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Gluon enhancements in charmed-meson decays
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We address tests of nonspectator diagrams in charmed-meson decays. In particular, we explore the
consequences of a morsel in which such diagrams are enhanced by the emission of a single gluon. For a
lifetime ratio r(D +)/r(D ) = 5, we predict (i) r(F +)/r(D +) 0.6, (ii) an enhanced AS = 0 rate for D +,
(iii) a substantial multipion branching fraction for the F+, (iv) an F+~v+v branching fraction of order
10-20%, and (v) restrictive bounds on the D ~K m mode.

I. INTRODUCTION

Recent experimental results' ' on charm-par-
ticle lifetimes and semileptonic branching frac-
tions require a revision of the usual theoretical
model for weak decays. In the conventional model
the heavy quark decays, with the light-quark con-
stituents acting as spectators. ' This predicts
equal lifetimes and equal semileptonic branching
fractions for all charmed particles, whereas pre-
liminary data' ' indicate that the ratios r(D')/
T(De), p(D'- eZ)/Z(D'- eg, and r(D')/7(A, ') may
be of order three or larger.

A reasonable explanation is that contributions
from diagrams with interactions between initial
quarks are larger than previously suspected. ' For
A,
' decay we have recently found that the 8'-ex-

change quark diagram is indeed comparable to the
spectator diagrams. ' For mesons it is usually
argued that such contributions are very small due
to the helicity suppression inherent in the V- A,

decay of a pseudoscalar to a light-quark-anti-
quark pair. ' However, it- has been proposed re-
cently that this suppression can be circumvented
by an a,ccompanying gluon, which allows the quarks
to interact in a, spin-1 state."This gluon can be
regarded either as being radiated perturbatively
by the initial quarks, ' or as a constituent in the
initial meson wave function. Quantitative esti-
mates of nonspectator transitions in a one-gluon
model give rates comparable to those of spectator
diagrams, but are subject to considerable theoreti-
cal uncertainty. It is also possible that multiple-
gluon emission may be important.

In this paper we examine tests of the gluon
mechanism which are independent of any absolute
rate calculations. These tests involve (i) a rela-
tion among D, D', and F' lifetimes, (ii) inclusive
Cabibbo-suppressed (AS = 0) decays, (iii) final
states in E' decay without s or s quarks, and (iv)
D- K two-body decay modes. Predictions for
these quantities are made in terms of the 7 (D')/
v(D') lifetime ratio. Our point is that if the D'D-

lifetime difference is due to nonspectator inter-
actions, a definite pattern of modifications to the
conventional-model predictions' is implied. In
some cases the usual expectation is hardly modi-
fied (which in itself is an important prediction),
while in other cases significantly different results
emerge. Most of our results depend only on the
presence of nonspectator interactions at a signifi-
cant, but not necessarily dominant, level. How-
ever, in certain cases we examine predictions
specific to the one-gluon model.

II. SPECTATOR AND NONSPECTATOR CONTRIBUTIONS

I'(c-slv; dlv) = (C'; S'),'I. , - (2)

where C =—cosg, 8=—sing, and l= e or LLi,. N and L, are

Our analysis is based on the conventional effec-
tive weak-interaction Lagrangian'

Sert= (G~/v2 )[ft(ud')(s'c)+f, (s'd')(uc)],

where (qQ) denotes a color-singlet V-A current
and f, —= (f, +f )/2, f, =—(f, -f )/2. The short-dis-
tance enhancement factors f, , f are due to hard-
gluon renormalization effects (in the absence of
strong interactions f, =f =1). They are given by'

f =[~.(m,')/~. (m,')]r, f, =(f )-'/',

where y=12/(33 —2F), with F the effective number
of flavors; m, and m~ are the charm-quark and 5-
boson masses, respectively. Numerically"

f, = 1.39, f, = —0. 10,

where we have taken m, =1.5 GeV, m~=84 GeV, I'
=4 and used rr, (m') =try/In(m'/A') with A=0.5 GeV.

