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Two-body hadronic pseudoscalar and: vector PP, PV, and VV weak decays of charm and bottom
mesons are systematically investigated. The #P charm modes are predicted to be of order 2%, in
agreement with experiment, and the 7P bottom modes are of order 0.5%, consistent with expecta-

tion.

I. INTRODUCTION

Although two-body meson nonleptonic branching ratios
are measured! to be small (~1%) in the charmed sector
and are also expected® to be even more minute in the bot-
tom sector, they are nevertheless very important because
they reveal the fundamental quark-W?* weak dynamics.
We review the pseudoscalar (P) and vector (V) charmed-
meson decays D—PP,PV,VV, F—PP,PV,VV, and
bottom-meson decays B— PP,PV,VV at this time because
(i) the D lifetimes T, 7, are presumably more reliable
now than when initial estimates were made, (ii) the F rates
are now being measured,’ (iii) the B lifetime is now
thought to be 7, ~1.2X 10~!2 sec as recently measured*
for thée bottom-quark decay, and (iv) the b-c¢ Kobayashi-
Maskawa (KM) mixing angle’ thus deduced is approxi-
mately6 Vi =0.06. Therefore, we are able to make unam-
biguous predictions of lifetimes and branching ratios to be
compared with the upcoming D-meson data analysis of
Mark III, the F decays recently measured at Cornell and
DESY, and the soon-to-be-obtained B-meson decay data.

Our analysis will be based upon the standard quark-
spectator model, where we specifically follow Ref. 7 and
(a) include quark-spectator and color-suppressed spectator
graphs, with both scaled down from the usual analyses by
a factor of 2 in the amplitude due to the current-current
structure of the weak Hamiltonian, (b) include a relative
minus sign between these graphs due to the mismatch’?

between Cartesian and gg meson states, (c) ignore helicity-

(and mass-) suppressed quark-annihilation graphs, (d) ig-
nore mass-suppressed quark-tadpole graphs which gen-

erate’ the AT =+ rule in K decays and appear’ to increase
the Dyggp/D,, branching ratio from 1 to ~3, but other-
wise affect the D-meson Cabibbo-suppressed decay ampli-
tudes at the 30% level, and (&) ignore the f,f_ QCD
factors!® which play an important role in inclusive weak
decays but are known'! to give vastly inaccurate
branching-ratio predictions for Dg, decays. More specifi-
cally we keep f, =f_ =1 and argue that (i) gluons which
are exchanged within the same hadron serve to build up
the dynamically generated quark mass and will be ac-
counted for in the meson decay constant (taking f,71
would double count this effect) and (ii) gluons exchanged
between different hadrons can be ignored because of gluon
confinement or neglect of final-state interactions. The net
result is quark-spectator graphs which correspond to
vector-dominance pole graphs calculated in the time-
honored fashion as all orders in the strong interaction and
first order in the weak interaction.

In Sec. II we treat the charm sector in the simplified
context of SU(4), assuming that it is a good coupling sym-
metry in the context of the Ademollo-Gatto theorem.
First we display the Cabibbo—Glashow-Iliopoulos-Maiani
(GIM) weak quark current!? and stress that vacuum sa-
turation of the corresponding weak Hamiltonian is not an
approximation [assuming SU(4) flavor is a good coupling
symmetry] but an exact statement of the hadronized ver-
sion of the quark-slpectator graphs, provided one main-
tains’ the factor of + arising from the current structure of
H,,. Without this factor of %, it is well understood? that
the vacuum-saturated D decay rates are an order of mag-
nitude larger than the observed rates. Tables I and II give

TABLE I. PP charm modes.

