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We study the quasi-two-body D — SP decays and the three-body D decays proceeding through
intermediate scalar resonances, where S and P denote scalar and pseudoscalar mesons, respectively. Our
main results are the following: (i) Certain external and internal W-emission diagrams with the emitted meson
being a scalar meson are naively expected to vanish, but they actually receive contributions from vertex and
hard spectator-scattering corrections beyond the factorization approximation. (i) For light scalars with
masses below or close to 1 GeV, it is more sensible to study three-body decays directly and compare with
experiment as the two-body branching fractions are either unavailable or subject to large finite-width effects
of the scalar meson. (iii) We consider the two-quark (scheme I) and four-quark (scheme II) descriptions of the
light scalar mesons, and find the latter generally in better agreement with experiment. This is in line with
recent BESIII measurements of semileptonic charm decays that prefer the tetraquark description of light
scalars produced in charmed meson decays. (iv) The topological amplitude approach fails here as the
D — SP decay branching fractions cannot be reliably inferred from the measurements of three-body decays,
mainly because the decay rates cannot be factorized into the topological amplitude squared and the
phase space factor. (v) The predicted rates for D® — f,P, a,P are generally smaller than experimental data
by one order of magnitude, presumably implying the significance of W-exchange amplitudes. (vi) The
W-annihilation amplitude is found to be very sizable in the SP sector with |A/T|sp ~ 1/2, contrary to its
suppression in the PP sector with |A/T|pp ~ 0.18. (vii) Finite-width effects are very important for the very
broad 6/f(500) and x/K{(700) mesons. The experimental branching fractions B(D" — oz™) and

B(D* — &™) are thus corrected to be (3.8 +0.3) x 107 and (6.7732)%, respectively.

DOI: 10.1103/PhysRevD.105.033006

I. INTRODUCTION

In recent years many measurements of hadronic three-
body and four-body decays of charmed mesons have been
performed with Dalitz-plot amplitude analyses. Amplitudes
describing D meson decays into multibody final states are
dominated by quasi-two-body processes, such as D —
PP,VP,SP,AP and TP, where P, V, S, A and T denote
pseudoscalar, vector, scalar, axial-vector and tensor mes-
ons, respectively. Among various S-, P- and D-wave
intermediate resonances, the identification of the scalar
mesons is rather difficult due to their broad widths and flat
angular distributions.
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Scalar mesons with masses lower than 2 GeV can be
classified into two nonets: one nonet with masses below or
close to 1 GeV, including 6/ f((500), £(980), ay(980) and
k/K{(700); and the other nonet with masses above 1 GeV,
including a((1450), K;5(1430), fo(1370), fo(1500) and
fo(1710). The last three are all isosinglet scalars and only
two of them can be accommodated in the quark model,
implying a dominant scalar glueball content in one of the
three isosinglets.

In this work, we shall study the quasi-two-body D — SP
decays and the three-body D decays proceeding through
intermediate scalar resonances. In Tables I and II we collect
all the measured branching fractions of D — SP — P{P,P
decays available in the Particle Data Group (PDG) [1]. It is
clear that f((980) and the f, family such as f,(1370),
f0(1500) and f,(1710) are observed in the three-body
decays of D*, D® and Dy, while a(980) is seen exclusively
in three-body D° decays (except for Df — af ).
Contrary to f(980) and a,(980) which are relatively easy
to identify experimentally, the establishment of ¢ and « is
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very difficult and controversial because their widths are so
broad that their shapes are not clearly resonant.
Nevertheless, their signals in three-body D decays have
been identified in D™ - 620 > ztz zt0, Dt -
K07t - Kgn’z" and Dt — Kt — 7t K~K™*, respec-
tively. Because of threshold and coupled-channel effects
for f¢(980) and ay(980) and the very broad widths for o and
K, it is no longer pertinent to use the conventional Breit-
Wigner parametrization to describe their line shapes.

The D — SP decays and related three-body D decays
have been studied previously in Refs. [7-18]. In the D —
SP 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
scalar meson. 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 dedi-
cated experiments and powerful Dalitz plot analyses of
multibody decays. We will investigate whether an extrac-
tion of the sizes and relative strong phases of these
amplitudes is possible.

One purpose of studying these decays is to check our
understanding in the structures and properties of light even-
parity scalar mesons. Another goal is to learn the final-state
interaction pattern in view of the rich resonance spectrum
around the D meson mass range. Not only does this work
update our previous study [14], we also study the
finite-width effect in the three-body decays mediated by
the scalar mesons. Such an effect is observed to be
particularly important for decays involving o/ f,(500)
and x/K{(700) in the intermediate state because of their
broad widths compared to their masses, respectively.
Therefore, one should be careful in the use of the narrow
width approximation (NWA) to extract the D — SP two-
body decays from the three-body decay rates.

This paper is organized as follows. In Sec. II, we review
the current experimental status about how various D — SP
decay branching fractions are extracted using the NWA
from three-body decay rates. In Sec. III, we discuss the
two-quark ¢g and tetraquark pictures of the scalar nonet
near or below 1 GeV along with the associated conun-
drums. The decay constants and form factors required for
subsequent numerical calculations are given in this section,
too. Section IV sets up the notation and formalism of
flavor amplitude analysis, for both quark-antiquark and
tetraquark pictures. In Sec. V, we take the factorization
approach as an alternative toward analyzing these decays.
We also introduce line shapes for the scalar resonances
when describing various three-body decays. Section VI
gives the results obtained based upon the approaches in the
previous two sections for a comparison. Section VIB is
devoted to the study of finite-width effect and how the
NWA should be modified. We summarize our findings in
Sec. VIL

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 of three-
body or four-body decays of charmed mesons is a very
useful technique for this purpose. We are interested in
D — SP decays followed by S — P{P,. The results of
various experiments are summarized in Tables I and II. To
extract the branching fraction for a D — SP decay, it is the
usual practice to use the NWA:

I'(D — SP — P,P,P) =T(D — SP)\wa B(S — P,P,).
(2.1)

Since this relation holds only in the I'y — O limit, we put
the subscript NWA to emphasize that B(D — SP) thus
obtained is under this limit. Finite width effects will be
discussed in Sec. VI B. For the branching fractions of two-
body decays of scalar mesons, we shall use [1]

B(ay(980) = m7) = 0.850 + 0.017,

2
B(6(500) - ztz™) = 3
B(fy(1500) - zz) = 0.345 + 0.022,
B(fo(1710) — K*K~) = 0.292 + 0.027,

2

B(K;*(1430) — K*77) = = (0.93 £ 0.10),

B(k(700) - K*7) = =, (2.2)

