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The emission of gluons from the initial and final states generates color-ringlet and -octet terms in the effective iagrangian 
that can provide a quantitative description of inclusive and two-body hadronic decays of the charmed D °, D + and F + mesons. 

Recent experiments [1-3]  have revealed many in- 
teresting and puzzling features of  the decays of charm- 
ed mesons. In particular these experiments indicate 
the lifetimes of the mesons are very different: rD÷ 
5ZF÷ ~ 10~'DO. In early quark models [4] it was ex- 
pected that the D + and D O mesons would have the 
same lifetimes because their constituent light anti- 
quark was assumed to play merely the role of a specta- 
tor while the c quark decayed into light quarks instead 
of annihilating with the antiquark in the decay process. 
Another remarkable experimental finding is that the 
partial width of the D O -~ gO nO decay is of  the same 
order as that of the D O ~ K - l r  + decay, instead of 
being more than one order of  magnitude smaller as 
predicted in the spectator model. Thus it seems that if 
the quark model is to be saved, the annihilation or 
non-spectator process, which was previously thought 
to be weak due to the heiicity suppression mechanism 
[4], must play an important role in some decays. 

A large annihilation contribution would follow 
from the assumption that charmed mesons contain not 
only the c(  1 component but also gluons; then c~t could 
carry spin 1 and annihilation would proceed unimped- 
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ed [5]. Alternatively the initial cc~ pair could acquire 
spin 1 by emitting a gluon thus again allowing annihila- 
tion to occur [6,7]. However as long as we do not 
know how to estimate the gluonic component in the 
meson wavefunction, because perturbation theory is 
not reliable here, the above schemes are unlikely to 
give quantitative or even semi-quantitative predictions. 
Yet another approach is to parametrize the annihila- 
tion contributions by a single parameter without re- 
gard to gluons. It is then possible to explain the 
Cabibbo-allowed decays of D ÷ and D O but the disagree- 
ment with the data persists at the Cabibbo-suppressed 
level, and the model gives unrealistically large widths 
for F + decays unless flavor-SU(3) is broken. 

It has also been suggested that strong final state in- 
teractions acting on the hadrons in the form of reso- 
nances can create the observed effects [8]. Although 
it is clear that final state interactions must contribute, 
it is, however, unlikely that they are strong enough to 
produce the large difference in the D +, D O lifetimes; 
furthermore it is difficult to be specific in this approach 
because of the large numbers of unknown amplitudes 
or resonances needed to reproduce all favored and sup- 
pressed decays of D ÷, D O and F ÷. 

In this note we will remain within the interacting 
quark model and stay close to the QCD ansatz. But in- 
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stead of  letting the hadron wavefunctions be contami- 
nated by gluon admixtures we consider them to be in 
pure color singlet states and allow gluons to be emitted 
during the decay process. Our approach is similar in 
spirit to that of  ref. [7], but we carry our analysis fur- 
ther. We show that by allowing gluons to be emitted 
in the initial and final states, color-singlet and -octet 
terms in the effective lagrangian are generated that al- 
low all inclusive and two-body hadronic decay data to 
be quantitatively accounted for. 

We start with the weak, charm-changing (AC = - 1 )  
interaction: 

- t  - g t  I 

H w = 2X/2 G [f+ (s L ?uCL) (UL3' dE) 

+ f_  - _~ # , (UL'Y/~CL) (SLT dL)],  (1) 

_1 d'  with the following notations: qL - ~ (1 + 75) q, = d 
X cos 0 c + s sin 0c, s '=  - d  sin 0 c + s cos 0c, andf~ - 1 
X (c+ + c_) .  Here 0 c is the Cabibbo angle (we neglect 
complications [9] arising from the proliferation of  
Cabibbo angles in the six- or more-quark models), and 
c+, c_ are the renormalized coefficients belonging to 
the 84 and 20 SU(4) representations, respectively. In 
calculating quark matrix elements one uses Fierz re- 
ordering of  spinors; alternatively one can first effect 
a Fierz transformation on the interaction operator: 

H w + 2x/~G -' - u ' [X+(SL7~C L)(uL'y dL) 

+ 2 f  - '  1 a - 1 a ta ' _(SL -~ ~ 3'uCL)(UL 2 ~ 7 dL)] (2a) 

- - '  ' 

(ULT~CL)(SLT dL) 

1 a - t  1 

+ 2f+(fiL ~ • 7uCL)(SL 7 ;kaTlad].)], (2b) 

where ×+ = ~1 (2c+ -+ c_ )  and ;~a (a = 1 . . . .  . 8) are the 
generators of  the color-SU(3) group. 

