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Weak annihilation topologies and final state interactions in D — PP decays
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We study two-body D — PP decays, assuming that each decay process go through the bare amplitude
followed by elastic SU(3) rescattering, where the bare amplitude consists of (i) the color-allowed
and color-suppressed factorization amplitudes and (ii) the short-distance weak annihilation amplitudes.
We have performed the y? fit on 14 branching ratios of D — PP decays in the formalism of the
above mentioned model. The final state interactions can be well accounted for by the short-distance
annihilation topologies and SU(3) rescatterings. The two SU(3) rescattering phase differences are § =
8y7 — 63 = —46° and o = 67 — §; = —21°, where 6,7, 83, and &, are the rescattering phases of final
states corresponding to the representations 27, 8, and 1, respectively. We find that the D° — K°K° decay
occurs mainly due to the nonzero short-distance weak annihilation effects, originating from SU(3)
symmetry-breaking corrections to the distribution amplitudes of the final-state kaons, but receives tiny
effects from other modes via SU(3) rescattering. Our results are in remarkable accordance with the current

data.
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L. INTRODUCTION

It is known that the naive factorization approximation
fails to describe the color-suppressed D decays. The results
can be improved if the Fierz-transformed terms character-
ized by 1/N, are discarded [1]. The short-distance (SD)
weak annihilation effects, which may mimic some non-
resonant final state interactions, have recently been empha-
sized in two-body B decays [2-5]. In D decays, the SD
weak annihilation contributions involving gluon emission
from the final-state quarks, which arise from the (V — A) ®
(V — A) four-quark operators, vanish. Nevertheless, if the
gluon is emitted from the initial quarks, the SD weak
annihilation effects are not zero (see the results shown in
Sec. II B) and may give sizable corrections to the ampli-
tudes. Such effects were first noticed by Li and Yeh [2,3]
and recently discussed in B decays [4,5]. One therefore
expects that the SD weak annihilation may play an impor-
tant role in D decays because the energy released to the
final-state particles is not as large as that in B decays.

'One may introduce the transverse momenta of quarks (k | ) to
regulate the endpoint divergence, where k | is naturally con-
strained by the infrared cutoff ~1/R with R the meson’s radius
(some other discussions can be found in Ref. [4]). However, the
result may suffer from the gauge problem and is part of higher
twist contribution. It is interesting to note that in deeply inelastic
scattering (DIS) processes, by introducing a generalized special
propagator [6] for massive quarks [7], the separation of the hard
part (T) from the soft part (parton distributions) is manifestly
gauge invariant for different orders in 1/Q (twist). An important
feature of using the special propagator technique is that the k |
contributions should be moved into 7', such that, after combining
with the gluon field A% in T, a covariant derivative of color gauge
invariance can be achieved and classified as a high-twist
contribution.
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Unfortunately, the SD weak annihilation topologies, in
general, are not calculable in the QCD factorization
approach.'

The color-suppressed B° — D®O(7% 5, w), B’ —
D(n/,K%), and B~ — DK~ decay modes have recently
been observed by the Belle, CLEO, and BABAR collabo-
rations [8—12]. These branching ratios (BRs) are much
larger than the expectation in the factorization-based
analysis [13]. Using the isospin amplitude analysis of
B — D%, B® = D*#~ and B° — D°#°, one can ob-
tain that the rescattering phase difference of isospin am-
plitudes A3/, and A;/, is about 30° [14]. It may indicate
that long-distance (LD) final state interactions (FSIs) are
not negligible even in B meson decays [14]. Analogously,
larger FSIs could be expected in D meson decays since the
energy released in D decays is much less than that in B
decays as mentioned above. For illustrating this point, we
perform the isospin decomposition for D° — K~ 7", K'7°
and DT — K°7* decay amplitudes:

1 2
AD*— K 7") = \£A3/2 + \/;Al/z,
0 _, 700 2 1
AD® — K°7”) = §A3/2 - §A1/2,

A(D+ g ?OW+) - \/§A3/2,

(1.1)

where the isospin amplitudes with isospin 3/2 and 1/2 are
denoted as A3/, and A ), respectively. The relative rescat-
tering phase between A3/, and A, /,, denoted as ¢, satisfies
the following relation,
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cos¢p =

Substituting the data for BRs of D* — K~ 7", K°7° and
DT — K°7" modes, which are (3.8 = 0.09)%, (2.30 +
0.22)% and (2.82 =0.19)% [15], respectively, into
Eq. (1.2), one can obtain the rescattering phase ¢ =~ 94°,
much larger than that in the charmful two-body B decays.
The above result indicates that FSIs should be significant in
D meson decays.

In this article, we will assume that the FSIs in D — PP
are described by SD weak annihilation topologies and
elastic (LD) SU(3) rescatterings. Analogously, the elastic
final-state rescattering picture has been extended from
SU(2)-type to SU(3)-type in B decays [14,16]. We presume
that each D — PP decay process go through the “bare”
amplitude followed by elastic SU(3) rescattering, where
the bare amplitude describing the SD-dominant contribu-
tions consists of (i) the usual factorization amplitudes of
color-allowance and color-suppression, which can be
calculated using the factorization approach, and (ii) the
SD weak annihilation topologies (W-exchange or
W-annihilation) which present the endpoint singularities
are regulated by introducing the complex phenomenologi-
cal parameter X, [4] in the QCD factorization approach
(see the detailed description in Sec. 11 B).

Interestingly, the SD weak annihilation amplitudes are
dominated by the topologies of gluon emission arising
from the initial-state quarks of the weak vertex, while
the total amplitudes vanish in order of «; if the gluon is
emitted from the final-state quarks. On the other hand, the
elastic SU(3) rescatterings are mainly generated by gluon
exchange between the final-state mesons. Therefore, it
could be expected that the possible double counting is
negligible between the two possible sources for FSIs. We
will give a detailed discussion for possible rescattering
sources in Sec. V.

We consider the SU(3) breaking effects in the bare
amplitude level, but, for simplicity, do not distinguish the
breaking influence on the two SU(3) rescattering phases,
defined as 6 = 6,7 — 63 and o = 6,7 — 6;. In other
words, in description of decay amplitudes, masses vary
according to SU(3) breaking, and meson productions differ
in strength as reflected in the decay constants and form
factors.

The rest of this article is organized as follows. In Sec. I,
neglecting elastic SU(3) FSIs, we first sketch the factoriza-
tion amplitudes as well as the SD weak annihilation con-
tributions in two-body D decays. Section III is devoted to
the formulation of SU(3) rescatterings. We give the nu-
merical analysis in Sec. IV. The discussions and summary
are presented in Sec. V. The detailed results for the facto-
rization amplitudes, SD weak annihilation amplitudes and

JA(D® — K~ 7> — 2]A(D° — KO7)|? + L|A(D* — K072
2\/§|A1/2||A3/2| .

(1.2)

[

tensor approach for the SU(3) final-state decomposition are
collected in Appendices A, B, and C, respectively.