In Eq. (1), d' =dcos8+ s sin8 and s'=s cos8
-d sing, where g is the Cabibbo angle; we neglect
small differences between Cabibbo angles in the
charm and noncharm sectors that arise in the six-
quark model" and take sin'0 = 0.05.

We parametrize the spectator contributions (see
Fig. 1) as

I'(c sud; sus; dud; dus) = (C~; C'S'; C'S'; S4)N,
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(b)
1.

FIG. 1. A typical spectator contribution: the Cabibbo-
favored c sud decay. The diagrams (a) and (b) repre-
sent the first and second terms of the effective La-
grangian, Eq. (1). (The diagrams do not show gluon radi-
ative corrections which are implicitly included in our
analysis. )

reduced rates for c quark decay with gluon correc-
tions [including the short-distance factor"
(f + 2f, ') j3 in N as well as radiative gluoncorrec-
tions in both L (Ref. 13) and Nj.

The contributions of nonspectator diagrams (see
Fig. 2} can be parametrized a.s

I', (Do(cu) —sd; dd; ss; ds) = (C; C'S', C'S'; S )f,'G(DO),

I' (D'(cd) -ud; us) = (C'S', S )f,'G(D'), (3)

r, (F'(cs) —ud, us) = (C, C'S')f, 'G(F') .
These partial widths represent exchange or anni-
hilation contributions including the possible radia-
tion of gluons which removes the helicity suppres-
sion. At this stage the G parameters are unrela-
ted. In the one-gluon model, ' the ratios of these
parameters are fixed, so we have chosen to write
Eq. (3}with explicit f„f,factors for later con-
venience. We have assumed that the gluon radia-
tion enhances only nonleptonic decay modes. This
is obviously true in the one-gluon model because
of color conservation, but may not be true if mul-
tiple-gluon emission is important.

We can neglect purely leptonic decays which are
Cabibbo-suppressed and(or helicity-suppressed.
However, we need to include the F' ~' v, con-
tribution which may be significant. This rate is
given by

r, ,„=C'G 'f„'m m, '(1 —m, '/'m ')'/(8v), (4)

where f»'=12~)(0) ~~'/m» in the nonrelativistic ap-
proximation. Theoretical estimates of the decay
constant f» vary widely. To make numerical esti-
mates we assume f»=fs and take fD-430 MeV, as
determined by Suzukiv from experimental D*"
and D" electromagnetic mass splitting. This
value of f~ is about a factor of 3 larger than f» orf„,in qualitative accord with the notion that non-
spectator interactions are important. This gives
I'~,„-4.7 x10" s ' which implies a substantial
E' —~'v, branching fraction, in the range 10-20%%uo,

for an I' lifetime of 2 x10 "to 4x10 s.
From Eqs. (2) and (3), and including the F -7v

contribution, we find the total decay rates

r(D') = J.+ N+f, 'G(DO),

r (D') = I.+ N+f, 'S'G(D'),

I'(F ) = L+ N+ f2 C G(F') + I »

III. TESTS OF NONSPECTATOR INTERACTIONS

A. Lifetimes in the one-gluon model

If nonspectator interactions proceed dominantly
through the emission of a single gluon, as in Ref.
7, then we can relate the reduced rates G appear-
ing in Eq. (3). The initial quarks, having emitted
a single color-octet gluon, can interact only
through that term of Eq. (1) which represents an
exchange (and not an annihilation) diagram. This
leads to the specific pattern of short-distance en-
hancement factors explicitly displayed in Eq. (3)."
The remaining differences between the G's in the
one-gluon model are due to SU(3)-breaking effects:

G(D'): G(D'): G(F') = 1:1:r,
where

jg(0) j»' m~) m 5)'

/Q(0) l~' mD] m, )

This numerical estimate of x is based on m„=336
MeV, m, = 540 MeV, and on the assumption that the
wave function at the origin is comparable for D
and p'. In this model the nonspectator contribu-
tions tsee Eq. (3)] to the total inclusive rate are
in the ratios

(b)

I' (D ):I' (D+):I' (F') =f:f S:f C r
= 1.9:0.03:0.26..