We first consider the spectator mechanism. Fig. la 
represents a color-connected charm decay and gives 
rise to a factor X+; fig. lb represents a color-discon- 
nected c decay and gives rise to a factor X_- In calcu- 
lating these diagrams, as well as all other diagrams, we 
take as a working assumption that all quark-ant iquark 
pairs have the same distribution function ~ (r) o f  the 
quark-ant iquark distance r. Assuming further that 
bound quarks have small momenta it can be shown 
[10] that, in the lowest order, the spectator ampli- 
tudes depend on two factors: the first is the meson 

(a) (b) 

Fig. 1. Spectator diagrams. The f'mal q-r:t pairs are (a) color- 
connected and (b) color-disconnected. The wavy line repre- 
sents a QCD renormalized W-boson that carries the coefficients 
e+ and c_. 

wavefunction at zero q~ distance, ~ (0), which we as- 
sociate with the leptonic meson decay constant having 
the dimension of  mass, FM, and the second is the tran- 
sition density fd3r exp(ip,  r) ~bM(r ) ffD (r) calculated 
at the final relative momentum p and which we asso- 
ciate with the dimensionless form factor f c of  the 
semi-leptonic D-decay. For example, the amplitude for 
D O ~ K0n0 can be expressed in the following factor- 
ized form: 

(4/2x/2 m 2 G coS20c) (l(0zr 0 [H w ID0)sp 

= (4x_/m2D) (g,0lgtTudLl0)(Tr0lULTuCLlD 0) 

- 2m2 F 2 2 2 +m2Kfc(m2)] - (X -/x/c~ D) K [(mD-mlr)f~+(mK) 

"~ (1/X/c2) X_FKf c, (3a) 

where f c  c c 2 =f~(0)  ~ f ~ ( m M )  , and the charmless meson 
mass m M is neglected compared with m D . More gen- 
erally the spectator amplitudes can be written in the 
form 

Asp =aX±FMf e, (3b) 

where a is determined by the structure of  the pseudo- 
scalar meson as an SU(3) (qc]) state. 

We turn next to the non-spectator mechanism. 
Whert gluons are allowed to enter the picture, no t  only 
the color-singlet but also the color-octet terms of  the 
hamiltonian (2) contribute. Consequently, similarly to 
(3b), the amplitudes for the annihilation processes are 
of  the form 

Ans = x+S +f_O, or Ans = x_S +f+O. (4a,b) 

Because the singlet and octet contributions, S and O, 
depend on the propagators of  the intermediate quarks, 
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it is usefu l  to  show expl ic i t ly  t he  n u m b e r s  o f  quarks ,  

n s and  no ,  in  the  pa r t i c ipa t ing  mesons  t h a t  can  cont r i -  

b u t e  to  t he  n o n - s p e c t a t o r  processes .  Wheneve r  a 

s t range  q u a r k  is involved ,  t he  c o r r e s p o n d i n g  weigh t  is 

r educed  b y  a mass  f ac to r / a  = m u / r n  s ~ 0 .62 .  Processes  

where  gluons are e m i t t e d  f r o m  a c qua rk ,  be ing  o f  or- 

der  m u / m c ,  are ignored .  In  this  way f l avor -SU(3)  is na-  

tura l ly  b r o k e n .  T h u s  we m a y  rewr i te  ( 4 a , b )  as 

A m = X ± n s g  s + f ~  n o g  o,  (5)  

where  (n s, n o )  is equal  to  (1 +/a,  1), ( 0 , 0 )  and  (2, /~)  

for  the  Cab ibbo- favored  decays  o f  D 0, D + and  F +, re- 

spect ively ,  i t  is equal  to  ( 2 , 1 )  or  (2/a, 1), ( 2 , 1 )  and  (1 

+/a, /a)  for  the  co r r e spond ing  Cab ibbo-suppressed  de-  

cays,  and  X+ ( X - )  a lways  appears  w i t h / ' _  ( f + ) .  In  t he  

Table 1 
Two-body nonleptonic decays of charmed mesons. 