Rate Branching  Experimental rate® = Experimental branching ratio®
Mode ' (10~ GeV) ratio® (%) (10~ GeV) (%)
D>K—7wt 2.75 2.0 3.3 +1.5 2.4 +04
K°7° 0.15 0.11 3.0 £2.0 2.2 *1.1
K7+ 1.22 1.7 1.3 £0.5 1.8 0.5
KK+ 0.38 0.28 0.37+0.19 0.27 +£0.08
K°k+ 0.38 0.52 0.33+0.23 0.45 +0.30
7ot 0.089 0.065 0.11+0.07 0.079+0.038
ot 0.095 0.13 <04 <05
Fosyrt 1.40 4.1

2Central value of total widths taken from Ref. 1. Also used in Tables II and III.

YReference 1.
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TABLE II. PV charm modes.

Rate Branching Experimental rate® Experimental branching ratio®
Mode (107 GeV) ratio® (%) (10~ GeV) (%)

D—>K—pt 34 2.5 9.9+%1 7.2+39

K%° 0.09 0.06 0.14%33, 0.1+5¢

K%+ 49 6.9 13+8 (K %7+ 70)

K* 7+ 1.3 0.95 4.7£1.9 3.411.4

K*°n° 0.19 0.14 1.9%32 1.4%%3

K*Ort 35 4.8 <2.7 <3.7
F—¢m 1.5 [4.4]° 4.4°

K*tK?° 0.35 1.0

K*k+ 0.33 0.97

PN 1.9 5.5

2See footnote a, Table 1.
YReference 1.
‘See Ref. 3.

the various PP,PV,VV predicted and observed decay rates
and branching ratios for the D and F mesons. Concern-
ing the PV K*w, ¢, and V¥V K*p and ¢p decays, we fol-
low Ref. 2 and apply the U(2,2) currents'® which are
known to give good results in most other cases. We
depart from Ref. 2 by the above factor of 5 and our
values f, =f_ =1, and also because we choose the oppo-
site sign for the color-suppressed graph relative to the
color-enhanced spectator graph.”8

Given that most of the charm-meson decay predictions
are within the experimental range, in Sec. III the same
scheme is applied to bottom-meson B,,B;,B;,B. two-
body PP,PV,VV weak decays. For these decays we work
in the context of the SU(6) KM mixing matrix. While the
charm 7K branching ratios are of order 2%, the 7D
branching ratios for bottom decays turn out to be ~5%
as expected. Moreover, the charm-anticharm two-body
decay rates of the bottom mesons are a total of ~ 6%,
consistent with the total width of all hadronic decays in-
duced by b-—>ccs transitions. We summarize our con-
clusions in Sec. IV, and follow with an appendix giving
the relevant decay amplitudes and rate formulas.

II. CHARMED-MESON DECAYS

The basis of our approach begins with the standard
Cabibbo-GIM!? weak SU(4) left-handed quark current

[with yﬁ=yﬂ( 1—iys)]
Ju= iy (d cosOc +s sinfc)
+Eyﬁ(—d sinf¢ +s coéGc) , (1)
combined with the weak Hamiltonian density

w

G
ot | whs :
HJJ=2‘/§(];J]$ +ip i) - )

Then the color-enhanced spectator graph of Fig. 1(a) is
hadronized as depicted in Fig. 1(b) which is identical to
the vacuum-saturation mnemonic, say, for D°—>K 7+

with amplitude,

M, =(K~w%|Hy|D°)

G . .
— 2‘;’5 00529c(1r+ lJ1+12,p | O)(K_ |J,1113+'“ |D0)

G
=i—21cos20cfﬂ(mpz—m1(2)

~i1.67X107% GeV . (3)

Note our SU(4)-symmetry assumption for the Ademollo-
Gatto vector vertex

(K— IJ};-HM 'DO>=(PD+PK)M .

It is also claimed that vacuum saturation as in (3) is a
pole-dominance approximation, especially in context of
the bag model. From our pure quark-model viewpoint,
however, it is difficult to understand how hadronization
of quark-spectator graphs could lead to anything else but
vacuum saturation.