W W

where we have applied the average of I'(a((980) —
KK)/T(ay(980) — zn) = 0.177 £ 0.024 from PDG [1]
to extract the branching fraction of a((980) — an,
assuming that its width is saturated by the KK and 7y
modes. For f((1710) we have used the values of
[(fo(1710) = zz) /T(f((1710) - KK) = 0.234+0.05 and
C(fo(1710) = ny)/T(fo(1710) = KK) = 0.48 +0.15 from
PDG together with the assumption of its width being
saturated by zz, KK and nn modes. For S = £((980) or
a(980), we are not able to extract the branching fractions
of D — SP due to the lack of information of B(S — P, P,)
[except for ay(980) — n], especially for B(S — KK)
where the threshold effect must be taken into account.
For example, the NWA relation

(D" - fo(980)K+ — KTK-K™)

—T(D* — £0(980)KT)B(f(980) —» KTK~)  (2.3)

cannot be applied to extract the branching fraction of D" —
fo(980)K™ due to the unknown B(f;(980) — KTK™).
Therefore, we will calculate the branching fractions of
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TABLE 1.
the mass identification for ¢(500), f((980), a¢(980),

Experimental branching fractions of (D™, D}) - SP — P, P,P decays. For simplicity and convenience, we have dropped
k(700) and K{;(1430). Data are taken from Ref. [1] unless specified otherwise. We

have applied the NWA given by Eq. (2.1) to extract the branching fractions of the two-body D decay denoted by B(D — SP)\wa-

B(D — SP;S — P\ P,)

B(D — SP)xwa

Dt = fort fo—wr 77) = (156 £0.33) x 1074
Dt — f,(1370)z* f0(1370)—>7t 77) = (84+4)x 107
D* — f,(1500)7"; £o(1500) = zt72~) = (1.1 £0.4) x 10~
Dt — fo(1710)7™"; fo(1710) —» ztz7) < 5x 1073
Dt - foK* fo > atn™) = (44 £2.6) x 107
Dt = foK*; fo = KTK™) = (1.23 £0.02) x 107>*
Dt - a0(1450)0 *a) » KYK™) = (4.5779) x 107
(1.38 £0.12) x 1073

(613) x 1073
(6.873) x 10~

(1.25 +£0.06)%

(2.7+£0.9) x 1073

(1.82 £ 0.35) x 1073

Dt »orxt0 > atn) =
— KOnt K—>KSJ7,')

D

Dt - Kzt K? - K-nt) =
K*0+K(*)0—>KSIT)

- KKK - K- nt) =

B(D* - f,(1500)z") = (4.78 £ 1.77) x 107*
B(Dt = f,(1710)z%) < 5.8 x 1074

(2.07 £0.18) x 1073
(3.6539)%

(1.0193) x 1073
o K0rt) = (2.02 +0.24)%

+ K*O +) = (174 £ 0.61)%
D" — K*OK * prohibited on-shell

Dt - ont) =
Dt - izt) =
Dt — kKK*) =
D

D

n
+
5 Ok - Kot =
+
+

D — for':fo — KTK™) = (1.14 £ 0.31)%

D} — fortifo = 2%7°) = (2.1 £0.4) x 1073°

D} — S(980)z"; S(980) - KtK™) = (1. 05j;007)%°d
D} — f,(1370)z"; fo - K*K™) = (7£5) x 107

D¥ —>f0(1370)7r ifo = KYK™) = (7£2) x 107%¢
D} — f,(1370)z"; fo — 2°2°) = (1.3 £0.2) x 103"
D+ - fo(1710)z™"; fo — KtK™) = (6.6 +2.8) x 107*
D — fo(1710)z%; fo —» KTK™) = (10 £4) x 107#
Df = af%2%%; ago — %) = (1.46 + 0.27)%°

Df - K’K™ K" > K~ n") = (1.8 £0.4) x 1073

K*0K+ K*O > K- 7[+)
D+ _)K*Oﬂ.+ K*O S Ktrn )

(1.6 £ 0.4) x 1073¢

(
(
(
(
(
(
(
(
(
(DT
(
(
(DY
(DT
(
(
(
(
(
(
(
(
(
(
(DY
( (5.0+3.5) x 107

mmmmmmmmmmmm mmmmmmwtxmmmmw

B(Df — f,(1710)z+) = (2.26 +0.98) x 1073
B(D} - f0(1710) ) (3.42 4 1.40) x 1073
B(D} - adx* +afn’) = (1.72 £ 0.32)%
B(D} — K’K*) = (29+£0.7) x 107

B(D} — KPK") = (2.6 £0.7) x 107

B(Df - Kz+) = (8.1 £5.7) x 10~

Assummg a fit fraction of 20% for D — f,(980)K* in D — KTK~K™ decay [2].

"BESIII data taken from Ref. [3].
cBESIII data taken from Ref. [4].
45(980) denotes both f0(980) and a,(980).

“The branching fraction is assigned to be (2.2 4 0.4)% by the PDG [1]. However, as pointed out in Ref. [5], the fraction of
D} — ay(980) (0 2°(H) | q,(980)*(0) — z°+)y with respect to the total fraction of D — ay(980)x, ay(980) — 7 is evaluated to be
0. 66 Consequently, the branching fraction should be multiplied by a factor of 0.66 to become (1.46 + 0.27)%.

B(D —» SP — P,P,P) directly and compare them with
experiment (see Table VIII below).

III. PHYSICAL PROPERTIES
OF SCALAR MESONS

It is known that the underlying structure of scalar mesons
is not well established theoretically (see, e.g., Refs. [19,20]
for a review). Scalar mesons with masses lower than 2 GeV
can be classified into two nonets: one nonet with masses
below or close to 1 GeV, including the isoscalars f(500)
(or o), f0(980), the isodoublet K;(700) (or ) and the
isovector a((980); and the other nonet with masses above
1 GeV, including f,(1370), ay(1450), K;;(1430) and
f0(1500)/f¢(1710). If the scalar meson states below or
near 1 GeV are identified as the 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

1
6 =—(uii +dd =S5,
\/E( ) fO
1 -
ad = ﬁ(uu —dd), ag = ud, ay = du,
Kkt = us, kY = ds, K0 = sd, kK~ =su, (3.1)

where an ideal mixing for f; and o is assumed as f,(980) is
the heaviest one and ¢ the lightest one in the light scalar
nonet. However, as summarized in Ref. [14], this simple
picture encounters several serious problems:
(1) It is impossible to understand the mass degeneracy
between f,(980) and ay(980), which is the so-called
“inverted spectrum problem.”
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TABLE II.