II. THE BARE AMPLITUDES

Here we present factorization and SD weak annihilation
amplitudes for D — PP decays. The relevant effective
Hamiltonian for the charmed meson decays is

Z VigViy(€0y + ¢,0,) +he, (2.1)
q,9'=d,s

Gr

H eff = =

V2

where G is the weak coupling constant, and the current-
current operators read

0, = (uc)y-a(@' Qy-a
2.2)

0, = (uq)y-a(@cly-a

with (ig)y_, = uy*(1 — y%)q. V,, and V., are the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
given by

Via Vs Vb
Vea Ves Ve
Vi Vi Vi
1-& A AX(p —in)
= —A 1-4 AN2 (23)
AP —p—in) —AX 1

in the Wolfenstein parametrization.

The two ingredients of the “bare” amplitude for de-
scribing the decay processes are (i) the factorization am-
plitudes, which are made of the color-allowed external
W-emission tree amplitude (7°) and/or the color-
suppressed internal W-emission amplitude (C), and
(i) the weak annihilation amplitudes which consist of
W-exchange and/or W-annihilation topologies.

A. Factorization amplitudes

Taking D° — K~ 7", K°7° as examples, the factoriza-
tion amplitudes can be written as the following general
forms:

. G .

TK :TS wdVisarif o(md — my)FRX(m2), (2.4)
K _ Gr * 2 2\ D[ 2

C = EVMchsazlfK(mD - m,T)FO (mK), (25)

where the superscripts denote the decay modes. Here, the
nonfactorizable effects, including the radiative corrections
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to the weak vertex and the spectator interactions, are
absorbed into the parameters a; , which amount to replace
N, (equals the number of color) by N¢ such that

1

- (2.6)

ajp =cy1 tepp

We have summarized the factorization decay amplitudes in
Appendix A, where the physical 1’ and 7 states are related
to the SU(3) octet state ng and singlet state 7, by

[7)\ _ [cos® —sind\/|ng)
(1) = (mp conp Jim ) @7
with the mixing angle ¢ = —15.4° [17], and
[70) = =l + dd + 55)
M) = —=|iu Ss),
\/1—37 (2.8)
= —|iu + dd — 25s).
|ms) \/gl )
Introducing the decay constants fg and f; by
we have
fs . fo
U =2 sind + == cosd,
Tw =765 "
(2.10)
o= —2& sind + & cos,
7 V6 V3
and
/s fo ..
U =2 cos) — ——= sindd,
=76 T
2.11
fn= —2& costY — & sind, ( )
V6 V3
where
Olay . ysuln®(p)y = if P
(2.12)

<0|§7M755|77(/)(P)> = if::,(/)p,u'

The form factors for B — n') transitions are assumed to be

D ,(COsT  sind}

R = )

S sin® N cos? (2.13)
0 0 \/6 \/'?; .
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FIG. 1 (color online). Annihilation corrections to D — P{P,,
where (a) and (b) correspond to A{ , while (c) and (d) give rise
to Al.

B. SD weak annihilation amplitudes

The SD weak annihilation contributions [4,5] to D —
P, P,, graphically shown in Fig. 1, are represented as

> VigViAPPo|T 5Dy = Ap (P Py). (2.14)
q,q'=d,s

Gr
V2

In general, (P,P,|T z|D) consists of icfpfp,fr,bi2,
where ¢ contains factors of *1,*=1/+/2, 1/4/6, or

-2/ \/5, arising from the flavor structures of final-state
mesons, and

C .
by = N—icl,zAa(PzPl), (2.15)

c

with the convention adopted here that P, (P;) contains a
quark (antiquark) arising from the weak vertex with longi-
tudinal momentum fraction x (y). Here the basic building
blocks for annihilation amplitudes originating from opera-
tors (G,¢)v—a(Grq3)y—_a are denoted as A'’, where the
superscript i(f) indicates gluon emission from the initial-
(final-) state quarks in the weak vertex, given by

. 1 1 1
A{(PyPy) = Wasf dxdy{CI)Pz(x)CI)Pl (y)[__ +_21|
0 y(1—xy)  x2y
2
0D (D) (y)g},

A{(PZPI) =0. (2.16)

with r)I;" being defined as

2m3

r?(#) = P (2.17)

me(p)(my, (p) + mg, ()’

and m the current quark masses of the meson constit-

41,92
uents in the MS scheme. The relevant two-parton light-
cone distribution amplitudes (LCDAs), up to twist-3, of a
light pseudoscalar meson P are defined as [18]
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(P(PG2(22) Y v591(20)10) =

1 _ _
(P(P)|q2(z2)ivsq:(z))]0) = fP:u'P/; dxel(x’)'zzﬂp'zl)(bg(x),

1 . _
P(PNG2(22) 0, ¥5q01@DI0) = ifpp(puz, = Puzy) ﬁ dxetp2tipa)
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1 , -
— ifpp# j;) dxe’(xi"“””'zl)(l)p(x),

(2.18)

Pg()
6 ’

where z =z, — 2, up = mp/(m, + m,,), fp is the decay constant, and x(or ¥ = 1 — x) is the collinear momentum
fraction carried by the quark ¢, (or antiquark g;). Here and below we do not explicitly show the gauge factors

Pexp|ig, [ dites — 22), 421 + (1= 02y |

(2.19)

in between the quark fields. The leading-twist LCDA ®p(x) is of twist-2, while ®%(x) and ®%(x) are of twist-3. LCDAs
appearing in the calculation of weak annihilation contributions are in the form of

(PPN p(2)q1a(z)I0) = L2 ﬁ 1 dxei(XP'Zz”P'Z‘){1575CDP(X)_MP?’S( P(x) —

Neglecting three-particle contributions, the twist-3 distri-
bution amplitudes in the asymptotic limit are related to
each other by equations of motion, so that
(I)a'/
ap =1, ED ey
(2.21)
DF(x)
6

Using the above simplification, one can get the correspond-
ing projector of Eq. (2.20) in the momentum space [4,5,19]

Mgﬁ = lf_P(ﬁYs‘DP(X) MpYs kk 2k

= (xx)PL.

O (x >) ;
(2.22)

and further obtain the basic building blocks for annihila-
tion amplitudes given in Eq. (2.16), where the momenta of
the quark ¢, and antiquark g, in a meson are parametrized
as

2

k7
k'LL = xEn'“ + k# + ﬁn+,

2
kb = XEn* — ki + —Lnt,
5 = XEn i 4En+

respectively. For simplicity, we have introduced two light-
like vectors n* = (1,0,0, —1),ny = (1,0,0,1). If ne-
|

(2.23)

— G c . 1
Az, (KK = i 2F o S mae Vi, [ dvdy] @@
b 0

2

1 1
+ VudV:fdf dxdy|:CI)Ku(x)<DEo(y)<

= ZTfoK

— 4
y(1 = xy
7Ta sC1 Vs Vi36ak(4X, + 33 — 472),

(2.20)

CD(;(X)»aB'
[

glecting the meson mass squared, we have p* = En*
where E is the energy of the meson. We refer the reader
to Refs. [4,5] for the detailed technique of calculating weak
annihilation contributions.

