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Inclusive nonleptonic decays of R and D mesons

W. F. Palmer
Department of Physics, The Ohio State University, Columbus, Ohio $8210

Berthold Stech*
Max Pla-nck Ins-titut fiir Physik, Fohringer Ring 8, 8000 Munchen $0, Germany

(Received 24 May 1993)

Inclusive nonleptonic decays of B and D mesons are investigated to leading order and next-to-
leading order in 1/mg. +CD corrections to the leading order (m&) term give the most essential
contribution to the observed enhancement. Various inclusive bound-state production processes are
dealt with in the factorization approximation. A good semiquantitative understanding of the data
has been achieved and the role of the spectator quark for the lifetime difFerence between D and D+
is clarified. A search for missing decays in the 6 —+ c c 8 channel is suggested.
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I. INTRODUCTION

In recent years much progress has been made in the
understanding of exclusive weak decay processes, in par-
ticular, of the pattern of dominant two-body nonleptonic
decays. The strong nonperturbative correlations between
quarks which manifest themselves in decay constants
and form factors are the decisive elements for the suc-
cessful semiquantitative description which reaches from
strangeness-changing transitions with its AI = 1/2 rule
to the dominant decays of heavy hadrons [1—3]. However,
a rigorous treatment based solely on erst principles is still
out of reach. Model assumptions are necessary and lead
to theoretical errors which are hard. to quantify.

Inclusive decays, on the other hand, have always
seemed amenable to a more quantitative treatment [4, 5].
For a suKciently large mass mg of the decaying quark
one expects only the short distance properties of QCD
to be essential. In recent publications [5—7] particular
emphasis has been given to a systematic expansion of
inclusive decay rates in inverse powers of mg. The lead-
ing order term goes as m and describes the decay rate
of an isolated quark. By going down to next-to-leading
order (m&) the matrix element of the chromomagnetic
operator has to be considered. It can be expressed in
terms of the hyper6ne splitting of the decaying hadron
[7, 8]. In B decays, because of the small mass splitting
between B* and B, this amounts only to a 3/c correction
of the leading contribution. This result indicates that for
our present aim in accuracy, even higher order correc-
tions which start at m relative to the leading part are
not of importance. On the other hand, the contribution
from the chromomagnetic operator alone is too small to
provide for a sizable cancellation of the (negative) 1/N,
term (N, is the number of quark colors) of the leading
contribution. A full cancellation was hoped for in or-

der to get an increased nonleptonic width and thereby a
better agreement with the data [5, 8].

It is the purpose of this paper to analyze nonleptonic
decay rates in some detail. In order to avoid depend. ence
on the precise value of the Kobayashi-Maskawa (KM) ma-
trix elements and on the Fermi motion of the heavy quark
inside the mesons and to be less sensitive to quark masses,
we consider the ratio of nonleptonic to semileptonic rates
and take the semileptonic branching ratio from experi-
ment. We find that 80% of the enhancement of the
nonleptonic B-decay rate is caused by QCD corrections
to the leading order quark decay formula. At present;,
these corrections are only known in the limit of vanish-
ing quark masses. This approximation is, presumably,
the reason for the larger part of the remaining discrep-
ancy. Together with a more phenomenological approach
which contains the eKect of Gnite quark masses and. de-
scribes the direct generation of bound states in quark
decay processes, we gain an understanding of the total
and various partial inclusive rates. The same approach
is also employed for the evaluation of inclusive D decays.
Even though the 1/mg expansion is presumably poorly
converging in this case we find that the QCD correction
of the quark decay formula together with the matrix ele-
ment of the chromomagnetic operator accounts for most
of the huge enhancement factor observed in D decays.
In D+ decays the QCD enhancement is suppressed again
by the intriguing inHuence of the d spectator quark
essentially by its pure presence and kinematic role.

II. INCLUSIVE H DECAYS
AND THE OP ERAT OR PRODU CT EXPAN SION

The inclusive decay width of a hadron H of four mo-
mentum p is given by

ImT(H —+XmH)
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In this formula 'H, g denotes the effective Hamiltonian
density relevant for the process considered. We are inter-
ested in cases where the hadron H contains a heavy quark
with mass mg m~. In this circumstance an operator
product expansion can be applied giving an expansion
in terms of decreasing powers of the heavy quark mass
mg [6, 7]. Because the square of the Fermi constant has
dimension —4, the leading term in this expansion goes as
m&s. It is proportional to the operator QQ of dimension 3
where Q stands for the field operator of the heavy quark.
To zeroth order in o., one simply recovers the result of
free quark decay:

(2)

Here, VKM stands for the relevant Kobayashi-Maskawa
matrix element and ZQ is a phase space factor which goes
to 1 for mg ~ oo but must be kept in applications. For
decays to a quark with mass mq and two light particles
one has

zQ ——1 —8y+ 8y —y —12y lny,

y = (mq/mq) .

