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We study the hadronic D meson decays into a pseudoscalar meson P and an even-parity meson M,
where M represents a scalar meson S, an axial-vector meson A, or a tensor meson 7. These decays are first
analyzed in the flavor-diagram approach. Fits to the SP modes with S being a nonstrange scalar meson
show that neither the simple ¢g picture nor the g2 scheme is favored by data. Current measurements on
the AP decays are insufficient for a meaningful analysis. Some 7P data are inconsistent with the others. In
certain cases, the W-annihilation diagrams indicated by the data are unexpectedly large. As a comparison,
we also compute their decay rates in the factorization approach using form factors extracted from the
covariant light-front model. We find that factorization works well for Cabibbo-allowed D" — SP, AP
decays free of the weak annihilation contributions (W-exchange or W-annihilation). For the other SP and
AP modes, it is necessary to include weak annihilation contributions to account for the data. However,
factorization fails for D — TP decays for some unknown reason; the predicted rates are in general too
small by at least 2 orders of magnitude compared to experiment. We also examine the finite-width effects
of resonances. Some decay modes which are kinematically forbidden become physically allowed due to
the finite width of the resonance. We show that the branching fraction of D™ — o 7™ extracted from
three-body decays is enhanced by a factor of 2, whereas B(D? — £,(1270)K°) is reduced by a factor of 4

by finite-width effects.
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I. INTRODUCTION

A plethora of interesting but puzzling phenomena re-
garding strong interactions have been revealed in the study
of charmed meson decays. The magnitudes and phases of
Cabibbo-Kobayashi-Maskawa factors associated with the
dominant decay amplitudes in such processes are well-
determined. Moreover, these decays do not receive signifi-
cant corrections from penguin-type loop diagrams. Such
salient features enable one to readily extract the magni-
tudes and relative strong phases of various flavor diagrams.
More specifically, there are four types of flavor diagrams
that dominate the charmed meson decays. They are the
color-allowed tree amplitude, the color-suppressed tree
amplitude, the W-exchange diagram, and the
W-annihilation diagram. Previous studies [1-8] have
shown the importance of the W-exchange and
W-annihilation diagrams, presumably due to significant
final-state rescattering effects, in the two-body decays of
charmed mesons to two pseudoscalar (PP) or one vector
and one pseudoscalar mesons (V P). Moreover, these am-
plitudes are seen to have nontrivial relative strong phases,
also a result of sizable final-state interactions (FSIs).
Among various sources of FSIs, the most important one
is arguably the contribution from intermediate resonance
states near the D meson masses.

In this paper, we set to study the hardonic decays of
charmed mesons into a pseudoscalar meson P and an even-
parity meson M. Here M can be a scalar meson, denoted by
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S, an axial-vector meson, denoted by A, or a tensor meson,
denoted by 7. The D — SP decays have been studied
previously in Refs. [9-15]; the D — AP decays in
Refs. [16-24]; and the D — TP decays in Refs. [25-27].
In these decays, the flavor diagram of each topology has
two possibilities: one with the spectator quark in the
charmed meson going to the pseudoscalar meson in the
final state, and the other with the spectator quark ending up
in the even-parity meson M. We thus need two copies of
each topological diagram to describe the decay processes.
Many of these decays have been observed in recent years
through dedicated experiments and powerful Dalitz plot
analysis of multi-body decays. An extraction of the sizes
and relative strong phases of these amplitudes therefore
becomes possible.

One purpose of studying these decays is to check our
understanding in the structures and properties of light
even-parity mesons. Another goal is to learn the FSI pat-
tern in view of the rich resonance spectrum around the D
meson mass range.

This paper is organized as follows. In Sec. II, we review
the current experimental status of the measurements of
multibody charmed meson decays that are relevant to our
analysis. We provide the information of flavor SU(3) clas-
sification, decay constants, and form factors for the light S,
A, and T mesons in Sec. III. Section IV presents the so-
called flavor-diagram approach to the decays. Each decay
mode is decomposed in terms of quark diagrams charac-
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terized by their flavor topologies. Current experimental
data are used to infer the magnitude and strong phase
associated with each of the amplitudes as best as we can.
Under the factorization assumption, we compute the rate of
each decay mode in Sec. V. We also examine the finite-
width effects for certain decay modes in Sec. VI. Some
discussions on the form factor model used in this work,
theoretical uncertainties, a comparison with other ap-
proaches are presented in Sec. VII. A summary of our
findings is given in Sec. VIIL

II. EXPERIMENTAL STATUS

It is known that three- and four-body decays of heavy
mesons provide a rich laboratory for studying the inter-
mediate state resonances. The Dalitz plot analysis is a very
useful technique for this purpose. We are interested in D —
MP decays extracted from the three-body decays of
charmed mesons. Many results are available from
ARGUS, Femilab, CLEO, FOCUS, and BABAR. The re-
sults of various experiments are summarized in Tables I, II,
and III where the products of B(D — MP) and B(M —
P, P,) are listed. To extract the branching fraction for D —
MP, we apply the narrow width approximation

I'(D — MP — P,P,P) = I'(D — MP)B(M — P, P,).
(1)

(Finite-width effects in certain decays will be discussed in
Sec. VL) For the branching fractions of two-body decays of
even-parity mesons, we shall use

B(f4(980) — 7+ 7~) = 0.35 = 0.08,
Bla; (980) — n) = 0.845 + 0.017,
B(K(1430) = K*7~) = 2(0.93 + 0.10),
B(K;*(1430) — K+ 70) = 1(0.93 = 0.10),
B(f,(1270) — 7) = (34.8+24)%, 2)
B(f,(1270) — KK) = (4.6 = 0.4)%,
B(a>(1320) — KK) = (4.9 * 0.8)%,
B(K;(1430) — K7) = (49.9 + 1.2)%,

and B(f((1500) — 7+ 7~) = 3(34.9 + 2.3)%, where we
have applied the value of I'(f,(980) — ) /[I"(f((980) —
) + I'(f,(980) — KK)] = 0.52 = 0.12 obtained by
BABAR [33] and the Particle Data Group (PDG) average,
['(ay(980) — KK)/T'(ay(980) — 7n) = 0.183 = 0.024
[28]. To obtain the branching fraction of f,(980) — 7,
we have assumed that 7777 and KK are the dominant decay
modes of f,(980).
Several remarks are in order:
(1) There are two measurements of D} — £,(980)7*
from D — 7" 7" 7~ by E687 [34] and E791 [31]
with the results
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B (D5 — fo(980)7 " )B(fo — 7" 7")

_ [(6.3+0.8) x 1073 E791,

B {(1.2 +02)x 1072 E687. O
These two data are not used by PDG for the average.
The most recent Dalitz plot analysis of D} —
7w at7~ by BABAR yields B(D} —
(T 7 ) gewave ™) = (0.92 £ 0.07) X 1072 [30].
Since the S wave is the sum over f,(980),
f0(1370), and f,(1500), it is clear that the E687
result is too large. Hence, we will only quote the
E791 result in Table I for D} — f,(980)7" with
f0(980) — 7" 7. For an early theoretical study,
see [35].

(2) Many of the 3-body decays listed in Table I involve
the decays f((980) — K"K~ and a((980) —
K* K~ . Since the central values of the f;(980) and
ay(980) masses are below the threshold for decay
into a pair of charged kaons, the narrow width
approximation, Eq. (1), is no longer applicable be-
cause f, or ay needs to be off-shell. That is, the
relation

B(D° — f,(980)7%; fo — K*K™)
= B(D° — f,(980)7")B(fo — K*K™), (4

does not hold. From Table I, we see that B(D0 —
for’; fo— m ) is smaller than B(D°—
for’ fo— KTK™) by 1 order of magnitude.
Since B(fy— K*K~) is smaller than B(f,—
7" 7r~) due to phase space suppression,' the branch-
ing fraction B(f,(980) — K" K~) obtained from
B(D° — fom’; fo— KTK~) under the narrow
width approximation will be too large by at least 1
order of magnitude.

(3) The decay D" — K~ 7t @t is dominated by the
S-wave (K~ 7") component which consists of
K;(800) (or k), K;(1430) and nonresonant contri-
butions. The PDG value is B(D" —
(K™ 7 ) gewavem) = (7.62 £ 0.25)% [28].
However, PDG does not take the measurements of
DT — K;°(800)7w* and K;°(1430)7* by E791,
E691, and E687 for the average. If we take the
E791 results alone [31], we find

B(Dt — KSO(800)7T+) = (6.5 = 1.9)%,
B(D* — RO(1430)7) = (1.8 = 0.3)%.
Hence, the decay D* — K;°(800)7" has the largest

branching fraction among the two-body D — SP
decays.

'The ratio B(fy — K*K~)/B(fy — 7+ ) was measured to
be 0.69 = 0.32 by BABAR [33] and 0.25*217 by BES [36].
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TABLE I. Experimental branching fractions of various D — SP decays. For simplicity and convenience, we have dropped the mass
identification for f(980), a((980), and K;;(1430). Data are taken from Ref. [28] unless specified otherwise.