The LCDAs normalized at the scale w can be expanded
in Gegenbauer polynomials of forms

Dp(x, ) = 6x(1 — x)[l + 3 el s - 1)}
n=1

(2.24)

®he p) =1+ Y ab (w)C P 2x - 1),

n=1

(2.25)

DI(x, u) = 6x(1 — x)|:1 + i afl)‘”(,u,)Cff/z)(Zx - 1):|.
n=1
(2.26)

In the numerical analysis, we truncate the expansion of ®p
at n = 1 and just take the asymptotic approximation for
®% and ®g. Note that af’ is nonzero only for the kaon. For
the kaon containing an 5 quark, we have the replacement
x < % in Eq. (2.24). The annihilation corrections to D? —
KYKY, as an example, thus read

1

LY (o 2
(TR ARG AT LR

1 2
E) + (r§>2q>§o<x>q>§o(y>5]
2.27)
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where use of V,,V:, = —V, Vi has been made, and
[ dz/z— X, has been used to parametrize the logarith-
mically divergent integrals [4,5], which can be regulated
by including the transverse momentum of the quark in the
endpoint region of integrals, but however may suffer from
some theoretical problems (see discussions in the introduc-
tion). It is interesting to note that Ay _(K°K®) is propor-
tional to aX. As will be seen in Sec. IV, the magnitude of
aX has a large impact on the D° — K’K? branching ratio.
Two remarks are in order. First, the simplified form of the
projector in Eq. (2.22) cannot be justified if considering
higher Gegenbauer moment corrections to ®% and ®g. We
have checked that the amplitude corrections due to af’p
and a{("’ are numerically negligible if the magnitudes of
af‘p and a}"“ are not too large. Second, we do not consider
J

— K =t
D'— K #7 — Ko7, DY — K979
— K7

Taking into account elastic SU(3) FSIs, the decay ampli-
tudes AT are given by [20-22]

3.1

A }:Sl _ Zsl!l/zAllJare _ (UTs(lﬁ/ng)”A?are’
I

where S is strong interaction scattering matrix, and
Abae(= Al + A7 %) are approximated in terms of the
factorization and SD weak annihilation amplitudes. Note
that S is unitary. The SU(3) final-state rescatterings for
D — PP, are described by the product 8 ® 8. Since the
P, P, states obey the Bose symmetry, only the symmetric
states given by the representation 36(= 27 ®8@1)in 8 ®
8(= 36 @ 28) decomposition are relevant, whereas states
given by the representation 28(= 10 ® 10 & 8) vanish.

In the present study, we will use 8,7, dg, and §; to stand
for the respective rescattering phases of 27, 8, and 1 states.
The detailed derivation for U matrices and the correspond-
ing SU(3) eigen-amplitudes is exhibited in Appendix C.
Thus the S'/? matrices and decay amplitudes can be recast
into the following 5 subsets (see also Refs. [16,22]):

(i) subset 1 (K~ 7" — K7 — K%njg rescatterings),

SN
2+3e7 3(1—e i) VBll—e )
5 52 52
3(1=e?) 743¢7?  B(=1+e™®)
o 10 o | G2
Vl=e®) VBl=lte®)  9+e®
542 10 10
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a¥, since distinguishing a7, aX, and a " is not numerically
significant in the present study [4], and, moreover, partial
effects due to af can be absorbed in X,. The detailed
expressions for SD weak annihilation amplitudes are col-
lected in Appendix B.

II1. SU3) RESCATTERINGS

From the isospin amplitude analysis of D°—
K 77, K°7° and D* — K°#™*, as discussed in Sec. I,
we know that the LD FSIs effects may be significant in
D meson decays. Considering elastic SU(3) rescatterings

in D decays, for instance, D* — K~ 7", D — K°7°, and
DY — K0n8 can be generated via
— K =t — K =t
— K%, D°— K9y — K°7°
— K7 — K7
b
AI§EZ+
are
e = | AR |, (33)
Ab_are
KOUS

(i) subset 2 (Kt 7~ — K°7° — K994 rescatterings),

/2 _ Ql/2
S(1<7T)0 =S 34
Abare
Al = | A8 | (3.5)
Abare
KO

(iii) subset 3 (K7™ — K* 7% — K" ng rescatterings),

1/2 —ié
Sikmre 7
2+3¢710 _3(1—e"®) _ B—e7)
5 5v2 5v2
— | _30=e™® 7+3e7i0 _ B(=14ei0)
572 10 10 ’
_B31=e®)  _ B(=1+e"?) 9+e~id
52 10 10
(3.6)
A
Abwe = AR, |, 3.7)
Abare
K" g
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. = . bare
(iv) subset 4 (w" 7" — 7" ng — KK rescatterings), A,’f 0
Abare  — e (3.9
(mm)* T mg |’ .
1 0 0 AR
12 =ity — |0 34207 _ f6i=e?)
+ - 5 5 >
(7r7m) 0 - JB(1—e~%) 2 43e-id
5 5 (v) subset 5 (m'@ — 07" — mgmy — KK —
(3.8) K°K° — 7974 rescatterings),
|
5e717+8e70+7  SeTi7+8e 0—13 3¢ i7—8e 0+3  SeTi0—de -1 SeTi7—de 0| 0
20 202 20V 20 20
ST +8¢ 13  5¢7"+8¢70+27  5e7"—8e 43  SeiW—de -1 SeTi"—de 0] 0
2042 40 - 20v2 20v2 20V2
Se"i7—8e 10+3 Se"i7—8e %43 5e 71 7+8e 0427  Se”i9+4e70—9  Se"i74+4e710—9 0
Sl/2 ity 2042 2042 40 2072 2042 , (3.10)
(rm)° Se i —de 0—]  S5eTi0—de i0—]  5eTi044e 09  5e7i048e 047 Se i0—de i0—] 43(e"®—-1) |’ :
20 202 2042 20 20 20 _
Se i —4e"10—1 Se”ir—4e"0—1 Se i 44 09—  SeTit—4e i—1 5. 1748 1047  4/3(1—e”?)
20 202 2042 20 20 20
0 0 0 4.3(e"%—1) 4./3(1—e %) 42719 43)
20 20 20
[
Abare 71" BRs as inputs. The modes involving 5 or n’ are
Abare related to mg and 7 via the mixing angle ¢. The SU(3) FSI
T . . . .
Abare picture is not suitable to be extended to the U(3) scenario
Abare - — pisTs 3.11 since U, (1) symmetry is broken by anomaly, i.e., ' is not
(7m) A A n
e AP
A’gar’e( a Goldstone boson. The weak annihilation effect for SU(3)
gof‘) channels is parametrized in terms of X4, while that for
are . . . o e .
AT decay modes involving m, is distinguished to be X/.

where 6 = 6,7 — 03, 0 = 8,7 — 01, and we have included
the identical particle factor 1/+/2 in the amplitudes ﬂ':ﬁffro
and A% . Here S'/2 matrices have been factored out an
overall phase e%7 since only phase differences affect
physical results. Note that we do not list D* — K7+,
which does not belong to any above subset, i.e., does not
rescatter with other PP modes. Note also that in the subset

4, DT — 7779 does not rescatter with other modes, too.