Converting (3) to a PP rate as listed in the Appendix,
we obtain the K ~7% entry in Table I. Note that the addi-
tional factor of + in (2) as conventionally defined* sets
the proper scale for (3) in Table I. Without it, all the en-
tries in Table I would be a factor of ~4 too large. This

(a) (b)

FIG. 1. Quark-spectator graph associated with ¢ —sud tran-
sitions in Fig. 1(a) and its hadronized version for D—Kr in
Fig. 1(b).
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factor of + is missing in Ref. 2 but is critical for the
K+t —xt70 scale of Ref. 9 and the Dk, Dig, D, scales
of Ref. 7. Its origin is that the vacuum-saturation pro-
cedure in (2) and (3) picks out the gluon-dressed hadron-
current product J!*1i2.J13+114 put not JI3FI4.J1+i2 pe.
cause the final-state ud pion in (3) is a tightly bound
(Nambu-Goldstone) boson [signaled by the nonperturba-
tive decay constant f,, in (3)] requiring summing to all or-
ders in the strong interaction. The second (exchange)
current product, J'3+i14.J1+i2 corresponds to the color-
suppressed (exchange) spectator graph of Fig. 2 but does
not contribute to D°—K 7t decay. For the cases of
pure leptonic decays or semileptonic decays, the [v ﬁnal
states are (gluon) free and (2) reduces to the “doubled up”
form Hj;=(G,/v?2)j-j’. Even for the nonleptonic
baryon decays we have an effective doubling up in H,, be-
cause both JJ ' and J'J contribute, with the initial and fi-
nal baryon states treated as (free) product SU(6) wave
functions. In this case vacuum-saturated diagrams play a
minor, almost negligible role compared to the much larger
W exchange graphs. '

Another point to notice is that the Dy, rate due to
both the color-enhanced graph of Fig. 1 and the color-
suppressed graph of Fig. 2, corresponds to the1r dszer-
ence’ rather than sum, with net amplitude 1—+ =% of
the color-enhanced graph. References 2 and 11 add these
graphs (and also fold in f,s£f_, whereas we take
f+=f_=1). The reason for this sign change is that gq
quark states which provide a factor of < from Fierz
reshuffling the color-suppressed diagram must be replaced
by Cartesian meson states, e.g.,

[mt)=—[1+i2)/V2,
when computing the vector coupling
(P |V, | P*)=if Mp'+p¥), .

The net product of these phases is —1 (Refs. 7, 8, and 16),
which explains the relative minus sign between color-
enhanced and color-suppressed diagrams.

The only D— PP rate in Table I which appears to con-
flict with observation' is for D—O .o With large associated
errors. We look forward to the Mark ITII measurements of
this mode. Cabibbo-suppressed Dz and D,, rates are
also in line with our spectator-model predictions, though
in these cases, we must include’ 30% corrections' due to
AI =5 tadpole graphs (which overwhelmingly dominate
the K3, decays). Oaly then do we obtain not only all the
correct scales, but also the observed branching ratio of
B(D° KKt /7 nt)~4.

With regard to the PV and VV decay modes, we follow
Ref. 2 and employ the U(2,2) prediction'? for the axial-

u

d
FIG. 2. Color-suppressed quark-spectator graph associated
with ¢ —sdu transitions.

vector current,
(V| AL | P*)=FT*e* ] (m;+my)g,,
—2m;4+m) Lkl @

along with
(0| 45, | Py =ifp8p, ,
fe=93MeV, fx/fo=~12, (5

and for the vector current,
(V| VL | P¥y=—d"™2(m;+my) ' i€ pappipf (6
along with

(0| Vy | Vi) =fympdUe, , f,~0.17. ™

There are two types of PV modes, one of D°—»Kp*
type, with amplitude

M C0820C<p+ |Jl+l7p, I 0><K 'J;lz3+“4 |D0>

\/i
=G,c08’0cf,m}pP€*(p) , (8)

and a second of the D°—K*~ 7+ type, with amplitude

G i .
~— cos0c (| T HBE 0)(K* | 1| DO)

Mir-mt =373
Gpcos?0cf ) K* m
T 2mp+mys) Lmp +mye)’=2p" p7]
XpP-e*(K*). )

For VYV transitions, the ¥V — A current structure of W ex-
change leads to the typical D°—K*~p* amplitude

G, cos*0cf m?
MK‘_ +=i w Cfp p
P 2(mp+my)
X[(mp+m )8y —2D1D7 — 2€4sapP2erB ]
X * (p)e*(K*) . (10)

The only modifications to (8)—(10) that we consider are
~15% from form factors discussed in the Appendix.

