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Nonfactorizable contributions in hadronic weak decays of charm mesons

K. Terasaki
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

~Received 17 July 1998; published 14 April 1999!

Two body decays of charm mesons are studied by describing their amplitude in terms of a sum of factor-
izable and nonfactorizable ones. The former is estimated by using a naive factorization while the latter is
calculated by using a hard pseudoscalar-meson approximation. The hard pseudoscalar-meson amplitude is
given by a sum of the so-called equal-time commutator term and surface term which contains all possible pole

contributions of various mesons, not only the ordinary$qq̄% but also four-quark$qqq̄q̄%, hybrid $qq̄g% and
glueballs. Naively factorized amplitudes for the spectator decays which lead to too big rates can interfere
destructively with exotic meson pole amplitudes and the total amplitudes can reproduce their observed rates.
The nonfactorizable contributions can supply sufficiently large contributions to the color suppressed decays
which are strongly suppressed in the naive factorization. A possible solution to the long standing puzzle that
the ratio of decay rates forD0→K1K2 to D0→p1p2 is around 2.5 is given by different contributions of
exotic meson poles.@S0556-2821~98!06923-9#

PACS number~s!: 13.25.Ft, 11.40.Ha, 12.39.Mk
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I. INTRODUCTION

Nonleptonic weak decays of charm mesons have b
studied extensively by using the so-called factorization~or
vacuum insertion! prescription@1,2#. However, recent semi
phenomenological analyses@3,4# in two-body decays ofB
mesons within the framework of the factorization sugg
that the value ofa2 to reproduce the observed branchi
ratios for these decays@3,5# should be larger by about
factor 2 than the one with the leading order~LO! QCD cor-
rections @1,2,6# where the color degree of freedomNc53
and that its sign should be opposite to the one in the largeNc

limit although the phenomenological value ofa1 is very
close to the one expected in the same approximation.@a1 and
a2 are the coefficients of four quark operators in the effect
weak Hamiltonian in the Bauer-Stech-Wirbel~BSW! scheme
@1,2# which will be reviewed briefly in the next section.# The
above fact implies that the largeNc argument fails, at least
in hadronic weak decays ofB mesons. Since the largeNc
argument is independent of flavors, it also does not work
nonleptonic weak decays of charm mesons. Therefore do
nance of the factorized amplitude in charm decays loose
theoretical support since, in charm meson decays, the l
Nc argument is the only one known theoretical backgrou
to support the factorization prescription@7#. In fact, a naive
application of the factorization to charm decay amplitud
causes many problems, for example, too strong suppres
for the color mismatched decays likeD0→p0K̄0 and D0

→p0p0, too big rates for decays described by the so-ca
spectator diagrams such as the Cabibbo-angle favoredc→s

1(d̄u)1 and Cabibbo-angle suppressedc→d1(d̄u)1 andc

→s1( s̄u)1, too small ratio~less than unity! of the rates
G(D0→K1K2) to G(D0→p1p2) although the observed
value is around 2.5, etc., where (q̄8q)1 denotes a color sin
glet pair of q̄8 andq. To get rid of these problems, the fa
torization has been implemented by multiplying the fact
ized amplitudes by phase factors arising from final st
0556-2821/99/59~11!/114001~14!/$15.00 59 1140
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interactions. However, the final state interactions are reali
by dynamical contributions of various hadron states.

Using a hard pseudo-scalar-meson approximation,
present author has studied dynamical contributions of v
ous hadron states to charm meson decays and has giv
hint to solve the above problems in charm meson dec
@8,9#. However, in these analyses, the amplitudes did
include the factorizable contributions so that the results w
not necessarily satisfactory, i.e., these analyses could not
isfactorily provide an overall fit to the observed rates
Cabibbo-angle favored and suppressed decays of charm
sons. On the other hand, a recent analysis in hadronic w
decays ofB mesons@10# by assuming that their amplitud
can be given by a sum of factorizable and nonfactoriza
ones suggests that, only in some processes under a parti
kinematical condition~a heavy quark goes to another hea
quark plus a pair of light quark and antiquark with suf

ciently high energies likeB̄→Dp andD* p), the factoriza-
tion works well while nonfactorizable contributions are im
portant in the other decays, in particular, in color suppres
decays. It seems to imply that the naive factorization is
guaranteed by the largeNc arguments but it works well un
der some special kinematical condition@11#. In this article,
we reanalyze two body decays of charm mesons descri
their amplitude by a sum of factorizable and nonfactoriza
ones. We will review briefly the naive factorization and li
the factorized amplitudes for two body decays of charm m
sons in the next section. Nonfactorizable amplitudes in
hard pseudoscalar-meson approximation will be presente
Sec. III. In Sec. IV, we will compare our result with exper
ments. A brief summary will be given in the final section.

II. FACTORIZED AMPLITUDES

Our starting point in this article is to describe the tw
body decay amplitude by a sum of factorizable and nonf
torizable ones@10#:

M total5M fact1Mnon-f. ~1!
©1999 The American Physical Society01-1
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K. TERASAKI PHYSICAL REVIEW D 59 114001
The factorizable amplitudeM fact is evaluated by using the
factorization in the BSW scheme@1,2# in which the relevant
part of the effective weak Hamiltonian responsible for t
charm decays is given by

Hw
BSW5

GF

A2
$a1O1

~s8c!H1a2O2
~s8c!H1~penguin term!1H.c.%.

~2!

It can be obtained by applying the Fierz reordering to
usual effective Hamiltonian,

Hw5
GF

A2
$c1O1

~s8c!1c2O2
~s8c!1~penguin term!1H.c.%,

~3!

wherec1 and c2 are the Wilson coefficients of the norm
ordered four quark operators,

O1
~s8c!5:~ ūd8!V2A~ s̄8c!V2A :,

O2
~s8c!5:~ s̄8d8!V2A~ ūc!V2A : . ~4!

Here d8 and s8 denote weak eigenstates of the down a
strange quarks, respectively, and (ūd)V2A5ūgm(12g5)d,
etc. We do not explicitly show the possible penguin te
through whichs-channel pole contributions of a scalar glu
ball can play a role in Cabibbo-angle suppressed dec
since its explicit expression will not be needed. The qu

bilinears inO1
(s8c)H and O2

(s8c)H are treated as interpolatin
fields for the mesons and therefore should be no longer F
reordered. The coefficientsa1 anda2 in Eq. ~2! are given by

a15c11
c2

Nc
, a25c21

c1

Nc
. ~5!

The leading order~LO! QCD corrections lead toa1.1.09
anda2.20.09 forNc53 @2#.

WhenHw
BSW is obtained by using the Fierz reordering,

extra termH̃w which is given by a sum of products of co
ored currents comes out,

Hw→Hw
BSW1H̃w , ~6!

where

H̃w5
GF

A2
$c2Õ1

~s8c!1c1Õ2
~s8c!% ~7!

with

Õ1
~s8c!52(

a
:~ ūtad8!V2A~ s̄8tac!V2A :,

Õ2
~s8c!52(

a
:~ s̄8tad8!V2A~ ūtac!V2A : . ~8!