IV. RESULTS

In this section, we will first introduce the relevant pa-
rameters in the fit and then give the numerical results
together with a brief discussion. The 2-body D meson
decay rates are given by

|7l
¢ 5 |AFSI|2’

I'(D— PP, =
8mmy,

“4.1)

where p, is the center-of-mass momentum of decay parti-
cles. In the numerical analysis, we perform the best multi-
mode y? fit for measured branching ratios, defined as

Vi — Xi\?
XZ:Z( Ax; )

1

4.2)

where y; and x; = Ax; denote the theoretical results and
measurements, respectively. On the theoretical side, input
parameters relevant for our numerical analysis are listed in
Table I [15,23-25]. As listed in Table II, we take the
current data [15] for the 14 K, ww, KK, Kn", and

However we do not distinguish 1/N¢T because it is nu-
merically small, as seen in our analysis. The scale for the
factorization amplitudes is taken to be u = m,, i.e.,

TABLE I.  Summary of input parameters [15,23—25] on the
theoretical side of the fit.

Running quark masses [GeV] and the strong coupling constant

m,(1GeV) m,(1GeV) my(1GeV) a,(1GeV)
0.12 0.004 0.009 0517

m(,‘(m(,‘)
1.35

The Wolfenstein parameter and D-meson lifetimes [10™125]

A 7(D") 7(D%)
0.2196 1040 =7 4103 = 1.5

Pseudoscalar-meson decay constants [MeV]

fK fﬂg f710
160 168 157

fa
131

fo
220 * 20

The form factor (at g> = 0) and 1 — %’ mixing angle

FEPX(0) U}
0.76 + 0.03 —-14.5°

The Wilson coefficients for D decays

¢, (1GeV)
1.275

¢2(1GeV)
~0.510

2 (mc)
—0.422

cl(mc)
1.216
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TABLE II.

PHYSICAL REVIEW D 72, 096001 (2005)

The branching ratios in units of 1073: data (Beyp) [15] vs fitted results (Bggy). The individual x? values of decay modes

corresponding to the best fit are listed. For comparison, taking the best fit parameters and F5%(0) = 0.76 into account, we then give
(1) B, by means of setting § = o = 0 and neglecting the weak annihilation corrections, (ii) Byoann by means of neglecting only the
SD weak annihilation corrections, and (iii) Byops by means of setting § = o = 0. Note that D® — n’n/ is kinematically forbidden.
The errors in Bgg; and x? are due to the variation of F5X(0).

Decay modes Beyp Bryer Bnoann Bnost Besi X7
D’ — K~ 7" 38.0 0.9 62.20 56.20 56.69 38.0210:53 0.0075:0
DY — K070 23.0 2.2 10.39 14.05 16.69 23.83100% 0.14759
D’ — K%y 77 = 1.1 2.75 3.83 2.67 7.92+811 0.04+0:03
D’ — K’y 18.8 2.8 2.40 3.14 16.11 19.82701 0.13%900
DY — K7* L 0.14 0.21 0.09 0.27+0:0} e
D" — Kt 7" 0.46 0.39 0.59 0.39 = 0.05

D" — K" 0.12 0.10 0.08 0.07 = 0.00

D" — K"/ 0.11 0.12 0.19 0.20 = 0.01
DY — Kz* 282+ 1.9 28.15 28.15 28.15 28.1575:03 0.00 = 0.00
DY — Kt 0.138 +0.011 0.36 0.31 0.24 0.15 = 0.00 0.68703%
D’ — KO7° e 0.03 0.06 0.03 0.08 = 0.00 e
D’ — K%y 0.007 0.02 0.006 0.03 =+ 0.01

D° — K¢/ E 0.006 0.009 0.06 0.07 = 0.00 e
D* — 7t a0 2.6 +0.7 2.27 2.27 2.27 2.27+903 0.224203
Dt — KK° 59+06 11.67 10.47 6.77 5737533 0.0870:38
Dt > 7ty 3.0+0.6 0.77 2.61 0.45 2.61 = 0.01 0.4275%2
DY — mty 51+1.0 3.47 3.02 4.15 3.31751¢ 3.197538
D’ — 7t x 1.38 = 0.05 4.73 4.14 2.76 1.37 = 0.01 0.02+201
D® — 7070 0.84 + 0.22 0.36 0.71 0.22 0.735903 0.26751%
D’ — KYK~ 3.89 *0.14 4.58 3.92 5.43 3.857%0 0.0870:09
D’ — K°K° 0.71 £ 0.19 0 0.00 0.65 0.687004 0.03%983
D’ — 7'y e 0.09 0.35 0.25 0.68 = 0.01 e
D — 70/ B 0.09 0.15 0.01 0.0570:03

D’ — nn E 0.10 0.44 0.33 1175389

D’ — nn/ ce 0.13 0.25 1.29 1.95 % 0.05

D’ — n'n R 0 0 0 0

1/N&t = 1/N¢(m,), while the scale for SD weak annihi-
lation amplitudes is 1 GeV. We use the world average value
of FPX(0) = 0.76 = 0.03 [23]. For the ¢> dependence of
form factors, we adopt the pole dominance assumption:

Fy(0)

Fo(q*) = = g2 m? (4.3)

with taking m, as the mass of the lowest-lying scalar
charmed meson in the corresponding channel. The above
form is consistent with the recent QCD sum rule study for
B — light meson transitions [26]. We assume m, =
2.3 GeV [27] (or 2.2 GeV) for FPX (or FP™). The results
for fitted parameters, which are (i) two FSI phases, é and
o, (ii) the form factor F(L))”, (iii) SD weak annihilation
parameter X, and X/, and (iv) 1/N¢", are cataloged in
Table III. Output observables are given in Table II. The
errors of outputs correspond to the variation of F5%(0),
while the errors due to uncertainties of D lifetimes are
negligible.

The nonfactorizable effects are lumped into the effective
number of color N¢f, of which the deviation from N,

measures such effects. 1/N°T could be complex.
However, it is assumed to be real due to its small value:
1/NT < —1/15(= —0.067) in the fit, consistent with the
very earlier large-N, approach for describing hadronic D

TABLE IIl.  The x2,,/d.o.f. and fitted parameters, where we
obtain a twofold solution for X/, which is relevant only for decay

modes involving 7,. The errors are due to the variation of
FPX(0).

Best fit results

X2,/d.o.f. (5.3%13)/5

8 (—46 = 2)°

o (=21 = 1)°

NIt —21+8

FP7(0) 0.83 = 0.02

af —0.15+0%

1Xal 3.84 + 0.06
arg(X,) (—138 £ 3)°

X1 2.45+097 [or 2.18 = 0.19]
arg(X}) (=138 = 3)° [or (130 = 3)°]
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decays [1]. It is interesting to note that we obtain the weak
annihilation parameter |X,| =3.84 £0.06 (|X,| =
2.4570% or 2.18 = 0.19) with a large phase (—138 * 3)°
[(—=138 = 3)° or (130 = 3)°], compared with the similar
parameter |X,| ~ 4.5 given in B decays [5,28,29]. Note
that we obtain a twofold solution for X). As seen in
Table II, the weak annihilation topologies have a large
impact on branching ratios. This analysis gives moderate
rescattering phases 6 ~ —46° and o =~ —21°.