B(D — SP)

B(D* — for)B(fy— 7w ) = (1.55 +0.33) X 10~*

B(D" — f,(1370)7 ") B(f,(1370) = 7wt 7 ) = (8 = 4) X 107
B(DT — f,(1500)7+)B(f(1500) — 7 7r~) = (1.1 = 0.4) X 10~*
B(Dt — fo(1710)7 ") B(f,(1710) = 7t 77) <5 X 1073

B(D* — foKT)B(fo— 7o) = (5.6 £3.4) X 107

BDT — omr")Bloc— wt7w™) = (1.37 £0.12) X 1073

B(D* — R°KT)B(kK* — K~ 7)) = (6.8733) x 107*

B(D" — KKK — K~ ot) = (1.83 £ 0.35) X 1073

BD" — (K™ 7 ) gogaem) = (7.62 = 0.25)%

B(D? — foKO)B(fy— mwta™) = (2.767059) X 1073

B(D° — £,(1370)K°)B(f,(1370) = w7~ ) = (5.0 = 1.2) X 1073
B(D — fom*)B(fy— 7 a7~) = (3.6 +0.8) X 107

B(D° — for'; fo— KTK™) = (3.5*0.6) X 107*

B(D° — £,(1370)7°)B(fy — 7T a~) = (53 £ 2.1) X 107
B(D? — £,(1500)7)B(fy — 7t 7 ) = (5.6 = 1.6) X 1073
B(D® — f,(1710)7)B(fg — w7 ) = (4.5 = 1.5) X 1073
B(D° — foK fo— KTK™)<2.0Xx107*

B(D° — f,(1370)KO)B(fy — K*K~) = (3.6 = 2.2) X 1074
B(D® — af K ;af — KTK% = (1.24 = 0.36) X 1073

B(D°— af K ;a5 — K*K%) = (1.5 £ 0.1) x 1073°

B(D® — af (1450)K ;af — KTK°) = (2.1 £0.1) X 1073*
B(D® — ay K ;a; — K~ K% <2.4x107*

B(D° — ajK’ a) — K*K~) = (6.2 =0.8) X 1073

B(D° — ayK%a) — K*K™) = (53 £04) x 1073

B(D° — ayK%)B(a — n7°) = (1.34 = 0.42) X 102

BD — om°)B(o — wt7) = (1.18 = 0.21) X 10~*

B(D° — Ky~ 7" )B(Ky~ — KO7) = (4.907089) x 1073
B(D°— Ky~ 7m")B(Ky™ — K 7°) = (4.6 £2.1) X 1073

B(D" — K7 BK — K~ 7)) = (5.7730) x 1073

B(DY — (77 )gegave ™) = (0.92 + 0.07) X 1072°

B(D} — for")B(fo— wt7m) = (6.3 +0.8) X 1073¢

B(D] — fortifo— KK ) =(6.0+24) X 1073

B(Df — fortifo— KTK™) = (1.55 +0.13) x 10~2¢

B(D} — f,(1370)7")B(fy — KTK™) = (2.37 = 0.35) X 10724
B(D} — fo(1710)7H)B(fo — KTK~) = (1.87 = 0.29) X 10724
B(DY = KPKN)B(K — K 7') = (5.1+25)x 1073

B(DY — KPKH)BK? — K~ at) = (2.15 £ 0.40) X 1073¢
B(Dy = K7 )B(K'— K 7m™)=(5+4)x107*

B(Dt — for") = (45 1.4) x 1074
B(D" — fo(1500)7") = (4.7 = 1.7) X 107*
B(D* — foK*) = (1.6 * 1.0) X 107*
B(D* — omt)=(2.1=0.2)x 1073

B(D" — R°K*) = (1.0793) x 1073

B(D* — oK) = (8.0733) x 1073

B(D® — fom®) = (1.0 = 0.3) X 104

B(D" — £,(1500)7°) = (2.4 = 0.7) X 10~

B(D" — aYK®) = (1.6 £ 0.5)%
B(D° — o7’) = (1.8 £ 0.3) X 1074
B(D® — Ky~ 7)) = (7.9713) x 1073
B(D°— Ky~ 7t) = (1.5+0.7)%
B(D’ — K'7°) = (9.2781) x 1073

B(D} — forr*) = (1.8 + 0.5)%

B(D] — K’K*) = (82=4.1) x 1073
B(Dy — KPK*) = (3.5%0.7) X 1073
B(Dy — K'7m") = (8.1=6.5) X 1074

“From BABAR [29].
"From BABAR [30].
‘From E791 [31].
9From CLEO [32].

TABLE II. Experimental branching fractions of D — AP decays taken from Ref. [28].

Decay Experiment Decay Experiment

DT — KY(1270)7 " <7x1073 DT — K% (1260) (7.0 £ 1.2)%
D" — KY%(1400)7* 3.8+ 1.3)% D® — K~ aj (1260) 7.9+ 1.1)%

D® — K (1270)7* (1.14 = 0.32)% D® — K°a9(1260) <1.9%

D° — K (1400)7* <1.2% D° — 7~ a; (1260) (8.98 +0.62) X 1073
DY — K9(1400)7° <3.7%

B(D — K (1270)K*)B(K; (1270) = K=" 77) = (8.1 = 1.8) X 1074
B(D? — K (1400)K*; K (1400) —» K7 7r™) = (5.4 £ 1.2) X 1074

074031-3



HAI-YANG CHENG AND CHENG-WEI CHIANG
TABLE III.
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Experimental branching fractions of various D — TP decays. For simplicity and convenience, we have dropped the

mass identification for f,(1270), a,(1320), and K;(1430). Data are taken from Ref. [28] unless specified otherwise.

B(D — TP) X B(T — P,P,)

B(D — TP)

B(D" — form")B(fy— mtm ) =(5.0%0.9) x 1074
B(D* — K7 )BK — K~ 7t) = (2.1 £04) X 1074
B(D" — K'mT)B(K;? — Ktr™) = (5.0 £3.4) X 1073
B(D" - KKK — K- wt) = (1755 x 107#

B(D® — f,7°)B(f, — 7 mw~) = (1.91 £ 0.20) X 107*
B(D° — £,KO)B(f, — n* ™) = (2.8729) x 1074
B(D° — K5 7m)B(K;™ — K'n™) = (7.0739) x 107*

B(DF — fLm)B(f, = ™) = (1.1 +0.2) X 1073*
B(D} — K07 )B(K® — Kt7) = (5= 4) X 1074

B(D* — fomt) = (8.8 £1.6) X 1074
B(D* — K7) = (63 1.2) x 107*
B(D" — K'7") = (1.5 1.0) x 107*

B(D* — af K°) <3.0X 1073

B(D° — f,m°) = (3.4 = 0.4) X 1074
B(D" — £,K%) = (5.0137) x 1074
B(D® — K3~ 7)) = (21543 x 1072
B(D® — af K*) <2 X 1073

B(DY — frm™) = (1.9 +0.4) X 1073
B(Dy — K’7m") = (1.5 1.2) X 1073

*From BABAR [30].

(4) Since the axial-vector mesons decay into three pseu-
doscalar mesons via strong interactions, their reso-
nant substructures are studied in the Dalitz plot
analysis of four-body decays. For example, infor-
mation on the decay rates of DY — K~ aj (1260)
and K; (1270)7r™ can be extracted from the study
of D - K wta 7w,

(5) Because the o meson is very broad in its width, of
O(600-1000) MeV [28], the use of the narrow
width approximation is not justified and it becomes
necessary to take into account the finite-width effect
of o. We will examine the finite-width effect for the
decay D — o in Sec. VI.

II1. PHYSICAL PROPERTIES OF EVEN-PARITY
MESONS

A. Scalar mesons

It is known that the underlying structure of scalar me-
sons is not well established theoretically (for a review, see
e.g. Refs. [37,38]). Many scalar mesons with masses lower
than 2 GeV have been observed, and they can be classified
into two nonets: one nonet with masses below or close to
1 GeV, namely, the isoscalars f,(600) (or o), f,(980), the
isodoublet K;;(800) (or k), and the isovector a((980); and
the other nonet with masses above 1 GeV, namely,
fo(1370), a(1450), K;(1430), and £o(1500)/£,(1710).2
If the scalar meson states below or near 1 GeV are identi-
fied as a conventional low-lying 0% gg nonet, then the
nonet states above 1 GeV could be excited ¢gg states.

In the naive quark model, the flavor wave functions of
the light scalars read

2Since not all three isosinglet scalars f,(1710), f,(1500),
f0(1370) can be accommodated in the gg nonet picture, it is
widely believed that one of them should be primarily a scalar
glueball.

1 _ _
0_ _ +_ - _ -
ag = —=(uit — dd) as = u ay = dii
0 . 0 ) 0 )
V2
kt = us, Y = d5, K = sd, K~ = sil

(6)

where the ideal mixing for f,, and o is assumed as f;,(980)
is the heaviest one and o is the lightest one in the light
scalar nonet. However, this simple picture encounters sev-
eral serious problems: (i) It is impossible to understand the
mass degeneracy between f,(980) and a,(980). A related
question is why ay is heavier than « if it does not contain a
strange quark? This is the so-called ‘““inverted spectrum
problem.” (ii) The P-wave 0" meson has a unit of orbital
angular momentum which costs energy around 500 MeV.
Hence, it should have a higher mass above rather than
below 1 GeV. (iii) It is hard to explain why o and « are
much broader than f,(980) and ay(980). (iv) The yvy
widths of a((980) and f;(980) are much smaller than
naively expected for a gg state [39]. (v) The radiative
decay ¢ — a,(980)7y, which cannot proceed if a,(980) is
a pure gg state, can be nicely described in the kaon loop
mechanism [40]. This suggests a considerable admixture of
the KK component.

It turns out that these difficulties can be readily resolved
in the tetraquark scenario where the four-quark flavor wave
functions of light scalar mesons are symbolically given by
[41]

o =uidd,  fo=s5(ui+ dd)/\2,
1 _ _
a® = — (uii — dd)ss, al = udss,
0 \/5( ) 0 7
a, = diiss, kt = usdd, K° = dsuii,
&0 = sdui, Kk~ = sidd.
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The four quarks g>3* can form an S-wave (not P-wave) 0"
meson without introducing a unit of orbital angular mo-
mentum. Moreover, color and spin dependent interactions
favor a flavor nonet configuration with attraction between
the gg and g g pairs. Therefore, the 0% >G> nonet has a
mass near or below 1 GeV. This four-quark description
explains naturally the inverted mass spectrum of the light
nonet, especially the mass degeneracy of f,(980) and
ay(980). The fall-apart strong decays o — 77, k — K7
and f,, ay — KK are Okubo-Zweig-lizuka superallowed
without the need of any gluon exchange. This explains the
broad widths of o and «, while f,(980) and a,(980) are
narrow because of the suppressed phase space for their
decays to the kaon pairs. The decays of f;(980) and
ay(980) are dominated by f,(980) — 77 and ay(980) —
n, respectively. Lattice calculations have confirmed that
ao(1450) and K;;(1430) are gg mesons, and suggested that
o and k are tetraquark mesonia [42,43]. Since exotic 4-
quark states have not been seen experimentally, this may
imply the structure of diquark-antidiquark bound states for
the light scalar mesons (for a review, see Ref. [44]).