So far there is no difference between semileptonic and
nonleptonic decay rates (apart from a color factor). A
sizable difference arises after the efFect of perturbative
QCD is taken into account. The semileptonic transition
rate becomes [9]

25 n.I', I ——I'Q 1 — vr + ——
6 ir)

The effective Hamiltonian for nonleptonic transitions
changes into a sum of operators. For our applications we
can safely neglect Penguin operators and keep only the
well-known combinations Q~ corresponding to the color
antitriplet and color sextet w'eak scattering channels, re-
spectively. The corresponding scale-dependent Wilson
coefFicients c~ are normalized to one at the TV-boson
mass. According to [10] one finds, apart from KM fac-
tors,

43 n. l
r„i/rp ——2c+ 1 ——n. ir + ——'

3 12 )
+c I 1 ~ ~+ ++ 23 3 jr ) (mg)

L n~ (p) n~ (m~)
7l' )

We quote here and in the following the u, corrections for
zero mass particles, because the full (ni~ g 0) corrections are
not yet available for nonleptonic decays.

In (4) and (5) n, and the coefficients c~ are taken at the
scale mg. For a discussion of the scale dependence and the
definition of the quantities p+ see [10].

where cP (p,) denotes the leading logarithmic approxima-
tion.

At next-to-leading order of the operator product ex-
pansion an operator with dimension 5 appears giving rise
to order ms& contributions [8, 7]. It is the chromomag-
netic operator

QirrGQ = Qip"p G„Q.
2

(6)

r = (H(QioGQ]H)/(H. ]QQ]H).
1

mQ

The corresponding factor for nonleptonic decays is

2 — 2
+ rc' +c

Z1 Z2
g„i = 1 — r+ 2 ——

Zp ZQ

z2=(1 —y) .

From Eqs. (4)—(8) we obtain, for the ratio of nonlep-
tonic to semileptonic inclusive rates,

, ( 7n. z lr„,/r„= 2c+
12 ir zp )
25n. z, l+c' 1+ ' + 2 r+ O(I—/ms~).
6 ir zp )

Obviously, at this order the semileptonic and the non-
leptonic decay rates are still independent of the isospin
of the decaying hadron. We also note the important fact
that in Eq. (9) the strong mg dependence has dropped
out.

The matrix element of the chrornomagnetic operator
is related to the hyperGne splitting in the hadron states.
In the case of meson decay this is the splitting between
the vector and the pseudoscalar Qq bound states. In this
case the factor r is given by

3m~~(1 ) —m~~(0 )r=—
2

mQ
(10)

Equation (9) can be rewritten by setting c+ ——ci+c2 and
c = c1 —c2. The coefFicient c1 becomes 1 at p, = m~
(where it is the factor of the unperturbed nonleptonic
Hamiltonian) while cz(m~) = 0:

Here, G„denotes the gluon Geld strength tensor and A

describe the Gell-Mann color SU(3) matrices. (The ki-
netic energy operator bD b/2m appears in the nonrela-
tivistic expansion of bb. We need not make this expansion
because the same matrix element appears in the nonlep-
tonic and semileptonic decays, and thus cancels in the
ratio. ) The coefficient multiplying the chromomagnetic
operator is difFerent for semileptonic and nonleptonic de-
cays. According to [7] the semileptonic rate is modified
by the factor

Z1 4
g, ~

= 1 — rwhere —zi ——(1 —y)
ZQ
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16~, z, )
1 ———' —4 r—

~

+O(1/m~).
3 ~ zo

Compared to the often used naive formula

Inl/I si Nc ci + c2 + clc2
C

(12)

there are two important changes: (i) the n, correction
in the first line of (ll) arising from the @CD attraction
within color singlet currents and (ii) the suppression of
the nonleading term in 1/N, in the second line caused by
sizably different @CD corrections in the color sectors and
by the 1/m~& correction described by the factor r Since.

c2/ci is negative both (i) and (ii) enhance the nonleptonic
rate.