One can see from Table II that the D — PP data can be
nicely fitted by the present picture.

|

R1:

(a) + ay)f(m3 — m%)FP™(m2) 2

PHYSICAL REVIEW D 72, 096001 (2005)
AD" —>ag7"vws D" - K'a*t
Consider the ratio

Ve [2I(DT — 7 70)
Vcd F(D+ —’FOW+)'

The data show R; = 3.46 = 1.17, whereas R, = 1 in the
SU(3) limit. It is interesting to note that both D* — 77+ 70
and D" — K%7" amplitudes are identical during SU(3)
rescattering because they do not rescatter with other decay
modes. Moreover, these two amplitudes have no SD weak
annihilation corrections. To take into account the BRs and
their ratio

R, =2 (4.4)

a small 1/N¢T and FP7(0) = FPX(0) are preferred (see
also the discussion in footnote >).

B.D'—> a7t vs D' — K'K~
The experiments have measured the ratio

_I(D°— K*K™)

Ry=-— —42 &)
2T — 77

=2.82 = 0.01, (4.6)

which is a long-standing puzzle because the conventional
factorization approach yields R, = 1 in the SU(3) limit
(see discussions in Ref. [30]). We found that the SD weak
annihilation contributions together with FSIs interfere de-
structively to the D° — 7" 7~ amplitude, but construc-
tively to the D° — K"K~ amplitude, such that the ratio
can be accounted for.

C. D’ — K°K°

In the limit of SU(3) symmetry, the D° — K°K° ampli-
tude vanishes. It was explained in Ref. [31] that the non-
small branching ratio of this mode may be owing to long-
distance FSIs. Nevertheless, here we conclude that D —
K°K° occurs mainly due to nonzero SD weak annihilation
effects originating from SU(3) symmetry-breaking correc-
tions to the distribution amplitudes of the kaons.”
Moreover, we find aX = —0.1573: in the best fit, which
is consistent with the result given in Ref. [33] but in
contrast with that in Ref. [34] where the value is positive.3
Note that it has been argued in Refs. [34,35] that the result
given in Ref. [33] is less reliable.

’In spirit, our conclusion agrees with the result in Ref. [32],
where the authors used the chiral perturbation theory to calculate
the weak annihilation effects and found that the result is pro-
portional to m.

3There also exists a solution of positive a{( ~(.19, 6 =~ —39°,
o=—12°, Nft=—14, X, =27¢%, X = 17¢71% [or
X/, = 3.5¢""52"] and F27(0)/FE¥(0) ~ 1.05 with a larger i, =
11.4.

arf(mp — mp)FX(m3) + arfx(mp — me)Fg™(mg) |

(4.5)

D. D decays involving i or n’

It should be stressed that the SD weak annihilation and
SU(3) rescattering effects enter the amplitudes in different
ways. For instance, B(D° — K°7) and B(D" — 7t 7)
are mainly enhanced by SU(3) rescattering, whereas
B(D° — K°n') receives contributions mainly from the
SD weak annihilation. This mechanism can be further
tested experimentally from the relative values of the D? —

7'y, 7°n/, nm, and npn’ branching ratios.

V. DISCUSSIONS AND SUMMARY

We have built up a simple model that the D — PP decay
processes go through “bare’ amplitudes followed by elas-
tic SU(3) rescatterings, where the bare amplitude consists
of (i) the usual factorization amplitudes of color-allowance
and color-suppression, discussed in Sec. Il A, and (ii) the
SD weak annihilation amplitudes (W-exchange and/or
W-annihilation) presented in Sec. IIB. A similar model
estimate was proposed by Chernyak and Zhitnisky [36],
who considered the bare amplitude followed by SU(2)
rescattering for D — K.

In terms of quark-graph amplitudes in the diagrammatic
approach [37-42], the topologies relevant to D — PP
decays are the tree topology “T,” the color-suppressed
tree topology “C”, and weak annihilation topologies
(W-exchange and/or W-annihilation), shown in the first
row of Fig. 2. It has been stressed in Ref. [41] that in the
diagrammatic approach even though the SD weak annihi-
lation contributions are neglected, it is still possible for that
the weak annihilation topologies receive sizable contribu-
tions from the LD final-state rescatterings of the (color-
suppressed) tree amplitude 7' (C), as sketched in the second
and third rows of Fig. 2 (some estimates for LD effects see
Refs. [30,43—45]). Moreover, it should be stressed that the
SD weak annihilation amplitudes Ay have sizable mag-
nitudes comparable to the factorization amplitudes Ay,;
due to the structure of (V — A) ® (V — A) operators in the

096001-8
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FIG. 2 (color online).
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© (Weak annihilation)
dam’ d
u 70
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U
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dﬁ 43 I:O
u o d

SU(3) rescattering-singlet exchange

Topologies relevant to D — K. The second and third rows correspond to the long-distance SU(3) rescattering

contributions to D® — K°#° originating from the tree amplitude, where the quark exchange and singlet exchange contribute to C, the
suppressed quark exchange to T, and the quark annihilation to the weak annihilation. The dots denote the quark fields contained in

(V — A) ® (V — A) four-quark operators.

weak Hamiltonian relevant to the D decays, as given in
(2.16) the SD annihilation contributions are dominated by
the topologies of gluon emission arising from the initial-
state quarks of the weak vertex, whereas the contributions
vanish in order of «; if the gluon is emitted from the final-
state quarks, i.e., the amplitudes drawn in Figs. 1(a) and
1(b) cancel each other.

We expect that the possible double counting is reason-
ably negligible between the LD rescatterings and SD weak
annihilation amplitudes due to the following three reasons:
(i) The LD rescatterings mainly contain gluon exchanges
between the two final-state mesons, as depicted in Fig. 2,
while the gluon emission originating from the initial-state
quarks of the weak vertex gives rise to the nonzero SD
weak annihilation amplitudes, as shown in Figs. 1(c) and
1(d). (ii) The LD FSIs are dominated by rescatterings of the
(color-suppressed) tree amplitudes which are quite differ-
ent from the mechanism of the SD weak annihilation
amplitudes. (iii) The LD rescattering and SD weak anni-
hilation contribute to amplitudes in different ways; for
instance, as seen explicitly in Table II, the LS rescattering
(SD weak annihilation) interfere constructively (destruc-
tively) in the D™ — K°7* and D° — 7°7° amplitudes.
Finally, it should be noted that, in B decays, one may worry
the double counting problem since the nonzero weak an-
nihilation is due to the gluon attached to the final-state
quarks in the 2(S — P) ® (S + P) weak vertex.

The strong phase can be generated from the radiative
corrections to the weak vertex and the spectator interac-
tions. Such effects were lumped into N as we calculated
the factorization amplitudes. However, since the
magnitude of 1/N®" is very small obtained in our analysis,
it is thus reasonable to neglect the resulting strong
phase; choosing a real number of N, we have a Very
nice fit since x2,,/d.o.f. = (5.3%)-2)/5 for negative a¥ (or
=~ 11.4/5 for positive af). In other words, the LD
rescattering effects should be approximately absent from
« Ngff.”

Our remaining results are briefly summarized as follows.

(1) The two modest rescattering phase differences are

6= 627 - 68 ~ —46° and o = 627 - 61 = _210,

where the o phase enters only in the
atm - 70-K T K~ -K°K°-70ng-ngmg rescattering
subset.