In the 2-quark picture with ideal mixing, f,(980) is
purely an s5 state. This is supported by the data of D] —
fom" and ¢ — f,y, implying the copious f((980) pro-
duction via its s5 component. However, there also exists
some experimental evidence indicating that f,(980) is not
a pure s3 state. First, the observation of I'(J/ ¢ — fyw) =
1T/ — fod) [28] clearly shows the existence of the
nonstrange and strange quark contents in f(980). Second,
the facts that f;(980) and a,(980) have similar widths and
that the f, width is dominated by 77 also suggest the
composition of ui and dd pairs in f,(980); that is,
f0(980) — 7r7r should not be Okubo-Zweig-lizuka sup-
pressed relative to ay(980) — 7. Therefore, isoscalars
o(600) and f;(980) should have a mixing

[£0(980)) = |s5)cosf + |nii)sind,

. _ 3)
|o(600)) = —|s5)sinf + |nit) coso,

with nii = (iiu + dd)/~/2. Experimental implications for
the fy-o mixing angle have been discussed in detail in
Ref. [13]: the mixing angle lies in the ranges of 25° < 6 <
40° and 140° < 6 < 165°.

3Recently CLEO has measured the semileptonic decay D —
f0(980)e* v, with the result B(D} — f,(980)e™ v,)B(fy —
7t ) = (0.20 = 0.03 = 0.01)% [45]. Using the value B(f, —
7t 7~) = (50%])% inferred from the BES measurement [36]
and the QCD sum rule prediction B(D] — foe* v) = cos?6 X
(0.41)% [46], CLEO then extracted the mixing angle to be
cos?0 = 0.987092. However, this is subject to two major un-
certainties. First, the branching fraction of f,(980) — 7+ 7~ has
not been measured directly. For B(f,(980) — 7" 7~) = 0.35 as
used in this work, B(D} — £,(980)e™ v,) and cos?6 would be
enhanced by a factor of 1.4. Second, the theoretical prediction of
this semileptonic decay is model dependent as it depends on the
form factor of the D — f3 transition with f§ = s5.

PHYSICAL REVIEW D 81, 074031 (2010)

Likewise, in the four-quark scenario for light scalar
mesons, one can also define a similar f;-o mixing angle

|£0(980)) = |niis3) cosep + |uindd)singp,

9
|o(600)) = —|niiss)sing + |uidd) cose. ©

It has been shown that ¢ = 174.6° [47].

In principle, the 2-quark and 4-quark descriptions of the
light scalars can be discriminated in the semileptonic
charm decays. For example, the ratio

_ B(DT — foltv) + B(DT — ol v)

R
B(D* — alttv)

(10)

is equal to 1 in the 2-quark scenario and 3 in the 4-quark
model under the flavor SU(3) symmetry [48]. In reality, the
light scalar mesons may have both 2-quark and 4-quark
components. Indeed, a real hadron in the QCD language
should be described by a set of Fock states each of which
has the same quantum number as the hadron. For example,

|at(980)) = Lﬁz%luc?) + wz&gluﬁg) + t,[/Z‘;-Mluc?s@ + ...
(11)

In the tetraquark model, ‘!’Zgzy; > 1,03‘[’1 while it is the other

way around in the 2-quark model.
The decay constant of the scalar meson is defined as*

(81G24,10) = mgfs. (12)

The neutral scalar mesons o, fj, and a8 cannot be pro-
duced via the vector current owing to charge conjugation
invariance or conservation of vector current:

fo="Fp =Fay =0 (13)

0

<S(P)|62'y,uq] |0> = fSP,u,’

Applying the equation of motion to Eq. (12) yields

msfs :fs»

mg

) —mu) Y

where m, and m; are the running current quark masses.
Therefore, the vector decay constant of the scalar meson f'g
vanishes in the SU(3) or isospin limit. The vector decay
constants of K;(1430) and the charged a((980) are non-
vanishing, but they are suppressed due to the small mass
difference between the constituent s and u quarks and
between d and u quarks, respectively. The scalar decay
constants fg have been computed in Ref. [49] within the
framework of QCD sum rules. From Eq. (14) we obtain
fay080: = 1.0 MeV, fay1as50)= = 5.3 MeV, and
f K:(1430) = 35.9 MeV. In short, the vector decay constants

of scalar mesons are either zero or small.
Form factors for D — P, S transitions are defined by
[50]

“For pseudoscalar mesons, the decay constant is defined as
PPNG2Y . vs9110) = —ifpp,,.
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POWIDY = (P = "2, Yrtri)

+ # a.FO (@),
(S = = (2, =22 4, (e

- W W] as)

where P, = (p + p')y. g, = (p — p'),. As shown in
Ref. [51], a factor of ( — i) is needed in the D — § tran-
sition in order for the D — S form factors to be positive.
This can also be checked from heavy quark symmetry
consideration [51].

Throughout this paper, we use the 3-parameter parame-
trization

F(0)
1 — a(g*/m}) + b(q*/m})*
for D — M transitions. The parameters F(0), a, and b for

D — § transitions calculated in the covariant light-front
(CLF) quark model are exhibited in Table IV.

F(g*) = (16)

B. Axial-vector mesons

In the quark model, two nonets of J* = 17 axial-vector
mesons are expected as the orbital excitation of the gg
system. In terms of the spectroscopic notation 2S*!L
there are two types of P-wave axial-vector mesons,
namely, *P, and 'P,. These two nonets have distinctive
C quantum numbers for the corresponding neutral mesons,
C =+ and C = —, respectively. Experimentally, the
JP€ = 1*" nonet consists of a,(1260), f,(1285),
£1(1420), and K,,, while the 17~ nonet contains
b,(1235), h{(1170), h,(1380), and K,z. The physical
mass eigenstates K;(1270) and K;(1400) are mixtures of
the K, and K states (we follow PDG [28] to denote the
3P, and ' P, states of K| by K, and K|, respectively),

K1(1270) = KIA SinﬁKl + KIB COSHKI,

(17)
K,(1400) = K4 cosfg, — K;psinfy,.

TABLE IV. Parameters in the form factors of D, D, —
f0(980), K;(1430) transitions in the parametrization of Eq.
(16), as obtained by fitting to the covariant light-front model
[51]. The numbers in parentheses are the form factors at g> = 0
obtained using the ISGW2 model [52].

F F(0) a b

FPIu 0.49 (0.13) 0.07 —0.03
FUR1450 0.48 (0.08) —0.11 0.02
FDo 0.46 (0.23) —0.29 0.07
poeKi1430 0.51 (0.14) 0.07 0.02
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Since these states are not charge conjugation eigenstates,
consequently, mixing is not prohibited. Indeed, the mixing
is governed by the mass difference between the strange and
nonstrange light quarks. There exist several estimations on
the mixing angle 6y, in the literature. From the early
experimental information on masses and the partial rates
of K,(1270) and K,(1400), Suzuki found two possible
solutions, each with a two-fold ambiguity, |0 | = 33°
and 57° [53]. A similar constraint 35° < |0y | = 55°
was obtained in Ref. [54] based solely on two parameters:
the mass difference between the a; and b; mesons and the
ratio of the constituent quark masses. An analysis of 7 —
K,(1270)v, and K,(1400)v . decays also yielded the mix-
ing angle to be = 37° or 58° with a two-fold ambiguity
[55]. Most of these estimations were obtained by assuming
a vanishing f . With the help of analytical expressions of
fk,,,, obtained in the CLF quark model [51], two solutions
for the K;(1270)-K;(1400) mixing angle, 50.8° and
—44.8°, have been found in Ref. [56]. However, the second
solution has been ruled out by the measurements of B —
K,(1270)y and B — K;(1400)y [56]. Therefore, we shall
use O, = 50.8° in the ensuing discussions.

For the decay constants and the form factors of the axial-
vector mesons, we shall follow Ref. [51] to define them as®

(A(p, &)|A,10) = famye,,

AP, ALIDDD) = —— € ,ape™ P PPAPA(),
D — My
Ap, )|V, ID(pp)) = —i{<mD — my)es VPA(g?)
DA 2
—(€" - pp)pp + p)Msz(q)
mp my

e p
7 2 q,[VPA(g?)

- 2mA

- Vé’f‘(qz)]}. (18)

Because of the charge conjunction invariance, the decay
constant of the 'P, nonstrange neutral meson such as
p(1235) must be zero. In the isospin limit, the decay
constant of the charged b, vanishes due to the fact that

SThe relative signs of the decay constants, form factors, and
mixing angles of the axial-vector mesons were often very con-
fusing in the literature. As stressed in Ref. [57], the sign of the
mixing angle 0, is intimately related to the relative sign of the
K14 and K states. In the CLF quark model [51] and in pQCD
[58], the decay constants of K4 and K;p are of opposite signs,
while the D(B) — K4 and D(B) — K,z form factors are of the
same sign. The mixing angle 6, is positive. It is the other way
around in the approaches of QCD sum rules [59] and the ISGW
model [52,60]: the decay constants of K;4 and K have the
same sign, while the D(B) — K4 and D(B) — K form factors
are opposite in sign. These two conventions are related via a
redefinition of the K, or K, state, i.e., K|, — — K4, or K| —
- KIB‘
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b has an even G parity and that the relevant weak axial-
vector current is odd under G transformation. As for the
strange axial-vector mesons, it is known that the decay
constant of the ! P; meson vanishes in the SU(3) limit [53].

In the following, we shall take f, = 238 = 10 MeV
obtained using the QCD sum rule method [61], similar to
the p meson, f,~ 216 MeV. This means that the
a,;(1260) meson can be regarded as the scalar partner of
the p meson, as it should be. In the CLF quark model [51],
if we increase the constituent d quark mass by an amount
of 5 =2 MeV relative to the u quark mass, we find f, =
0.6 = 0.2 MeV for the charged b; which is very small.
Using the experimental results B(7 — K;(1270)v,) =
(47x1.1)x1073 and T(r— K,;(1270)v,)/[T (1 —
K,(1270)v,) + I'(r — K,(1400)»,)] = 0.69 £ 0.15 [28],
we obtain

|le(1270)| = 1695t%§§ MeV,

(19)
|/ k, (1400 = 139.27413 MeV.

In the CLF quark model the signs of the decay constants
Sk, and fg = are fixed: fgx = —212 MeV and fg =
12 MeV [56]. This together with the mixing angle g, =
50.8° also fixes the signs of f, to be

fK](1270) = —170 MCV, le(1400) = —139 MCV,

(20)

where we just consider the central values.
Finally, the D — A form factor parameters in the CLF
quark model are given in Table V.