In the literature, there is much discussion about the
nonleading 1/N contribution in exclusive and inclusive
decays. First, it was observed that a replacement of color
singlet quark currents by hadron currents and subsequent
factorization leads to a successful semiquantitative de-
scription of many exclusive D-decay processes [1]. This
was then understood as a cancellation of factorizable and
nonfactorizable 1/N, terms [ll] which could indeed be
shown to occur in @CD sum rule calculations [12]. Since
in D decays most of the inclusive decay width is dom-
inated by exclusive two-body decays, it was suggested
that the 1/N, terms also be dropped for inclusive decays
and thus improving the theoretical D decay rate [5].
More recently in the framework of the 1/mg expansion,
1/N, terms in the m& part of the decay width have been
considered [8] for the modification of the 1/N, term in
(»).

Equation (ll) gives now the answer to these questions
for inclusive decays in the framework of perturbative
@CD and provides a solid basis for the calculation of
the enhancement of nonleptonic decay rates.

For the phase space correction factors in (11) and for
later applications we have to fix quark mass values. We
use current quark masses which provide reasonable values
for the semileptonic B-decay rate using (2) and (4):

from Eq. (12) is due to @CD corrections of the leading
term. Together with the r term they reduce the 1/N,
term by 54%%. From the full expression (11) one obtains
an enhancement relative to the naive formula (12) by
18%. For the decay channel b + c u d, Eq. (11) predicts

I'„i(B m X,„g) = 4.05 cos ec + O(1/m&),3
I',iBmX, e ri

where 0~ is the Cabibbo angle.
This result is independent of the Kobayashi-Maskawa

matrix element V g and is very little dependent on quark
mass ratios. Using the measured semileptonic branching
ratio of 10.7+ 0.5%%uo the nonleptonic branching ratio to
final states with a single c quark is predicted to be

B„i(B~ X.) = 43+ 2'%%uo. (16)

Summing the inclusive D rates and charmed baryon rates
and correcting for double counting by removing the D,
and semileptonic rates, we conclude, for transitions to
one c quark,

Bni(B ~ Xc) ~e~i t= 54 + 4%. (18)

Because of the large experimental errors, there is no
strong disagreement between (16) and (18). Neverthe-
less, it appears that the theoretical number is about 20%
too low, as we will find more convincingly below.

For the decay channel b -+ c c s one obtains, from (ll)
and &om the appropriate phase space reduction,

B„i(B + X,;) = 19+1%.

The corresponding experimental number can be ex-
tracted from the measured inclusive rates [14] (we neglect
systematic errors)

B(B~ XD+) = 20.2 + 1.3%,
B(Bm XD /Do) = 59.1 + 2.3%,
B(B m XD, ) = 8.3 + 0.9%%up,

(17)
B(B —+ c baryons) = 6.7 6 1.9%,
B(B-+e,p, r ) =24+2%,
B(B~ XJ/Q) = 1.12 + 0.16%.

mg ——4.8 GeV, m = 1.35 GeV,

m, = 0.15 GeV, m„= mg ——0.

We take c(., (m~) = 0.12 and correspondingly, from two-
loop expressions [13],

a, (m, i, ) = 0.215, c (m ) = 1.13, c2(m, i, ) = —0.28.

(14)
Our main application is to B-meson decays where the
1/mq expansion should work best. In fact, using the
experimental mass splitting m& —m~ 46 MeV for
calculating r from (10), the influence of this correction
(of order m&) on Eq. (11) is only 3'%%uo. The main difference

This prediction depends more severly on quark mass ra-
tios [for instance, a strange quark mass (pole mass) of
0.5 GeV instead of 0.15 GeV gives 16'%%uo in place of the
above 19'%%uo].

The corresponding experimental number can be esti-
mated in several ways. By subtracting the branching
ratio (18) and the semileptonic branching ratio given in

We put 8~ ——0 to account for Cabibbo-suppressed decays.
6 to u contributions in the selnileptonic decays can decrease
(16) by at most 2%.
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(17) from the total width one obtains

B.&(B -+ ~..-) ]..„=22 + 5%. (20)

One may also multiply the result quoted in (18) by the
relative phase space reduction factor 0.434 and obtain
the branching ratio 23 + 2%. But if we add the branch-
ing ratios of the observed inclusive cc channels XD, and
A J/g and take account of unseen decays to q and y
states by multiplying B(J/g) by a factor 4 we find only

B„)(B-+ X -) ~,„,= 13 + 2%. (21)

This last number, however, cannot be trusted. Its small-
ness is related to the fact that, neglecting errors, a
branching ratio of about 9% is missing in (17). (Adding
the inclusive D rates, the rates to baryons and 4 times
the rates to J/@ gives only 91%.) It is likely that it is the
cc channel which is not fully understood. For instance, a
cc quark pair at low energy and in a color octet state may
annihilate on a hadronic scale (by a "long range Penguin
graph") and not form DD, or quasistable rk, y, or J/g
states.

