l$(O)l is the probability of finding the 

two constituent quarks at the origin. This vanishing of lowest order 
annihilation and exchange contributions with light quark masses is 
due to helicity suppression. 
7Tr- -t e-5,. 

It is analogous to the suppression of 
In the rest frame of the decaying O-meson the outgoing 

quark and antiquark are collinear, so their spins must be antiparal- 
lel. Hence they must be either both right-handed or both left-handed. 
Since V-A theory wants a left-handed quark and a right-handed anti- 
quark at the production vertex, chirality must be flipped at the cost 
of a power of a light quark mass in the amplitude. 

* Supported in part by the Department of Energy under contracts DE- 
AC03-76SF00515 (SLAC) and EY-76-C-02-0881,COO-881-124 (University 
of Wisconsin) and by the University of Wisconsin Research Commit- 

t tee with funds granted by Wisconsin Alumni Research Foundation. 
Present address: The Harrison M. Randall Laboratory of Physics, 
§ University of Michigan, Ann Arbor, MI 48109. 

Usual address: Physics Department, University of Wisconsin, 
Madison, WI 53706. 

(Talk presented at the XXth International Conference on High Energy Physics, 
Madison, Wisconsin, July 17-23, 1980.) 



-2- 

It was recently realized2 that helicity suppression could be 
avoided in nonleptonic decays. A hard gluon can be radiated pertur- 
batively from the light quark prior to the interaction allowing the 
quark-antiquark pair to interact in a spin-one state. Alternatively, 
a gluon may be present in the Do wavefunction. In the following we 
shall only consider the perturbative radiation of a gluon and refer 
to it as the one-gluon model. As we will show in the sequel, this 
model is in fair agreement with lifetimes and decay patterns observed 
experimentally. Most of our predictions, however, transcend the one- 
gluon model and remain valid provided some mechanism enhances nonspec- 
tator contributions. 

For convenience we summarize our results here: 
(i) We find a substantial enhancement for the As decay rate from 

the interaction between the c and d quarks. The lifetime relation 
r(A;>/r(D+)- [l+ ~(D+)/3x lo- 13slB1 is derived, based on the assump- 
tion that the spectator model is valid for the D+. 

(ii) For charmed mesons, given r(D+)/r(D') = 5- 10, we predict: 
(a) T(F+)/T(D+)= 0.7- 0.4, (b) an enhanced AS= 0 rate for D+, (c) a 
substantial multipion branching fraction for the F+, (d) an F++r+u 
branching fraction of order lo- 20%, and (e) restrictive bounds on 
the D"+IiOxO mode 

(iii) We gibe formulae for the B mesons' lifetimes in the one- 
gluon model, which suggest that nonspectator effects are not as 
significant for B mesons. 

Our analysis is based on the effective weak interaction 
Lagrangian 

9 eff = (+/Jzj Cfl(cd')( i'c) + f2(?d')(uc)l , 

where (4Q) denotes a color singlet V-A current. The short distance 
enhancement factors f, and f2 due to gluon exchanges are given numer- 
ically by 

f + E fl + f2 = 0.69 
f- z fl - f2 = 2.09 . 

In the absence of strong interactions f+= f-=1. Here d'=dcose+ 
ssine and s'= scose-dsine, where 0 is the Cabibbo angle, sin28%0.05. 

II. G LIFETIME3 

As a first example of nonspectator contributions, we consider 
the effect of cd interactins for the AZ lifetime. Helicity suppres- 
sion does not apply here since the initial state contains two quarks. 
Our approach is to directly calculate the nonspectator contribution 
to the AZ rate in the free quark model, including short-distance en- 
hancement. 
the AZ. 

We use a nonrelativistic approximation for the quarks in 
The nonspectator contribution is proportional to the square 

modulus of the wavefunction for two quarks at the origin, 1$(o) I2 g 
<$163(& -zp)l$> which we estimate from the C$- A$ mass difference, 
using the QCD analogue of the Fermi-Breit hyperfine interaction. 

To obtain the inclusive decay rate we integrate over the phase 
space of the final state quarks, on the assumption that the AZ mass 
is large enough for this to represent (in the usual parton-model 
fashion) the sum of all hadronic final states. The color antisymme- 
try of the wavefunction leads to a large enhancement factor f2 z 4. 
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We find a nonspectator rate T(cd+su) y 0.32~ 1013sB1 to be compared 
with the estimated spectator rate rspect, ti 0.2~ 1013sm1. To avoid 
the uncertainties in the latter estimate we use r spect. = l/dD+>, 
i.e., we assume that the conventional dogma (charmed hadron decay = 
charmed quark decay) is correct for the D+, where all nonspectator 
interactions are Cabibbo-suppressed. We thus obtain the lifetime 
relation 

T (A:> = ~(D+)/cl+~(D+)/3x lo-13s] . 
With input -r(D+) 3 10x 10-13s, we obtain r(A+)w2.3~ 10-13s in fair 
agreement with recent data' T(A$) = 1.14'~:4940. The poor statistics 
of the present data preclude serious quantitative comparisons at this 
point, but the trend of the data is nicely reproduced. 