C. Tensor mesons

The observed JP =2" tensor mesons f,(1270),
£5(1525), a,(1320), and K3(1430) form an SU(3) 1°P,
nonet. The gg content for isodoublet and isovector tensor
resonances are obvious. Just as the 1-n’ mixing in the
pseudoscalar case, the isoscalar tensor states f,(1270)
and f%(1525) also have a mixing, and their wave functions
are defined by

TABLE V. Parameters in the form factors of D — a(1260),
b,(1235), K4, K, 5 transitions in the parametrization of Eq. (16),
as obtained by fitting to the covariant light-front model [51]. The
numbers in parentheses are the form factors at g> = 0 obtained
using the ISGW2 model [52]. As noticed in the footnote of this
subsection, the form factors for D — 3P1 and D — 1P1 transi-
tions are of the same (opposite) signs in the CLF (ISGW) model.

F F(0) a b

Vo 0.31(—0.60) 0.85 0.49
vk 0.34(—0.37) 1.44 0.15
v 0.49 (0.64) 0.89 0.28
vk 0.44 (0.50) 0.80 0.27
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1
f2(1270) = —=(f% + f§) cosf, + f5sinb,,,

V2 '

1 (21)
f5(1525) = —=(f4 + f9)sinf;, — f5cosb,,

NG

with f7 = ¢g. Since 77 is the dominant decay mode of
£2(1270) whereas f5(1525) decays predominantly into KK
(see Ref. [28]), it is obvious that this mixing angle should
be small. More precisely, it is found that 6, = 7.8° [62]
and (9 = 1)° [28]. Therefore, f,(1270) is primarily an
(uit + dd)/\2 state, while f5(1525) is dominantly ss.

The polarization tensor g, of a 3P, tensor meson with
JPC = 2% satisfies the relations

Eur = Eppy

v gh, =0, pueh’ = p,et’ =0,

(22)

where p* is the momentum of the tensor meson.
Therefore,

OI(V = A),IT(e, p)) = ae,,p” + be",p, =0, (23)

and hence the decay constant of the tensor meson vanishes
identically; that is, the tensor meson cannot be produced
from the V — A current.

The general expression for the D — T transition has the
form [60]

TABLE VI. Parameters in the form factors of D — a,(132),
K3(1430) transitions in the parametrization of Eq. (16), as
obtained by fitting to the covariant light-front model [51]. The
form factor & is dimensionless, while &, b, and b_ are in units
of GeV~2. The numbers in parentheses are the form factors at
q*> = 0 obtained using the ISGW2 model [52].

F F(0) a b

hPa: 0.188 (0.203) 121 1.09
poe —0.084 ( — 0.052) 0.97 0.58
WS 0.17 (0.20) 1.28 0.90
b —0.08 ( — 0.05) 1.02 051
hPK; 0.192 (0.14) 1.17 0.99
p —0.096 ( — 0.060) 1.05 0.58
hDsJ2 0.15 (0.21) 1.04 0.79
p2sfa —0.09 ( — 0.09) 0.95 0.54
hPsk 0.15 (0.35) 1.11 0.99
pk —0.07 (— 0.08) 0.96 0.60
e 0.340 (0.613) —0.07 0.12
pPa: 0.120 (0.064) 1.15 0.66
kP2 0.27 (0.61) —0.21 0.12
p2Ia 0.10 (0.06) 1.14 0.49
kDK 0.368 (0.71) —0.04 0.11
p2% 0.137 (0.069) 1.17 0.69
KD Fs 0.59 (1.15) 0.22 0.09
P2 0.13 (0.12) 1.05 0.60
kDK 0.42 (1.16) 0.08 0.11
p2 0.11 (0.13) 1.10 0.63
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(T(e,ppI(V = A),ID(pp))
= ih(q*)€u1poe " Ppalpp + P)"(PD — P1)°
+ k(g)e,ph + b (@D)elzpspl(pp + 1),
+ b (@)ehspBPD (P> — P)us (24)

The form factors &, k, b, and b_ have been calculated in
the Isgur, Scora, Grinstein, and Wise (ISGW) quark model
[60] and its improved version, the ISGW2 model [52].
They are also computed in the CLF quark model [51]
and listed in Table VI.

The decay amplitude of D — TP always has the generic
expression

A(D — TP) = &, phphM(D — TP). (25)

The decay rate is given by

5
(D — TP) = —L¢ (@

2
_ 2
oz (o ) M(D— TP, (26)

T

where p. is the magnitude of the 3 momentum of either
final-state meson in the rest frame of the charmed meson.

IV. DIAGRAMMATIC APPROACH

It has been established sometime ago that a least model-
dependent analysis of heavy meson decays can be carried
out in the so-called topological diagram approach. In this
diagrammatic scenario, all two-body nonleptonic weak
decays of heavy mesons can be expressed in terms of six
distinct quark diagrams [63—-65]: T, the color-allowed ex-
ternal W-emission tree diagram; C, the color-suppressed
internal W-emission diagram; E, the W-exchange diagram;
A, the W-annihilation diagram; P, the horizontal W-loop
diagram; and V, the vertical W-loop diagram. (The one-
gluon exchange approximation of the P graph is the so-
called “penguin diagram.”) It should be stressed that these
diagrams are classified according to the topologies of weak
interactions with all strong interaction effects encoded, and
hence they are not Feynman graphs. All quark graphs used
in this approach are topological and meant to have all the
strong interactions included, i.e., gluon lines are included
implicitly in all possible ways. Therefore, analyses of
topological graphs can provide information on FSIs.
Various topological amplitudes in two-body hadronic D
decays have been extracted from the data in [2,6,66—72]
after making some reasonable approximations, e.g., flavor
SU(3) symmetry.

The topological amplitudes for D — SP, AP, TP decays
have been discussed in [13,22,27]. There are several new
features. First, one generally has two sets of distinct exter-
nal W-emission and internal W-emission diagrams, de-
pending on whether the emitted particle is an even-party
meson or an odd-parity one. Let us denote the primed
amplitudes 7" and C’ for the case when the emitted meson

PHYSICAL REVIEW D 81, 074031 (2010)

is an even-parity one. Second, because of the smallness of
the decay constants of even-parity mesons except for the
3P, axial-vector state, it is expected that |7’| < |T| and
|C'| < |C|. This feature can be tested experimentally.
Third, since K and the light scalars o, k, fy, a, fall into
two different SU(3) flavor nonets, in principle one cannot
apply SU(3) symmetry to relate the topological amplitudes

ok

in D — fom™ to, for example, those in D* — Kz ™.

A.D — SP

The topological amplitudes for D — SP decays are
listed in Table VII for two different schemes. In Scheme
I, light scalar mesons o, k, ay(980), and f,(980) are
described by the ground-state gg states, while K are
described as excited gg states. In Scheme 11, light scalars
are tetraquark states, while K are ground-state gg. The
expressions of topological amplitudes are the same in both
Schemes I and II except for the channels involving f or o.

Since the decay constant of f, and o vanishes, one can
set 7" = C' = 0. From Table VII we have

B(D* — forrt) _ B’ — fom) _ {tan20 2-quark,

B(D" = omt) BD'— on) |1 4-quark.

2
(27)

It appears that the data of D* — fy7r*, o™ favor the 2-
quark picture of the light scalars, while the measurements
of D°— fom®, om® prefer the 4-quark scenario.
Moreover, the D° — af K~ and aj 7w~ modes will be
dominated by the W-exchange diagram, E. The D —
ag K° mode is dominated by the C amplitude. The D° —
K'a% D — K’7*, and Dj — K;°K™ are dominated
by the E’, T, and A amplitudes, respectively.

Table VII is divided into two parts separated by a line.
The upper part involves only light scalar mesons (f, ag, o,
and «), whereas the lower part involves the K{j mesons in
the heavier nonet representation. This division is made
because the amplitudes of the same topology in these
two groups have no a priori relations. We first note that
none of the currently measured modes involve the 7’
amplitude. Secondly, one can simplify the upper part of
the table by setting C' = 0, for the decay constants of
scalar mesons are expected to be either identically zero
or relatively small. Moreover, the modes in the lower part
of Table VII have the same amplitude decomposition in the
two schemes and involve the T, C’, E, and A amplitudes.
One cannot set C' = 0 here because the decay constant of
K is non-negligible, as commented after Eq. (14). In this
case, there are more theory parameters than observables,
barring a fit.

In the following, we will perform two sets of fits [(A)
and (B)] to the modes involving only the lighter scalar
mesons in the flavor-diagram formalism. Fit (A) includes
the five measured D" and D; decays. As noted in Eq. (27),
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TABLE VII. Topological amplitudes and branching fractions for various D — SP decays. In Scheme I, light scalar mesons o, «,
a((980), and f,(980) are described by the ¢g states, while K;; as excited ¢g states. In Scheme II, light scalars are tetraquark states,
while Kj are ground-state gg. The f, — ¢ mixing angle # in the 2-quark model is defined in Eq. (8). The experimental branching
fractions for D* — K;~ 7" and D] — K;°K™" are taken from Table I after average. For simplicity, we do not consider the f, — o

mixing in the 4-quark model.

Decay Amplitude (I)

Amplitude (IT) B

expt

DO — fom® Vi Va(=C+ C' — E — E')sind
+ 71§VZ}V,”C’ cosd

WViV(=C+C —E—-E)+ViV,C (1.0+03)x107*

— f0+120 V;;VM,[7'5 (c+ ?) /sinﬁ -)1' E' cosf] 715 v;;vud(c( f 2E' )+ E) (8.0733) x 1073
—afK~ ViV (T +E ViV, (T + E
— aéko VEV,.(C— E)/N2 VEV,.(C— E)/\2 (1.6 + 0.5)%
—agK* Ve V(T + E) VE V(T + E)
—agm V V(T + E) V V(T + E)
—aym" VEVu(T + E) VEVu(T + E)
— o’ %V:dvud(—lc +C —IE — E')cost 5 ViaVua(=C+ C' —E—E) (1.8 £0.3) X 107*
~5 ViV, C' sinf
DT — fomr" vlfvg‘dvud(T + C' 4+ A+ A)sind + Vi, V,,C' cosf 715devud(T +C' +A+A)+\2VEV,C (45* 1.4) X 1074
— foK™" V;;,Vus[jz (T + A’)sin@ + A cosf] jzvg;,vm(T + 24 + A)) (1.6 = 1.0) X 1074
— ag K° VEV,(T' + C) VEV,(T' + C)
— afmt ViVa(—T —C' — A+ A)/2 ViVa(=T —C — A+ A2
—omt BV V(T + C + A+ A)cosd — V,V,,C sind Vi V(T +C +A+ A (2.1 £0.2) x 1073
— ROK* ViV T + VA VA ViV T + VA VA (1.0733) x 1073
DY — forr* VEV,alT cost + (A + A') sind/~/2] VEV,QRT + A+ AN /2 (1.8 = 0.5)%
— fok* ViV LT + lc' + A) co§0 + \/%A’ siné] J%V;“XVM(ZT +2C" +24 + A + ﬁdeVudC’
+5 V2, V,aC' sinf
D’ — Ky~ VEV,(T + E') VEV,(T + E') 8.2+ 1.4)x 1073
— Kyl VeVia(C' = EN/N2 VeVia(C' — EN/N2 (92588 x 1073