In any case, the theoretically calculated total nonlep-
tonic branching ratio from (16) and (19) is 62 +2%. The
experimental number obtained by simply subtracting the
semileptonic decays from the full rate is 76 + 2% which
is a factor 1.23 higher.

Thus, about 20% of the nonleptonic width is not ac-
counted for by perturbative @CD. Part of the discrep-
ancy could be due to higher order contributions in the
I/mg expansion, i.e. , by strong spectator efFects. But it
in view of the fact that I/mt, corrections are a few per-
cent and additional spectator efFects arise at order 1/m&
only, it is unlikely that these account for so much. More
serious is the neglect of the c-quark mass in the calcu-
lation of the @CD correction which led to Eq. (11) and
nonperturbative effects not contained in low order @CD
calculations. It is known from examples that large quark
masses give rise to @CD corrections of the form n, vr be-
sides n, /vr terms [17]. In the next section we will study,
therefore, typical nonperturbative contributions, taking
mass effects into account.

2 a212' 2 J D ].
cos Oc;

' [(1 —x —y) —4xy]2 1 2

zo (sl) m~~

x [1+x —2x —y(2 —x —y)], (22)

(m., i '
(m. i

'
y=

mb ~b

In writing this formula we left out o., corrections in
the numerator and denominator and introduced the phe-
nomenological coefBcient aq. This constant and the con-
stant a2 needed below are formally related to c~ and c2
by

theoretical description uses an appropriate factorization
of the weak interaction with one factor generating the
bound state from the vacuum. The corresponding ma-
trix element defines a "decay constant, " a dimensionful
and truly nonperturbative constant which brings a new
scale to the problem. In a strict @CD treatment of in-
clusive quark decays, the emission of bound states should
still be contained in the leading (m&) term of the opera-
tor product expansion. Only on the hadron level, where
Beld operators of bound states can be introduced, does
the new scale provide for a formally different power be-
havior, namely, f2m& or lower, where f stands for the
relevant decay constant.

We will use this approach to estimate the bound-state
emission processes and to shed light on its significance.
This method will also allow us to study various semi-
inclusive reactions separately and independently, which
cannot be done in perturbative calculations.

In order to remain independent of the KM matrix el-
ement Vb and less sensitive to the quark masses, we
present the decay rates to bound states relative to I',i.
This has the additional advantage that the corresponding
semi-inclusive B-meson decay rates at leading order are
obtainable from the semileptonic rate with the 6-quark
motion inside the B meson accounted for.

For the decay 6 ~ cD,* we find

r(b ~ cD.*)/r. ,

III. BOUND-STATE PRODUCTION
IN INCLUSIVE B DECAYS

1
ay = cy+ c2,

C

1
a2 ——c2 + cy.

N (23)

In nonleptonic decays of quarks, two of the three outgo-
ing quarks can form bound or strongly correlated states.
For instance, in the decay b ~ c c 8 there is a phase space
region where c and 8 form dominantly D, and D,* mesons
and the three-body quark decay process reduces to the
two-body decay b —+ c D, . Such reactions are caused

—(+)

by the direct generation of hadrons by currents forming
the weak Hamiltonian and was found to be important for
inclusive as well as for exclusive processes [1, 3, 15]. The

In a preliminary report by M. Whadhwa (L3 Collaboration)
in Moriond 93 the ratio of J/g to y production is 0.8 + 0.3.
A theoretical estimate [15] gives 3.7 .

The validity of these relations depend, however, on
the validity of the factorization approximation and on
the appropriate factorization scale. They cannot fully be
trusted [3).

The D,* decay constant f~. is defined in analogy to the
well-known p+ -meson decay constant (f~ 0.206 GeV).