III. CHARMED MESON DECAYS AND LIFETIMES4 

(a) Lifetimes: The common spectator contributions to the de- 
cays of the D+, Do and F+ are of two types. The nonleptonic contri- 
butions c-tsud, . . . including all radiative corrections will be de- 
noted by N. The semileptonic decays to electrons plus muons, with 
gluon corrections, will be denoted by L. We shall parametrize these 
spectator contributions rather than calculate them directly, thereby 
avoiding the various ambiguities inherent in the quark masses and 
parton model assumptions. 

The contributions of nonspectator diagrams are parametrized as 

r,(Do(c;) -+ s&d&s;;ds > = (C4;C2S2;C2S2;S4) f;G(DO) 

r&D+(Z) + lJ;u;) = (C2S2;S4) f;G(D+) (1) 
I',(F+(c;) -t ua;u:) = (C4;C2S2) f$G(F+) , 

where C= cos0, S= sine. The strong enhancement factors have been 
isolated in Eq. (1) for convenience. In the one-gluon model we find 

G(D'):G(D+):G(F+) = 1:l:r (2) 

where r-O.55 is an SU(3) breaking factor. An important contribution 
to the F+ rate is the rv decay which is 

r F+rv = C2G~f~~m~(1-m~/m$2/8x , 

where f%= 12($(o) l$/mF in the nonrelativistic approximation. The de- 
cay constants fF,fD are uncertain at present, but for numerical esti- 
mates we use fF=fD ~430 MeV as suggested by the experimental D*+,' 
and D+*O mass splittings. Neglecting other purely leptonic decay 
modes, we obtain the total decay rates: 

m"> = L+N+ f2,G(D") 

r @+I = L+N+f;S2G(D+) (3) 

r @+I = L+N+ f$C2G(F+)+ rF+=v . 

In the one-gluon model, Eq. (2) leads to the lifetime relation: 

where 

.r(F+) = 
Cl+A(rC2- S2)] ' 

A; 0.257C~(D+)/r(D')-11 . 
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For r(D+)/r(D")~10 we find ~(F+)/r(D+)*0.4- 0.5, in good agreement 
with present data. 

We note that since one-gluan diagrams do not contribute to de- 
cays to leptons, the semileptonic branching fractions into electrons 
are in the same ratios as the lifetimes in the one-gluon model. 
However, if multiple gluon emission is important, then the semilep- 
tonic branching fraction of the F+ could be enhanced by the annihila- 
tion interaction cS+ e+Ve + gluons. 

(b) Inclusive AS= 0 decays: We now turn to inclusive Cabibbo 
suppressed AS= 0 decays; i.e., transitions in which the final state 
has the same strangeness as the initial state. In the spectator 
model the branching fractions for these decays are the same for the 
Do, D+ and F+, with B(AS= 0)~8%. Including exchange interactions, 
we find that AS= 0 branching patios are slightly increased to 8-10% 
for the Do, whereas for the F , B(AS= 0) is constrained to lie in the 
range 4-8%. 

For the D+, nonspectator interactions contribute only to Cabibbo 
suppressed decays, and can lead to a significant enhancemen! of the 
AS= 0 branching fraction. In the one-gluon model with Be(D )= 0.22 
and r(D+)/r(D')= 5 and 10, we find B(D+,AS= 0)=12% and 17% respec- 
tively. There is some indication from the measured B(D++& that 
the AS= 0 branching fraction for the D+ is enhanced. 

(d F+ multipion decay modes: In F+ decays the spectator 
transition cs+ ssud will give final states with either overt or hid- 
den strangeness (e.g., F++K'K?X+ or F++T$+). Nonresonant multipion 
final states are not expected at a significant level. The _situation 
is markedly different with the nonspectator transition c&d+gluon(s), 
where states of three or more pions are anticipated. The branching 
fraction for this transition with no s or s quarks originating from 
the weak interaction can be estimated in the one-gluon model. We 
obtain B(F++no s or s) = (25-30)%. Since iiu or ;id pair creation is 
favored over &, the uag final state will evolve mainly into multi- 
pion or n plus pions modes. Although we are unable to separate the 
relative proportion, phase space considerations suggest that the mul- 
tipion states will predominate. In this connection it is interesting 
to note that several F-+IT-IT+x'~~ events have now been observed. 