Here ta’s are the generators of colorSUc(Nc) symmetry
group.
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The factorization prescription in the BSW scheme leads
the following factorized amplitude, for example, for th
D1(p)→K̄0(p8)p1(q) decay,

M fact„D
1~p!→K̄0~p8!p1~q!…

5
GF

A2
UcsUud$a1^p

1~q!u~ ūd!V2Au0&

3^K̄0~p8!u~ s̄c!V2AuD1~p!&

1a2^K̄
0~p8!u~ s̄d!V2Au0&

3^p1~q!u~ ūc!V2AuD1~p!&%, ~9!

whereUi j is the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix element@12# which is taken to be real in this article sinc
CP invariance is always assumed. Factorizable amplitu
for the other two-body decays also can be calculated in
same way.

To evaluate the factorized amplitudes, we use the follo
ing parametrization of matrix elements of currents,

^p~q!uAm
pu0&52 i f pqm , etc., ~10!

and

^K̄~p8!uVmuD~p!&5~p1p8!m f 1
K̄D~q2!1qm f 2

K̄D~q2!, etc.,
~11!

as usual, whereq5p2p8. Using these expressions of cu
rent matrix elements, we obtain the factorized amplitudes
two-body decays of charm mesons listed in Table I, wh
terms proportional tof 2 are neglected since their coeffi
cients are small or sincef 2 is expected to be small for larg
values of its argument. It is seen that the factorized am
tudes forD0→p0p0 andD0→p0K̄0 described by the color
mismatched diagrams,c→(dd̄)11u and c→(sd̄)11u, re-
spectively, are much smaller~the color suppression! than
those for the spectator decays~because ofua1u@ua2u). The
factorized amplitude forDs

1→K1K̄0 is described by a sum
of the color mismatched diagram and the so-called annih
tion diagram in the weak boson massmW→` limit. The
former is again proportional toa2. The latter is proportional
to f 2

KK(mDs

2 ) and neglected. However the observed rates

these decays are not very small. The vanishing factori
amplitude forD0→K0K̄0 reflects a cancellation between tw
possible annihilation diagrams while the measured rate
this decay is a little smaller than the ordinary ones but
extremely suppressed. To get rid of these problems, the
torization has been implemented by multiplying the amp
tudes by phase factors arising from final state interacti
@2#. However, the final state interactions are realized by
namical contributions of various hadron states. Therefore,
study explicitly the dynamical contributions of various ha
rons as the nonfactorizable amplitudes in the next sectio
1-2
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TABLE I. Factorized amplitudes for two-body decays of charm mesons. The ellipses denote neg
contributions proportional tof 2 .

Decay M fact

D1→p1K̄0

iUcsUud

GF

A2
a1f p~mD

2 2mK
2 ! f 1

K̄D~mp
2 !

3H 11S a2

a1
D S f K

f p
D S mD

2 2mp
2

mD
2 2mK

2 D S f 1
~pD !~mK

2 !

f 1
~K̄D !~mp

2 !
D J 1•••

D0→p1K2
iUcsUud

GF

A2
a1f p~mD

2 2mK
2 ! f 1

K̄D~mp
2 !1•••

D0→p0K̄0 iUcsUud

GF

A2
A1

2
a2f K~mD

2 2mp
2 ! f 1

pD~mK
2 !1•••

Ds
1→K1K̄0 iUcsUud

GF

A2
a2f K~mDs

2 2mK
2 ! f

1

KDs~mK
2 !1•••

D0→p1p2
2iUcsUus

GF

A2
a1f p~mD

2 2mp
2 ! f 1

pD~mp
2 !1•••

D0→p0p0 0 1•••

D1→p1p0
iUcsUus

GF

A2
A1

2
~a11a2! f p~md

22mp
2 ! f 1

pD~mp
2 !1•••

D0→K0K̄0 0

D0→K1K2
iUcsUus

GF

2
a1fK~mD

2 2mK
2 !f1

K̄D~mK
2 !1•••

D1→K1K̄0 iUcbUud

GF

A2
a1f K~mD

2 2mK
2 ! f 1

K̄D~mK
2 !1•••

Ds
1→p1K0

2iUcsUus

GF

A2
a1f p~mDs

2 2mK
2 ! f

1

KDs~mp
2 !1•••

Ds
1→p0K1 iUcsUus

GF

A2
A1

2
a2f p~mDs

2 2mK
2 ! f

1

KDs~mp
2 !1•••
dy
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III. NONFACTORIZABLE AMPLITUDES

Now we study nonfactorizable amplitudes for two-bo
decays of charm mesons,P1(p)→P2(p8)1P3(q). As men-
tioned in the previous section, we assume that they are do
nated by dynamical contributions of various hadron sta
Then they can be estimated by using a hard pseudosc
meson approximation in the infinite momentum frame~IMF,
i.e., p→`). It is an innovation of the old soft pion techniqu
@13#. The nonfactorizable amplitude, which is given by
matrix element ofH̃w symmetrized with respect to exchang
of two meson states in the final states, is written as

Mnon-f~P1→P2P3!.METC~P1→P2P3!1MS~P1→P2P3!
~12!

in this approximation@14,15#. The equal-time commutato
term (METC) and the surface term (MS) are given by

METC~P1→P2P3!5
i

A2 f P3

^P2u@VP̄3
,H̃w#uP1&1~P2↔P3!

~13!
11400
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MS~P1→P2P3!

5
i

A2 f P3

H (
n

S mP2

2 2mP1

2

mn
22mP1

2 D ^P2uAP̄3
un&^nuH̃wuP1&

1(
l

S mP2

2 2mP1

2

ml
22mP2

2 D ^P2uH̃wu l &^ l uAP̄3
uP1&J

1~P2↔P3!, ~14!

respectively, where@Vp1Ap ,H̃w#50 has been used.~See
Refs.@14# and @15# for notations.! METC has the same form
as the one in the old soft pion approximation but now has
be evaluated in the infinite momentum frame~IMF!. The
surface term has been given by a sum of all possible p
amplitudes, i.e.,n and l run over all possible single meso
states, not only ordinary$qq̄%, but also hybrid$qq̄g%, four-
quark$qqq̄q̄% and glue-balls. Since the value of wave fun
1-3
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K. TERASAKI PHYSICAL REVIEW D 59 114001
tion of orbitally excited$qq̄%LÞ0 state at the origin is ex
pected to vanish in the nonrelativistic quark model, or m
generally, wave function overlappings between the grou
state $qq̄%L50 and their excited states are expected to
small, however, we neglect contributions of these states
the u-channel@the second line of the right-hand-side of E
~14!#, excited meson contributions will be not very importa
because ofml

2*mP1

2 @mP2

2 if l is an excited-state meson. I

contrast, in thes channel, we need to treat carefully cont
butions of exotic~non-$qq̄%) mesons to charm decays~if
they exist! since they have been predicted around cha
masses. Thes channel of the color favored and mismatch
spectator decays proceeds via four quark states after
weak interactions and therefore four-quark meson poles
contribute to these decays. However, in the annihilation
cays in the weak boson massmW→` limit, their s channel is
given by $qq̄% state just after the weak interactions. The
fore we expect that the ground-state$qq̄%0 and hybrid me-
sons can give importants-channel pole contributions to thes
decays.~However, we neglect contributions of scalar hybri
in this article since their masses have been expected t
considerably lower than the charm ones@16# and their con-
tributions will be small.! The s-channel penguin can induc
an s-channel pole contribution of glueball. In this way, th
hard pseudoscalar-meson amplitude in Eq.~12! with Eqs.
~13! and~14! as the nonfactorizable contribution is describ
in terms of asymptotic matrix elements~matrix elements
taken between single hadron states with infinite moment!
of chargesVi andAi , (i 5p andK), and the effective weak
HamiltonianHw .