For the decay 6 —+ cD, the last factor in (22) has to be
replaced by

1 —x —y(2+ x —y) (24)

and, of course, fD. by fD and m~. by m~. .
The decay constants f~ and f~. are not known from

leptonic decays of D, and D,*. However, an analysis of
exclusive B-meson decays to DD„D*D„DD,*, D*D,*
has been performed in Ref. [3] setting f~ f~. , with
the result
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fbi. ai = 0.316 + 0.050 GeV. (25) H tn S/psii. + X
T

From (22), (24) together with the measured semileptonic
branching ratio of 10.7 6 0.5% we find, for the direct
production of D, and D, in semi-inclusive B decays,

B(B~ X D* direct) = 6.6 6 1.5%,
B(B—i X D, direct) = 4.7 6 1.5%. (26)

The sum of both decays represents a branching ratio
of ll + 2%. Since D,* decays to D, by p emission, we
can now compare this number with the measured inclu-
sive D, branching ratio of 10 4 2% noted in (17). The
comparison shows that the direct production of low-lying
states is a dominant mechanism in B decays to charm-
quark —charm-antiquark states.

This conclusion is supported by the calculation of the
semi-inclusive processes 6 —+ s J/Q and 6 —+ s g' [3, 15,
18]. Here one can use again Eq. (22). We simply have to
change the masses and to replace fD. ai by f&/ya2 and

fy a2, respectively. For these processes the decay con-
stants are known [3]: f~/~

——0.384 + 0.014 GeV, fy
= 0.282 + 0.014 GeV. The value of the quantity a2, on
the other hand, is less clear because of the partial cancel-
lation of the I/N, term by c2. The measured exclusive
decay B —+ K*J/Q suggests, however, ~a2~ = 0.21 + 0.03
[3]. With this number and by noting again that 6-quark
decay can be related to B-meson decay if we use (22) to-
gether with the semileptonic branching ratio, we obtain

B(B i X,J/vP direct) = 0.40 + 0.12%,
B(B~ X,g' direct) = 0.12 + 0.04'%.

Since vP' decays to J/i/t with a branching ratio of 57%,
we can compare the corresponding sum of both chan-
nels, namely, 0.47 6 0.12% with the measured inclusive
J/g production of 1.12 + 0.16%. Again, a large fraction
of the inclusive J/g production occurs through direct
bound-state production. An additional test is provided
by the measurement of the inclusive J/g polarization. In
the Appendix we will present the relevant formulas for
the polarization of a vector particle emitted in a quark
decay process. Also discussed there is the eKect of the
Fermi motion for the momentum distribution in such a
two-body decay. The prediction for the longitudinal po-
larization in the decay 6 —+ s J/g is 54% which compares
well with the one reported by a recent CLEO experiment,
namely, 56+5+ 5% [16]. Figure 1 shows theoretical J/g
momentum distributions assuming Gaussian wave func-
tions for the Fermi motion.

In the 6 —+ c u d channel the direct production of low-
lying hadron states is no longer dominant because of the
larger phase space available. Using the decay constant for
the a& particle to be the same as for the p meson and
setting ai ——1.1 we find, from the analogue of Eq. (22),

B(B + X„(n,p, ai ) direct) 9.4%. (28)

The inclusive nonleptonic branching ratio to single
charm states is around 53% (or around 46% if B decays
to charmed baryons are subtracted) and thus a factor of
5—6 larger.

W 0.4
CL

0.3

0. 1

0.0
0.0 1.0 2.0

Mo men turn P (0) (G eV)

FIG. 1. J/g momentum spectrum in the decay B
X + J/@ in a spectator model with Gaussian wave function.
The root-mean-square Fermi momenta 0.4, 0.6, and 0.8 GeV
correspond respectively to the solid curve, dashed curve (long
dashes), and dashed curve (short dashes).

I'(6 ~ u(cd) direct)/I', ~

with

(m(.„) I

'
mb

(29)

The diquarks decay constant g~,~~ has dimension 2 and
is approximately given by g(,d) f~ m( &)p+/(m + mg).
By taking f~ = 0.22 GeV, m( &g)p+ = 2.0 GeV, m(~d)p- =

e&, P~ —0, go+ ——go-, and by using the semilep-
tonic branching ratio as before, we find

The direct production of D and D* mesons in the
6 ~ c u d channel is found to be negligible (below 1%)
since these rates are governed by the small number a2.

In addition to the formation of color singlet hadrons,
@CD forces also generate bound-state-like correlations
between two quarks in color antitriplet states, diquarks.
The weak Hamiltonian creates such quark pairs in spin
0+ states: 6 —i u (cd)p+ [2, 3, 19]. Because of the kine-
matics relevant for the emission of scalar particles, quark-
quark correlations are most important in hyperon and K
decays but less so in heavy quark decays. The inclusive
rate goes as m with respect to free quark decay. How-
ever, because of the diquark masses and decay constants
[19], we find this rate is still not negligible and of par-
ticular relevance for B-meson decays to baryons [20]. It
seems reasonable to assume that the direct production of
low-lying bound diquark states will lead to a final baryon
whenever this is energetically possible. We obtain
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B(B + c baryons) = 6% (30)

IV. INCLUSIVE D DECAYS

Because of the relatively small mass of the c quark, the
operator product expansion. is of only limited value for
the calculation of inclusive D-decay rates. From the ob-
served lifetime difference of D and D+ it is evident that
strong spectator e8'ects are present. This requires the

Although we cannot give a solid theoretical error to
this number, it certainly shows the right magnitude for
the inclusive baryon production in B decays, , which is
7+1%.

