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Abstract The two-body nonleptonic charmed meson decays into two pseudoscalar mesons are studied using one-particle-exchange

method. The effects of the final state interactions are analyzed through the strong phases extracted from the experimental data.
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1 Introduction

The study of the two-body nonleptonic weak decays of
particles containing heavy (c,b) quarks appears to offer a
unique opportunity to determine the basic parameters of
quark mixing, and to investigate the mechanism of CP vio-
lation. However, the quarks are not free, they are bound
in hadrons by strong interactions which are described by
nonperturbative QCD . Solving the problem of nonperturba-
tive QCD needs efforts in both experiment and theory. In
the near future BESIII and CLEO-c detectors will provide
high precision data in charm physics including data on D
meson decays, which will provide the possibility for un-
derstanding the physics in charm sector.

It is interesting to study the weak decays of charmed
mesons beyond the factorization approach'' . In general,
if a process happens in an energy scale where there are
many resonance states, this process must be seriously af-
fected by these resonances ' . This is a highly nonpertur-
bative effect. Near the scale of D meson mass many reso-
nance states exist. D meson decays must be affected seri-
ously by these resonances. After weak decays the final
state particles rescatter into other particle states through

nonperturbative strong interactions'>”" . Different D decay
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channels can contribute to one another through final state
interactions (FSls) . One can model this rescattering effect
as one-particle-exchange process'*’ , namely the final
state particles be scattered into other particle states by ex-
changing one resonance state existing near the mass scale
of the decaying meson, or altematively a Regge tr-
ajectorym . There are also other ways to treat the nonper-
turbative and FSI effects in nonleptonic D decays. One
approach is that in which the FSIs are expressed by the
The other

method is a flavor topology approach™®’, where the rela-

phase shifts of the decaying amplitudes” .

tive phases between various quark-diagram''® amplitudes
arise from the final state rescattering.

The final state rescatlering effects for charmed meson
decays into two pions have been studied using the one-par-
ticle-exchange method'"’, where the magnitudes of had-
ronic cou-plings are extracled from experimental data on
the measured branching fractions of resonance decays. In
addition, a strong phase is introduced for the hadronic
coupling which is important for obtaining the correct
branching ratios in these decays. A similar analysis has
been applied to D — PV decays ? , where P is a

pseudoscalar meson, and V is a vector meson. The decay

D,—>$x has been tmalyzedm] beyond naive factorization .
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In the present work, we extend the study of the final
state interactions in D—=>nrx decays to D—>PP decays. The
coupling constants extracted from experimental data are
small for s-channel contribution and large for t-channel
contribution. Therefore the s-channel contribution is nu-
merically negligible in D->PP decays. We safely drop the
s-channel contnbution in our discussion. In Sec. 2, we
present the calculation within the naive factorization ap-
proach. The main scheme of one-particle-exchange meth-
od is described in Sec. 3. We give the numerical calcula-
tions and discussions in Sec. 4. The final section is re-

served for summary .
2 Calculations in the factorization approach

The charmed meson decay can be described by the

low energy effective Hamiltonian''*’

G
—E Y‘v 1 ? 2 g ’
ﬁ[ﬁ! L€ 0%+ C,0D] (1)

where C, and C, are the Wilson coefficients at m_ scale,

v, is the product of Cabibbo-Kobayashi-Maskawa ( CKM)

H =

matrix elements and defined as

vy = VgV (2)
and the current-current operators are given by

? = (aq)\'_A(qC)v_A-
B} (3)
Q: = (ﬁ,,qﬁ )v-A(‘IﬁCa Jvoa-

We do not consider the contributions of QCD and elec-
troweak penguin operators in the decays of D— PP be-
cause their contributions are negligible in D decays. QCD
factorization approach”’ is inapplicable to these decay
modes, as the charmed meson is not heavy enough. The
values of C, and C, at m_ scale are taken to be'"*!
C, =1.216, C, =-0.415.
In the naive factorization approach, the decay ampli-

tude can be generally factorized into a product of two cur-

rent matrix elements and can be obtained from Fq.(1),

G .
AD'—=x' ) = —TFVM Vala, + ay)if.(mh - m?)
F™(my),
0 + - GI" . . 2 2 D= 2
AD = x* 7)) = \/—EV‘_, Vaa,ife(my - m,)F™(ml),
0 0 GF * . 2 2 Dx 2
AD > 2°n’) = = ZEV V. ayif (md - m2) F™(m?),