(d) The "color suppression" puzzle: The spectator model pre- 
dicts B(D"+Ko~O)/B(Do-+ K-IT+)= 0.05, whereas observed rates for these 
modes are Boo= 2.02 0.9%, B'+= 2.8+ 0.6%. Nonspectator interactions 
offer a way out of this discrepancy. This is because gluon-enhanced 
exchange diagrams give am litudes 

4 
in which there is no color suppres- 

sion factor between the K 1~' and K-IT' modes. Hence adding spectator 
and exchange contributions, we are simply left with an isospin trian- 
gle inequality on the E"?ro branching fraction 

(4) 
where r",r+ denote the D',D+ lifetimes. Using the experimental - . 
values B '+= 2.8+ 0.6% and B"+ = 2.15 0.4%, and taking ,r+/.r'= 5, we 
find the numerical bounds 

0.5+0.2% <Boo r2.7+0.5% . 
These bracket nicely the experimental value Boo= 2.02 0.9%. 
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The bounds become more restirictive with increasing r+/r'. 
(e) Distinctive decay modes: Special decay modes in which the 

so-called spectator quark is absent in the final state are of special 
interest since they can occur only through the nonspectator interac- 
tion. An example is the transition cu+ sdg with an ss pair created 
by the gluon. This would ive-rise to D"+KoKo~o or D"-tKo~ decays. 
A more exotic example is F f +pn; although certain to be rare, such 
a decay has a spectacular signature! 

IV. B MESON LIFETIMES AND DECAYS 

We give a brief summary of the situation for bottom mesons 
Bu(bu), Ba(bJ), B,(bE) and B,(bc). The net spectator contribution 
with strong enhancement factors included (note for B mesons f+Y0.80, 
f -311.56) is r 

spect. (B) = vbC7.691Ubu12 + 3.071Ubc121 , (5) 
where -1 

'b E (GgmE/192r3)-1 = 0.16x 10-13s 

and Ubu(Uhc) are the b+u (b-tc) transition elements. Adding all 
possible contributions (spectator and nonspectator), we find the 
decay rates: r(Bd) = Ybc10.41~ubu~2 + 4.95~uJl 

r (Bs) = y,C 8.67jUbuj2 + 3.751ubcj 2l 

r (BJ = y,C 9.671ubu12 + 3.0711&I 2l 

r(Bc)‘= ,j$ 7.69jUbu12 + 5.17jUbcj 2l 

(6) 

These rates are not dramatically different from the spectator rate. 
The role of non-spectator diagrams in these rates is as follows: 

(a) Charged mesons: Annihilation diagrams into final states 
containing a charmed quark or a T lepton are neither helicity- nor 
color-suppressed. However, gluon radiation diagrams are color- 
suppressed by a factor (f+- fJ2/4=0.14. 

(b) Neutral mesons: Exchange diagrams to final states with 
heavy quarks or leptons are not helicity-suppressed but are strongly 
color-suppressed by a factor (2f+- fJ210.002. 
diagrams are enhanced by (f++fJ2/4-1.4. 

For the expected ranges5 of Ubc and Uhu we f 
5.0x 10-13s. 

The semileptonic branching fractions for Bd 

B e+,,(Bd) = yb[2.111Ubuj2 + o.92]ubc 

B e+p(Bu) = ~~[2.25jLJ~~(~ + 0.92jUbc 

Gluon radiation 

ind 10-14s< T(B)< 

and B, mesons are 

21/r@d) 

21/r(BU) l 

For (1) ubu= 0, (ii) lubul = Iub,l, the predicted semileptonic rates 
are (i) 19%, (ii) 20% for Bd and (i) 3O%, (ii) 25% for B,. 

The expected mean multiplicities of kaons per B-meson arising 
from strange and charm quarks created in the weak interaction are 
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Iuh12 + 5.71ubc12]/r(Bd) <qB,)> = y,u.9 

<‘k’B,> > = YbC4.3 

which yield (i) 1.1, (ii) 0.5 

Iubu12 + 3.81Ubc121/NBU) 

for Bd and (i) 1.2, (ii) 0.6 for &. 
We expect these multiplicities to be augmented by 15-20% from ss pair 
creation from the vacuum. 
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Spectator diagrams 
( Do, 0: F: A> decays) 

Single gluon emission diagrams 
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in the effective Lagrangian. 
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T(D+)/T(D’) 

F+ Lifetime predictions 

B- Lifetime predictions 
vs. the KM parameter s3, 
based on Eq.(6) and the 
analysis of ref. 5 with 
B=0.4 and SCT/Z. 