Same as Table I except for D — SP — P, P,P decays.

B(D — SP;S — P, P,)

B(D — SP)xwa

=}

+ (3.7£0.9) x 1075

(3.6 +0.6) x 10~

—>f077 sfo—mntn) =
—’foﬂ fo—’K+K )=

(=4

0 = £4(1370)2°% fo — 777) = (5.5 +2.1) x 107
O = £0(1500)7% fo = ntn~) = (5.8 £ 1.6) x 107
0 = fo(1710)z° fo —>atr)=(46+1.6)x107°

[=]

— foK® fo = nta™) = (2.40708%) x 1073

- foK% fo—» KTK™) < 1.8 x 107*

O = fo(1370)K% fo — nta~) = (5.6138) x 1073

0 —>f0(1370)K ifo— KYK™) = (3.44+22)x 107
—>a0K aj > KTK% = (1.18 £ 0.36) x 1073

- ajK ;af - KTK%) = (3.07 £0.84) x 103"

- agK" a5 - K"K <22 x 107

- a)K®; a0—>K+K ) =(5.8+0.8) x 107

- a)K%a) > KTK™) = (8.12 £ 1.80) x 1073

- a8K0 a) — na’) = (2.40 £0.56) x 1072
—>a0ﬂ a0—>K K% = (2.6 +£2.8) x 107*

- ajn 7 af —>K+K0) =(12+0.8) x 1073

0 — ay(1450)"x aO - K K" = (5.0 £4.0) x 107
O - ay(1450) 75 af - KTK°) =
0 - a0(1450) K*;ay - K Kg) < 0.6 x 1073°
on’;0 - ntn”) = (122 +£0.22) x 107*
Kint Ky~ = Ko77) = (5347080 x 1073
0 K*‘ﬂ* Ky — K 2% = (4.8 +22) x 1073
0 KSOJTO K?‘)O - K 7") = (59779) x 1073

O > Ky'n KT — Ko7n7) <2.8x 107

[=]

o o ©o o o o <o <

[=R=]

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

joxigoy o o o o o o IO I o IO o I o IO IO B IOV SO SO SO IO SOV I SN BN IO
sBvlvivlvlvBvlvlvivlvlvivlvivivlvlvlvlvivlvivlveRw

B(D°
B(D°

- £(1500)7°) =
- f0(1710)7°) =

(25+£0.7) x 107
(3.7+1.4)x 10~

B(D° - a)K®) = (2.83 £ 0.66)%

(6.4 +£5.0) x 107

D' = 62%) =
D - K nt) =

(1.840.3) x 10

(8.6119) x 1073
D° > K*—rﬁ) (1.55+0.73)%
DY - Ki'7°) = (9.584) x 1073
D’ — K6+ﬂ'_) <45x%x107

B(
B(
B(
(
(

[N eN

*BESIII data taken from Ref. [6].

(2) The P-wave 0" meson has one unit of orbital
angular momentum which costs an energy around
500 MeV. Hence, it should have a mass lying above
rather than below 1 GeV.
It is difficult to explain why ¢ and x are much
broader than f,(980) and a((980) in width.
The yy widths of a((980) and f((980) are much
smaller than naively expected for a gg state [21].
The radiative decay ¢ — a((980)y, which cannot
proceed if a((980) is a pure ¢g state, can be nicely
described by the four-quark nature of a(980)
[22,23] or the kaon loop mechanism [24]. Likewise,
the observation of the radiative decay ¢ —
f0(980)y —» zzy is also accounted for by the
four-quark state of f,(980) [23].

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 [25]

3
“)
(&)

- 1
o =uidd, = uii+dd
fO \/E( )
1 - _
a8 :—Z(uﬁ—dd)ss, ag =udss, ay =diss,
kT =usdd, «°=dsun, &K°=sduii, k" =sudd. (3.2)

The four quarks ¢?g* can form an S-wave (rather than
P-wave) 0 meson without introducing one unit of orbital
angular momentum. This four-quark description explains
naturally the inverted mass spectrum of the light nonet,’
especially the mass degeneracy between f((980) and
ay(980), and accounts for the broad widths of ¢ and x
while f((980) and a((980) are narrow because of the
suppressed phase space for their decays to the kaon pairs.
Lattice calculations have confirmed that ay(1450) and
K{(1430) are gg mesons, and suggested that o, k and
ao(980) are tetraquark mesonia [27-31].

The inverted spectrum problem can also be alleviated in
the scenario where the light scalars are dynamically
generated from the meson-meson interaction, with the
£0(980) and the ay(980) coupling strongly to the KK
channel with isospin 0 and 1, respectively. Indeed, the
whole light scalar nonet appears naturally from properly

"However, it has been claimed recently in Ref. [26] that the
inverse mass hierarchy can be realized in the ¢g picture through a
U(1) axial anomaly including explicit SU(3), breaking. The
anomaly term contributes to a,(980) with the strange quark mass
and to x/K{(700) with the up or down quark mass due to its
flavor singlet nature. The current mass of the strange quark makes
the ay meson heavier than the x meson.
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unitarized chiral amplitudes for pseudoscalar-pseudoscalar
scatterings [32,33]. Consequently, both f;(980) and
ay(980) are good candidates of KK molecular states
[34], while ¢ and x can be considered as the bound states
of zz and K, respectively.

In the naive two-quark model with ideal mixing for
f0(980) and (500), f(980) is purely an s3 state, while
¢(500) is an ni state with nii = (iiu + dd)/+/2. However,
there also exists some experimental evidence indicating that
f0(980) is not a purely s5 state. For example, the
observation of I'(J/y — fow)~iT(J/w = fod) [1]
clearly shows the existence of the nonstrange and strange
quark contents in f,(980). Therefore, isoscalars ¢(500)
and f((980) must have a mixing

|/0(980)) = |s5) cos @ + |nn) sin 6,

|6(500)) = —|s5) sin @ + |nn) cos 6. (3.3)
Various mixing angle measurements have been discussed in
the literature and summarized in Refs. [35,36]. A recent
measurement of the upper limit on the branching fraction
product B(B® — J/yf(980)) x B(f,(980) = nt7z~) by
LHCD leads to |6] < 30° [37]. Likewise, in the four-quark
scenario for light scalar mesons, one can also define a
similar f — ¢ mixing angle

|£0(980)) = |niis3) cos ¢ + |uirdd) sin ¢,

|6(500)) = —|niis5) sin ¢ + |uitdd) cos ¢. (3.4)
It has been shown that ¢p = 174.6° [38].