( a )  ( b )  

Fig. 2. Annikilation or non-spectator diagrams. The color- 
octet term (a) arises from gluons (coiled line) emitted from 
the initial state. In the color-singlet term (b) gluons are ex- 
changed only in the final state to create the extra q~ pair; 
gluons emitted from the final antiquark are considered but 
not shown here. 

lowes t  o rder ,  w i t h  a single g luon  exchange ,  the  oc te t  

decay  arises f rom the  process  dep ic ted  in fig. 2a,  and  

the  singlet  decay  is r ep re sen t ed  b y  fig. 2b .  In  our  pure-  

Decay A a) Calc. widths Expt. widths c) 
branch (1011 s -1) (1011 S -1) 

2.2 
D O ~ K-Tr + 1 + (l+t~) xg s + Y 1 go 3.0 b) ( 3.0 -+ 2.6 ) 

i f  otto 2-1/2 [x f  - (1+/~)Xgs-ylgo] 2.4 b) (2.2 _+ 2.1)2.6 

-~ K.o n 6 -1/2 [x f  - (1+#)Xgs-ylgo]  0.8 
0.25 

D + ~  K,°n+ 1 + x f  0.22b) (0.22-+ 0.15 ) 

F + ~ K.°K+ x f  + 2g s + t~y2g o 1.5 

~n + (2/3) x/2 [ - 1  +2g s + ~Y2go] 1.9 
0.46 

D o ~ K-K + t [ f  + 2vxg s + y tgo] 0.15 (0.40 ± 0.36 ) 

~.°K0 - 2  t (1 - t~) xg s 0.01 
015  

--, *r-*r + t (1 + 2xg s + Ylgo) 0.12 (0.10 ± 0109 ) 

-~ *r°Tr ° 2 -1/2 t [x  - (2xg s +Ylgo)] 0.12 

r/lr° 3-1/2 t[  l x ( 1 - 3 f )  + 2Xgs +Ylgo] 0.06 

~r / r l  2 -1/2 t [ - x f + ~ ( 4 # - l ) x g s + y l g o ]  0.17 
0.08 

D +-~ K.°K+ t [ f -  (2g s +y2go) ] 0.05 (0.05 ± 0.03 ) 

*r°lr + 2 -1/2 t(1 +x)  0.01 

*/*r + 6 -1/2 t [ ( l + 3 x f )  + 4g s + 2y2go] <0.01 

F ÷ -~ K°*r + t [ - 1  + ( l+~)gs  + t~y2go] 0.09 

K+n ° 2 -t /2 t[x + (l+~)gs+/~y2go] 0.01 

K+~ 6-1/2 t[(2 + 3x) f +  ( l+~)g  s + tzy2go] < 0.01 

a) We use c_ = 2.1, c+ = 0.35, with f± = (c+ ± c_)/2, x± = (2c+ ± c_)13. Then x = x-Ix+ = -0 .50 ,  Yt = f+lx.  = 1.31, Y2 = f - Ix+ = -0 .94 ,  
f =  FK/F,r  = 1.23, t "- tan 0 c = 0.23, t~ = mu/rn s ~ 0.62. 

b) These are the values used in the fitting. 
c) Experimental widths in brackets are calculated from the branching ratios of ref. [2], and the lifetimes (in 10 -13 s) rD+ 

= in  a ÷l°'s rD o = " A+o.4a ofref.  [3]. . . . .  - 4 . .1  ' l . O _  0 . 2 7  
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ly phenomenological study, we will allow gs and go to 
vary independently. In the following we first discuss 
the hadronic two-body decays and then discuss the in- 
clusive decays. 

The two-body decay amplitude can be written as 

A = a + bg s + cg o , (6) 

where a, b, c are completely known, a n d g  s a n d g  o are 
determined by fitting the data. Expressions for differ- 
ent two-body decay amplitudes of  D and F mesons are 
given in column 2 of  table 1. The decay widths are 
given by: 

r - (OM  F . )  2 
32riM D (fOx+ cos20c) 2[AI 2 

2 .0(fCx+)  2 [AI 2 X 1011 s - 1 ,  (7) 

where light meson masses have been neglected. We 
have M D = 1.86 GeV, the pion decay constant F= 
= 0.96 mTr, equal K and 77 decay constants f = FK/I~ ~ 
= Fn/Frr = 1.23, tan 0 e = 0.23 and have ignored mass 
differences in the phase-space calculation. From QCD 
[11] it is estimated that c_ ~ 2.1 and c+ = 1/~/~-_ 

0.70. However, analyses of  strange particle decays 
indicate that there is a strong renormalization which 
further suppresses the symmetric operator [12]. Conse- 
quently we make the simple assumption that e+ 
= 0.70/2 ~0 .35 .  