(Va)

(7b)

FIG. 2. Typical nonspectator contributions, en-
hanced by gluon emission: (a) the cu —sd exchange
contribution to D decay, and (b) the cs -ud contribu-
tion to I'' decay. Note that in the one-gluon model these
involve different operators. Multiple-gluon emis sion
is not shown but is also possible.

=1+n, (rC' —S') + r(D+)I'vF
where

(8a)

From Eqs. (5) and (8) we find, in the one-gluon
model, the lifetime relation
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(8b)

B. Inclusive dS = 0 decays

We now turn to inclusive Cabibbo-suppressed
AS = 0 decays; i.e. , transitions in which the final
state has the same net strangeness as the initial
meson. In the pure spectator picture the D', D',
and I' branching fractions are each given by

B(~S=O) =S'
N+I (10a)

=S'[2C' —2(1 —2S')B,(D')] = 8%, (10b)

where the numerical value is based on' B,(D')

0.8

~(F+)
0.6

~( p+)

0.4

I I I I I I I I I

4 6 8 IO

T (p+)zT(o )

l2

F1G. 3. The lifetime ratio r (E')/v(D') as a function'
of y (g) )/~ t &0) in the one-gluon mode l [Eq . (8)] for
various values of B(E-v v).

For example, if 7(D')/T(D') = 5, then we get b, = 1.0
and

T(F') = 2r(D')/[3+2'(D')r~, ]
= (0.5-0.6)q (D')

for 7 (D') in the range 8 x10-" to 2 x10 "s. Fig-
ure 3 shows the variation of T(F')/v(D') as a func-
tion of r(D')/r(D') for various values of B(F—rv)
Qualitatively this model predicts an F' lifetime
that is always somewhere between the D' and D'
lifetimes.

In this model the semileptonic widths are unaf-
fected by exchange interactions, so the inclusive
semileptonic branching fractions into electrons
are in the same ratio as the lifetimes:

B,(D ):B,(DN): B,(F")= r(D ):r(D+): T(F+). (9)

However, if multiple-gluon emission is important,
then the semileptonic decays of the +' can be en-
hanced by the annihilation interaction cs- e v,
+gluons, where the gluons form a color-singlet
state which metamorphoses into hadrons. In this
case B,(F ) would be larger than that expected
from Eq. (9).

= 0.16. Including exchange interactions we find
that AS=0 branching ratios for D' and +' are es-
sentially unchanged; the former is very slightly
increased, the latter slightly decreased. Specifi-
cally, we obtain from Eqs. (3) and (5)

B(Da; bS =0) =S'[2C'-2(1 —2S')B,(D')], (ll)

which differs from the spectator result only in that

B,(D') & B,(D ). Since the right-hand side of Eq.
(11) is less than 2C'S', we conclude that B(D';
AS=0) =8-10%. The corresponding result for the
F is

B(F'; AS=0) =S'{2C'(1—B~ „)
—(1 —2S') [C'~~+ 2B,(F') ]),

(12)

where

=f G(F )/r(F ).
Whatever the value of A~ in the entire range 0
& h~& (1 —B~ „„)/C',the right-hand side of Eq.
(12) is less than the spectator result, but greater
than (1-L~,„)S'.Hence, B(F'; aS=O) must lie
in the range 4-8/o.

However, for the D' the situation is very differ-
ent. Here nonspectator interactions contribute
only to Cabibbo-suppressed decays, so the AS =0
branching fraction can be noticeably enhanced. It
is given by

B(D'; bS = 0) = S'[2C'+ (1 —2S')(C' b, +
—2B,(D'))],

where

=f G(D')/r(D') (0& a, &1/S').

So far our analysis has been general, but if we now

specialize to the one-gluon-model ratios of Eq. (6),
we can identify 6, with the 6, defined in Eq. (8b).
This leads to a prediction for B(D'; AS = 0) in
terms of T(D')/r(D'). For example, if 7 (D')/r(D')
=5, we obtain B(D'; AS =0) =12%. There. is some
indication from measurements' of the inclusive
branching fractions B(D-KX) that the 68= 0
branching fraction for the D' is indeed larger than
that for Do.