Asymptotic matrix elements of isospin and flavorSUf(3)
charges,Vp andVK , are parametrized as

^p0uVp1up2&5A2^K1uVp1uK0&

52A2^D1uVp1uD0&

522^K1uVK1up0&

52A2^Ds
1uVK1uD0&5•••5A2. ~15!

The above parametrization can be obtained by apply
asymptotic SUf(4) symmetry@17# or SUf(4) extension of
the nonet symmetry inSUf(3) to the matrix elements or b
using the quark counting. Matrix elements of axial count
part, Ap andAK , of the aboveVp andVK are parametrized
as

^r0uAp1up2&5A2^K* 1uAp1uK0&52A2^D* 1uAp1uD0&

522^K* 1uAK1up0&52A2^Ds*
1uAK1uD0&

5•••5h ~16!

in the same way as the above. The above parametriza
reproduces well@15,18# the observed decay rates forD*
→Dp andD*→Dg.

Next, we parametrize asymptotic matrix elements ofH̃w
using quark counting@8#. We expect that the factorizatio
11400
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will not be a good approximation to estimate asymptotic m
trix elements ofHw since one of the external states in the
matrix elements contains only light quarks and weak int
actions occur in a deep sea of soft gluons where color de
of freedom of quarks will be compensated by soft gluo
Therefore, we forget the color degree of freedom of qua
for the moment and count only their flavors~and hence con-
nected quark-line diagrams!. Now we review the procedure
to parametrize the asymptotic matrix elements ofHw . To
this, first, we rewrite the effective weak Hamiltonian in E
~7! as

H̃w5
GF

A2
$c2Õ2

~s8c!1c1Õ1
~s8c!1~penguin term!1H.c.%,

~17!

where

Õ6
~s8c!5Õ1

~s8c!6Õ2
~s8c! . ~18!

The four-quark operatorsÕ6
(s8c) belong to64 and 209, re-

spectively, ofSUf(4) in its symmetry limit. The normal or-

dered four-quark operatorsÕ6
(s8c) can be expanded into

sum of products of~a! two creation operators in the left an
two annihilation operators in the right,~b! three creation op-
erators in the left and one annihilation operator in the rig
~c! one creation operator in the left and three annihilat
operators in the right, and~d! all ~four! creation operators o
annihilation operators of quarks and antiquarks. We ass
ate ~a!2~d! with quark-line diagrams describing differen

types of matrix elements ofÕ6
(s8c) . For ~a!, we utilize the

two creation and annihilation operators to create and ann
late, respectively, the quarks and antiquarks belonging to
meson statesu$qq̄%& and ^$qq̄%u in the asymptotic matrix

elements ofÕ6
(s8c) . For ~b! and ~c!, we need to add a spec

tator quark or antiquark to reachphysical processes,

^$qqq̄q̄%uÕ6
(s8c)u$qq̄% and ^$qq̄%uÕ6

(s8c)u$qqq̄q̄%, where

$qqq̄q̄% denotes four-quark mesons@19#. They can be clas-
sified into the following four types,$qqq̄q̄%5@qq#@ q̄q̄#

% (qq)(q̄q̄) % $@qq#(q̄q̄)6(qq)@ q̄q̄#%. Here~! and@# denote
symmetry and anti-symmetry, respectively, under the
change of flavors between them. Since only the first two
haveJP(C)501(1), we here consider contributions of them
These two types of four-quark mesons are again class
into two different types with two different combinations o
color degree of freedom,i.e., one consists of color single

$qq̄% pairs and the other consists of color octet$qq̄% pairs.
They can mix with each other. Their mass eigenstates
listed in Tables III and IV in Appendix A. As seen in thes
tables, the predicted masses of the lighter components
relevant quantum numbers are much smaller than the ch
mass while some of the heavier ones~with * in the tables!
can have masses close to the charm mass. We here take
account only contributions of the latter as an approximati
~For more precise arguments, we need all contributions
these exotic mesons.!
1-4
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Counting all possible quark-line diagrams, we obtain s
rules which should be satisfied by asymptotic matrix e

ments ofÕ6
(s8c) . In this process, symmetry~or antisymmetry!

property of wave functions of external meson states un
exchange of their quark and antiquark plays an import
role and therefore we have to be careful with the order of

quark~s! and antiquark~s! in Õ6
(s8c) . Noting that the wave

function of the ground-state$qq̄%0 meson is antisymmetric
@20# under the exchange of its quark and antiquark, we
tain the following constraints on asymptotic matrix eleme

of Õ6
(s8c) @8#

^$qq̄%0uÕ1
~s8c!u$qq̄%0&50, ~19!

^@qq#@ q̄q̄#uÕ1
~s8c!u$qq̄%0&5^$qq̄%0uÕ1

~s8c!u@qq#@ q̄q̄#&50,
~20!

^~qq!~ q̄q̄!uÕ2
~s8c!u$qq̄%0&5^$qq̄%0uÕ1

~s8c!u~qq!~ q̄q̄!&50,
~21!

and then, from them, we can obtain selection rules
asymptotic matrix elements ofHw . We summarize and pa
rametrize them in Appendix B which have been given se
rately in Refs.@8# and@21#. Inserting the above parametriza
tions of asymptotic matrix elements ofAp , AK andHw into
MS in Eq. ~14!, we obtain pole amplitudes including contr
butions of the$qq̄%0 , @qq#@ q̄q̄# and (qq)(q̄q̄) mesons.

A scalar glueball can give an important contribution, as
s-channel pole, to Cabibbo-angle suppressed decays thr
the s-channel penguin diagram. It can mix with scalar is
singlet $qq̄% mesons. The glue-rich component of the m
ture is described byS* . We parametrize the ratiôKuAKuS* &
to ^puApuS* & by

Z5
^K1uAK1uS* &

^p1uAp
1uS* &

, ~22!

and then the residue ofS* meson pole as

^K1uAK1uS* &^S* uH̃wuD0&52kg^p
1uH̃wuD1&. ~23!

Then the glueball contributions to theD→KK̄ and D
→pp decays are given by

MS
~glue!~D0→K0K̄0!5

i

f K
^p1uH̃wuD1&S mD

2 2mK
2

mD
2 2mS*

2 D 2kg

~24!

5MS
~glue!~D0→K1K2!, ~25!

MS
~glue!~D0→p0p0!

52
i

f p
^p1uH̃wuD1&

1

Z S mD
2 2mp

2

mD
2 2mS*

2 D 2kg ~26!
11400
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2
MS

~glue!~D0→p1p2!. ~27!

An amplitude for a dynamical hadronic process can
decomposed into~continuum contribution!1~Born term!. In
the present case,MS is given by a sum of pole amplitude
and thereforeMETC corresponds to the continuum contrib
tion @22# which can develop a phase relative to the Bo
term. Therefore we here parametrize the equal-time com
tator ~ETC! terms using isospin eigen amplitudes and th
phases; e.g., for theMETC(D→pK̄)’s,

METC~D0→p1K2!

5
1

3
METC

~3! ~D→pK̄ !eid3~pK̄ !

1
2

3
METC

~1! ~D→pK̄ !eid1~pK̄ !, ~28!

METC~D0→p0K̄0!

52
A2

3
METC

~3! ~D→pK̄ !eid3~pK̄ !

1
A2

3
METC

~1! ~D→pK̄ !eid1~pK̄ !, ~29!