2

w27 %

A(D*—=K’rn") = %V“d V. [laif,(mh - mp) F™(md) +
ayif(my - m) F™ (my)],

Gy
2

A(D" =K'n°) = %vm Vo ayify(mpy — me) F™(my),

AD' =K n*) = =V, V. a,if,(mp - mp) F*(m?),

G ,
AD =K' =) = Tgvu. Viaify(mh - m2) F™(m}),

G, . .
AD'—=K'"’) = —?'V,, Viaifi(md - mi)F™(m),

Gy
V2

ADP—Kn) = SV, V. agifi (= ) P ()

AD —=Kn* )= - 2V, V, ayifi(md - m?) F™(md),

. G . )
A(D »K'I("):J—_; V. Ve aifi(my - m) F™ (my),

G, . .
AD =K' 'K~ )zsz VoV aifi(mh - m2) F™(ml),
A(D°—~K°K°) =0, (4)

where the parameters a, and a, are defined as™”

1
C'+C2(N +X)*

¢

a,

(5)

I
a, = C, + C‘(N +x),

with the color number N, =3, and y is the phenomeno-
logical parameter which takes into account nonfactorizable
correction. For ¢° dependence of the form factors, we
take the BSW model'"’, i.e., the monopole dominance
assumption :

F(0)

F(qz) = l—qZ/m_z’ (6)

where m, is the relevant pole mass.

The decay width of a D meson at rest decaying into
PP is

ro—pp) = Liap—rm: 2L )

1

8n m’

where | p| is the 3-momentum of each final meson. The
corresponding branching ratio is

r(b— PP)

Br(D—PP) = T

(8)

tot

A comparison of the branching ratios of the naive factor-
ization result with the experimental data is presented in
Table 1. The second column gives the pure factorization

result, where the nonfactorization effect is zero, while the
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third column represents the branching ratio with small
nonfactorization correction. One can notice that the results
are not in agreement with the experimental data. For dou-
bly Cabibbo-suppressed decay modes, the experimental
measurements of their decay rates are unavailable, except
We shall predict their
branching ratios in section 4. The ratio for Cabibbo-sup-

for the channel D* = K* =~ .

pressed decay mode D°—K°K® vanishes in the naive fac-
torization approach. This decay seems to be induced

through final state rescattering.

Table 1. The branching ratios of D— PP obtained in the naive
factorization approach and compared with the experimental
results.

Decay mode Br( Theory) Br(Theory)

=0 y=-8.6x10"?

Br(Experiment)

D —n*x 3.0x1077 2.71x 107} (2.5¢0.7)x10°?
[ A 2.48x10°%  2.65x 107" (1.4320.07) x107?
D0—x"x" 9.98x10°% 1.39x107° (8.4:2.2)x107*
D* —=K°x* 1.20x10°"  9.98x 1072 (2.77+0.18) x 102
D°*K n* 4.81x10°7  5.14x107%* (3.80:0.09) x 10°2
D°—=K%x" 2.93x10°% 4.1x10 * (2.28:0.22)x10°?
DK 1.88x10°*  2.01x10°* (1.48:20.21)x10°*
n* =K« 2.4x107" 2.5 x10°* -

Nt —=K’rn* 3.86x10%  5.39x10°° -

D°—=K°x® 7.58x107°%  1.06x10°° -

D°—~K*K° 9.15x107*  9.76x10°* (5.8:0.6)x107?
D’—=K* K"~ 3.59x10°"  3.83x10°% (4.12:20.14) x 107
D°—=KK°® 0 0 (7.1£1.9)x 1074

3 The one particle exchange method for FSI

As we have seen above, the experimental results for
the branching ratios are mostly in disagreement with the
calculation from the naive factorization approach. The
reason is that the physical picture of naive factorization is
too simple, nonperturbalive strong interactions are re-
stricted in a single hadron, or between the initial and fi-
nal hadrons which share the same spectator quark. If the
mass of the initial particle is large, such as the case of B
meson decay, the effect of nonperturbative strong interac-
tions between the final hadrons is most probably small be-
cause the momentum transfer is large. However, in the
case of D meson, its mass is not so large. The energy
scale of D decays is not very high . Nonperturbative effects

may give large contributions. Because there exist many
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resonances near the mass scale of D meson, it is possible
that nonperturbative interactions propagate through these
resonance states, such as K° (892), K" (1430),
£,(1710) ,p(770) ,$(1020) etc.