D+ — k(%;O,n.Jr
+ 0 g+
D} — KK
— K(>;~07T+

V:svud(T + C/)
V:x Vud(Cl + A)
Vi VT + Vi ViA

v;s Vud(T + C/)
V:x Vud(C, + A)
Vi VT + Vi VidA

(1.8 + 0.3)%"
(3.6 20.7) X 1073
(8.1+65)x107*

“Data from E791 [31]; see also Eq. (5).

the fom™ and ot modes are related because of the same
flavor amplitude combination. Here we have to assume a
relation between A and A’ in order to reduce the number of
parameters. Without further theoretical guidance, we have
tried the cases A’ = A and A’ = —A for simplicity and
found that the latter renders an equally good or better fit
than the former. The strong phase &4 in Table VIII is
measured with respect to 7, which is assumed real. We
also note here that all the strong phases given in the table
are subject to a two-fold ambiguity (6 — —0). From the
X2, values, one sees that Scheme I fits better than Scheme
II in these modes. This is understandable because the 2-
quark picture explains better the observed rates of the
fomrt and oart decays. In either scheme, |A| is about 1.5
times larger than |T|, showing the importance of the
W-annihilation contribution. Besides, the extracted relative
strong phase is robust.

Fit (B) includes the four measured D° decays. Here it
does not matter what relation we assume between E and E,
as far as the y2. value is concerned. The only effect is on
the size and phase of the E amplitude. This is because the
fom® and o7® modes are related by the same flavor

amplitude combination, as also noted in Eq. (27). We
assume E’ = E for an explicit fit. In Table VIII, the strong
phase & is measured with respect to C, which is assumed
real. The sznin values show that Scheme II explains this set

TABLE VIII. Extracted flavor amplitude parameters from fits
to the D — SP decays, where S only refers to lighter scalar
mesons here. The amplitude magnitudes are in units of
107° GeV. In these fits, we set C' =0, E/ = E, and A’ = —A,
with reasons explained in the text. The strong phases 0y 4 are
associated with the E and A amplitudes, respectively. For Fits
(A) and (B), we take the mixing angle 6 = 25°.

Scheme 1 II

Fit (A) (B) (A) (B)
|7 2.147518 1.55 £ 0.07

A 3.165010 2.15%930

BA (31 - 2)0 ‘ .+‘()l (35t?1)° . ‘+‘() 36
] oo Mels o 1905
|E| o 1.20Z4 g 118006
Sk “ee (168*73)° (15243)°
Xon/dof  2.61/2 5.07/1 8.29/2 0.74/1
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of data better, as noted below Eq. (27). It is worth noting
that the magnitudes and relative phase extracted in either
scheme are roughly the same. Also, the amplitudes C and £
are almost opposite in phase, as required primarily by the
DY — aYK® decay. Finally, based on the x2. values of
these fits, the current data still cannot differentiate the two
schemes yet.

B.D— AP

The topological amplitudes for D — AP decays are
given in Table IX. Instead of using subscripts A and P to
complicate the notation, we use the primed (unprimed)
amplitudes to indicate that the spectator quark in the D
meson ends up in the pseudoscalar (axial-vector) meson in
the final state. The subscripts A and B refer to the ampli-
tudes associated with the >P, and ' P, axial-vector mesons,
respectively. However, as we will see later in Sec. V B, the
factorization approach predicts that such a distinction is
only necessary for the 7 amplitudes. The assumption of
C, = Cp and E, = Ejp can be checked by comparing the
rates of D° — K%a%(1260) and D° — K°b9(1235), which
are seen to be roughly the same up to a tiny phase space
difference. With the flavor symmetry assumption, the mag-
nitudes of the invariant amplitudes of D° — 77~ a; (1260)
and D° — K~ a; (1260) should differ by a factor of A =~
0.2253, which is to be compared with 0.171 = 0.013 given
by the current data. A distinctive feature between the
Cabibbo-allowed D° and D% decays is that the
W-exchange diagrams (E) only involve in the former.

Current data for D — AP decays (only six branching
fractions) are still insufficient for a sensible fit. The theory
predictions in Table IX are based on the factorization
calculations given in Sec. V B.

PHYSICAL REVIEW D 81, 074031 (2010)

C.D—TP

The topological amplitudes for D — TP decays are
given in Table X. Here we also use the unprimed (primed)
symbols to indicate that the spectator quark of the D meson
ends up in the even-parity (tensor) and odd-parity (pseu-
doscalar) mesons in the final state, respectively. There
should be no confusion even though the amplitude symbols
used here are identical to those in the D — SP case.

As described before, the decay constants of the tensor
mesons vanish identically. Therefore, one can set 7/ =
C' = 0 in Table X. The decay D* — K;°K™* is kinemati-
cally forbidden as the K5 mass is above the kinematic
threshold, though it is physically allowed through the width
of K. We therefore will not include it in our fit. Note that
the measured D" and D} decays only involve the T, A, and
A’ amplitudes. The results of fits to these decay modes are
given in Table XI. Since there are only three measured
modes in the D° decays, whereas at least four additional
parameters have to be introduced even if we set E' = E, it
is impossible to determine the magnitudes and strong
phases of C and E by considering a global fit to the 7P
decays. For that, a determination of B(D? — aj K~) is
crucial.

Fit (A) in Table XI includes all the available D" and D
decay modes except for D* — K;°K™; there are thus 5
observables for 5 parameters. According to the results of
Fit (A), the current data favor relatively large
W-annihilation diagrams. This is because |A| and |A’| are
constrained, respectively, by the doubly Cabibbo-
suppressed D™ — K37 mode and the singly Cabibbo-
suppressed D} — f,K* mode to be large. Moreover, A
and A’ are about the same size but opposite in phase so that
the branching fraction of D} — f, 7" falls in the ball park.

TABLE IX. Topological amplitudes and branching fractions of D — AP decays. The notation is explained in the main text. Theory
predictions are made within the factorization approach, with the mixing angle 6, = 50.8°.

Decay Amplitude Theory Experiment
DY — K)(1270)m* ViV (Ty + C)) sinfg, + (T + Cp) costy, | 4.7 X 1073 <7 %1073
DY — K)(1400)7* ViVl (Ty + C)) cosby, — (Tg + Cly) sinf, | 2.2% (3.8 £ 1.3)%
D* — K% (1260) ViVea(T) + Cy) 8.2% (7.0 = 1.2)%
DT — K% (1235) ViV,a(Ty + Cp) 22 %1073

D° — K (1270) 7+ ViVl (T + E})sinfy, + (T + E}y) cosfy, | 521073 (1.14 = 0.32)%
D° — K| (1400)7+ ViVudl(Ta + E)) cosOy, — (Tg + Ef) sinf, | 1.4 x107* <1.2%

D’ — K9(1270)7° VesVua 5 (Chy — E}) sinfy, + (Cy — Ep) cosb ] 6.6 X 1073

D® — K9(1400)7° ViVia 5 1(Cy — E}) cosbg, — (C — E})sinf, | 3.2x1073 <3.7%

D° — K; (1270)K~ VAV, + Ey)siny, + (T} + Eg) costy, | 4.6 % 1074

DY — Ky (1270)K* ViVis[(Ty + E))sinfg, + (Tp + Ej) cosb, | 8.2 X 1073

D° — K (1270)K* 5.4 x107* (8.1+1.8)x 1074
DO — Ig*ar(126o) ViVa(Th + Ey) 2.7% (7.9 = 1.1)%
DY — K%49(1260) V;}Vudvli(CA —E,) 1.2x107* <1.9%

D° — 7~ aj (1260) VEVual(Ty + Ey) 5.1x1073 (8.98 £ 0.62) X 1073
D° — Kb (1235) ViVa(Ty + Eg) 1.7 X107

DY — K°p9(1235) VisViua75(Cp — Ep) 3.0xX 1074
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TABLE X. Topological amplitudes and branching fractions of D — TP decays. The notation is explained in the main text. Theory
predictions are made within the factorization approach, with the mixing angle 6,, = 7.8°.

Decay Amplitude Theory Experiment

DY — fomt Lv* Vv, co80, (T+C +A+A)+ ViV, sind;. C’ 0.9 X 107° (8.8 =1.6) x 107*
B2 ed fa f2

D" —aj;K° ViV, (T + C) 4.5 x 1077 <3.0x 1073

DT — K7+ Vi V(T + C) 1.9 X 1073 (6.3*1.2)x107*

DY — K307t ViV, (C + A) 0 (1.5 1.0) x 107*

D — f,7° Lv* V,ucosb, (C'— C—E' — E) + ViV, sinf, C' 51X 1078 (34+04)x107%
2 "ed fa 75 fa

D’ — f£,K° V;;,\/M[Vl5 cosf, (C + E) + sinf; E'] 1.5x 1077 (5.0133) x 1074

D’ —aj K~ ViV,(T' + E) 0 <2x 1073

D’ — Ky ot VEV,(T + E) 7.5X107° (21553 x 1073

Df — fomr® V;‘,‘SVM[7'5 costy, (A + A') + sind,, T] 7.0 X 107° (1.9 +0.4) x 1073

D} — K7+ ViVl + ViV, A 2.4Xx107° (1.5+1.2)x 1073

TABLE XI.

Extracted flavor amplitude parameters from fits to the D — TP decays. The amplitude magnitudes are in units of

107° GeV ™!, the same as M in Eq. (26). In these fits, we set C' = 0 and 6, = 7.8°. The strong phases 8, 4’ are associated with the A
and A’ amplitudes, respectively, relative to T. The contents of different fits are described in the main text.

Parameter |7 |A| |A'| S X2, /d.o.f.
Fit (A) 1.8570.12 12.637013 0 =£3)° 11.2470.1¢ (180 = 3)° 11.4/0
Fit (B) 8.13703 1.59 = 0.08 (1737%)° e e 0/0

On the other hand, |T| is largely constrained by the
Cabibbo-favored D* — K3°7" mode to be small. The
largest contribution in the x2. value comes from the
D" — fo7m" mode (~ 10.1). This is a manifestation of
the disparity between the Cabibbo-favored D} — f,7*
decay and the singly Cabibbo-suppressed D' — fo7*
decay that are seen to have similar branching ratios, if
|T| is constrained not to play a role here.