METC~D1→p1K̄0!5METC
~3! ~D→pK̄ !eid3~pK̄ !, ~30!

whereMETC
(2I ) ’s are the isospin eigen amplitudes with isospinI

andd2I ’s are the corresponding phase shifts introduced@23#.
METC’s for decays intoKK̄ and pp final states can be pa
rametrized in a similar way. SinceMETC(D0→K0K̄0)50,
we obtain METC

(0) (D→KK̄)5METC
(2) (D→KK̄) and d0(KK̄)

5d2(KK̄), which lead to

METC~D0→K1K2!5METC~D1→K1K̄0!

52
i

A2 f K

^p1uH̃wuD1&eid2~KK̄ !.

~31!

The parametrization ofMETC(D→pp) is taken to be com-
patible with that of theD→pp amplitudes in Ref.@24#.
Because of the selection rule from Eq.~19!, we obtain

METC
~4! ~D→pp!50, ~32!

METC
~0! ~D→pp!5

i

A2 f p

^p1uH̃wuD1&eid0~pp!,

~33!

METC~Ds
1→K1K̄0!52

i

A2 f K

^p1uH̃wuDs
1&eid2~KK̄ !,

~34!
1-5
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since the final stateK1K̄0 is of I 51. For the Cabibbo-angle
favoredD→pK̄ and suppressedDs

1→(pK)1 decays, their
ETC terms are given by

METC
~1! ~D→pK̄ !5

i

A2 f p

^p1uH̃wuDs
1&

3F22
1

2 S f p

f K
D Geid1~pK̄ !, ~35!

METC
~3! ~D→pK̄ !52

i

A2 f p

^p1uH̃wuDs
1&

3F12S f p

f K
D Geid3~pK̄ !, ~36!

METC
~1!

„Ds
1→~pK !1

…5
i

A2 f p

^p1uH̃wuD1&

3F2 S f p

f K
D21Geid1~pK !, ~37!

METC
~3! ~Ds

1→~pK !1!52
i

A2 f p

^p1uH̃wuD1&

3@0#eid3~pK !. ~38!

In this way, the final state interactions are included in
nonfactorizable amplitudes in the present perspective
should be noted that ETC terms for decays into exotic fi
states vanish@in the SUf(3) symmetry limit, i.e.,f K5 f p].

In the approximation in which pole contributions of th
ground-state$qq̄%0, scalar@qq#@ q̄q̄# and (qq)(q̄q̄) mesons
and a glueball toMS are taken into account, we obtain th
non-factorizable amplitudes for theD→pK̄, pp and KK̄

and Ds
1→(KK̄)1 and (pK)1 decays inserting the abov

parametrizations of asymptotic matrix elements of char
and the effective weak Hamiltonian and the ETC ter
implemented by the phase factors into Eq.~12! with Eqs.
~13! and ~14!. The result is listed in Appendix C.

IV. BRANCHING RATIOS

Now we compare our result with experiments. To this,
need to know values of parameters involved in our total a
plitude ~a sum of the factorized amplitude listed in Table
and the corresponding hard pseudoscalar-meson ampl
listed in Appendix C!. We take the following values of the
CKM matrix elements and the decay constants@5#; Uus5
2Ucd50.21, Ucs5Uud50.98 andf p5132 MeV, f K5159
MeV. To calculate decay branching ratios, we use the cen
values of the observed lifetimes of charm mesons@5#;
t(D1)5(1.05760.015)310212 s, t(D0)5(0.41560.004)
310212 s andt(Ds

1)5(0.46760.017)310212 s.
The factorized amplitudes listed in Table I contain t

form factors,f 1(q2)’s. We put f 1(mp
2 ). f 1(0) sincemp

2 is
11400
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very small. The estimated values off 1(0)’s aresummarized
in Ref. @5# as

f 1
K̄D~0!expt50.7560.0260.02, ~39!

F f 1
pD~0!

f 1
K̄D~0!

G
expt

51.020.2
10.360.4 @Mark III #,

~40!

51.360.260.1 @CLEO#.
~41!

The above result is compatible with theSUf(3) symmetry
and therefore we assume that

f 1
K̄D~mp

2 !. f 1
pD~mp

2 !. f
1

KDs~mp
2 !. f

1

pDs~mp
2 !. f 1

K̄D~0!.
~42!

In this way, we can obtain the factorized amplitudes wh
provide the branching ratiosBfact’s in Table II. It is seen that
the branching ratios for the so-called spectator decays,D1

→p1p0 and D1→p1K̄0, are too big and that the colo
suppressed decays,D0→p0p0 and D1→p0K̄0, are too
strongly suppressed as mentioned before.

Now we evaluate the nonfactorizable amplitudes listed
Appendix C. The asymptotic matrix elements ofAp andAK
which have been parametrized in Eq.~16! are estimated to be

TABLE II. Branching ratios (%) for two-body decays of charm
mesons wherea151.09 anda2520.09 have been used. Values
parameters introduced are tentatively taken as follows: the ma

element ^p1uH̃wuDs
1&.0.069531025 ~GeV!2, the phases

d0(pp)5d1(pK̄)5d1(pK)5d3(pK̄)5d3(pK)585°, and the
parameters providing the residues of various meson polesk0

50.71, ka* 520.20, ks* 520.02, kg50.085.Bfact , Bnon-f andBtotal

include only the factorized amplitude, only the nonfactorizable o

@involving the $qq̄%0 , @qq#@ q̄q̄# and (qq)(q̄q̄) meson poles# and
the sum of them, respectively. The data values are taken from
@28#.

Decay Bfact Bnon-f Btotal Bexpt

D1→p1K̄0 9.66 2.15 2.71 2.7460.29

D0→p1K2 4.66 6.75 3.91 3.8360.12

D0→p0K̄0 0.03 1.94 2.26 2.1160.21

Ds
1→K1K̄0 0.06 3.82 2.93 3.661.1

D0→p1p2 0.29 0.68 0.14 0.15260.011
D0→p0p0 0.00 0.05 0.05 0.08460.022
D1→p1p0 0.31 1.11 0.25 0.2560.07
D0→K1K2 0.32 0.19 0.41 0.4360.03

D0→K0K̄0 0.00 0.12 0.12 0.1360.04

D1→K1K̄0 0.81 1.29 0.98 0.7260.12

Ds
1→p1K0 0.32 0.14 0.22 ,0.70

Ds
1→p0K1 0.00 0.02 0.02 ,0.70
1-6
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uhu.1.0 @14,15# by using partially conserved axial-vecto
current ~PCAC! and the observed rate@5#, G(r→pp)expt
.150 MeV.

We here assignf J(1710) to the glue-rich scalarS* and
take G f J

517569 MeV @5# as the widthGS* of S* . Then

u^KuAKuS* &u can be estimated from the observed width off J
and the ratio of its partial widths

FG~ f J→pp!

G~ f J→KK̄ !
G

expt

50.3960.14 ~43!

as u^K1uAK1uS* &u&0.15 by using PCAC~partial conserva-
tion of axial vector current!. They are really small as ex
pected. It implies that overlapping between wave functio
of the ground-state-meson and the glueball~or glue-rich me-
son! is very small. Therefore size of matrix element ofHw
taken betweenS* and K will be much smaller than tha
betweenp and K, and hence the size ofkg will be much
smaller than unity.Z in Eq. ~22! also can be estimated to b
Z;2.0 @26# from the above value of the observed ratio
decay rates, Eq.~43!, where we have taken the same si
between̂ K1uAK1uS* & and ^p1uAp

1uS* & as expected in the
SUf(3) symmetry.