The diagrams of these nonperturbative rescattering
effects can be depicted in Figs.1 and 2. The first part D
—P, P, or D=V, V, represents the direct decay where the
decay amplitudes can be obtained by using naive factor-
ization method. The second part repre-sents the rescatter-
ing process where the effective hadronic couplings are
needed in numerical calculation, which can be extracted

from experimental data on the relevant resonance decays.

P,

P,

Fig.1. s-channel contributions to final-state interac-

tions in D—PP due to one particle exchange.

(2) (b)

Fig.2. t-channel contributions to final-state interactions in I
— PP due to one particle exchange. (a) Exchange a single

vector meson; (b) Exchange a single pseudoscalar meson.

Fig.1 is the s-channel contributions to the final state

interactions. Here P, and P, are the intermediate
pseudoscalar mesons. The resonance state has the quan-
tum number J* = 0'* derived from the final state parti-
cles P, and P,. From Particle Data Group'*", one can
only choose f, (1710) as the resonance state to evaluate
the s-channel contribution. However, the coupling of f,
(1710) with two final mesons P, and P, is too small"'!’,
we drop the s-channel contribution in the numerical cal-
culation.

Fig.2 shows the t-channel contribution to the final
state interactions. P, , P, and V,, V, are the intermediate
states . They rescatter into the final state P, P, by exchang-
ing one resonance state V or P. In this paper the interme-

diate states are treated to be on their mass shell, because
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their off-shell contribution can be attributed to the quark-
level effects. We assume the on-shell contribution domi-
nates in the final state interactions. The exchanged reso-
nances are treated as virtual particles. Their propagators

are taken as the Breit-Wigner form

i
3 5 ] 9
E° — m” + iml’ ©)

tot

where I',, is the total decay width of the exchanged reso-
nance . To the lowest order, the effective couplings of f, to
PP and VV can be taken as the form
L = gw?'¢f, (10)
L, = gwAAYf, (11)
where ¢ is the pseudoscalar field, A, the vector field.
Then the decay amplitudes of f,—>PP and VV are
Tk = o (12)
Tow = Brveu (13)
The coupling constants gpp and gny can be extract-
ed from the measured branching fractions of f,—PP and
VV decays, mspet:li\-'ely?lb- Because f, = VV decays
have not been detected vet, we assume that their cou-
plings are small. We do not consider the intermediate
vector meson contributions of s-channel in this paper.
For the t-channel contribution, the concerned effec-
tive vertex is VPP, which can be related to the V decay
amplitude. Explicitly the amplitude of V— PP can be
written as
(D, = pa)s (14)

where p, and p, are the four-momentum of the two

Tyvep = Zvppe *

pseudoscalars, respectively. To extract ggp and gypp from

experiments, one should square Eqs. (12) and (14) to

gel the decay widths

_ I , el
r'(f— PP) = — —_—
8w gm| mf
, 1 1 (15)
r{v —- Pp) =7 8—K|gvpp12[mi, -2m -
(m2 - m2 2
2m§ + ! 5 : |I’2‘ y

my my

where m, and m, are the masses of the two final particles
PP, respectively, ' p| is the momentum of one of
the final particle P in the rest frame of V or f. From the
above equations, one can see that only the magnitudes of
the effective couplings | gy ' and ’ EZvep ’ can be extract-

ed from experiments. If there is any phase factor for the

effective coupling, it would be dropped. Actually it is
quite possible that there are imaginary phases for the ef-
fective couplings. As an example, let us see the effective
coupling of gy «, shown in Fig.3, which is relevant to
the process K' =K, . On the quark level, the effective
vertex can be depicted in Fig.4, which should be con-
trolled by nonperturbative QCD. From this figure one can
see that it is reasonable that a strong phase could appear
in the effective coupling, which results from strong inter-
actions. Therefore we can introduce a strong phase for
each hadronic effective coupling. In the succeeding part
of this paper, the symbol g will only be used to represent
the magnitude of the relevant effective coupling. The total
one should be ge, where 8 is the strong phase coming
from Fig.4, For example, the effective couplings will be

. . iff ifl
written in the form of gppe” ™ and gyppe V7.

m
K
K
Fig.3. The effective coupling vertex
on the hadronic level .
K"
Fig.4. The effective coupling vertex on

the quark level.