In this section we have seen that the nonperturbative
process of bound-state production provides for a success-
ful description of several specific inclusive decay chan-
nels. But this technique can be used in limited regions
of the phase space only. Furthermore, it is dificult to
combine the corresponding results with the perturbative
treatment given in the previous section. Because of the
danger of double counting, it is not possible simply to
add bound-state production rates to the perturbative re-
sults. For instance, we cannot add the rate for the direct
production of a, p, aq, given by (28), to the perturba-
tive result (16) for the c u d channel, because the per-
turbative contribution in the relevant phase space region
pretty much equals that of the resonances; it is dual to it.
Indeed, we can show using w-decay results that pertur-
bative @CD for color singlet u d configurations matches
closely the resonance contributions in this channel. (In
7 decay the fraction of three-body phase space above 1.5
GeV invariant mass in the ud channel is only 10%.)

A difFerent situation prevails, however, for the di-
quark (baryon) contribution to inclusive decays to the
c u d channel. Because of the nonzero c-quark mass
involved, a perturbative @CD calculation for massless
quarks does not contain this contribution, as seen from
the f~ (m~ /m, ) /mz dependence relative to the lead-
ing term. Thus, it is reasonable to add the 6% found
above to our perturbative result given by Eq. (16). The
inclusive nonleptonic branching ratio for B decays to fi-
nal states with a single c quark is then —50%%uo in good
agreement with the experimental number 54 6 4% given
in Eq. (18).

From our treatment of the c c 8 decay channel we
learned that bound-state production accounts for the en-
tire inclusive rates to D, and for a large fraction of the in-
clusive rate to J/@. Since bound-state production needs
only a limited phase space region (in about 50% of the
three-body phase space the cs system has an energy over
2.8 GeV) roughly twice as large, a total decay rate is
to be expected beyond the observed rate in this chan-
nel. Therefore, we can take our results as a strong in-
dication that the missing branching ratio of roughly 9%
mentioned below Eq. (21) should indeed be found here. A
possible experiment would be to look for resonances asso-
ciated with energetic K and K* production in B decays.
If found, such a decay mode would also be of interest
in connection with experiments to detect CP-violating
transitions [21].

calculation of higher order terms in the operator prod-
uct expansion which is, however, out of our means at
present. Nevertheless, it is of interest to establish how
close low order calculations bring us to the experimen-
tal data, how important the production of bound states
is, and to what extent we can understand the lifetime
difference of D and D+.

Let us first look again at Eq. (11)which is valid to order
o., and 1jm&. Both the n, value and in particular the
value of the quantity r obtained from the mass difference
between D* and D are now larger than in the case of R
decays. For the quark masses, at the lower scale we use
new values which give according to (4) a good description
of the measured semileptonic rate: m = 1.52 GeV,
m, = 0.17 GeV, m„= mg ——0, and correspondingly

n, (m, ) = 0.36, r = 0.36,

cq(m, ) = 1.32, c2(m, ) = —0.58.

From these numbers it is immediately clear that the cor-
rections are drastic. The 1/N term [second line in (11)]
now becomes positive and larger in magnitude. We find,
from (11),

I'„)/I', ( - 8.7+ O(1/m )

in place of the pure color factor 3.

(32)

A. D decays

If the result (32) is used for D decay together with
B(DO m Xe v) = 7.7 + 1.2%, one gets

B(D ~ X„]) = 67 6 10%.

The experimental result is

I'(D m X„))/I'(D -+ Xe+v) ~,„p, ——11 + 1.7,

B(D' -+ X„,)~.„„=85+1.7%.

B(D m X(~+, p+, a~+, K, K *direct)) = 59%. (36)

This result can only be used for an orientation because
it is very sensitive to the phenomenological coefficient ai
and, to a smaller degree, to the coefficient a2 (we took

Thus, a sizable fraction of the enormous enhancement
factor is already accounted for by the low order calcula-
tion.