Using the decay widths of  D O ~ K -  rr +, D O ~ g.01r 0 
and D + ~  K0zr + deduced from emulsion experiments 
[3] and SPEAR data [2], we have determined the fol- 
lowing parameters: 

f c  = 0.93, gs = - 0 . 9 0 ,  go = - 2 . 4 0 ,  (8) 

which are then used to predict widths of  other decay 
modes. Although the decay constant f c  is not known 
precisely, the leptonic partial widths [1,2] of  the D 
mesons suggest that it should be of  the order of  unity. 
The parameters gs and go measure the color-singlet 
and -octet transition strengths in the decayprocesses.  

The detailed expressions given in table 1 show that 
for the Cabibbo-favored D O decays the octet contribu- 
tions are further helped by the renormalization factor 
Y l  =f+/x+ "~ 1.31 while the singlet terms are reduced 
by the factor x = X_/X+ "~ - 0 . 5 0 .  The measured ratio 
of  the rates (in brackets) of  the two fastest decay 
modes, D O ~ K - n  + and D O -~ g.07r 0 , requires that both  
gs andgo be negative and Igsl < Ig01. Just as it is de- 

signed to do, the model predicts this ratio to have the 
proper magnitude and leaves the width of  D +-+ K0zr + 
appropriately small. For the Cabibbo-suppressed de- 
cays, the widths for D O ~ K - K ,  +, n - n  + and D + ~ K.0K+ 
are in agreement with data but the ratio p ( D 0 ~  K - K + ) /  
F(D 0 ~ n - n  +) appears to be slightly too small. This 
ratio should be sensitive to final state effects not in- 
cluded here [8]. 

The widths for F ÷ -+ KOK+ and ~77r + are predicted 
to be somewhat smaller than the D O -+ Kn widths, but 
much greater than the D + ~ KTr width. From the meas- 
ured lifetime of F ÷ [3] we expect both  branches to be 
at the 4% level. Note that in the SU(3) limit, F(F + 

2 cot20c ~ 12. In our calcu- -+ ~pr+)/p (D + ~ g.OK+) = 
lation SU(3) is broken in such a way that this ratio is 
enhanced by a factor o f  2 to 3. Numerically, we have 
found the widths of  F + ~  g.0K+, r~Tr + and D + ~ KOK+ 
to be most sensitive to, and to increase rapidly with gs, 
but the aforementioned ratio remains stable. Since the 
width for F ( D + ~  K°K+) is known experimentally, in 
our model it is difficult for F ( F + ~  KOK+, r~zr +) not to 
be of  the order of  1 to 2 × 10 11 s -1.  

We now compute the total and inclusive decay rates. 
The total decay width is 

P = (G2m51192n3)  (TL +3'sp + 7ns), (9) 

where 

"/L = 2, "Ysp = 2c2 ÷ c2 

7ns = c°S20c (C°S20c 7A + sin20c 7S) 

are respectively the semi-leptonic, spectator and non- 
spectator contributions. In units of  3 g 2 x 2 K  the non- 
spectator reduced widths are given by: for D O , 

")'A = [(1 +/.0xg] 2 +y2 ,  

')'S = ( 2xg)2 (1 +/~2) + (2Yl)2 ; 

for D +, 

7A =0 ,  3'S =(2g)  2 +Y22; 

and for F +, 

7A =(2g)  2 + (/lY2) 2, 7S = [(1 +u)gl  2 +(Uy2)2;  

g = gs/go, and the rest of  the notation is the same as 
in table 1. The factor K arises from the difference in 
the kinematics of  sp and ns processes; numerically K 

1. Using again the values given in (8), the results in 
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Table 2 
Results for total and inclusive decay rates. 