(ii) We obtain the weak annihilation parameter |X,| =
3.84 *0.06 [|X,| = 2.45%597 or 2.18 * 0.19] with
a large phase (—138 £3)° [(—138 =3)° or
(130 = 3)°], where a twofold solution exists for X/,.

(iii) The D° — K°K° decay occurs mainly due to the
short-distance weak annihilation effects, arising
from SU(3) symmetry-breaking corrections to the
distribution amplitudes of the final-state kaons, but
receives negligible contributions from other modes
via SU(3) rescattering.

096001-9



JR-HAU LAI AND KWEI-CHOU YANG

(iv) Our results are in good agreement with the experi-
mental measurements. The predictions for the
branching ratios of some unmeasured modes can
be used to test our model in the near future.
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APPENDIX A: FACTORIZATION AMPLITUDES

_ .G .
lelfac(DO — K 7T+) = l—FVuchlsalfﬂ'(sz - m%()Fé)K(mf,),

V2

_ G . _
-ﬂfac(DO - K07To) = llvudvcsaZfK(m%) - m%T)F(l)) (m%();

2

_ G .
Ao (D — KOm) = l_FVudV;.\'aZfK[COSﬁ(sz -

V2

m%)F(?n(m%() + sind(m?, — m%},)F(I))17 (m%)],

= .G . . ’
Agee(D® = KOmo) = i —£V,igVisar fx[ = sind(m}, — m3)Fg" (m§) + cosd(m}, — m2)Fg™ (m3)],

V2

Vs V2 fxlcosd(m?, — m%)F(?"(m%() + sind(m?, — m%},)F(I))’7 (m%)],

.G .
Ape (Dt — KO7T) = ZT;VMVL_daZfK(sz — m2)FP™(m%),
.G . ”
Ape(D* = K 10) = =i=E Vs Vigar f(mgy = m)FE7(m),
G
J,Zlfac(D+ - K+T]8) = ITZ

Gr

A (DY - K =i—
fac 770) \/E

Vs VEa) fxl— sind(m3, — m%,)F(I))"(m%() + cosH(m3, — m%],)Fé)" (m%)],

= .G . :
ﬂ fac(D+ - KO7T+) = l_FVuchs[alfﬂ'(m%) - m%{)F(?K(m%r) + a21fK(m%) - m%T)Fg”(m%()],

2

_ .G «
‘jzlfac(DO - K+7T ) = llvusvcdalfK(mlz) - m%T)F(l))W(m%()J

V2

G .
Age(D® — KO7°) = i =LV, V2 jas fr(md — m2)FY™(m2,),

2
G .
Ae(D° — KOng) = i—L£ V,,VE,a, fx[cosd(ms,

V2

m%)Fg”(mi) + sind(m?, — mfl,)F(I))” (m%)],

.G . . ,
Ao (D — KOmg) = i —L£V, V¥ ar fx[— sind(m3 — m%)F(?"(m%) + cosH(m?, — m%,)Fé)" m%)],

V2
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.G .
szlfac(DJr - 7T+ 7T0) = _lTFVuchd(a] + az)f#(sz - m%T)FODW(m%T);

.G . : /
Ape(D* — ¥ mg) = i—£VigViglar f olcosd(md — my)Fg" (m2) + sind(m}, — m2 ) Fg™ (m2)]

NG

+ ay[f4 cosd(mg, — m3)FE™(m3) + fa sind(m3, — m%,)Fé)”(mfl,)]}

.G . .
+ lT;V,”VCSaZU;‘) cos(my, — m%)FE™(m3) + I3 sind(m?2, — m%)Fg”(m%],)],
_ G .
Ag(DY = KTK°) = ’Tg Vs Visayfx(mdy — my)FRX (m3),

.G . . )
Ap(DT— 7 n) = 1T£VudV'Cd{alfﬂ[— sind(m3, — m%,)F(I))"(me) + cosH(m3, — m%,)F(?" (m2)]

+ ay[— f4 sind(m3, — m%)FP™(m%) + fa cosHm3, — m%T)Fé)”(mf?,)}
VisVisasl = f3 sind(mg, — m2)FE™(m3) + I3 cosHm?, — m%,)Fé)’T(m%],)],

YF
ti—
V2

Agpe(D’ = 7hm7) = Vigaif(mpy — mp)FP™(m3),

G
iTg Vo
Gpo W
Ao (D — 7O70) = _lTFVuchdaZfﬂ'(n/ﬂD — m2)FY™(m?%),

Ao (D° = mgmg) = iGrV,qViar{felcos* 9 (m3y, — m2)FP1(m?%) + sind cosH(m3, — m%},)F(I))" (m?)]
+ fﬁ;,[sinzﬁ(m% - mi,)F(l)j"I(m%,) + sin® cosH(m3, — m%,)Fé)"(m%],)]},
.Gp

l_
V2
ﬂfac(DO - KOFO) =0,

lefac(DO - K+K7) = VusV:salfK(sz - m%{)FODK(m%();

.G
Aae(D* — 707m5) = lTF

+ [f4 cosH(m3 — m2)FE™(m?) + fa sind(m2, — m%T)F(l)’”(mf?,)]},

ViaVia{—frlcosd(m?, — m%)F(?"(m%) + sind(m?, — m%},)F(I))"/(m%)]

G
Age(DY — 707) = ITF

+ [=f4 sind(m} — m2)FE™(m3) + fa cosHm?, — m%)Fg”(mfl,)]},

ViaVigar{=f ol = sind(md, — m2)Fg " (m2) + cosd(m} — m2,)Fg " (m%)]

A (DY — ngmp) = i\/zGFVudedaz{f‘,‘][— sin29(m3, — m3)FP"7(m3) + cos26(m3, — mi,)FOD"/(m%,)]
+ ol sin2%(m3, — m%],)F(I))"I(m%,) + cos2H(m?, — m%)Fé)"(m%],)]},

Ao (D° = momg) = iGrV,qViar{felsin? O(m3 — m2)FP7(m?) — sinf cosd(m3, — m%,)F(I))" (m?)]

+ fﬁ;,[coszz‘}(sz - m%,)Fé)"/(m%,) — sin® cosH(m?, — m%)Fé)"(m%],)]}. (A1)

APPENDIX B: WEAK ANNIHILATION AMPLITUDES

Here the basic building blocks for annihilation amplitudes corresponding to Fig. 1 are denoted as Ai(f) (P,P;), where the
superscript i(f) indicates gluon emission from the initial (final) state quarks, and P, (P;) contains a quark (antiquark)
arising from the weak vertex with longitudinal momentum fraction x and ¥, respectively, so that the building blocks read

i ! 1 P, P 2
AI(P2P1) = Was/;) dxdy|:(I)P2(X)(DP1 (y)(M + %> + rXZ}"X CI);Z(X)(I)?)I (y) 5:|, (Bl)
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A{(P,P)) = 0. (B2)
Al can be further expressed in terms of X, as follows:

7704{18()(/& —4+ 7;) + 2K X3

+ 54af<XA +4- %)} if P, =K, K% P, =, 15

Ta, 18(XA 4+ % + 2rKr1;2X2 + 18af (X, +29 — 377'2)} if P, =m, ngo, P = K", K",

ra, 18<XA 4+ %> + 2K N3 — 54a{<<xA +4 g)} it P, — K+, K% P, = m, 150,
Ta, 18<XA 4+ )+ 27 ry X3, if Py =, 730,

Al = - )
)

; (B3)
marg IS(XA 4+ %

+ 2r§r§2X§ — 18af (X, +29 — 3772):|; if P, =m, ngo, P = K, K",

7a, 18(XA —4+ %> +2(rK)2X2 — 18K (4X, + 33 — 472)

+ 54(af)* (X, — 71 + Ta) |; if P, =K"% P, =K

aS[IS(XA -4+ %> +2(rK)2X3 + 18af (4X, + 33 — 47?)