The decay amplitude of the s-channel final state in-

teractions can be calculated from Fig. ]

A = -l—j d3p1 j d"P: (2m)* 8% ( -
* T 2) (2n)2E,) (2n)2E, o
R (8 +8,)
. 1, 8¢ '
P - Pz)A(D P,P,) Eo—m’ o+ imF.(,.,

(16)
where p, and p, represent the four-momenta of the
pseudoscalar P, and P,, the amplitude A(D—P,P,) is

the direct decay amplitude. The effective coupling consta-
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nts g, and g, should be ggpp or gy which can be ob-
tained by comparing Eq.(15) with experimental data. By

performing integrals, we obtain

1((1140 )
g, gze

K -m' +iml,~
(17)

‘The t-channel contribution via exchanging a vector

| A(D - P,P,) —

1
FSt
AT = 8nmy

meson (Fig.2(a)) is
RS lj d'p, J' &p,

vz (2n)2E,) (2n)2E,
iei(01¢02)
A(D ~ PPg ¢ * (P| + Pa) K -m + iml’,, .
FOE) gi  (py + pa)s (18)

where F(k*) = (A® = m*)/(A® - k%) is the form factor
which is introduced to compensate the off-shell effect of
the exchanged particle at the vertices''”" . We choose the
lightest resonance state as the exchanged particle that
gives rise to the largest contribution to the decay ampli-
tude .

We furthermore have

(! d(cos@)
AP =J.1 — \p.|A(D—>P,Pz)-
. ((I +8)
gl k2_ +l”11-‘m(F(k)g2H, (19)
where
H:—[mé—%(m?+m§+m§+m§)+

(’P|:|P4|+ [Pz{ ‘p3|)0059+E,E4 +E2E3] ~
1

my

The t-channel contribution by exchanging a pseu-
doscalar meson (Fig.2(b)) is

o mi)(md - ml). (20)

1 d3p1 dapz
A L J ‘5t _ _ .
WP =2 ) (2x)2E, (21:)’2152(2") (po - pi = p2)
DA =V, Vg
AI.AZ
. i(91002)
ok ie )
(p. ) K - m’+iml,,
FOR g« (k + p)), 1)
and we obtain B
d((‘OQ(')) ’ ie“l’oz) .
'P_ 16mtm,, P kz-m2+imFm
Xg;ng(k)(— H, +H2). (2)

where

(27‘)‘84(1’0 -p-p)
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H, =4imv]fv](mD + mz)A,[—;(mﬁ -mi-m) -
1, .. :
?(E,Eg - (P ]| P:|cosO)(E E, +

1

1911 P | cosd) = L (E,E
m,

|P2] ]P4‘0059)(E E, + 1‘1’1

2m2m2(mn -m! - mI)(EE, -
2

P ] [Py cost)(ELE, - | pa| | pu|cost] . (23)

8”"\'lfvI
H'.’ = m+ m'z*)Az[ E2E3 + lpz

| Py | cost -

Ly~ md - m)(EE, - | p.] Py cost] -

2m;
i 1 .
[ EE + [pn‘ ‘Ihlcos«? - —(mj -
2m;
mf - m;)(E2E4 - ‘P:E \p.t‘COSﬁ)] R (24)

and X represents the relevant direct decay amplitude of D
decaying to the intermediate vector pair V, and Y, divided by
(v, [(V=-24), o)V, A*\DY,