The PV results are listed in Table II and the V'V results
in Table III. The D°—K p*, K%’ and K* 7" rates

TABLE III. V¥V charm modes.

Rate Branching
Mode (10~ GeV) ratio® (%)
D—K*p* 5.4 3.9
K *050 0.35 0.25
. K*%+ 2.3 3.2
F—¢p 54 ' 16
K*+K*° 0.63 1.8

2See footnote a, Table 1.
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are within the range of experiment, although we are sug-
gesting that the K —p* and K* 7+ rates ought to be ~
the scale of the present observed central values. In any
event, the large experimental errors do not rule out our
predictions yet. The small K % rate is more compatible,
with the central value about -5 the K —p* rate due to
a color-suppression reduction of 18 and another factor-
of-2 suppression coming from the difference between (8)
and (9), the latter driving K %° decay. Nevertheless, the
color-suppression factor of 18 is in this data, reconfirming
our conviction that it should also suppress the K °7° rate.
For the K %™ and K*°r* rates, the relative sign of f,
and f, is taken to be positive, as in Egs. (5) and (7), con-
sistent with the U(2,2) currents.> In Ref. 2 the opposite
relative sign was chosen.

Concerning the VV predictions in Table III, they are
strikingly large. While the observed D°—K ~7tagta—
and Dt —K%*7*7~ modes have large branching ra-
tios,! the former can only couple to the small K *%° am-
plitude and the latter cannot couple to V¥ modes at all.

As for F decays, we assume the ground state is at 1.97
GeV, recently seen by its F-—¢m decay mode with
branching ratio® 4.4%. The latter is used in Table II to
convert the predicted absolute ?17 rate to an estimated to-
tal F lifetime of 7, ~1.9X 10~ 12 sec. This lifetime is then
applied in Table I to estimate the F—n branching ratio.

III. BOTTOM-MESON DECAYS

The decays of the bottom mesons B;=bif, BJ=bd,
B,°=bs_, and B,=bC proceed in much the same manner as
charm-meson decays. In the quark diagrams, the relevant
transitions are b—c +# +d and b—c +¢+s in Figs. 3(a)
and (b) which are hadronized as in Fig. 1(b). Also in B
decays, we add the appropriate color-suppressed diagrams
of Fig. 4. Let us note here that the B, decays are dom-
inated by the c—»s transition because of the KM transi-
tion inequality V, >>Vj.."” We will discuss this feature
of B, decays later in this section.

We employ the same current-current weak Hamiltonian
density as defined in (2). However, the presence of a fifth
quark flavor modifies the left-handed quark currents
which are now defined in terms of the Kobayashi-
Maskawa® six-quark model. In this model the current Ju
has the form generalized from (1),

jf=177,’;3'+é'y,’;§'+fyﬁ5'. (11)

The weak-interaction eigenstates d,5,b are related to the
strong-interaction eigenstates d,s,b by

U C

___ﬁd _ﬁs

b c b c
(a) (b)

FIG. 3. Quark-spectator graphs associated with b—ciid
transitions in Fig. 3(a), and b—>ccs transitions in Fig. 3(b).

vb c b c
%‘u‘ %E
d s
(a) (b)

FIG. 4. Color-suppressed quark-spectator graphs associated
with b—cdir transitions in Fig. 4(a) and with b —cs¢ transitions
in Fig. 4(b).

d d
s|l=V]s|, (12a)
b b
where V is the KM unitary matrix
Viia Vus Vo
V=1\Va Ves Ve (12b)
Va Vis Vi

This matrix is consistent with the Cabibbo-GIM current!
for V,y~cosbc, V,=~sinfc, V4y4~—sinfc, and V
=~cosfc.