In view of the possibly problematic D* — K;’7" and
K3%7* modes, we exclude them in Fit (B) and set A’ = A
for simplicity; there are then 3 observables for 3 parame-
ters. We note that it is not illuminating to consider A’ =
—A here because two of these modes involve the combi-
nation A + A’ as the major contribution. In Fit (B), |T|
becomes larger and A much suppressed. Also, the relative
strong phase between A and 7 is almost opposite to that in
Fit (A).

The third column in Table X lists theory predictions
based on the factorization assumption to be discussed in
Sec. VC. A comparison between the predictions and the
measured values shows an apparent deficit in the theory
account of the decay amplitudes. First, the magnitude of
the tree contribution in the factorization approach is even
smaller than the value of |7| in Table XI. Second, it is
necessary to invoke the annihilation type of amplitudes to
explain the observed data.

V. FACTORIZATION APPROACH

The diagrammatic approach has been applied quite suc-
cessfully to hadronic decays of charmed mesons into PP

and VP final states [2,6,67—72]. When generalized to the
decay modes involving an even-parity light meson in the
final state, it appears that the current data are still insuffi-
cient for us to fully extract the information of all ampli-
tudes. Moreover, as shown in Tables VIII and XI, the
extracted parameters do not present a coherent picture
yet. Therefore, we take the naive factorization formalism
as a complementary approach to estimate the rates of these
decay modes. In this framework, the W-exchange and
W-annihilation types of contributions will be neglected.
We discuss the three categories of decays in the following
subsections separately.

A.D — SP

The factorizable amplitudes for the D — SP decays
involve

XPSPY = (P(g)|(V = A) ,[0XS(P)I(V — A)#|D(pp)),

XPPS) = (S(g)|(V = A) ,IOXP(p)I(V — A)“|D(pp)),
(28)

with the expressions

XOSP) = — f(md — m3)FPS (%),

(29)
XPPS) = fo(m2 — m3)FPP(g?),

where use of Egs. (12) and (15) has been made. The decay
amplitudes of D — K P thus read
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7 G * DK
A(D+ - K007T+) = _FVcsVud[_alfﬂ'(m%) - m%(S)FO O(mgr) + aZng(sz - m%T)F(l))W(m%(g)]y

V2

- Gr \ DK
A(DO - KO 7T+) = Tgvcsvudalfﬂ-(sz - I’I’l%{;)FO o(m%_)’
G (30)
A(DO - KSOWO) = TF V:XVLthZfK(’; (m%) - m%T)F()DW(m%(S):
. G K
ADT — K" = =2 Vi Vg f o, = mi )Fg™ ),

and likewise for the other D — SP decays.

Using the decay constants and form factors given in
Sec. IIT A, the predicted rates of (D, D;) — (f,, K;)P are
computed and listed in Table XII, where we have used
a; = 1.22, a, = —0.66 and taken the form factors for D to
7 and K transitions from the recent CLEO-c measurements
of semileptonic D meson decays to 77 and K mesons [73].
In order to test the factorization approach, we should focus
on the modes in which weak annihilations (W-exchange or
W-annihilation) are absent or suppressed. The Cabibbo-
allowed decays D™ — Ky’w" and D] — fom™ satisfy
this criterion: the weak annihilation amplitude is absent
in the former and suppressed by the f,-o mixing in the
latter. We see from Table XII that factorization works well
for these two modes. For Cabibbo-allowed D* — PP or
VP decays, it is known that the color-allowed T and color-
suppressed C amplitudes interfere destructively due to the
opposite sign of the parameters a; and a,. However, it is
the other way around for Cabibbo-allowed D* — SP and
AP decays. From Eq. (30), it is obvious that the a, and a,
terms in the decay amplitude of D* — K80W+ interfere
constructively. If they interfered destructively, one would
have B(D* — K’7*) = 5.4 X 107 which is too small
compared to experiment. Numerically, we obtain |T| =
9.2X 1077 GeV and |C'] = 1.0 X 107 GeV for this
mode. Therefore, even though C’ is suppressed by the
smallness of f K:(1430) and a,, it is enhanced sizably by

the mass squared term (m?% — m2%) and the form factor F5™

2 2
at g~ = ..

TABLE XII.

From Table XII we see that the predicted rates for the
other D — IEZ‘)P (P = m, K) decays are smaller than ex-
periments by a factor of 2 ~ 8. Note that they always
receive weak annihilation contributions (£ or A). Under
the factorization hypothesis, the factorizable W-exchange
and W-annihilation amplitudes are suppressed due to the
smallness of the form factor at large ¢> = m3,. This cor-
responds to the so-called helicity suppression. However,
sizable long-distance weak annihilation can be induced via
FSIs. For charm decays, it is expected that the long-
distance weak annihilation is dominated by resonant
FSIs. That is, the FSI via gg resonances is usually the
most important one due to the fact that an abundant spec-
trum of resonances is known to exist at energies close to the
masses of the charmed mesons. The diagrammatic-
approach analysis in the last section suggests that the
weak annihilation diagrams are comparable to or even
larger than the color-allowed tree amplitude 7.
Therefore, it is conceivable that the inclusion of E’ and A
amplitudes can account for B(D — K;P). For D(D}) —
fom and f(K decays, the calculated branching fractions are
typically too small by about 1 order of magnitude. To
enhance the rates in this case, the weak annihilation con-
tributions have to be larger than the color-allowed tree
amplitude, as shown in Table VIII. Such an amplitude
hierarchy poses a difficulty in theoretical understanding.
While the nonstrange content of f,(980) is small in the
two-quark model for light scalars, it is not so in the
tetraquark picture. This suggests that one should treat the

The predicted branching fractions for various D — SP decays with the scalar mesons treated as gg ground states. For

simplicity, we have dropped the mass identification for f,(980) and K;;(1430). The f, — o mixing angle 6 is taken to be 25°. Theory
predictions are made within the factorization approach in which the weak annihilation topologies (E and A) are neglected.

Decay Amplitude Bineory Bexpt
DO — fom® ViVa(=C+ C' — E— E)sing + jivgfsv”c’ cosf 7.8 X 107° (1.0+03)x 1074
— foK° v;;vm,[%(c + E)sind + E' cosf] 3.5x 107 (8.0%23) x 1073
D = fomt LV VilT + P+ A+ A)sing + VAV, C' cosh 1.4 % 1074 4.5+ 1.4) X 10~
— foK™ V:dV,”[V‘E(T + A’)sinf + A cosf] 1.1 X107 (1.6 £ 1.0) x 107*
Df — fomr™ ViVl T cosh + (A + A')sin/~/2] 1.3% (1.8 +0.5)%
D’ — Ky~ 7t VEV,(T + E' 2.0X 1073 82+ 1.4)x1073
— K0 VEV,(C — EN/2 1.2X 1073 (9.2751) x 1073
Dt — K0m* ViV, (T + C) 2.3% (1.8 = 0.3)%"
D} — K°K* ViV, (C + A) 5.5%x107* (3.6=x0.7)x 1073
— K7t VEVGT + Ve Vi A 2.6 X 1074 (8.1 6.5 x107*

“Data from E791 [31]; see also Eq. (5)
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light scalar mesons as bound states of ¢ggq.
Unfortunately, the naive quark model is not applicable to
evaluating the form factors for the transition of D to a 4-
quark state.

B.D— AP

The factorizable amplitudes for the D — AP decays
involve

XPAP) = (P(q)|(V = A) ,I0XA(p)I(V — A)*|D(pp)),
XPPA = (A()|(V = A) IOXP(D)I(V — A)*|D(pp)),

(€29
|

PHYSICAL REVIEW D 81, 074031 (2010)
with the expressions
XPAP) = 2meAV(?A(qz)(gk " Pp), (32)
XPPA) = _2fAmAF?P(CI2)(E* “Pp)-

It is then straightforward to write down the factorizable
amplitudes of D — K;(1270)7 and D — K;(1400)7 de-
cays (dropping the overall €* - pp terms for simplicity):

_ G
ADT = KY(1270) ") = —E Vi V,al2amg (270, f »(5in0k, Ve " (m2) + cosOx, Vo X" (m%))

V2

= 2a,myg, (127o)f1<1(1270)F{)”(m%<] (]270))],

_ G
ADT — K(1400) ) = =L VEV, [2aymg (1400, f #(cosO, Vo K14 (m2) — sinfg, Vo7 (m2))

V2

= 2aymg, 1400/  k, 1400 F T 7 (M. (1400)))

G
AD® — Ky (1270)7) = =L VEV,[2amg (1770, f #5080k, Ve 1 (m2) + cosOx, Vo X" (m2))]

NG

G
A(D® — Ky (1400)7) = =L ViV, [2amg 1400, f #(cosO, Vo K14 (m%) — sind g, V2 (m2))]

V2

Gr

A(D° — KY(1270)7°) = — N V;}Vud[zazmkl(1270)fk1(1270)F{)”(m?<1(1270))],
A(DO — RO(1400)7%) = — % ViV 2asmg oo f a0 FP7 01 100}
AD" — K[ (1270)K™) = — % V:svus[zalmK1(1270)fK1(1270)F?K(m%(1(1270))]»
A(D® — K; (1270)K*) = ﬁv:;vm,[zalm,(l(mo) Fr(sindg V5 (m%) + cosby, VE 1" (m%))] (33)

NG

where we have taken into account the K;,-K;z mixing given by Eq. (17) and neglected the short-distance factorizable
W-exchange contributions. Likewise, the D — Ka,;(1260) and D — Kb,(1235) decay amplitudes read

74 G * a
A(D+ - Koar(1260)) =--x Vcsvud[zalfalmalFlDK(mgz] - 2a2mea1 V()D ](m%()];

V2

Gr .
A(D® — K~ aj (1260)) = —TgvcsvudzalfalmalF?K(mgl )
0, 700 _Gr . Day, 2
A(D —_ K a1(1260)) = TVCSVudZGZmeaIVO (mK),

G
ADY — 7~ af (1260)) = — =LV, V,g2a,f, ma FP™(m2),

V2

_ Gr .,
AD* — RO (1235)) = — =L Vi, Vial2ay fi,my FPX(m3) = 2as fiomy, Vg™ ()]