Although existence of four-quark mesons has never b
confirmed, indications of their existence are increasing@27#.
We here take the predicted values of@qq#@ q̄q̄# meson
masses listed in Table III~a! in Appendix A. However, the
predicted (qq)(q̄q̄) meson masses listed in Table IV~a! sat-
isfy mE

pp* ,mD,mE
pK* . In this case, it is hard that th

(qq)(q̄q̄) meson pole amplitudes for the spectator deca
D1→p1K̄0 and D1→p1p0, interfere destructively with
their factorized amplitudes, simultaneously.~The naively
factorized amplitudes have lead to too big rates for the sp
tator decays as discussed before.! Since the predicted value
of their masses still would have ambiguities, however,
here shift up the mass values of (qq)(q̄q̄) mesons by 100
MeV from the predicted ones to obtainmD,mE

pp* ,mE
pK*

which leads to a destructive interference between the fac
ized amplitudes and the four-quark meson pole amplitu
for the D1→p1K̄0 andD1→p1p0. Masses of four-quark
mesons containing a charm quark listed in Tables III~b! and
IV ~b! are estimatedcrudely by using the quark counting
since our result is not very sensitive to them. Althou
widths of four-quark mesons are also still not known, t

@qq#@ q̄q̄# mesons with * are expected to be narrower th
the corresponding (qq)(q̄q̄) mesons@19#.

For the phasesd2I ’s arising from contributions of non
resonant multihadron intermediate states with isospinI, they
will be restricted in the regionud2I u,90°. ~Resonant contri-
butions have already been extracted as pole amplitude
MS . ! We here treat them as adjustable parameters which
restricted in the regionud2I u,90° as mentioned above an
satisfy the relations

d0~pp!5d0~KK̄ !5d2~KK̄ !5d1~pK̄ !5d1~pK ![d.
~44!
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The second equality has been obtained previously and
others are expected in theSUf(3) symmetry limit. However

the exotic phase shiftd3(pK̄) is treated as a parameter in

dependent of nonexoticd1(pK̄).
The remaining parameters areka* , ks* andkg which pro-

vide the residues of poles of@qq#@ q̄q̄#, (qq)(q̄q̄) and glue-
ball, respectively. Since overlappings between wave fu
tions of these exotic mesons and the ground-state ones
expected to be very small, values of these parameters wi
much smaller than unity,i.e., ukgu,uka* u,uks* u!1. It was pre-

dicted @19# that the couplings of the four-quark@qq#@ q̄q̄#

and (qq)(q̄q̄) mesons with * to the ground-stateO2(1) me-
sons would be small because of the structure of their w
functions with respect to spin and color degree of freed

and that the (qq)(q̄q̄) mesons with * would couple to the
ground-stateO2(1) mesons much more weakly than th

@qq#@ q̄q̄# mesons. The above statement implies thatuks* u
!uka* u.

For values of the asymptotic ground-state-meson ma

elements ofH̃w , ^p1uH̃wuDs
1&, etc., we have no informa

tion. Therefore we here treat the above matrix elemen
addition to the parameters mentioned above as adjust
parameters and look for overall fits to the observed bran
ing ratios for two body decays, where the latter parame
are not perfectly free but restricted as discussed above,i.e.,
ukgu!1, uks* u!uka* u!1 and udu, udexoticu,90°, whered is
given in Eq.~44! anddexotic is the strong phase in the exot
pK ~or K̄) channel,dexotic5d3(pK)5d3(pK̄).

We can reproduce remarkably well the observed bran
ing ratios for Cabibbo-angle favored and suppressed
body decays of charm mesons, simultaneously, by tak
reasonable values of parameters involved, i.e., very sm
values of parameters providing the residues of poles of g
ball, @qq#@ q̄q̄# and (qq)(q̄q̄) mesons,ukgu;0.1, uka* u;0.1
and uks* u;0.01, respectively, the predicted mass values

@qq#@ q̄q̄# mesons in Ref.@19# but (qq)(q̄q̄) meson masses
larger by 100 MeV than the predicted ones, and their widt
relatively narrowerG [qq][ q̄q̄];0.2 GeV and rather broade
G (qq)(q̄q̄);0.4 GeV. These are compatible with the discu
sions in Ref.@19#. For the phases of the ETC term relative
the surface term in the narrow width limit, which are e
pected to arise from contributions of multihadron interme
ate states, rather large values (*70°) of these phases in Eq
~44! are favored while our result is not very sensitive to t
value of the exotic phasesd3(pK) and d3(pK̄) since con-
tributions of the ETC terms into exotic final states are sm
@vanishing in theSUf(3) symmetry limit, i.e.,f K5 f p]. For
the asymptotic ground-state-meson matrix element ofHw ,
Cabibbo-angle favored and suppressed ones separately
isfy the charm counterparts of the~asymptotic! DI 5 1

2 rule in
the strangeness changing hadronic weak interactions oK
mesons, and are related to each other by using~asymptotic!
SUf(3) symmetry as discussed in Appendix B. Therefore
is sufficient to treat one of them, for example,^p1uH̃wuDs

1&,
as an adjustable parameter.
1-7
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As an example, a typical result is shown in Table II
which we have taken the following values of unknown p
rameters; the asymptotic matrix element ofH̃w ,

^p1uH̃wuDs
1&.0.069531025 ~GeV!2 which is not very far

from the factorized matrix element,

^p1uHw
BSWuDs

1& fact5
GF

A2
UudUcsH mp

2 1mDs

2

2
J f p f Ds

a1

.0.04831025 ~GeV!2, ~45!

wherea151.09 with the leading order QCD corrections@2#
and a recent lattice result on the decay constant,f Ds

.216

MeV @25# have been taken, the strong phases,d0(pp)
5d1(pK̄)5d1(pK)5d3(pK̄)5d3(pK)585°, and the
residues of meson poles,k050.71, ka* 520.20, ks* 5
20.02, kg50.085. It is seen, from Table II, that the naive
factorized amplitudes for the so-called spectator dec
which lead to too big rates for these decays interfere dest
tively with the exotic meson pole amplitudes as expect
The nonfactorizable amplitudes can supply significant c
tributions to the so-called color suppressedD0→p0K̄0 and
D0→p0p0 which are strongly suppressed in the naive fa
torization. To solve the well-known puzzle that the observ
ratio of rates forD0→K1K2 to D0→p1p2 is around 2.5, a
peculiarSUf(3) symmetry breaking may have to be intr
duced@29#. In the present case, such a symmetry break
can be realized dominantly by different contributions

@qq#@ q̄q̄# meson poles, i.e.,mD
2 2mŝ*

2
@mD

2 2mŝs*
2 . It is

known that theD0→K0K̄0 decay is described by two ann
hilation diagrams~in the mW→` limit ! which cancel each
other. Therefore both the factorized and the nonfactoriza
amplitudes for this decay vanish. However thes-channel
penguin can induce a pole contribution of scalar gluebal
glue-rich scalar meson which leads to a reasonable siz
rate for this decay in consistency with theD0→pp and
K1K2 decays.