In reality, the light scalar mesons could have both two-
quark and four-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,

|a*(980)) = wi3lud) + w5 |udg)
+y Judss) + ... (3.5)
In the tetraquark model, w9 >y, while it is the other
way around in the two-quark model. Although as far as the
spectrum and decay are concerned, light scalars are pre-
dominately tetraquark states, their productions in heavy
meson decays and in high energy hadron collisions are
probably more sensitive to the two-quark component of the
scalar mesons. For example, one may wonder if the energetic
f0(980) produced in B decays is dominated by the four-
quark configuration as it requires to pick up two energetic
quark-antiquark pairs to form a fast moving light tetraquark.
Since the scalar meson production in charm decays is not
energetic, it is possible that it has adequate time to form a
tetraquark state. In principle, the two-quark and four-quark
descriptions of the light scalars can be discriminated in the
semileptonic charm decays. For example, the ratio

_ B(D" = foftv) + B(D* — 6" v)

R
B(D™ = al¢*v)

(3.6)

is equal to 1 in the two-quark scenario and 3 in the four-
quark model under the flavor SU(3) symmetry [39]. Based
on the BESIII measurements of Dt — a,(980)%e* v, [40],
D' — oetv, and the upper limit on DT — f,(980)e v,
[41], it follows that R > 2.7 at 90% confidence level.
Hence, the BESIII results favor the SU(3) nonet tetraquark
description of the f,(500), f,(980) and a,(980) produced
in charmed meson decays. A detailed analysis of BESIII
and CLEO data on the decays D" — z"z"e"v, and
D} - ztne"v, in Ref. [42] also shows results in favor
of the four-quark nature of light scalar mesons f(500) and
f0(980).

The vector and scalar decay constants of the scalar
meson are, respectively, defined as
(8(P)132744110) = fspys (81224110) = mgfs. (3.7)
The neutral scalar mesons o, f and aj cannot be produced
via the vector current owing to charge conjugation invari-
ance or conservation of vector current:

Fo=ts, = fa=0. (3.8)

Applying the equation of motion to Eq. (3.7) yields

mg

Hsfs = [s my(u) = my ()

with g = . (3.9)

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 Kj(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. [35] within the
framework of QCD sum rules. For the reader’s conven-
ience, we list the scalar decay constants (in units of MeV) at
1 =1 GeV relevant to the present work
fr,=370£20,  f, =365+20,

f» =350+ 20, [ =340 % 20,
fag(1450) = 460 % 50, S fo(1500) = 490 £ 50,

fr; =445 £ 50. (3.10)

From Eq. (3.9) we obtain (in units of MeV) 2

*The vector decay constants of the scalar meson and its
antiparticle are of opposite sign. For example, f, (30)+ =
—1.3 MeV and f, (9s0- = 1.3 MeV.
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|fao(080)=| = 1.3,

[fap(rasoys| = 1.1,

In short, the vector decay constants of scalar mesons are either zero or very small for nonstrange scalar mesons.

Form factors for D — P, S transitions are defined by [43]

(PP |V, D(p)) = (P,l _mp—mp

D) =i (7, =22

where P, = (p + p'), and g, = (p — p’),. As shown in
Ref. [44], a factor of (—i) isneeded in the D — § transition in
order for the D — § form factors to be positive. This can also
be checked from heavy quark symmetry consideration [44].

Throughout this paper, we use the 3-parameter para-
metrization

B F(0)
1 —a(q?*/m}) + b(q*/m3)>

F(q%) (3.13)

for D — § transitions. For hadronic D — SP decays, the
relevant form factor is F55(g?). The parameters F55(0) for
D — § transitions calculated in the covariant light-front
quark model (CLFQM) [44,45], covariant confined quark
model (CCQM) [46], and light-cone sum rules (LCSR)
[47-49] are exhibited in Table III. Note that the matrix
element (S(p')|A,|D(p)) is sometimes parametrized as

(S(P")IAID(p)) = —i[F?3(q*)P, + F25(q%)q,). (3.14)
It is easily seen that

Fi(q*) = F.(q%),

Fold?) = a s P(R) + Ful), (315)

|fil = 45.5, |f1<3(143o)\ =353. (3.11)
DP( 2 m%) m12° DP( 2
PP (q) + ——5—q,F5" (4°),
DS( 2 m%) m% DS( 2
q, | F°(q%) + p .F5°(q%) ], (3.12)

and hence F,(0) = Fy(0) = F_(0). It was argued in [49]
that the relation F_(g?) = —F,(g*) holds in the LCSR
calculation. In [46], the D — S transition form factors are
defined by

(S(P)IALD(p + q)) = =i[F'(¢*)p, + F'_(4*)q,]-
(3.16)

They are related to F (¢*) and F_(g?) through the relation

F' (q%) = 2F . (¢*),

FL(q*) = Fi(q*) + F_(¢*). (3.17)

For the ¢*> dependence of the form factors in various
models, the parameters a and b are available in
Refs. [44,45] and Ref. [47] for CLFQM and LCSR(),
respectively. In CCQM and LCSR(II), one needs to apply
Eq. (3.15) to get the ¢> dependence of F,. The form-factor
g* dependence in the LCSR(III) calculation is shown in
Fig. 3 of Ref. [49].

BESIII has measured the branching fractions of
both D° — a,(980)"e*v, and Dt — ay(980)%*v, [50].
The theoretical calculations depend on the form factors
F.(¢?) and F_(q?) and their ¢*> dependence (see e.g.,
Ref. [51]). It turns out that the predicted branching fractions
for D - a((980)e* v, in LCSR(II) [48] are too large by

TABLE 1II.  Form factors F55(0) for D, D, — f((980), ay(980), ao(1450) and K;(1430) transitions in various models.

CLFQM ccQM LCSR(D) LCSR(II) LCSR(II)
Transition [44.45] [46] [47] [48] [49]

D — £((980) 0.517005" 0.4540.02 0.321

Dy — f(980) 0.52+001 0.36 + 0.02

D — ay(980)° 0.55 £0.02 0.88 +0.13 0.85+010

D — ay(1450)
D — K;(1430)
Dy — K;(1430)

051148

0.02
0.47%) 05

0.5510:2

09474

“For D — f{ transition.
For D} — f} transition.