For bottom-meson decays, the relevant parameters are
V., and V. A recent study!’ estimates the ratio of
b—u to b—c transitions tobe | ¥,y /V, | <0.2. From a
recent measurement of the lifetime* of the bottom quark,
Tp~1.2X 10712 sec, Wolfenstein® has found V. ~0.06
based on a calculation of Ginsparg, Glashow, and Wise.!®
The same number is obtained by employing Eq. (2.27) of
Ali, K6rner, and Kramer.?

An important difference from the D-decay calculations
is the estimate of the decay constants fp and f) for the
charmed pseudoscalar and vector mesons. We follow the
same procedure as Ref. 2 with

om 172
frlad)=|———| f,, (13a)
mql+m42 i
12
mg, +my
frla13,)= _ﬁ—z Sr (13b)
u

The PP, PV, and VV rates of the dominant decay modes
of the B mesons are listed in Table IV. The masses used
in the calculations are

mBu,d=5.27 GeV, mBs=5.44 GeV,
| mp =6.43 GeV ,

mp=1.97 GeV, m »=2.11 GeV ,
ch.=6.57 GeV

with the quark masses m, 4=0.34 GeV, m;=0.51 GeV,
m,=1.5 GeV. As Ali, Korner, and Kramer? have noted,
the final states involving two heavy charmed mesons are
favored despite their smaller phase space. However, the
branching ratios for these modes predicted by us are sub-
stantially lower than those predicted in Ref. 2. In fact,
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TABLE IV. Bottom two-body decay modes (all rates in units of 10~'* GeV).

Branching Branching Branching
PP ratio PV ratio | 424 ratio
Mode rate? (%) Mode rate? (%) Mode rate® (%)
By—>D*s~ 020 036 D**+7~  0.18 0.33 D**p~ 0.40 0.73
D*F~ 0.55 1.00 D+tp~ 0.35 0.64 D**+F*- 161 2.93
D*F*~  0.66 1.20
D*+tF~ 0.18 0.33
B —D%~  0.09 0.16 D*z=  0.26 0.47 D*%— 0.40 0.73
D°F~ 0.5 1.00 D%~ 0.39 0.71 D*F*~ 1.6l 2.93
D*°F~  0.18 0.33
D°F*- 066 120
B > F+tr= 021 0.38 Ftp~ 0.38 0.69 F*+p— 0.43 0.78
F+¥F~  0.60 1.09 F**7= 020 0.36 F**F*= - 174 3.17
F*F*= 075 1.37
F**F~ 023 0.42
B —mn.m” 0.26 NP~ 0.46 Yp~ 0.52
n.F~ - 026 ™ 0.24 YF*~ 0.93
Blr~  3.19 n.F*=  0.86
) 0.68
Blp~ 2.12
BXor— 1.99

21,.=0.06, 75 =1.2X 10~ '? sec from Ref. 5.

their total branching ratio for all two-body, double-charm
modes of about 20—23 % is in contradiction with the ex-
pected 10% value for the total hadronic branching ratio
that is induced by b—>c@s. In contrast, we predict a total
branching ratio of ~6% for all two-body, double-charm
modes. In general, the predicted rates from Ref. 2 for
bottom-meson decays are an order of magnitude larger
than expected from general theoretical arguments. It is
also well known that there was a similar problem in calcu-
lating the branching ratio into two pseudoscalar mesons in
charmed-meson decays. All these problems are related to
the fact that in previous calculations the crucial factor of
+ had been ignored in the current-current Hamiltonian,
Eq. (2), thus overestimating all nonleptonic rates.

Another feature of B-meson decay rates is that the B,
two-body decays are dominated by the B,” —B,, B; tran-
sitions, which are induced by ¢— 5 iid, rather than by the
transitions B,—7,, ¥ in spite of having lower phase
space. This is because the ¢—5@d transition comes in
with the factor V_~cos6,~0.974, which is much larger
than ¥V;.~0.06 occurring in b—ciid transitions.