V. SUMMARY

Two body decays of charm mesons have been studie
describing their amplitude in terms of a sum of factoriz
and nonfactorizable ones. The former has been estimate
using the naive factorization in the BSW scheme while
latter has been calculated by using a hard pseudosc
meson approximation. It has been given by a sum of
equal-time commutator term and the surface term which c
tains pole contributions of various meson states, not only
ground-state$qq̄%0 mesons but also a glueball and exo

$qqq̄q̄% mesons withJP(C)501(1).
In this way, a possible solution to the long standing pro

lems in charm meson decays has been given, at least, q
tatively. Factorizable contributions which lead to too b
branching ratiosBfact’s for the spectator decays likeD1

→p1p0 andp1K̄0 can interfere destructively with nonfac
torizable ones and a sum of these two contributions can
produce their observed values of branching ratios. The n
11400
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factorization also leads to too strong color suppression. H
ever, nonfactorizable amplitudes can supply sufficient con
butions to the color suppressed decays. The observed bra
ing ratios for the mixed decays which have bo
contributions from the spectator and the color mismatch
diagrams can be reproduced by interferences between
factorizable and the nonfactorizable contributions.

Two body decays of charm mesons into final states
cluding h or h8, in particular, decays intoph andph8 are
interesting. However nonfactorizable contributions to the
decays are complicated@30# because of theh-h8 mixing and
therefore these decays should be investigated separately

For quasi-two-bodyD→VP decays, the mixing betwee
isosinglet mesons in the final states is rather simple, i.e.,
v-f mixing is known to be approximately ideal. Howeve
in these decays, all the four types of four-quark$qqq̄q̄%
5@qq#@ q̄q̄# % (qq)(q̄q̄) % $@qq#(q̄q̄)6(qq)@ q̄q̄#% mesons
can contribute except for annihilation decays. Fortunate
the decays,D0→K̄0f, Ds

1→p1r0 andp1v, are described
approximately by annihilation diagrams and four-quark m
son contributions can be neglected. Here the first one
been observed with a substantial rate but the last two
suppressed. Since the factorized amplitudes for these de
are always suppressed@1#, the observed rates should b
dominantly supplied by nonfactorizable dynamical contrib
tions of various hadrons in the present approach. TheD0

→K̄0f amplitude is dominantly given by a sum of its ET
term describing contributions of multihadron intermedia
states and theK̄0 meson pole amplitude@31#. The observed
suppression of theDs

1→p1r0 suggests that a hybrid pseu
doscalar meson (pH) with a mass very close tomDs

and with
a rather narrow width exists~a recently observed pseudo sc
lar hybrid mesonp(1800) @32# may be assigned to this on
although its mass;1.8 GeV is not sufficiently close tomDs

)
and that its pole contribution cancel a sum of the ETC te
and the pion pole amplitude for this decay@33#. A strange
component (KH) belonging to the same multiplet aspH does
not disturb our good result on theD0→K̄0f decay. A recent
observation of theDs

1→p1v with a small rate @34#,
B(Ds

1→vp1)5(2.761.2)31023, suggests that an isotrip
let hybrid meson withJPC5112 exists but is not very close
to mDs

~probably much lower thanmDs
as expected@16#! or

couples very weakly topv. Quasi-two-body decays o
charm mesons including factorizable contributions will
investigated more extensively elsewhere.

Finally, hadronic weak interactions of charm mesons
intimately related to hadron spectroscopy. More informatio
of hadron spectroscopy will be needed to find a more qu
titative solution to the puzzles in hadronic weak interactio
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owes to them the decomposition of the effective we
Hamiltonian into factorizable and nonfactorizable parts.

APPENDIX A: FOUR-QUARK MESONS

Scalar four-quark mesons with charm quantum num
C50 and 1 are listed, whereS and I denote the strangenes
and isospin~see Tables III and IV!. Particles with superscrip
s contain anss̄ pair. Mass values of noncharm (C50) me-
sons are given in Ref.@19#. Masses of four-quark charm
(C51) mesons estimated by using the quark counting~with
mu5md, Dms5ms2mu50.2 GeV, Dmc5mc2mu51.5
GeV and the predicted mass values ofC50 mesons men-
tioned above! are given between parentheses~ !. Particles
containing double (ss̄) pairs and (cc̄) pair~s! are dropped
since they do not contribute in this paper.

APPENDIX B: ASYMPTOTIC MATRIX ELEMENTS
OF H̃ w

Constraints on asymptotic matrix elements of nonfact
izable weak HamiltonianH̃w have been previously derive
by using an algebraic method based on commutation r
tions between charges and currents~and hence the effective
weak Hamiltonian! and, then, by counting all possible co
nected quark-line diagrams. We here summarize a par
them which are useful in this paper. We here describe
Cabibbo-angle favored (DC521,DS521) and suppresse
(DC521,DS50) weak Hamiltonians asH̃w(2,2) and
H̃w(2,0), respectively, for convenience’ sake.

~i! Constraints on asymptotic ground-state-meson ma
elements ofH̃w :

TABLE III. ~a! Ideally mixed scalar@qq#@ q̄q̄# mesons withC

50. ~b! Ideally mixed scalar@qq#@ q̄q̄# mesons withC51.

~a!

S I51 I 5
1
2 I 50 Mass~GeV!

1
k̂

k̂*
0.90
1.60

ŝ 0.65

0
ŝ* 1.45

d̂s ŝs 1.10

d̂s* ŝs* 1.80

~b!

S I51 I 5
1
2 I 50 Mass~GeV!

1
F̂ I F̂0

~2.4!

F̂ I* F̂0* ~3.2!

D̂ ~2.2!

0
D̂* ~3.0!

D̂s ~2.6!

D̂s* ~3.4!
11400
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^K̄0uH̃w~2,2 !uD0&52^p1uH̃w~2,2 !uDs
1&,

^K̄* 0uH̃w~2,2 !uD0&52^r1uH̃w~2,2 !uDs
1&

5^K̄0uH̃w~2,2 !uD* 0&

52^p1uH̃w~2,2 !uD* 0&

5~A2k0 /h!^K̄0uH̃w~2,2 !uD0&,

~B1!

^p1uH̃w~2,0!uD1&52^K1uH̃w~2,0!uDs
1&,

^p1uH̃w~2,0!uD* 1&52^K1uH̃w~2,0!uDs*
1&

5^r1uH̃w~2,0!uD1&

52^K* 1uH̃w~2,0!uDs
1&

5~A2k0 /h!^p1uH̃w~2,0!uD1&,

~B2!

TABLE IV. ~a! Ideally mixed scalar (qq)(q̄q̄) mesons withC

50. ~b! Ideally mixed scalar (qq)(q̄q̄) mesons withC51.

~a!

S I52 I 5
3
2 I 51 I 5

1
2 I 50 Mass~GeV!

2
EKK

EKK*
1.55
2.10

1

EpK

EpK*
CK

CK*
CK

s

CK
s*

1.35
1.95
1.75
2.20

0

Epp

Epp*
Cp

Cp*
Cp

s

Cp
s*

C
C*
Cs

Cs*

1.15
1.80
1.55
2.10

~b!

S I52 I 5
3
2 I 51 I 5

1
2 I 50 Mass~GeV!

2
EKF

EKF*
~3.1!
~3.7!

1

EpF

EpF*
CF

CF*
CF

s

CF
s*

~2.9!
~3.5!
~3.3!
~3.9!

0

EpD

EpD*
CD

CD*
CD

s

CD
s*

~2.7!
~3.3!
~3.1!
~3.7!

21
EK̄D

EK̄D
*

~2.9!
~3.5!
1-9
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wherek05A 1
2 h with h5^r0uAp1up2& has been obtained b

using an algebraic method@35#. It will be understood more
intuitively since all the external states in the above ma
elements ofH̃w are of helicity5 0 states of the ground-stat
11400
x

$qq̄%0 mesons and the difference of spins will be not ve
important in the IMF.