+ 54(aX)X (X4 — 71 + 77 |; if P, =K, (K°, P, = KT(K"),

where X, — X/, for processes contalmng 1o. The complete weak annihilation amplitudes are given by ATB(KO mt) =
oV, Vil18(X, — 4 + —) + 2r8r7X5 + 18af (X, + 29 — 377)], Ap (KT 70) = \}.ATB(KO ), A (K" ng) =

— %czvude_y[ls(XA 4 + ,,) + 2rKr§*X2 — 18aK(7X, + 37 — 57%)],

_ .G C . it
Ap, (K-m*) = zTFfoﬂfK—iclvudeAl(K 7t),

ATB(FOWO) = foan de\Al (K°7),

Az, (Km) = i3 fufof ]Cvz &1 VaaVed =241 (nK) + A (R},
Ar (K'no) = iTFfowfno N*gclvudvfs{Ali(??oFo) + AL(Kno)},
ATB(KO7T+) = \/—fowa CZVusV:dAl (m*KO),

Ag (K*7%) = fowa CZVusV*dAl (7°K™),

Ar, (K" mg) = 2\/—foan8 N2 5 Vi ViAA N (mgK ™) — 241 (K 7g)},
Az, (KFno) = \/—fowf'r]O N2 L eV ViAA (oK) + ALK )},

ATB(FO’JT-F) =0,
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2

Ar (K'7*) = czvudVZS[18<XA -4+ %) + 27K P X3 + 18af (X, +29 — 37 )}

1
ATB(K+ 770) = —ATB(KO7T+),

2

1 2
Ag, (K*mg) = — \/—aczvudv:;[ls(x,; — 4+ %) + 27K X% — 18aK(7X, + 37 — 5772)}

ATB(K+7T_) = l\/—fo’JTfK CIVusV:dA (77 K )
Ay (K070 = =i F fof of 5 e ViV AL (rKO)
ATB(K()??S) = 12\/—fo7rf7,8 N2 L1 Vg V: {AT(gK®) — 2A1 (K ng)},

ATB(KOWO) =i \/—foﬂ'fno N2 CIVusV*d{Al (ﬂoKO) + Al (KOT,O)}

Ap (mtal) = l—foT, c2V JNVEAAN (T 7T) — Al(mt %)} =0,

Ag (mFng) =i

2\/—fowa8 N2 Vi VidA (" mg) + Al (g},

ATB(K+K0) = lifoK N2 szudV:dAli(KJrfo),

=
. C % i i
Ag,y (" mg) = zfngfﬁf,,o 7 C2VuaV AN (T 1) + Aj(mor ),

Ap (mra”) =i fo2 C1 ViaVi Al (=),

\/_
ATB(WOWO) = foZ Cl udVCdAl (77 ™ )

2CF

73 N2 Cl(VudV:d + 4VMSV?S)A (778778)

Ag (ngmg) = i—Ffo

ATB(K+K_) - foKN2 ClvusvfsAl (K K+)

\/_
Az, (K°K?) = \/—foK N2 L eV VEALKOK®) + V4 Vi, AL (KOKO)},
ATB(WO”fIx) = 2\/—foan3 Nz cl ud d{A (77 778) + A (77877 )}
ATB(W()?]O) - 2\/—fo7rfm, N2 cl udv d{Al (77 770) + A (77077 )}
C

Az, (ngme) = i—Ffongfn0 N_ch(vudvjd — 2V, Vi XA (noms) + Al(ngmo)},

ATB(”’Ioﬁo) - l_foO N2 Cl(Vuded + Vusvjs)A (7707’0)

The above weak annihilation amplitudes can be further expressed in terms of XX) as follows (in units

.G c .
i 5 fofrefp, N? TA):
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-t * ? K 72 K 4
ATB(K T ) = clvudvcs|:18<XA —4+ ?) + zr)(rXXA + 5401 (XA +-— —>i|;

33
_ 1
ATB(KOWO) = EATB(K_W+)’
_ 1 2
Ar (K'ng) = — \/gclvude{IS(XA —4+ %) +2rK P X3 — 18af(5X, + 62 — 7772)i|,
_ 2 2
Ay, (ROno) = ﬁclvudvzs[m(x;, Sy %) + 2K OXR + 9aK (2X), — 25 + 272)}

2
Ar (K'7™) = C2Vudes[l8<XA -4+ %) + 27K P X3 + 18af (X, +29 — 3772):|,

1
ATB(K+ 7TO) = _ATB(KO7T+)’

V2
1 2
Ag, (K ng) = — %czvudvj{m(XA . %) 2K XS — 18K (T, + 37 — 5772)}
2 2
Ag (K ) = ﬁczVudes[ 18(}(;1 Sy %) + 2K OXR — 9aK (2X), — 25 + 2772)}

ATB(FO77+) = 0,

VvV V* c 1V V>k C
A K+ -\ — ‘us’cd lA KO +’ A KO 0 =——MA KO +,
7 KT Ty e KT ALK =y e AT
V.,V VisVeaCi
o = g =Y
udVcst2 ud ¥ cst2

ATB(W+7TO) = 0,

) 2
Ag, (mtg) = \gczvuded[m(XA —4+ %) + 2r;r;sxg}

2

A, (K*RY) = CZVMdV;‘d[18<XA 4+ %) +2(KPX2 — 18aK(4X,, + 33 — 472) + 542X, — 71 + 7772)}

2 2
ATB(7T+770) = ﬁczvud :d|:18<X,l4 — 4 + %) + ZI’;TF;OXE}
77.2
AT3(77'+7T_) = CIVuded[18<XA —4 + ?> 4 2(73(7)2)(/%}

1 1
Az, (m070) = EATB(W”T_), Az, (ngmg) = _EATB(W“T_)y

2
Ar (KYK™) = CIVM‘YVfS[18<XA —4+ %) +2(rK)2 X5 + 18af(4X, + 33 — 472) + 54(af)* (X, — 71 + 7772)}

1 N ?
Ar (m0ng) = — _clvudvcd|:18<XA -4+ ?> + 2(r;)2xg}

V3
2 2
AT3(77'0770) = —\gcqudVZd[B(Xg —4+ ?) + 2”3(7”20)(22}

\/E * ! 7T2 N8 M0 y/2
Az (ngmo) = _3clvudvcd|:18<XA -4+ ?> + 2rir o X } Az (1m9m0) =0,
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where X, is treated as a universal parameter for SU(3)
channels, while for decay modes involving 7, it is distin-
guished to be X/,.