The rates in Table IV involving 7 and p are likely to be
more reliable than the corresponding ones involving F and
F* because of the uncertainty introduced by the absence
of experimental data on fr and f «. We have used the
specific model (13) to estimate these decay constants and
these could be off by large factors.

IV. CONCLUSION

We have attempted to show that the charm- and

bottom-meson two-body nonleptonic decays in the quark
model have consistent observed and expected branching

ratios and decay rates provided we (a) vacuum-saturate
the hadronic amplitudes multiplied by the factor
G, /2V2 from the current-current weak Hamiltonian, (b)
ignore the QCD factors f+ in the resulting amplitudes,
and (c) choose a relative minus sign between color-
enhanced and color-suppressed amplitudes, due to the
mismatch between ggq phases needed at the Fierz-
reshuffled weak vertex and the Cartesian factor fY%
occurring at the strong vertex.

Prescriptions (a) and (b) are in fact correlated because
nonleptonic amplitudes are nonperturbative in nature and
correspond to summing graphs to all orders in the strong
(QCD) interaction, but only first order in the weak in-
teraction. The QCD factors f4 are perturbative in the
strong interaction, and the coefficient G,/ V2 corre-
sponding to doubling up the currents in leptonic or semi-
leptonic transitions is also a perturbative effect because
the leptonic currents do not interact strongly. The non-
perturbative strong decay constants f, f,, etc., appearing
in the vacuum-saturated nonleptonic weak meson ampli-
tudes are signals that perturbative factors such as f. and
G, /V2 must be altered to f+=1 and G,,/2V2. If the
latter factor of —;— is not taken into account, the charmed
decay rates are then an order of magnitude larger than ex-
periment and the charm-anticharm two-body decay modes
of the bottom meson are themselves greater than the rate
into all charm-anticharm modes generated by b—cCs
transitions.
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APPENDIX

Kinematic formulas

Labeling our momenta by p;, p,, p3 (p1=p2+p3)
where 15243, we can express the invariant amplitudes
and decay rates as in Ref. 2:

(a) 0" —0"+0—

Invariant amplitude:

(p2p3|H |p1)=M .
Decay rate:

P
— M |2

I'=
8mm,

B0~ —0"+1".
Invariant amplitude:
(P27P3 | H |pl >=€;yp1FM .

Decay rate:

(P'| VI, | P*)=if T F  (
(V| V] —

3
r=—2_ 2.
8mms3” -
©0"—17+41".
Invariant amplitude:
(p2.p3 | H |p1)=€#&3"( A 184y + A2 p1uP1y
+iB€uvpap1pp20) .

Helicity amplitudes:

1
H =
® myms

[‘;‘(mlz—mzz"'mBZ)Al +m12p02A2] ’

H
H,, =A,+mpB .

—_=A4,~mpB,
Decay rates:

Pc
8mm

= 12<|Hoo|2'|‘|H——|2+1H++|2)-

Form factors

The expressions for the current matrix elements in the
text have to be modified due to the presence of form fac-
tors. We define

)P +p*)+F_(g)(p*F—p),],
AL | PFY = — fI* e (m; +my )F{(g))g, —2(m; +my )" 'F5(g)pk p¥]

_d‘jkz(mi +my )_va(qz)ié* ep ﬂplapkﬁ

Following the Ademollo-Gatto theorem we take F_ =0 throughout. For the other form factors we have taken the

canonical forms?

F,=F{=(1—-¢*/m*~!, F{=Fy=(1—q*/m?™2

with m the mass of the appropriate vector or axial-vector meson corresponding to the quantum numbers of the current
channel. The axial-vector-meson masses have been taken equal to the corresponding vector-meson masses for the charm

and bottom sectors. Inclusion of the U(2,2) prediction for

F_=—(mk—-m,-)/(mk +m;)

would tend to reduce the predictions of the PP rates only, up to 10% in some cases.
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