PHYSICS LETTERS 16 April 1981 

Lifetime (10 -13 s) 
(m c = 1.5 GeV) 

Inclusive branching ratios (%) 

Leptonic Hadronic 

allowed suppressed 

+°'43 a) ( < 4 b ) )  
DO 1.2(  1"01-°'27 1 3.0 

\<2.1 b) ] \5.2±3.3 c) 

~ u . J  4 . t  + 4 . 4  b )  

D + 5.2 +4 9 b) 13 
~10 4 2"9 15.8 ± 5.3 c) 

( - ~+2.S F + 2.1 ~ 2.21. o a)) 5.0 

84 (76 ± 14c)) 9.5 (>7.9 -+ 2.6 c)) 

54 (61 -+ 19 c)) 20 (> 5.6 ± 2.9 c)) 

84 5.2 

a) Ref. [3]. b) Ref. [1]. c) Ref. [21. 

table 2 are obtained,  with available data given in brack- 
ets. The quantitative agreement between theory and 
data is certainly encouraging because, as can be seen 
from (7) and (9), the exclusive and inclusive widths 
are calculated quite differently.  The experimental  
branching ratios for the Cabibbo-suppressed decays 
are lower limits since they were determined from only 
the K + contents in D decays [2]. Our calculated F + 
lifetime of  2.6 X 10 -13 s is in good agreement with the 
only piece of  data [3] on F + decays. The pat tern of 
the calculated inclusive branching ratios for F + is dis- 
t inct  from those of  the D mesons. In particular it has 
an intermediate leptonic branch ( ~  10%) but  has the 
smallest Cabibbo-suppressed hadronic branch ( ~  5%). 

In summary,  although it is certain that  the decay 
mechanism proposed here does not  give the whole pic- 
ture of  a very complex situation, we have shown that  
it can quite simply and plausibly reproduce all the in- 
clusive and non-leptonic two-body decay data of  the 
charmed mesons. The model  also makes definite pre- 
dictions about F + decays which can be tested by ex- 
periment.  

[1] W. Bacino et al., Phys. Rev. Lett. 45 (1980) 329. 
[2] J. Dorfan et al., in: Particles and fields (APS/DPF, 

Montreal, 1979), eds. B. Margolis and D.G. Stairs (AIP, 
1980) p. 159. 

[3] N. Ushida et al., Phys. Rev. Lett. 45 (1980) 1049, 1053; 
N.W. Re'ay et al., Fermilab Report 80/10, p. 1. 

[4] M.K. Galliard, B.W. Lee and J.L. Rosner, Rev. Mod. 
Phys. 47 (1975) 277; 
N. Cabibbo and L. Maiani, Phys. Lett. 73B (1978) 418. 

[5] H. Fritzsch and P. Minkowski, Phys. Lett. 90B (1980) 
455; 
W. Bernreuther, O. Nachtmann and B. Stech, Z. Phys. 
C4 (1980) 257. 

[6] S.P. Rosen, Phys. Rev. Lett. 44 (1980) 4; 
M. Bander, D. Silverman and A. Soni, Phys. Rev. Lett. 
44 (1980) 7; 
V. Barger, J.P. Leveille and P.M. Stevenson, Phys. Rev. 
Lett. 44 (1980) 226. 

[7] V. Barger, J.P. LeveiUe and P.M. Stevenson, Phys. Rev. 
D22 (1980) 693. 

[8] H. Lipkin, Phys. Rev. Lett. 44 (1980) 710; 
A.N. Kamal and E.D. Cooper, Alberta preprint (1980). 

[9] V. Barger and S. Pakvasa, Phys. Rev. Lett. 43 (1979) 
812; 
L.L. Wang and F. Wilezek, Phys. Rev. Lett. 43 (1979) 
816. 

[10] R. Van Royen and V.F. Weisskopf, Nuovo Cimento 50 
(1967) 617. 

[11] M.K. Gaillard and B.W. Lee, Phys. Rev. Lett. 33 (1974) 
108; 
G. Altarelli and L. Maiani, Phys. Lett. 52B (1974) 351. 

[12] A.I. Vainstein, V.I. Zakharov and M.A. Shifman, Soy. 
Phys. JETP 45 (1977) 670; 
H.C. Lee and K.B. Winterbon, preprint (1980). 

424 