~ii ! Constraints on asymptotic matrix elements ofH̃w be-
tween the ground-state-meson and@qq#@ q̄q̄# meson states:
^kC * 0uH̃w~2,2 !uD0&52^ds* 1uH̃w~2,2 !uDs
1&5~ka* /2Aa* !^K̄0uHw~2,2 !uD0&,

^K̄0uH̃w~2,2 !uD̂* 0&52^K̄0uH̃w~2,2 !uD̂s* 1&

5A1

2
^p1uH̃w~2,2 !uF̂ I*

1&

52A1

2
^p0uH̃w~2,2 !uF̂ I*

0&

5~ k̃a* /2Aa* !^K̄0uH̃w~2,2 !uD0&,

^p1uH̃w~2,2 !uF̂* 1&50, ~B3!

^d̂s* 1uH̃w~2,0!uD1&5A2^d̂s* 0uH̃w~2,0!uD0&5^ŝ* uH̃w~2,0!uD0&

52A2^ŝs* uH̃w~2,0!uD0&5~ka* /2Aa* !^p1uH̃w~2,0!uD1&,

2A2^p1uH̃w~2,0!uD̂* 1&522^p0uH̃w~2,0!uD̂* 0&5^K1uH̃w~2,0!uF̂ I*
1&

5^K0uH̃w~2,0!uF̂ I*
0&5~ k̃a* /A2Aa* !^p1uH̃w~2,0!uD1&,

^K1uH̃w~2,0!uF̂* 1&50, ~B4!

whereAa* is the invariant matrix element of axial charge defined byAa* 52 1
2 ^k̂* 1uAp1uK0&.

~iii ! Constraints on asymptotic matrix elements ofH̃w between the ground-state-meson and (qq)(q̄q̄) meson states:

A3

2
^EpK̄

* 1uH̃w~2,2 !uD1&5S 3

A2
D ^EpK̄

* 0uH̃w~2,2 !uD0&

53^CK̄
* 0uH̃w~2,2 !uD0&5A3^Cp

s* 1uH̃w~2,2 !uDs
1&

5~ks* /As* !^K̄0uH̃w~2,2 !uD0&,

2A3

2
^p1uH̃w~2,2 !uEpF* 1&5A3

2
^p0uH̃w~2,2 !uEpF* 0&

52S 3

A2
D ^K̄0uH̃w~2,2 !uEpD* 0 &5A3

2
^K2uH̃w~2,2 !uEpD* 2&

53^K̄0uH̃w~2,2 !uCD*
0&52A3^K̄0uH̃w~2,2 !uCD

s* 0&

52A3

2
^K1uH̃w~2,2 !uEKF* 1&5~ k̃s* /As* !^K̄0uH̃w~2,2 !uD0&, ~B5!

^p1uH̃w~2,2 !uCF*
1&50.
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A3^Epp* 1uH̃w~2,0!uD1&5S 3

A2
D ^Epp* 0uH̃w~2,0!uD0&

5A3^Cp
s* 1uH̃w~2,0!uD1&5A6^Cp

s* 0uH̃w~2,0!uD0&

52A3^Cp*
1uH̃w~2,0!uD1&523^C* uH̃w~2,0!uD0&

5A6^Cs* uH̃w~2,0!uD0&

52S 3

A2
D ^EpK* 1uH̃w~2,0!uDs

1&523^CK*
1uH̃w~2,0!uDs

1&

5~ks* /As* !^p1uH̃w~2,0!uD1&, ~B6!

S 3

2A2
D ^p1uH̃w~2,0!uEpD* 1&53^p0uH̃w~2,0!uEpD* 0 &

52A3

2
^p2uH̃W~2,0!uEpD* 2&

523^p1uH̃w~2,0!uCD*
1&

523A2^p0uH̃w~2,0!uCD*
0&5~ k̃s* /As* !^p1uH̃w~2,0!uD1&,

^Cp*
0uH̃w~2,0!uD0&5^K1uH̃w~2,0!uEpF* 1&50,

whereAs* is the invariant matrix element of axial charge defined byAs* 5^CK*
1uAp1uK0&.

In the above,ka* and k̃a* (ks* and k̃s* ) are not generally equal to each other. However, use of the commutation rel

@@H̃w(2,2),VD
s
2#,VD

s
2#5@@H̃w(2,2),Vp2#,Vp2#, with asymptoticSUf(4) symmetry@or anSUf(4) extension of the none

symmetry in the flavorSUf(3) with respect to asymptotic matrix elements of charges# leads toka* 5 k̃a* ~andks* 5 k̃s* ).

Matrix elements ofH̃w(2,2) and H̃w(2,0) can be related to each other, for example, as

^p1uH̃w~2,2 !uDs
1&5

Vcs

Vcd
^p1uH̃w~2,0!uD1&, etc. ~B7!

by using the commutation relations@Õ6(2,2),VK0#5Õ6(2,0) and@Õ6(2,0),VK̄0#52Õ6(2,2), whereÕ6(2,2) and
Õ6(2,0) are four quark operators inH̃w(2,2) andH̃w(2,0), respectively, and contributions of the QCD induced peng
term have been neglected.

APPENDIX C: NONFACTORIZABLE AMPLITUDES

We here list hard pseudoscalar-meson amplitudes as the nonfactorizable ones which include the ETC term d
continuum contributions and the surface term containing pole contributions of the ground-state$qq̄%0, scalar@qq#@ q̄q̄# and
(qq)(q̄q̄) mesons and a glueball. They are revised from the ones given in Ref.@8# in which the amplitudes involved som
misprints and the insufficient parametrization of phases of the ETC terms.

~i! Cabibbo-angle-favored decays:

Mnon-f~D1→p1K̄0!.2
i

A2 f p

^p1uH̃wuDs
1&H S 12

f p

f K
Deid31F S mD

2 2mK
2

mD*
2

2mK
2 D 2S mD

2 2mp
2

mD
s*

2
2mp

2 D S f p

f K
D Gk0

1F S mD
2 2mK

2

mD̂*
2

2mK
2 D 2S mD

2 2mp
2

mF̂
I*

2
2mp

2 D S f p

f K
D Gka* 1F 2S mD

2 2mK
2

mD
2 2mE

pK*
2 D 12S mD

2 2mp
2

mD
2 2mE

pK*
2 D S f p

f K
D

2S mD
2 2mK

2

mE
pD*

2
2mK

2 D 2S mD
2 2mp

2

mE
pF*

2
2mp

2 D S f p

f K
D Gks* J , ~C1!
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Mnon-f~D0→p1K2!.
i

A2 f p

^p1uH̃wuDs
1&H 2

1

3 S 12
f p

f K
Deid3~pK̄ !1

1

3 S 42
f p

f K
Deid1~pK̄ !

1F S mD
2 2mK

2

mD
2 2mK*

2 D 2S mD
2 2mp

2

mD
2 2mK*

2 D S f p

f K
D1S mD

2 2mp
2

mD
s*

2
2mp

2 D S f p

f K
D Gk0

1F S mD
2 2mK

2

mD
2 2mk̂*

2 D 1S mD
2 2mp

2

mD
2 2mk̂*

2 D S f p

f K
D2S mD

2 2mp
2

mF̂
I*

2
2mp

2 D S f p

f K
D Gka*

2F S mD
2 2mK

2

mD
2 2mE

pK*
2 D 1S mD

2 2mp
2

mD
2 2mE

pK*
2 D S f p

f K
D22S mD

2 2mK
2

mE
pD*

2
2mK

2 D 1S mD
2 2mp

2

mE
pF*

2
2mp

2 D S f p

f K
D Gks* J , ~C2!