A(D »V,V,)
(Vo (V= 4), 100V, (V- )" 'DY

X =

4 Numerical calculation and discussion

In order to calculate the FSI contribution of T} decays
to =, Krr and KK one needs to analyze which channel can
rescatter into the final states. The rescattering processes are
D—rr—>mn, D—=KK—>mn,D—~po »nn, D=K K —nx
for D—~nn decays; D—=Kr—=Kr, D—=K" p->Kn for D »Kr
channels; D—mn—~KK, D—~KK—KK, D->m—KK, D—~
pe—KK, DK K" —=KK, D >p$ ~KK for D—>KK decays
and pictorially shown in Fig.5, Fig.6 and Fig.7. These res-
cattering processes give the largest contributions, because
the intermediate states have the largest couplings with the fi-
nal states and the masses of exchanged mesons are small,
When we calcu-
late the contribution of each diagram in Figs. 5—7 via Eqs.
(19) and (22), we should, at first, consider all the possible
isospin structure for each diagram and draw all the possible
sub-diagrams on the quark level. Secondly, we write down
the isospin factor for each sub-diagram. For example, the

giving the largest t-channel contributions.

— . 0 . .
ud component in one final meson ™ has an isospin factor
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1
2
state 7, the factors 1 and - 1

’ 2 V2
wise, the isospin relation between differemt channels would
be violated" . Third, we sum the contributions of all the
possible sub-diagrams on the quark level to get the isospin

, and the dd component has - 1L . For the intermediate

V2
should be dropped, other-

factor for each diagram on the hadronic level .

(a) (b)

(c) (d)
Fig.5. Intermediate states in rescattering process for

D—=nr decays.

n K r n n n
~».<D : IK’ 9._< Ip D.< IK'
K n K K K K
(a) () (c)
5 0 ]:K KD 0 - R 5 p . L3
K’ n K IK K J:K
d) (e) 0}

Intermediate states in rescattering process for

D—=Kn decays.
n ]: K K K K EK 1 K
D K D i P D ¢ D i K
n K K K K K n K
() (b) (©) (d
p K K’ K K' K K
D;.< fK R_< fn D+< {n D_..é; {K
p K X K K K P K
U] ®) a

Fig.7. Intermediate states in rescattering process for
D—KK decays.

The FSI contributions of the Cabibbo suppressed decays
D' —~x* 2" and D’ —n"x’ depend on the couplings and
phases gy-y,e™ " and g, €™ respectively, while D'~
n' n  depends on both of them. In the Cabibbo favored de-
cays D* =K'n", D’>K x' D°—>K"x’ and the doubly

B2 %

Cabibbo suppressed decays D’—~K' ", D' =K' n’, D*
—K’z" and D° = K’x°, the branching ratios, including
both the direct decay and the rescattering effect, depend not
i8,

only on gy €% % and g, "™ but also on g e ™ .

For the Cabibbo suppressed decay modes D* =K' K°, D'~
K*'K™ and D’ >K°K’, the FSI effects come from gy*
el g,,uew"“ Buxe ** and gy K,,e'ﬁk' *n

In the numerical calculation, we use the input parame-
ters: 1) the decay constants f, = 0.133GeV, fx =
0.162GeV, f, = 0.2GeV, f,+ = 0.21GeV, f, =

0.233GeV; 2) the form factors F™(0) = 0.692, F™(0) =

0.762, A™ (0) = 0.880, A™ (0) = 1.147, A™(0) =
0.775, A;’P(O) =0.923" Fxcept for the decay constants,
the values of the form factors have not been known exactly
yet. We therefore have to take them from model-dependent
calculations. The parameter A in the off-shellness compen-
sating function F(k’) introduced in Eq. (18) takes the val-
ue of 0.513GeV, which is in the mass ranges of the final
state mesons. In order to get the branching ratios which in-
clude both the direct decays and the rescattering effects, we
use Eq. (15) and the central values of the measured decay
width of K* —Kx, p—>mrx and $—>KK'"' 1o obtain g,- , =
4.59, g =6.0 and gyy = 5.77. We take gux = VA £per
with the ss suppression parameter A = 0.28"" . Since there
is no data for K" —Kn(K" is not heavy enough to decay in-
to K1), we estimate the value of the strong coupling gy ,
==3.5 by comparing g,.. with gy'¢, . and considering SU
(3) flavor symmetry with 20 % —30 % violation. When the
nonfactorizable parameter y is not taken into account, we
can not reproduce the experimental data for all the D—PP
decays simultaneously. So we need to keep it as a phenome-
nological parameter. By taking y = - 8.6 x 107%, the ex-
perimental data of all the detected D— PP decays can be
well accommodated within the experimental errors.