“It stands for either D° — a((980)~ or Dt — a((980)° transition.

Use of the relation F, (0) = F’,(0)/2 has been made.
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more than a factor of 2 compared to the BESIII experiment
(see Table VI of Ref. [49]). Hence, this model is disfavored.

IV. DIAGRAMMATIC AMPLITUDES

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 [52-54]:
T, the external W-emission tree diagram; C, the internal
W-emission; E, the W-exchange; A, the W-annihilation;
H, the horizontal W-loop; and V, the vertical W-loop. The
one-gluon exchange approximation of the H graph is the
so-called “penguin diagram.” These diagrams are classified
according to the topologies of weak interactions with all
strong interaction effects encoded.

The topological amplitudes for D — SP decays have
been discussed in [11,14]. Just as D — VP decays, one
generally has two sets of distinct diagrams for each top-
ology. For example, there are two external W-emission and
two internal W-emission diagrams, depending on whether
|

AD* ~ for*) = {ﬁ ‘

V2

AD" - orn") = {ﬁ

In our numerical estimates, we will take & = 30°, saturating
the measured upper bound mentioned earlier.

In Table IV the upper part involves only light scalar
mesons (fy, ag, o, and k), whereas the lower part involves
the a((1450) and Kj(1430) mesons in the heavier nonet
representation. This division is made because the ampli-
tudes of the same topology in these two groups have no
a priori relations. In each group we have 15 unknown
parameters for the 8 topological amplitudes T, C, E, A and
T',C',E',A'. For neutral scalar mesons o, f, and a8, we
cannot set 7 = C’' =0 even though their vector decay
constants vanish. As will be discussed in Sec. VA, T’ and
C’ do receive nonfactorizable contributions through vertex
and spectator-scattering corrections [55,56]. Nevertheless,
it is naively expected that, for example, |T'| < |T| and
|C'| < |C| for charged a,. However, as we shall see in
Sec. V C, a realistic calculation yields |C’| > |C| instead.
At any rate, we have more theory parameters than observ-
ables (6 in the upper part and 5 in the lower part of the
table), barring a fit.

Since the branching fractions of fy — zz and (fy, ag) —
KK are unknown, many of the two-body decays in

LViVu(T+C+A+A)sind+ ViV, ,C cosd
LVE V(T +C +A+A) +V2VEV,C

Ly Vo(T+C +A+A)cosd— ViV, C sin
ViIVuaT+C +A+A)

the emitted particle is an even-party meson or an odd-parity
one. Following the convention in [11,14], we shall denote
the primed amplitudes 7" and C’ for the case when the
emitted meson is a scalar one. For the W-exchange and W-
annihilation diagrams with the final state g,g,, the primed
amplitude denotes that the even-parity meson contains the
quark ¢q,. Since K, ao(1450) and the light scalars
0.k, f0(980), ap(980) fall into two different SU(3) flavor
nonets, in principle one cannot apply SU(3) symmetry to
relate the topological amplitudes in D™ — f,(980)z™" to,
for example, those in D™ — K{'z™".

In Ref. [14] we have presented the topological amplitude
decomposition in D — SP decays in two different schemes.
In scheme I, light scalar mesons o, k, a(980) and f(980)
are described by the ground-state gg states, while K and
ay(1450) as excited ¢ states. In scheme 11, light scalars are
tetraquark states, while K{; and a,(1450) are ground-state
qq- The topological amplitudes for D — SP decays are listed
in Table IV. The expressions of topological amplitudes are
the same in both schemes I and II except for the channels
involving f, and o. For example,

scheme I,
scheme II,
scheme I,

(4.1)
scheme II.

Table IV cannot be extracted from the data of three-body
decays. Nevertheless, the strong couplings such as
9fy—rrs Ifo—KK> Jag—kk AN oy, have been inferred from
a fit to the data. There are 17 available D — SP — PP, P,
modes, but there are only 14 data related to D — SP and we
have 15 parameters to fit. Moreover, since we need to
introduce appropriate energy-dependent line shapes for the
scalar mesons, it is not conceivable to extract the topo-
logical amplitudes from three-body decays as the decay rate
cannot be factorized into the topological amplitude squared
and the phase space factor. We will come back to this
point later.

It is interesting to notice that the current data already
imply the importance of W-exchange and W-annihilation
amplitudes. Consider the decays: D° — ajz~ — K"Kz~
and D° — aynt - K-K°z" with the two-body decay
amplitudes proportional to (7" + E) and (T + E'), respec-
tively (see Table IV). If the W-exchange contributions are
negligible, the former mode governed by the amplitude 7’
is expected to have a rate smaller than the latter
(cf. Table II). Experimentally, it is the other way around.
This is an indication that £ and E’ play some role.
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TABLEIV. Topological amplitudes of various D — SP decays. Schemes I has (a, #) = (sin 0, cos #), and scheme
I has (a, ) = (1,+/2) for those modes with one f, and (0, v/2) for those modes with one . In scheme I, light
scalar mesons o, k, ay(980) and f,(980) are described by the ¢g states, while K and a,(1450) as excited ¢g states.
In scheme II, light scalars are tetraquark states, while K and a((1450) are ground-state ¢g. The f, — o mixing angle
@ in the two-quark model is defined in Eq. (3.3). The experimental branching fractions denoted by Bywa are taken
from Tables I and II. For simplicity, we do not consider the /) — o mixing in the tetraquark model as its value is close
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to 7 [38].
Decay Amplitude Bawa
Dt - for* HAViVua(T +C +A+A) + BVEV,C
_)fOI(Jr V*dvus[\[ (T+A)+ﬂA]
- ajK° Vi V(T + C)
- ajnt \/I_V*dvud( -T-C -A+A4)
—ont %ﬁvcd w(T+HC +A+A) —aViV,C (2.140.2) x 1073
- ROzt VisVia(T +C') (3.6539)%
- KK+ VeVisT + VigViadA (1.0793) x 1073
D’ - fonf’ 30V Via(=C+ C' = E = E') + 5 ViV, C
_)fOKO VcsVud[\/‘ (C+E) +ﬂE/]
- agﬂ_ V(rdvud(T + E)
- agnt ViaVua(T + E')
- agK‘ stvud(T/+E)
- agk® Vi Vaa(C— E)/V2 (2.83 £ 0.66)%
- ay K+ V;dVM(T + E,)
— on° Vi Vuap(-C+C —E—-FE') - %avngc’ (1.84+0.3) x 107*
Dy = for® SViVualv2 ﬂT +a(A+A")]
= foK™" VeVuslB(T + C' + A) + 5ad] + 5 ViVl |
- adnx* FViVia(=A+A)) (0.86 +0.23)%"
DT — ay(1450)°z+ %Vidvud(—T— C-A+A)
- Kzt ViVua(T +C) (1.98 +0.22)%
- K 'K* ViV T+ Vi, VieA Prohibited