Mnon-f~D0→p0K̄0!.2
i

A2 f p

^p1uH̃wuDs
1&A1

2H 2

3S 12
f p

f K
Deid3~pK̄ !1

2

3S 22
1

2

f p

f K
Deid1~pK̄ !

1F S mD
2 2mK

2

mD
2 2mK*

2 D 2S mD
2 2mp

2

mD
2 2mK*

2 D S f p

f K
D1S mD

2 2mK
2

mD*
2

2mK
2 D Gk0

1F S mD
2 2mK

2

mD
2 2mk̂*

2 D 1S mD
2 2mp

2

mD
2 2mk̂*

2 D S f p

f K
D1S mD

2 2mK
2

mD̂*
2

2mK
2 D 22S mD

2 2mp
2

mF̂
I*

2
2mp

2 D S f p

f K
D Gka*

1F S mD
2 2mK

2

mD
2 2mE

pK*
2 D 1S mD

2 2mp
2

mD
2 2mE

pK*
2 D S f p

f K
D1S mD

2 2mK
2

mE
pD*

2
2mK

2 D 22S mD
2 2mp

2

mE
pF*

2
2mp

2 D S f p

f K
D Gks* J , ~C3!

Mnon-f~Ds
1→K1K̄0!.2

i

A2 f K

^p1uH̃wuDs
1&H eid2~KK̄ !1S mDs

2 2mK
2

mD*
2

2mK
2 D k0

1F 2S mDs

2 2mK
2

mDs

2 2md̂s*
2 D 2S mDs

2 2mK
2

mD̂s* 2mK
2 D Gka* 12F S mDs

2 2mK
2

mDs

2 2mC
p
s

2 D 2S mDs

2 2mK
2

mEKF

2 2mK
2 D Gks* J . ~C4!

~ii ! Cabibbo-angle suppressed decays:

Mnon-f~D0→p1p2!.
i

A2 f p

^p1uH̃wuD1&H eid0~pp!1S mD
2 2mp

2

mD*
2

2mp
2 D k01F2S mD

2 2mp
2

mD
2 2mŝ*

2 D 2S mD
2 2mp

2

mD̂*
2

2mp
2 D Gka*

2F2S mD
2 2mp

2

mD
2 2mEpp

2 D 2S mD
2 2mp

2

mEpD

2 2mp
2 D Gks* 2

2

Z S mD
2 2mp

2

mD
2 2mS*

2 D kgJ , ~C5!

Mnon-f~D0→p0p0!.
i

A2 f p

^p1uH̃wuD1&A1

2H eid0~pp!1S mD
2 2mp

2

mD*
2

2mp
2 D k01F2S mD

2 2mp
2

mD
2 2mŝ*

2 D 2S mD
2 2mp

2

mD̂*
2

2mp
2 D Gka*

1F2S mD
2 2mp

2

mD
2 2mEpp

2 D 2S mD
2 2mp

2

mEpD

2 2mp
2 D Gks* 2

2

Z S mD
2 2mp

2

mD
2 2mS*

2 D kgJ , ~C6!

Mnon-f~D1→p1p0!.
i

A2 f p

^p1uH̃wuD1&H F2S mD
2 2mp

2

mD
2 2mEpp

2 D 2S mD
2 2mp

2

mEpD

2 2mp
2 D GA2ks* J , ~C7!
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Mnon-f~D0→K1K2!.2
i

A2 f K

^p1uH̃wuD1&H eid2~KK̄ !1S mD
2 2mK

2

mD
s*

2
2mK

2 D k01F 2S mD
2 2mK

2

mD
2 2mŝs*

2 D 2
mD

2 2mK
2

mF̂
I*

2
2mK

2 Gka*

2F 2S mD
2 2mK

2

mD
2 2mCs*

2 D 22S mD
2 2mK

2

m
E

K̄D
*

2
2mK

2 D 1S mD
2 2mK

2

mC
F*

2
2mK

2 D Gks* 12S mD
2 2mp

2

mD
2 2mS*

2 D kgJ , ~C8!

Mnon-f~D0→K0K̄0!.
i

A2 f K

^p1uH̃wuD1&H F S mD
2 2mK

2

mEK̄D

2 2mK
2 D 22S mD

2 2mK
2

mEpF

2 2mK
2 D Gks* 22S mD

2 2mK
2

mD
2 2mS*

2 D kgJ , ~C9!

Mnon-f~D1→K1K̄0!.2
i

A2 f K

^p1uH̃wuD1&H eid2~KK̄ !1S mD
2 2mK

2

mD
s*

2
2mK

2 D k01F 2S mD
2 2mK

2

mD
2 2md̂s*

2 D 22S mD
2 2mK

2

mF̂
0*

2
2mK

2 D
1S mD

2 2mK
2

mF̂
I*

2
2mK

2 D Gka* 2F 2S mD
2 2mK

2

mD
2 2mC

p
s*

2 D 2S mD
2 2mK

2

m
E

K̄D
*

2
2mK

2 D 1S mD
2 2mK

2

mC
F*

2
2mK

2 D Gks* J , ~C10!

Mnon-f~Ds
1→p1K0!.

i

A2 f p

^p1uH̃wuD1&H F2S f p

f K
D21Geid1~pK !

2F S mDs

2 2mK
2

mDs

2 2mK*
2 D 2S mDs

2 2mp
2

mDs

2 2mK*
2 D S f p

f K
D2S mDs

2 2mp
2

mD*
2

2mp
2 D S f p

f K
D Gk0

1F S mDs

2 2mK
2

mDs

2 2mk̂*
2 D 1S mDs

2 2mp
2

mDs

2 2mk̂*
2 D S f p

f K
D22S mDs

2 2mK
2

mF̂
I*

2
2mK

2 D 1S mDs

2 2mp
2

mF̂*
2

2mp
2 D S f p

f K
D Gka*

2F S mDs

2 2mK
2

mDs

2 2mE
pK*

2 D 1S mDs

2 2mp
2

mDs

2 2mE
pK*

2 D S f p

f K
D22S mDs

2 2mK
2

mE
pF*

2
2mK

2 D 1S mDs

2 2mp
2

mC
D
s*

2
2mp

2 D S f p

f K
D Gks* J ,

~C11!

Mnon-f~Ds
1→p0K1!.

i

A2 f p

^p1uH̃wuD1&A1

2H F2S f p

f K
D21Geid1~pK !

2F S mDs

2 2mK
2

mDs

2 2mK*
2 D 2S mDs

2 2mp
2

mDs

2 2mK*
2 D S f p

f K
D2S mDs

2 2mp
2

mD*
2

2mp
2 D S f p

f K
D Gk0

1F S mDs

2 2mK
2

mDs

2 2mk̂*
2 D 1S mDs

2 2mp
2

mDs

2 2mk̂*
2 D S f p

f K
D22S mDs

2 2mK
2

mF̂
I*

2
2mK

2 D 1S mDs

2 2mp
2

mF̂*
2

2mp
2 D S f p

f K
D Gka*

1F S mDs

2 2mK
2

mDs

2 2mE
pK*

2 D 1S mDs

2 2mp
2

mDs

2 2mE
pK*

2 D S f p

f K
D2S mDs

2 2mp
2

mC
D
s*

2
2mp

2 D S f p

f K
D Gks* J . ~C12!
114001-13
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