For c-quark decays we can, as we did for 6-quark
decay, estimate special inclusive decays involving the
direct production of a meson or resonance: c —+
s (7r+, p+, a&+(direct)) c ~ d (K, K '(direct)). The
calculation is straightforward by using the analogue of
Eqs. (22) and (24). Only the a&+ production is diKcult
to estimate because of the large width of this particle and
the limited phase space available to it. Instead, we use
the measured D ~ A az rate.

Summing up and converting to the corresponding D
branching ratio we obtain
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ai ——1.2, ~a2~ = 0.5 [1,3]). It shows that direct bound-
state formation caused by strong nonperturbative forces
between quarks and antiquarks is a dominant process in
D decays. The bigger part of all hadronic decays are
quasi-two-body decays to meson resonances.

Let us also consider the quark decay process c
d (us)o+ where the u and s quarks are correlated and
form a color antitriplet diquark state. In D decays this
process can occur as a virtual process before long range
forces rearrange the quarks and cause hadronization, pre-
sumably for the most part to many-body states. Taking
g~+

&

——0.20 GeV, m~„,l(0+) = 0.8 GeV, one expects a

corresponding D -meson branching ratio of = 19%. In
spite of the fact that this contribution has a m depen-
dence we cannot add it, at least not fully, to our perturba-
tive result given in (33) since the perturbative calculation
performed for massless quarks should be dual to the res-
onance contributions for states containing the very light
8, u, and d quarks. As a transition to correlated states
we may add it, however, to the bound-state production
rate (36). This leads to a a hadronic branching ratio of
—78% leaving only a —7% branching ratio for other de-
cay mechanisms such as "weak annihilation. " In this very
simple model the fraction of meson resonance production
to total hadron production is = 59: 78, i.e. , = 76%.

B. D+ decays

pear in diferent mesons and thus have momenta similar
in magnitude but opposite in sign. Thus, the 8-u diquark
system is nearly at rest and, because of the structure of
the weak Hamiltonian, in a Lorentz scalar state. If this
is the case, the remaining two d quarks must also be in
a state of total angular momentum zero with the Pauli
exclusion principle requiring it to be symmetric with re-
spect to color. Consequently, the 8-u system itself has to
be in a color sextet state giving a vanishing contribution
for the matrix element of the operator 0

In general, one would not have expected a large eKect
of the Pauli principle. It was thought to play only a
minor role [23]. However, the two d quarks are strongly
correlated, not because of any dynamical peculiarity, but
because of the kinematical situation in D+ decays and
the structure of the effective weak Hamiltonian.

Returning to our perturbation calculation it is clear
that, in the case of D+ decays, the matrix element of the
operator 0, i.e. , the second line of Eq. (9), has to be
strongly suppressed. In order to reproduce the experi-
mental ratio Eq. (32) we have to suppress this piece by
the factor 3.1. This number shows that the isospin part-
ners of a large fraction of hadronic final states appearing
in Do decays, namely, about 70%, do not contribute to
matrix elements of the operator 0 in D+ decays. They
are the quasi-two-body final states just as obtained in
our model estimate.

The ratio of nonleptonic to semileptonic inclusive de-
cays of D+ is

r(D+ ~ X„,)/r(D+ ~ Xe+v)~.„„=3.2. (37)

Since it is close to the number of colors, this ratio was
often considered to be quite normal and as expected. But
it is certainly not normal in view of the large QCD effects
at the scale m, which causes the factor 8.7 of Eq. (32)
already at O(n, ). If one would multiply the D+ semilep-
tonic branching ratio of 17.2 + 1.9% with this factor,
one would obtain nonsense, namely, a branching ratio
of 150%.

Quite early, as a possible solution of this problem, a
strong interference between quark clusters has been pro-
posed [22]. Indeed, it was soon found out that in exclu-
sive D+ decays there is a destructive interference between
two amplitudes in the most prominent two-body decays
[1, 3]. For instance, the decay D+ —+ K p+ can occur
through the generation of the p+ by the (ud) current to-
gether with the D+ —+ K transition, but also by the
generation of the Ko by the (sd) current in conjunction
with D+ m p+. The first decay is governed by the coefFi-
cient cq, the second by the negative number c2 leading to
the reduced amplitude proportional to cq + c2 ——c+. To
these decays the operator 0 with its strong quark-quark
correlation in color antitriplet states does not contribute.
Thus, in D+ decays the term multiplying c in Eq. (9)
will not contribute to current generated two-body decays
which form a major part of D decays as we have seen.