DY = ay(1450)* 7~

VeaVu(T' +E)

— ay(1450)" 7" VEVia(T+E)

- ay(1450)" K+ Ve V(T + E')

- Kyx* VisVia(T + E') (8.8 £ 1.5) x 1073

- Kn’ 7 VesVualC - E) (9.5255) x 107

- Ky'n~ VigVus(T' +E) <45x%107
D;— - K60”+ VchLth+ VcsvzsA (81 + 57) X 10_4

- KYK* Vi Viua(C' + A) (2.8+0.5) x 1073

0

“Since the decay amplitudes of Dy — ajz” and D — aQz™ are the same except an overall negative sign, they

have the same rates.

V. FACTORIZATION APPROACH

The diagrammatic approach has been applied quite
successfully to hadronic decays of charmed mesons into
PP and VP final states [S7-66]. When generalized to the
decay modes involving a scalar meson in the final state,
it appears that the current data are still insufficient for
us to fully extract the information of all amplitudes.
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
-annihilation type of contributions will be neglected.

A. Factorizable and nonfactorizable amplitudes
The factorizable amplitudes for the D — SP decays read

X PSP = (P(q)|(V=A),10)(S(p)I(V=A)*|D(pp)).
XPP9 =(S(q)|(V=4),10)(P(p)|(V=A)*|D(pp)). (5.1)
and have the expressions

XPSP) = —fp(m, — m§)F§*(¢%),

XOPS) = fo(mdy — m3)FRP (), (5.2)
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TABLE V. Numerical values of the flavor operators a;,(M;M,) for MM, =

SP and PS at the scale

u=rm.(m.) = 1.3 GeV, where use of ¢;(4) = 1.33 and ¢,(u) = —0.62 has been made.

£0(500)z 7£(500) K3(700)x 7K3(700)
a 1.292 4 0.080i 0.033 — 0.056i a, 1.292 + 0.080i 1.579 — 0.492i
a, —0.527 - 0.172i —-0.070 4- 0.121i a, —0.527 - 0.172i —1.147 4- 0.930i
£o(980) 7£o(980) £o(980)K K/,(980)
a 1.292 4 0.080i¢ 0.033 — 0.056i a, 1.295 + 0.075i 0.033 +0.075i
a, —0.527 - 0.172i —0.070 4+ 0.121: a, —0.533 - 0.162{ —-0.070 + 0.121i
a5(980)0% 7ap(980)° a5(980)°K Kay(980)°
a 1.292 + 0.080: 0.037 — 0.066i a; 1.295 4 0.075i 0.037 — 0.066i
a, —-0.527 — 0.172i —0.080 + 0.141i a —0.533 — 0.162{ —0.080 + 0.141i
ay(980)*x 7ay(980)* ay(980)*K Kay(980)*
a; 1.292 + 0.080i +(—10.04 + 20.03i) a 1.295 + 0.075i +(—10.04 + 20.03i)
a, —0.527 - 0.172i +(23.89 — 43.14i) a, —0.533 - 0.162i +(23.89 — 43.144)
ay(1450)x zay(1450) K(1430)x 7nK(1430)
a, 1.292 4 0.080i 0.033 — 0.056i a; 1.292 + 0.080i 1.692 — 0.544i
a, —0.527 - 0.172i —0.071 + 0.108i a —0.527 — 0.172i —1.390 + 1.171i

where use of Egs. (3.7) and (3.12) has been made. Hence,
T = —ay(SP)fp(mp — m3)F§*(q?),
C = —ay(SP)fp(m} — m§)F§* (g%).
T' = a,(PS)fs(mp — mp)FE" (q%),
C' = ay(PS)fs(mp — mp)F§" (). (5.3)

The primed amplitudes 7’ and C’ vanish for the neutral
scalar mesons such as 6/ f(500), £,(980) and a,(980)° as
they cannot be produced through the (V — A) current; that
is, fs = 0. Nevertheless, beyond the factorization approxi-
mation, contributions proportional to the scalar decay
constant f of the scalar meson defined in Eq. (3.7) can
be produced from vertex and hard spectator-scattering
corrections. It has been shown in Refs. [55,56] that the
nonfactorizable amplitudes can be recast to

T' = a\(PS)fs(mp — mp)F§P (),
C' = ay(PS)fs(mp — mp)F§* (), (5.4)
for S = 6/f,(500), £,(980) and ay(980)°, etc., while the

expressions of 77 and C’ given in Eq. (5.3) are valid for
S = ag,x/K;(800) and K(1430), etc.

B. Flavor operators

The flavor operators a;(MM,) in Egs. (5.3) and (5.4)
are basically the Wilson coefficients in conjunction with
short-distance nonfactorizable corrections such as vertex
corrections and hard spectator interactions. In general, they
have the expressions [67,68]3

3 . . . .
Notice that a; and a, do not receive contributions from
penguin contractions.

2
a, (M M,) <c +>N
2) 1 N, 1

+ Cray {vl (Mle)} ,
7T
ay (M M,) +cl Naf
C
2 2 NC 2
c; Crag 47
+F1: |:V2(M2)+N—CH2(M1M2):|, (5.5)

where c; are the Wilson coefficients, Cr = (N2 —1)/(2N.,)
with N, = 3, M, is the emitted meson and M shares the
same spectator quark with the D meson. The quantities
V;:(M,) account for vertex corrections, H;(M M) for hard
spectator interactions with a hard gluon exchange between
the emitted meson and the spectator quark of the D meson.
The explicit expressions of V| ,(M) and H; ,(MM,) in the
QCD factorization approach are given in [55]. The expres-
sion of the quantities N;(M,), which are relevant to the
factorizable amplitudes, reads

0, for S=oa,fy,ad,

5.6
1, else. (56)

Ny(S) = {

Results for the flavor operators a; (M, M, ) with M, M, = SP
and PS are shown in Table V.*

We see from Egs. (5.5) and (5.6) that the factorizable
contributions to a, (PS) and a, (PS) vanish for § = o, f and
al. Beyond the factorization approximation, nonfactorizable

“Studies of B — SP decays in QCDF were presented in
Refs. [55,56]. Here We generalize these works to the D — SP
decays and obtain the flavor operators given in Table V.
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contributions proportional to the decay constant fs can be
produced from vertex and spectator-scattering corrections
[55,56]. Therefore, when the strong coupling a; is turned off,
the nonfactorizable contributions vanish accordingly. In
short, the primed amplitudes 77 and C’ are factorizable for
S = ag .k, K, namely (S|J#|0)(P|J},|D), whereas they are
nonfactorizable for S = o, £y, a).