V2

G
AD® — K™b{ (1235)) = — =L ViV, .2a, £y, my, FPX(m3),

V2

_ G
A(D® — K°b0(1235)) = 7F Vi Via2arfxmy Vo (m). (34)

074031-13



HAI-YANG CHENG AND CHENG-WEI CHIANG

Using the decay constants and form factors presented in
Sec. III B, the predicted rates of D — K, Ka,, Kb,
decays are listed in Table IX. To test the validity of the
factorization hypothesis, we focus on the D" decay to
K,7" and K°a,(1260) which are free of contamination
from weak annihilations. We see that the predictions are in
agreement with experiment for these D" decays and hence
factorization works for D — AP, just as the case of D —
SP. The predicted rates for D° decays are slightly smaller,
which implies the importance of the W-exchange contri-
bution to D° decay modes. The theoretical calculations
presented in Table IX are for the K;(1270)-K(1400) mix-
ing angle 6 =50.8°. When the other solution 6g =
—44.8° is used, we find the predictions B(Dt —
K9(1270)7") = 2.9%, B(D* — KY(1400)7") =
20X 1073, and B(D° — K;(1270)7") = 9.1 X 1073,
all in sharp disagreement with the data. Historically, it
was first pointed out in Ref. [55] that a negative mixing
angle O, is ruled out by the data of D* — K9(1270)7*
and D° — K[ (1270)7*.° It was realized later that the
negative 0 solution is also ruled out by the experimental
measurements of B — K;(1270)y and B — K;(1400)y
[74].

It is of interest to notice that the D° — K F(1400)K ™
decay is not kinematically allowed, yet a branching frac-
tion comparable  to B(D® — K (1270)K* —
K*K*m~ m*%) has been observed. Since the width of
K,(1400) is 174 = 13 MeV, the D° — K{"(1400)K* de-
cay followed by K;(1400) — K=7" 7~ is certainly
allowed.

C.D—TP

Since the decay constant of the tensor meson vanishes,
the factorizable amplitude of D — TP always involves the
expression

XPEE = (P(@)I(V = A)JOXT()I(V = A)*ID(pp))
= ifpes, phpplk(my) + b, (m3)(m3 — m3)
+ b (mdymd) (35)
where use has been made of Eq. (24). The decay rate is
given by Eq. (26). In general, TP final states are suppressed

relative to PP states due to less available phase space.
More precisely,

(D—TP) _2py (@)4

T(D— PP,) 3 pp\my

M(D — TP)

2
MD =Py | O

where we have changed the notation slightly so that pr
denotes the c.m. momentum of the tensor meson and pp is
the c.m. momentum of the pseudoscalar meson P, or P, in
the charmed meson rest frame. The kinematic factor % X

5The calculation of [55] was performed in the ISGW2 model
[52] which has the opposite sign convention to the CLF model.
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(py/pp)mp/myp)* is  typically of order (1-4) X
1072 GeV™*. An inspection of Table X indicates that, in
the absence of weak annihilation contributions, the
Cabibbo-allowed decays D' — Ki’7" and D°—
K5~ ar* should have the largest decay rates as they proceed
through the color-allowed tree diagram 7. It is easily seen
that all other W-emission amplitudes in D — a,K, D —
fom, and D — f,K are suppressed for various reasons. For
example, it is suppressed by the vanishing decay constant
of the tensor meson, by the small f,-f} mixing angle, by
the parameter a,, or by the Cabibbo angle.

From Table X we see that the predicted branching
fraction of D* — K307 is of order 107>, which is about
2 orders of magnitude smaller than experiment. Indeed, the
theoretical calculation gives |T| = 3 X 1077 in the unit of
GeV ™!, which is much smaller than the value of |T| listed
in Table XI. As for the decay DO — K§77T+, its rate is
similar to that of D* — K**77" but receives an additional
W-exchange contribution. A fit of this mode to experiment
will require |E| > |T|, namely, W-exchange dominates
over the external W-emission. The current measurement
of B(D" — K3°K™) is problematic as it is Cabibbo-
suppressed and yet the measured rate is larger than
B(DT — K'w™).

All the predictions shown in Table X are too small by at
least 2 orders of magnitude, as originally noticed in
Ref. [27]. In order to resolve the enormous discrepancy
between theory and experiment for 7P modes, one may
consider possible form factor enhancement and finite-
width effects. One may compare the D — T transition
form factors calculated in different models: the relativistic
light-front quark model (see Table V) and the ISGW and
ISGW?2 quark models (see Table II of Ref. [27]). Since the
form factors obtained from different models are of the
same order, it is very unlikely that they can be enhanced
by 1 order of magnitude to ameliorate the discrepancy. The
finite-width effect of the tensor resonances will be dis-
cussed in the next section.

VI. FINITE-WIDTH EFFECTS

Normally we apply the narrow width approximation to
extract the two-body branching fraction B(D — M P) from
3-body decay data with M standing for an even-parity
meson. There are three cases where the narrow width
approximation is not valid or justified and the finite width
of the resonance has to be taken into account: (i) The decay
D — MP is not kinematically allowed. For example,
DT — K’k*, KPK* and D°— qaf(1450)K",
K (1400)K~ are forbidden if the scalar resonances are
very narrow and on their mass shells. (ii) The resonance
width is not negligible. For example, the widths of ¢ and «
are very broad, of order 600-1000 and 550 * 34 MeV,
respectively, [28]. (iii) The strong decay of resonance is
marginally allowed or even forbidden kinematically. For
instance, the central values of the f,(980) and a,(980)
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masses are below the threshold for decaying into a charged
kaon pair.
In general, the rate of the three-body decay D — P P,P
is given by Ref. [75]”
1 fmp=—mp? dg?
I'(D— SP— P,P,P) = —— f A (D — P
2n’lD (my +m;)* 27
" M2(m2, g2 m2)
8mm?,
1
(% — m3)* + (T 15(g*)ms)?
V(g mi, )

8mq?

X g%Ple , (37)

via a scalar resonance, and

1 (mp—-mp? dg?
F(D—>TP—»P1P2P)=—[mD "8 (D — TP

T J(m+m,)? 2m

p(g*)’ mp
127 q?

1
@ =+ Col@m)?

2 P'(qz)s
81p,p, 71577_(15 )

(38)

via a tensor resonance, where A is the usual triangular
function A(a,b,c)=a’>+b>+c?> —2ab—2bc —2ca, m,
(my) is the mass of P, (Py), plgH)=
A2(md, g2 m3)/@mp). p'(q?)=A"2(g2 m},m3)/(2\g?),
and gyp, p, is the strong coupling to be defined below. The
“running” or “‘comoving” width I'j,(g?) is a function of
the invariant mass m, = \/? of the PP, system and has
the expression [76]

5 2 2 (2 4 14 (2
mr ' (¢») \” 9+3R*p"*(m7)+R* p"(m7) _
F12(q2) _ TmIZ(PI(mZT)) 9 3R ()R PP) forM =T,
mg p'(g®) _
SmlS2 p’(mé) forM =S.
(39)

Note that the propagator of the resonance has been as-
sumed to be of the Breit-Wigner form. From the measured
widths of the resonances, one can determine their strong
couplings
I(S— P\Py) = g5p p L
172 8rmyg
(40)

2 pm S
(T — P,P,) = ST0R"T T<&) .

157 \my

"The case for D — AP — VPP — P,P,P;P is more com-
plicated and has been discussed in Ref. [22]. The formula for
I'(D — TP — P,P,P) given in Ref. [27] was erroneous and it is
corrected here.
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When the resonance width I'j; is narrow, the expression of
the resonant decay rate can be simplified by applying the
so-called narrow width approximation

1 T
(¢ — m})? + myT2(d®)  myTy

8(q* — myy). (41)

It is easily seen that this leads to the factorization relation,
Eq. (1), for the resonant three-body decay.

In the following, we illustrate the finite-width effects
with a few examples.

A. D" > K'K" - K"K @*

With a width of 270 + 80 MeV for K;;(1430), the decay
D — K’K* followed by K;>— K"K a" is now
physically allowed. In this case one should evaluate the
two-step process I'(D* — K{°K* — K"K~ 7r") and com-
pare the resonant three-body rate with experiment. Using
Eg. (37) and assuming that the coupling ggp, p, is insensi-
tive to the variation in g> when the resonance is off its mass
shell, we obtain

B(D" - KKt — K'K o) = (1.352}) x 1074
(42)

This is 1 order of magnitude smaller than the experimental
value, (1.83 + 0.35) X 1073 (see Table I). Since

ADT — ROK*) = VEV, T + ViV, 4A, (43)

the inclusion of W-annihilation A will improve the dis-
crepancy between theory and experiment.

B.D" — om"

Since the width of the o resonance I', =
600-1000 MeV is of the same order of magnitude as its
mass, it is important to see its effect on the extraction of the
branching fraction B(D* — o#n™"). To see this, we shall
first define a quantity

I'(D— MP — P,P,P)
I'(D— MP)B(M — P,P,)’

n= (44)
As m goes to 1 in the narrow width approximation, the
deviation of 7 from unity gives a measure of violation in
the factorization relation (1). We first compute 7 theoreti-
cally; that is, both I'(D — MP — P,P,P) and I'M —
P, P,) are computed in a model. The ratio 7 is independent
of the form factor for D — M transition. The factorization
relation Eq. (1) is then replaced by

(D — MP — P,P,P) = n['(D — MP)B(M — P,P,).

(45)

From the experimental input of B(D — MP — P,P,P),
we can then determine I'(D — MP).

For D™ — ont — 7" w7~ decays, we find n = 0.55

for T, = 600 MeV and 7 = 0.41 for T, = 1000 MeV,

where we have taken B(oc — 7 7~) = % This means
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that the branching fraction B(D" — om) = (2.1 =
0.2) X 1073 listed in Table I should be enhanced by a
factor of 1/n = 1.8 ~ 2.4, depending on the o width.

C.D—TP

We have examined the finite-width effect on the D —
TP channels listed in Table X. The measured decay widths
of various tensor mesons are of order 100 MeV [28].

The singly Cabibbo-suppressed decay D™ — KK+ —
K*K~ 7" is physically allowed due to the width Py =
109 = 5 MeV. From Eq. (38) we obtain

B(D" = KKt = K'K 7") =43 X 1078 (46)

This is about 3 to 4 orders of magnitude below the experi-
mental result (1.7712) X 107* [28]. However, this mea-
surement seems to be problematic as the branching fraction
of the Cabibbo-favored mode D™ — K3'7m+* — K- w7+
is of the same order of magnitude, (2.1 + 0.4) X 10™%.