APPENDIX C: SU(3) FINAL STATE
INTERACTIONS —8 ® 8§ DECOMPOSITION

To describe elastic SU(3) final state interactions among
D — P, P, decays, we adopt the notations:

(4 u
9=q=|q E<d>
7’ s

g3)=(ua d 5).

The octet final-state pseudoscalar mesons P; and P,,
which are viewed as composites of quarks in the quark
model, can be represented by the matrix

(ChH

and

q=q;,=(q1 (C2)

1
I=qeq—;1Trlqeq)
a4 m + +
atwoT K
| = -mZ+R K| (C3)
K~ K? —\/37s

where 1’ is the 8 representation, while I1; = 0. The SU(3)
final-state rescatterings for D — P, P, are described by the
product 8 ® 8. Since the PP, states obey the Bose sym-
metry, only the symmetric states given by the representa-
tion 36(= 27 ® 8 ® 1) in 8 ® 8(= 36 ® 28) decomposition
are relevant, whereas states given by the representation
J

(5=0,1=0) :ig(ﬁwﬂ F 1707 + [mems) + VAIKT K™Y + IIROK)).

NG

PHYSICAL REVIEW D 72, 096001 (2005)

28(= 10 ® 10 ® 8) vanish. The weak decay amplitudes
AP for D — P, P, with FSIs are given by

AFSI — ngl/zAll)are — (UTSI/2

dtag Uit AP, (C4)
]

where At = Al 4 AITig are defined in Egs. (3.3), (3.5),
(3.7), (3.9), and (3.11). In orthonormal bases of SU(3), the
S(ln/azg matrix, describing the SU(3) FSIs, can be recast into
the following form

Sl/2

27
dhag = €07 Zl |T(27); aXT(27); al

8
+ e/ N |T(8); DXT(8); bl + et |T(HXT(1)],
b=1

(€5)

where |T(27);a), |T(8);b), and |T(1)) are orthonormal
SU(3) bases in the irreducible representation 36. Using
the tensor approach [46,47], the 36 states are described
by H};{Hﬁ with {i, j} being symmetric in indices i, j, and
can be decoupled into three types of irreducible tensors:
(i) 1, an irreducible tensor of rank (0, 0), equals to TT: TT¥ =
Tik. (ii) 8, an irreducible tensor of rank (1, 1), is equivalent
to Tyl — (1/3)8,Ty! = 1111y, — (1/3)8, 11711}, = UY.
(iii) 27, an irreducible tensor of rank (2,2), is given by
Ty + T — (1/5) (84T} + 4Ty + 8Ty + 8]Tp) +
(1/20)(8 8] + 6,8)Tmn = V). We summarized the or-
thonormal states in the representation 36 together with
their quantum numbers S and I as follows.

(i) In the representation 1, the normalized state |T(1)) is

(ii) In the representation 8, the normalized states |T(8); b) are

(C6)
(S - %) : \/%NE(IK%W +VBIK ) — K ),

\ﬁwé(mw — V3IKO7) — |KOn4)); (C7)
(s - %) : \%wé(mm — VBIR %) — [ROng).

\/%—Jé(lf‘)m — BIK 7 + K~ mg): (C8)
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2 _
S=01I=1): \glﬁ ng) + \E|K°K+),

\/%(x@IIFK) — V3IK°K®) + 2|7 ng)),

2
\E'” ng) + \ElKOK); (C9)
(S=01=0): \/%(—2|W+W> — V27070 + V2| mgme) + KT K ™) + |[KOKO)). (C10)

(iii) In the representation 27, the normalized states |T(27); a) are

1 1
(§=21=1): E|K+K+>’ |K*K?), ﬁlKOK(’); (C1D)

1

ﬁlK*KW; (C12)

1 — _
S=-21=1):—|KK%, |K°K™),
( ) ﬁl P )

<S=1,I=;>: |K+art), \}g(|1<0w+>—\5|1<+770>),
L + o 0,70 07-).
ﬁ(lK )+ V2IK07%), K7 (C13)
S=—1.1=2): [Ro), - (Ko} + v2IR'7)
(s=-11=3): ®7 5 ’
Lz — -0 S
ﬁ(lK Y= V2IK~7%), K 7 (C14)
1 1 + + +
(S= 1,1=§): ﬁ(\/ilKOTr Y+ K70 + 33K ),
\/%(ﬁllﬁ 7Y = K970 + 331K n): (C15)
I A N ) =0
(S 11 2). 3 (VKT = (K7 + 331K )
L BERO -0 .
m(«/ﬁll{ Y+ K~ 7°) + 331K~ ng)); (C16)
= = i atat O rt L oty — 79770 mom L TT ),
(S=01 2>.ﬁ| ) | ), ﬁ(l ) = V2|7070), | ), ﬁl B (C17)

(S=01=1): \EIKOIF) - \/§|7T+778>, \E(IKW() — [K°K®) = V3|7ms)),

2 0w P o
\@KK ) \glw n5) (C18)

1 _
(§=01=0): m(2|7r+7r—> + V2|77 + 92| pgms) — 6|KT K™Y — 6|KOKO)). (C19)
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Using the above results, one can immediately obtain the relevant U matrices and the corresponding SU(3) eigen-
amplitudes in D decays:

1 2
wa  (BS=LI=30 =41/ Lo
e |27’ S = _1’1 = 1/2, 17 = +1/2> = U(—oAbE = 1 _ /1 3 bare , (C20)
)’ 2z Kr) )0 ~0
e 18, S=—-1,I1=1/21,= +1/2) (K) \/1:5 \/33—0 ml )
\/; R VATORERVATO
1 2
SUG) 27,5 = 1.1 =3/21, = ~1/2) \ﬂ \ﬂ 0
A =(127,S=11=1/21, = —=1/2) | = Uy pAlie = [ [JL — [ 3 JAbre 1)
o 8.S=11=1/21=-1/2) (&) \E \/% ml (Km)
\@ “Vio Wi
]2
SUs) 127, S =1,1=3/21.=1/2) \/; \ﬂ 0
= = = = bare _ bare
A(KWV - ||287"S“S‘—_11’II—_ 11/22’Ilz__11/22> - U(I(7T)+A(I(77')+ o \/% \/% \/il_() A(Kﬂ-)h (C22)
y 0 T ST o Lz T / > \/3 \/1 N
5 10 10
1 0 0
127,S=01=21.=1) -4
AP, = <|27,S =0/=11I= 1>> = Uy Al = | 0 SR Abere (C23)
8S=01=11=1 s R
| Y o B
So-f o 0o 0 o
127§ =0,1=21,=0) L 35 _ g
127,§=0,1=0,1, =0) M_Sz m—o1 2 110 12@ lwg
Aoy 2| BS =00 —0n =0 |y e | B 0 e,
) 1L,§=0,1=01.=0) (mm)' ) rooo 1 0o |“m
27.S=0,1=11 =0) 2 35 as 2 2
b 5] k) Zz
18,5 =0,1=1,1, =0) 0 0 0 \ﬁ B I
0 0 0 L& =3
(C24)
where APME | AP, APYe | APY . and AP, have been defined in Eqs. (3.3), (3.5), (3.7), (3.9), and (3.11), respectively.
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