This suppression can also be understood on the quark
level. In two-body decays in the rest frame of the D me-
son the 8 and u quarks generated after c-quark decay ap-

V. SUMMARY

We studied inclusive nonleptonic decays by the opera-
tor product expansion method. We considered their re-
lation to semileptonic decays in order to minimize the
eKect of quark masses, the Fermi motion of the decay-
ing quark, and the less well-known Kobayashi Maskawa
matrix elements.

For B decays we could show the following.
(i) QCD corrections of the leading term in the 1/mg

expansion are the strikingly dominate cause of the non-
leptonic enhancement.

(ii) These corrections, together with the smaller ef-
fect of the color magnetic operator appearing at next-to-
leading order in 1/mg, reduce the color-suppressed com-
bination of Wilson coefficients by 54%. The QCD cor-
rections applied are the corrections for massless quarks
since the very involved and tricky calculations for massive
quarks are not yet available. The remaining discrepancy
with experiment, or most of it, is presumably due to this
approximation.

(iii) In fact, the addition of a diquark term explicitly
due to the c-quark mass removes the discrepancy for the
c u d channel in a satisfactory way.

(iv) A very simple model for bound-state production is
in accord with observed branching ratios for the inclusive
decays to B ~ D, , J/@, and baryons.

(v) We expect additional decay modes originating from
6 —+ c c s decays with a branching ratio of = 9%. Sup-
porting evidence for a missing decay channel is provided
by a proper summation of experimentally determined in-
clusive rates which do not fully add up to the total rate.
In treating D decays we also applied the operator prod-
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uct expansion method even though no good convergence
could be expected:

(vi) The dramatic enhancement of the nonleptonic
mode in D decay can be understood. It is again due
to the leading and next-to-leading term in the I/mg ex-
pansion.

(vii) The color-suppressed combination of Wilson co-
ef6cients changes sign and gives a positive contribution
to the decay width.

(viii) Resonance production is dominant in Do decays.
This allows for a simplified way to get an estimate of the
nonleptonic decay rate.

(ix) In D+ decays the matrix elements of the opera-
tor 0 (which gives the largest contribution to D de-
cays) are severly suppressed. This is due to the special
kinematical situation prevailing in D decays giving the
presence of the spectator quark and the Pauli exclusion
principle an unexpected large efBciency.
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APPENDIX: POI ARIZATION AND
MOMENTUM DISTRIBUTIONS

IN INCLUSIVE DECAYS

The decay rate q -+ q + V(L, , ~) to a polarized final
state vector meson of mass mv in the longitudinal (I)
or transverse states (T) is easily calculated in terms of

2x(1 —x + y)
1+x —2x2 —y(2 —x —y)

' (A2)

Thus we have I'T/I = 31% for li ~ D,*+c and I'T/I' =
46% for b -+ c+ J/et'. The J/@ polarization compares
well with that reported by a recent CLEO experiment,
I'I, /I' = 56 + 7% for the inclusive polarization. In this ex-
periment the J/@ momentum spectrum is also measured.
Our approach to inclusive decays such as B ~ X + J/@
is to model them by the corresponding two-body decay
6 ~ s + J/Q. In this model the J/g momentum is fixed
kinematically. This spike will be smeared by the Fermi
motion of the 6 quark and the spectator. CLEO has re-
cently reported the inclusive momentum spectrum, which
is broadly distributed from soft momenta to the kine-
matic limit. Part of this smearing is due to the experi-
mental momentum resolution and to the fact that the H
meson is not at rest. We have calculated a simple model
for the spectator effect, following the formalism of Peccei
and Riickl [24] and Riickl [4] using the interaction

(p„)ei (pg) u(p-, )p" (1 7') [p.(P~ —p„)+Mi,)p—'v (-p„-),

(A3)

where for the wave function P we use a Gaussian distribu-
tion of momenta. The result of this calculation is shown
in Fig. 1 for various Fermi momenta. The spectrum at
Fermi momentum 0.6 GeV is reasonably similar to the
one reported by CLEO but the data show significantly
more events at low momentum. (An improved model of
this spectrum in a parton model framework will shortly
be reported by Paschos and one of us [25].)

x = (mv/mg) and y = (mv/mg) and results in the
following decomposition of the decay energy dependence
into transverse and longitudinal parts [15]:

[1+x —2x —y(2 —x —y))1, = 1 —x —y(2+ x —y),
[1+x —2x —y(2 —x —y)]z = 2x(1 —x + y). (Al)

The transverse polarization fractions is therefore given
by
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