For the other D — TP decays, we compute the ratio 7
defined in Eq. (44) and find that » ~ 1.0-1.2 for most cases
except for D — f,K° where 1 = 4.0. This means that the
branching fraction of D° — f,K? extracted in Table III
should be reduced by a factor of 4 when the effect of finite
width is taken into account.®

VII. DISCUSSIONS

A. The covariant light-front model

We have relied heavily on the CLF model to obtain the
form factors needed in this work. This relativistic quark
model preserves the Lorentz covariance in the light-front
framework and has been applied successfully to describe
various properties of pseudoscalar and vector mesons [77].
The analysis of the CLF model has been generalized to
even-parity, P-wave mesons in [51]. Since relativistic ef-
fects can manifest in heavy-to-light transitions at large to
maximum recoil where the final-state meson becomes
highly relativistic, the use of the nonrelativistic quark
model is probably not suitable here. Therefore, we believe
that the CLF approach can provide more accurate behav-
iors of B — M transitions at large recoil. For example, the
tensor form factors for B — K transitions at g> = 0 de-
rived in the CLF model lead to a prediction for B(B —
K,(1270)y) in much better agreement with experiment
than any other models (see Table IV of [56]).

B. Theoretical uncertainties

Thus far we have not given the error bars to the theo-
retical results of decay rates. Here we discuss the possible
sources of uncertainties in this study. In the CLF model we

80ur conclusion for finite-width effects on D — TP differs
from that in Ref. [27].
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use the decay constants together with the given constituent
quark masses to determine the fundamental parameter 8 in
the model for describing the meson wave functions [51].
For the decay constants of scalar mesons we use those
obtained in [49] where QCD sum rules are employed and
errors are given explicitly. For axial-vector mesons, the
sum rule approach gives f, = 238 = 10 MeV [61] while
the experimental data of 7— Kyv yield fg 12700 =
_(170 * 20) MeV and f](](]400) = _(139 + 43) MeV
[cf. Egs. (19) and (20)]. The error bars will be propagated
from decay constants to the parameter 8, and then finally
to the form factors of interest. Therefore, the uncertainty
analysis in the CLF model is quite involved and highly
nontrivial. We will leave this task to a future publication.

C. Comparison with other works

In this work we have performed the study of the non-
leptonic decays of charmed mesons in two approaches:
flavor-diagram analysis and naive factorization. In the
latter approach, form factors are obtained from the CLF
quark model and the weak annihilation diagrams are ne-
glected at the outset. In the literature most of the relevant
studies are also based on the factorization approach, differ-
ing mainly in the values of the form factors to be used and
the treatment of weak annihilation. In Tables IV, V, and VI
we have displayed in parentheses the form factors eval-
uated in the ISGW2 model [52], an improved version of the
nonrelativitsic quark model by Isgur, Scora, Grinstein, and
Wise [60]. We see that the ISGW?2 model predicts much
smaller D — § form factors than the CLF model and other
models not listed in Table IV. In contrast, the form factors
Vo, yPh kPax (D2 kPifx and kP+K: calculated by the
ISGW2 model are much larger than the CLF results.

As stressed before, the factorization hypothesis is best
tested in the decays in which weak annihilation contribu-
tions are absent or suppressed. For the SP modes, the
Cabibbo-allowed decays D* — Ki’n" and D] — fom*
belong to this category. It turns out that the former mode is
ideal for testing different form factor models. The contri-
bution to D" — K’7" from the color-suppressed tree
amplitude C was not considered in [10,11], presumably
due to the smallness of the K;; decay constant. Both con-
tributions of color-allowed and color-suppressed ampli-
tudes were taken into account in [9]. However, owing to
the destructive interference in D™ — Kj’w" and the
smallness of a,, the predictions of I'(D" — I?(’;O 7)<
I'(D° — Kj;~7") and the large suppression of D’ —
K*07° relative to D° — K*~ 7" given in [9] are not borne
out by experiment. In the CLF model, the relative sign of
the factorizable amplitudes X5 and X(PP9 is fixed to
be negative [see Eq. (29)]. As a consequence, we conclude
that, based on the CLF quark model, the interference in the
Cabibbo-allowed D™ — SP decays must be constructive,
contrary to the case of D — PP, VP.
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Recently, the decays D — K7 have been considered in
[23,24] with D — K, form factors evaluated in the frame-
work of the ISGW model and QCD sum rules, respectively.
While the predicted rates are similar to ours in most cases,
the branching fraction of D™ — K(1270)7" was found to
be (5.85 * 0.37)% for Ox, = —37° and (3.18 = 0.25)%
for 6, = —58° in [24]. All of them are too large com-
pared to the experimental limit 7 X 1073 [28]. In our study
we did include the color-suppressed tree amplitude [see
Eq. (33)], which was considered in [23] but neglected in
[24]. Since the decay constant of K;(1270) is negative
[Eq. (20)], it is clear from Eq. (33) that the a, term
contributes  destructively to DY — K9(1270)7*.
Consequently, our prediction B(D* — K9(1270)7 ") =
4.7 X 1073 (Table IX) is consistent with experiment.9

The above few examples indicate that the CLF model
takes care of the relative signs of decay constants, magni-
tudes of form factors, and various hadronic matrix ele-
ments correctly.

D. Comparison with B decays

Charmful decays B — D**P with D** = D;, Dy, D}, D}
denoting even-parity charmed mesons and charmless de-
cays B— MP (M being light even-parity mesons) have
been extensively studied both experimentally [28] and
theoretically [49,78-80]. It is instructive to compare the
present work with the B decays.

While factorization works well for Cabibbo-allowed
D" — SP, AP decays, predictions are typically about 1
order of magnitude smaller than experiment for the other
decay modes, conceivably due to the negligence of weak
annihilation contributions arising from final-state interac-
tions. It is pointed out in [49] that one needs a sizable
penguin weak annihilation amplitude in order to account
for the data of B — K7 in the theoretical approach such
as QCD factorization.

Taking the cue from the constructive interference in the
Cabibbo-allowed decay D* — K7 and noting that the
phase of a,/a; in B — D1r decays lies in the first quadrant,
one may be tempted to claim that the B~ — D(”;OW+ decay
should have a rate smaller than the B® — D}~ 7" decay
owing to a destructive interference in the former. This
conjecture is supported in both the CLF model and heavy
quark symmetry [78]. The experimental observation that
the production of broad D** states in charged B decays is
more than a factor of 5 larger than that produced in neutral
B decays (see Tables V and VI in [78]) is thus astonishing.

*B(D" — K)(1270)7") is predicted to be 3.8 X 1073, 1.52%
and 3.21% in [23] for O, = 33°, 45°, and 57°, respectively.
However, as noticed in Sec. III B, the mixing angle 0, has to be
negative in the convention of QCD sum rules or the ISGW
model. Therefore, the mixing angle chosen by [23] does not
have a correct sign. Also the relative sign between T and C
amplitudes given there is erroneous.
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This enigma as pointed out several years ago in [78] still
remains unresolved.

VIII. CONCLUSIONS

In this paper, we have studied the charmed meson de-
cays into final states containing one pseudoscalar meson
and one even-parity meson, the data of which are inferred
from detailed Dalitz analyses of three-body decays and the
finite-width effects. The nonperturbative flavor-diagram
approach and the factorization calculation are undertaken
to analyze these decay processes. In the diagrammatic
framework, we have extracted the sizes and relative strong
phases of various flavor diagrams in a least model-
dependent way, based on current experimental measure-
ments of decay rates. In the factorization approach, we
have neglected weak annihilation diagrams (E and A)
while making our predictions. Besides, we use the form
factors evaluated in the covariant light-front model to
compute the D decay branching fractions.

In the D — SP decays with S being in the nonstrange
nonet, our fits present several robust features against the 2-
and 4-quark pictures. First, as in the PP and V P decays, the
weak annihilation diagrams are non-negligible. However,
it is a theoretically challenging puzzle that the A amplitude
here is the largest one. Second, the relative strong phases
64 and & are preferably around 30° and 160°, respec-
tively. Finally, the data do not prefer either the 2-quark
scheme or the 4-quark scheme. This conclusion can be best
seen from a comparison between the D®* — fy7 and o7
decays, and also revealed in the /\/fnin values in Table VIII.
We note that due to a paucity of measured modes, the
diagrammatic approach is ineffective for the D — K;jP
decays or the D — AP decays. Theoretical calculations
based on factorization have been applied to both D —
SP and AP transitions. The factorization hypothesis seems
to work pretty well for those Cabibbo-favored modes that
involve only the color-allowed tree (7) and color-
suppressed tree (C) amplitudes. The factorization calcula-
tions for the other decay modes are typically about 1 order
of magnitude smaller than experiment, conceivably due to
the negligence of weak annihilation contributions.

Contrary to the Cabibbo-allowed D* — PP, VP decays
where 7 and C amplitudes interfere destructively, the
color-allowed and color-suppressed tree amplitudes in the
Cabibbo-allowed decays D™ — K*07*, K9(1400)7* con-
tribute constructively. This explains why their branching
fractions are large, of O(2%).

The D — TP measurements pose the biggest problem
for theory. Even though the magnitudes and phases of some
amplitudes can be extracted from data, as given in
Table XI, quite opposite conclusions are reached when
different sets of data [Fit (A) versus Fit (B)] are used.
This could be caused by the D — K7™ and D" —
K307 decays, as explained in the text. Predicted branch-
ing fractions based on factorization are at least 2 orders of
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magnitude smaller than data, even when the decays are free
of weak annihilation contributions. We cannot find pos-
sible sources of rate enhancement.

We also examine the finite-width effects for decays that
are kinematically forbidden if the width of the even-parity
meson is not taken into account. We find that the branching
fraction of D" — o7 extracted from three-body decays
is enhanced by a factor of 2, whereas B(D° — £,(1270)K?)
is reduced by a factor of 4 by finite-width effects.

Our study shows that some of the above-mentioned
puzzles call for measurements of yet observed decay
modes as well as more precise determination in the decay

PHYSICAL REVIEW D 81, 074031 (2010)

rates. The other puzzles, particularly in the TP modes,
demand better understanding of the underlying dynamics.
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