Upon an inspection of Table V, we see that (i) the flavor
operators a,;(PS) and a;(SP) are very different as the former
does not receive factorizable contributions [i.e., N;(S) = 0],
and (ii) while a, (SP) and a, (SP) are similar for any light and
heavy scalar mesons, namely a;(SP) =~ 1.29 4+ 0.08; and
a(SP) = —0.53 — 0.17i, a,(PS) and a,(PS) vary from
neutral to the charged ones as shown in Table VI. One
may wonder why the flavor operators a; ,(zai) are much
greater than a, »(7al). As noticed in Eqs. (5.3) and (5.4), the
nonfactorizable amplitudes are proportional to a; »(za3 ) f, a
for charged ai and to a;,(naf)f,, for neutral aj. Hence,
ays(mag)/a;,(zad) = fuo/fai > 1. We see from Table VI

that a;,(PS) become larger when the decay constants
become smaller.

C. Implications
Naively it is expected that |T'(z"ag)| < |T(ayz™)]
because f, > f,: and [C'(z7&%)| < [C(z" fo)| due to
the fact that f, > f.. Although we are not able to extract
the topological amplitudes of D — SP from the experi-
mental data of three-body D — PP, P5 decays, we can use

the theoretical calculations to see their sizes and relative
phases. From Eq. (5.3) we have

T(fort) = —a(fom)fz(m} — m3 ) Fg"* (m2),
C(for") = =ar(fom) falmh — m3 ) Fg" (m2),

T'(n~ag) = a\(zag)fq; (mp —m )FD”( o)

C'(2°f3) = as(wfo)] s, (mp — mz) FQ™(m3, ),

C'(a*®%) = ay(ak) f(mp — mz) FE™ (m). (5.7)

Using the flavor operators given in Table V, form factors
FPS listed in Table I and FPP(g?) evaluated in the

TABLE VI. Same as Table V except for the flavor operators
a;,(PS) with P =z For neutral scalar mesons o, fy,a,
the vector decay constant fg is replaced by the scalar decay
constant f.

S fs MeV) a,(PS) a>(PS)
o.fo.ad  350-370  ~0.035-0.060i  ~ —0.075 + 0.130i
K 455 1.58-0.49i ~1.15 4 0.93i
K 353 1.69-0.54i 139 + 1.17

ay 13 10-20i —24 + 43i

covariant confining quark model [69], we find numerically
(in units of 107 GeV),

T(fort)=1.80e1%"  C(fyn’)=0.77¢~""%"
T'(zaf) =0.55¢"7,
C'(7%fy) =099 C'(z+&%) = 1.26e4"". (5.8)
For heavier scalar mesons we find
(K*_ +) =0. 706—1177 ,
T'(z"K§") = 1.29¢71%,
C'(z°Ky") = 1.32¢147,
T(ay(1450)°7z%) = 0.93¢7177,
T' (7~ ap(1450)%) = 0.59¢121",
C'(7°ay(1450)%) = 1.21¢%%, (5.9)
In the light scalar meson sector, we have |T| > |7’| and

|C| < |C'| rather than |T| > |T’| and |C| > |C'|. For scalar
mesons in the higher nonet representation, we find |T’| >
|C'| > |T| with |T| being suppressed as the mass term
(m3, — m%) becomes smaller when S becomes heavier.

D. Flatté line shape

To describe three-body decays we need to introduce a
line shape of the scalar resonance. Normally we use the
relativistic Breit-Wigner line shape to describe the scalar
resonance contributions to three-body decays D — SP —
P, P,P:

1

s —m% + imglg(s)’

TBW (5) = (5.10)

with

r rY q) Tk 11

o) =1 (£) 8 5.11)
where ¢ = |p;| = |p»| is the c.m. momentum in the rest
frame of R, g, the value of ¢ when s is equal to m%. However,
this parametrization is not suitable to describe the decay
of f5(980) or ay(980) into KK as m(K*) +m(K~) =
987.4 MeV and m(K°) + m(K®) = 995.2 MeV are near
threshold. In other words, one has to take the threshold effect
into account. Since f((980) couples strongly to the channel
KK as well as to the channel 77, they can be described by a
coupled channel formula, the so-called Flatté line shape [70]

1
s = m%o + i[g‘)z‘oﬁzmprm(s) + gffo_)[(]'(pKI_((s)] ’
(5.12)

T;iatte ( S) —
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with the phase space factor

Pab = L <1 _ (ma + mb)2> 12 (1 _ (ma - mb)2> 1/2,

167 K K
(5.13)

so that
Pk (s) = pirk-(5) + progo(s)

=1 (V1= @i/ + 1 = ).
pee(s) = prer- () + 3 P0()

i (V1= )+ 1= ),

(5.14)

andp — i1/ —p” when below the threshold, i.e., s < 4m? for
pxi- The dimensionful coupling constants in Eq. (5.12) are

9fo—nr = Gfyortn = \/ngo—»noﬂo’
9ro—KK = 9fg—K K~ = Gfy—>K°KO- (5.15)
Likewise, a(980) couples strongly to KK and nx
TFlatte(s) — 1

a . .
0 S = m%o + l[g%lo—ﬂﬂfpl’]ﬂ(s) + gio_ﬂ(f(pKf((S)]

(5.16)

with

Pya(s) = % (1 _ M) 12 (1 ~ M) 1/2'

N N

(5.17)

Itis important to check whether gy, ., and gy, , k& can
be interpreted as the strong couplings of f( to zz and KK,
respectively. Using the formula

_ De
[(fo->rtn) = 5 gj%o_)ﬂ”_, (5.18)

~ 8am o
with p. being the c.m. momentum of the pion in the rest
frame of fo, it is easily seen that the term g7 _ p,.(m7 )
in Eq. (5.12) is identical to my (I(fo— ztz")+
I'(fo — n°2°)). Therefore, we are sure that gy, _,, is the
strong coupling appearing in the matrix element (7" 7~ |f).
The strong couplings gy, 4 ~kk> fy—rz a0d G4y, have
been extracted from fits to the experimental data. In this
work we shall use

9p—kk = (3.54£0.05) GeV,
Gayoxi = (3.77 £ 0.42) GeV,
Gfyomn = (1.5 £0.1) GeV,

gz = (2.54 £ 0.16) GeV, (5.19)

where the values of gy kg and gy ., are taken from
Ref. [6], dominated by the Dalitz plot analysis of ete™ —
7°7% performed by KLOE [71]. The couplings g, _x&
and g, ., are taken from the analysis of the decay D’ —
KKK~ by BESII [6].° Note the result for the coupling
Jf,—nr 18 consistent with the value of 1.331“8_‘%2 GeV
extracted from Belle’s measurement of the partial width
of fo(980) - 'tz [73].