The strong phases of the effective hadronic couplings
Ok ke 0

direct experimental measurements or from nonperturbative

wes Ok s Ouxs and Oy, can not be known from
calculations, because there is no any such kind of computa-
tions yet. The only information is that the values of these
phases should not differ too much, according to SU (3) fla-
vor symmetry. We fit the experimental data to get the values
for these phase parameters, and find that it is possible to re-
produce the experimental data of these D decays with small
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SU (3) flavor symmetry violation. To show this situation, in
which the experimental data are accommodated, Table 2
gives the numerical results of the branching ratios at §y- .
=53.9%, 0o =57.3°, Ok =71.8°, Oy =58.7 and O,
=65°, with a small SU (3) symmetry breaking effects. Col-
umn ‘ Factorization” is for the branching ratio predicted in
the naive factorization approach, where the nonfactorizable
correction is small. We find that the data of D->PP cannot
be accommodated without including the contribution of the
nonfactorizable effect. Column ° Factorization + FSI' is for
the branching ratio of the naive factorization including the fi-
nal state interaction. The contributions of final state rescat-
tering effects are large, which can improve the predictions of
naive factorization to be consistent with the experimental da-
ta. The strong phases introduced for the effective hadronic
couplings gy*x, » &pr» &k &uxx and gy x, re important
for explaining the experimental data, otherwise, it is quite
difficult to get the correct results for these decay modes at

the same time by varying other input parameters.

Thble 2. The branching ratios of D—PP.

Factorization + FSI

Decay mode Factorization Experiment
D*—=r*a" 271 x10°? 1.8x 107} (2.5£0.7) x10°?
W oen®n- 2.65x10°} 1.49%10-? (1.43:0.07) x 10 ?
DP-—+n"n" 1.399x 1077 1.06%10°° (8.422.2) x107*
D' —=Kzx* 9.98x 102 2.95x1077  (2.77+0.18) x 10°2
DP—~K =* 5.14x107?2 3.x107  (3.802£0.09) x 1072
P—K'x° 4.1x1074 2.9x%1072 (2.28+0.22) x 1072
P—K* =" 2.01x10°* 1.41x107* (1.48+0.21)x 107*
D =K' 2.56x 1074 2.96x10°* -
D*—K'n* 5.39x10°° 7.56x10°* -

D’ —-K'x° 1.06x10°° 2.84x107¢ -
D*—=K'K° 9.76% 107} 6.4x107° (5.820.6) x 107°
P—K* K- 3.83x10°" 4.0% 107} (4.1240.14) x 107?
P—K%K° 0 5.73x10°* (7.121.9)x10°*

As we have mentioned earlier , the branching ratios
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have not been detected in experiments for doubly Cabibbo-
suppressed decay modes D* —~K' r°, D* =K’x* and D°—
K'n’, except D"—K* n” . In our method, they are all pre-
dicted to be at order of O(107*).

To conclude this section, we shall give some com-
ments. There are some free parameters, such as the D decay
form factors which have not been well determined in experi-
ments yet. They need to be measured from leptonic and
semileptonic decays of D mesons, which are quite possible
in the CLEO-c program in the near future. The other input
parameters that may cause uncertainties are the shape of the
off-shell compensating function F (k’) and the nonfactori-
zable parameter y , which are needed to be studied by some
nonperturbative methods based on QCD in the future. Cer-
tainly to completely understand final state interactions, more

experimental data and more theoretical works are needed.
5 Summary

We have studied two-body nonleptonic charmed meson
decays into two pseu-doscalar mesons. The total decay am-
plitude includes both direct weak decays and final state res-
cattering effects. The direct weak decays are calculated in
the factorization approach, and the final state interaction ef-
fects are studied in the one-particle-exchange method. The
prediction of the naive factorization is far away from the ex-
perimental data. After including the contribution of final
state interaclions, as well as the nonfactonzable corrections,
the theoretical predictions can accommodate the experimental
data within experimental errors, where the strong phases of
the effective couplings are quite necessary to reproduce ex-
perimental data. The branching ratios are predicted for the
three doubly Cabibbo-suppressed decay modes.
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