C. F+ multipion decay modes

In I'' decays the spectator transition cs-ssud
will give final states with either overt or hidden
strangeness (e g , F'-R .R.'X' or F'-AX"). Non-

resonant multipion final states are not expected at
a significant level. The situation is markedly dif-
ferent with the nonspectator transition cs-ud [+
gluon(s)], where states of three or more pions are
anticipated. The branching fraction for this tran-
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sition 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) = C rhT(F')/T(D')

(14)= (25-30)%%u„

where 6 and 7(F')/T(D') are given in Eq. (8). The
numerical value is based on T(D')/T(D') = 5 and
T(F')/T(D') = 0.5-0.6. Since uu or dd pair crea-
tion is favored over ss, the udg final state evolves
mainly into multipion or q plus pions modes. Al-
though we are unable to separate the relative pro-
portion, phase-space considerations suggest that
the multipion states will predominate. In this con-
nection it is interesting to note that an emulsion
event & -~ ~'n n'has been observed as one of
six charged charm-meson events. '

D. D ~Em decays

In the spectator model" the transition DO K'm'
is color-suppressed; this prediction is at var-
iance" with recent experimental measurements. '
The D'-K n', D'-K'g', and D'-K'g' amplitudes
are related in the spectator model as'

A, '=a, A,"= ", A =a~5+ "), (15)
0 E

x. ' ' i x.
where g, =(2f, +f )/3=1.16 and g =(2f„f)/3-
= -0.24. In the SU(3) limit without form factors
E' = 1, The K'n' amplitude is particularly sensitive
to the value of this factor, given by

e = (fs/f, )(1-K'/D') '(1- K'/Ds') =1.5, (16)

where f~/f, = 1.28 is the ratio of leptonic decay
constants, K= 0.495 GeV, D =1.867 GeV, and D~ is
the 0' charmed-meson mass. With the above esti-
mate for c the spectator-model prediction is
B(K'mo) =0.05 B(K w') whereas comparable D'
branching fractions are observed' for these modes
(B' = 2.0+ 0.9%, B ' = 2.8 + 0.6%).

Again the exchange diagrams offer.a way out of
the discrepancy. This is because the nonspectator
interactions give amplitudes in which there is no
color-suppression factor between the E7'n' and
K g' modes:

2~+=5, A =-5/Mg, A '=0.
In the extreme limit where the nonspectator con-
tributions completely dominate, B"=0.5B +

(Refs. 5 and 8); with the present experimental un-
certainties this is not yet excluded. Adding the

spectator and exchange diagram contributions, we
are left with an amplitude sum rule

W-= [W" -W 'j/M2. (18)

E. Distintictive decay modes

Some special decay modes exist in which the so-
called spectator quark is absent in the final state.
These modes are of special interest since they can
occur only through the nonspectator interaction.
An example is the transition cu- sdg with an ss
pair created by the gluon. This would give rise to
D'- I7'K'I7' or D'- Kop decays. A more exotic
example is I'- pg; although certain to be rare,
such a decay has a spectacular signature.
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In fact, this sum rule follows directly from the I
= 1, I3 = 1 transformation properties of the effective
Lagrangian. " Equation (18) implies the following
triangle inequality on the K'm' branching fraction

TO
1/2 2

(B ')'~'- B — - B'T'

f TO) 1/2 2
&-' (B-+)'~2+

)
B'+—

)

t. 7 j

(19)

where 7 7. denote the D', D' lifetimes. Using the
experimental values' B ' =2.8+ 0.6% and B"= 2.1
+ 0.4/o, and taking T'/T'=5, we find the numerical
bounds

0.5+ 0.2%-B"~2.7+ 0 5%% ~

These bracket the measured value' IP = 2,0+ 0, 9'%%up.

The bounds become more restrictive with decreas-
ing T /T

The inclusion of nonspectator contributions does
not change the usual tan28~ predictions for the ra-
tios (D wz)/(D- Ks) and (D- KK)/(D Ks). The
observed discrepancies from these predictions
can, however, be reasonably explained in terms of
six-quark-model mixing angles and SU(3) break-
ing 10
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