The partial widths can be inferred from the strong
couplings listed in Eq. (5.19) as

T(f0(980) — z7r) = (65.7 + 8.8) MeV,

I(a0(980) — nr) = (85.2 + 10.7) MeV, (5.20)

though they are not directly measured.

E. Line shape for ¢/f(500)

As stressed in Ref. [74], the scalar resonance 6/ f;(500) is
very broad and cannot be described by the usual Breit-
Wigner line shape. Its partial wave amplitude does not
resemble a Breit-Wigner shape with a clear peak and a
simultaneous steep rise in the phase. The mass and width of
the o resonance are identified from the associated pole
position /s, of the partial wave amplitude in the second
Riemann sheet as /s, = m, — il',/2 [74]. We shall follow
the LHCb Collaboration [75] to use a simple pole description

1 1

T = = , (5.21
() s—5, s—m2+T2(s)/4+im,T,(s) (5:21)
with /s, = m, —il,/2 and
q\ ms
Iy(s) = I <_> Mo 522
() =r(L) e 5:2)

Using the isobar description of the z"z~ S-wave to fit
the BT — 7"z~ n" decay data, the LHCb Collaboration
found [75]

From the amplitude analysis of the y,; — nz "z~ decay, BESIII
obtained another set of couplings: g, _,, = (4.14 +0.02) GeV
and g, _xg = (3.91£0.02) GeV [72]. However, this set of
couplings is not appealing for two reasons: (a) the large coupling
constant g, _.,, Will yield too large partial width I',, = 222 MeV,
recalling that the total width of ay(980) lies in the range of 50 to
100 MeV [1], and (b) it is commonly believed that a((980) couples
more strongly to KK than to 5z, especially in the scenario in which
ao(980) is a KK molecular state.
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V5, = (563 +£10) —i(350 + 13) MeV,  (5.23)

consistent with the PDG value of /5, = (400 — 550) —
i(200-350) MeV [1].
In principle, we could also use a similar pole shape T'(s)

1 1

T = = .
«(9) s—5, s—m2+T2(s)/4+ imT(s)

(5.24)

to describe the broad resonance x/K{j(700) and follow [76]
to use the latest result

VS = (648 £7) —i(280 &+ 16) MeV,  (5.25)
determined from a dispersive data analysis. However, we
find that this line shape together with the above pole mass
and width will yield a very huge and unreasonable result for
the finite-width correction to Dt — %zt (see Sec. VIB
below). Hence, we will use the usual Breit-Wigner line
shape for x/K{(700) and take the Breit-Wigner mass and
width [1]

mBY o) = 845 % 17 MeV,
0

BY. ) = 468 £ 30 MeV.

o0 (5.26)

F. Three-body decays

We take D™ — on™ — ztz~n" as an example to illus-
trate the calculation for the three-body rate. The two-body
decay amplitude for D" — o(mp)zt  with my,
(m3, = (p) + p»)?) being the invariant mass of the ¢ is
given by

1 1
I'(Dt - ont »>ataat)=

A(D" — o(my)n™)
G
= 7% ViVual=ai(on) f(mp, — $)F§7(m3)
+ ay(mo) f ,(m3 — m2)F57(s)]. (5.27)
Denoting A, = A(D* = ot — x*(p))a~(p2)a* (p3)).
we have

A, = 777 F(s19.m,)To(s12)A(DY — o(spy)n)

+ (512 <> 523). (5.28)
where the o line shape T, is given by Eq. (5.21). When o is
off the mass shell, especially when s;, is approaching the
upper bound of (mj, —m,)?, it is necessary to account for
the off-shell effect. For this purpose, we shall follow [77] to
introduce a form factor F(s, mg) parametrized as

A% + mi\"
F(s, =—], 5.29
o) = (S5 (529)
with the cutoff A not far from the resonance,
A= me + ﬁAQCD’ (530)

where the parameter 3 is expected to be of order unity. We
shall use n =1, Agcp =250 MeV and = 1.0+0.2 in
subsequent calculations.

The decay rate then reads

g7~ PF(s15.m,)*

where the factor of J accounts for the identical particle

effect. The coupling constant g% 7 is determined by the
relation

Pc 5

87[11’12 Yoot
c

(5.32)

Fa—m*n” =

VI. RESULTS AND DISCUSSION

In Tables VII and VIII we have calculated two-body
D — SP and three-body D — SP — P{P,P decays,
respectively, in schemes I and II using the factorization
approach with W-exchange and W-annihilation being

| dspd
2 (22)732m) / b2 s23{(s

+ (510 <> 53) + interference},

—m}+T,(s12)/4)* + mITa(s)2)

[A(D" = o(mpy)a*)P?

(5.31)

|
neglected. We see from Table IV that the decay modes
Dt — ajK° knt and Kjz" are free of W-annihilation
contributions and they are ideal for testing the validity of
the factorization approach. From Table VIII it is evident
that the calculated rates of D' — kzt — K¢2%z" and
Dt - K®z* - (Kz)°z" in scheme II are in agreement
with experiment. These modes are governed by the
topologies 7 + C' which interfere constructively. This is
in contrast to the Cabibbo-favored (CF) D* — K°z+ decay
in the PP sector where T and C contribute destructively.
For (D*,Dy,Df) — foP;fo — P1P,, predictions in
scheme II are improved over that in scheme I and the
discrepancies presumably arise from the W-exchange or
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TABLE VIIL

Branching fractions for various D — SP decays calculated in schemes I and II. The upper part

involves only light scalar mesons (f, ay, o, and k), whereas the lower part involves the aq(1450) and K;(1430)
mesons in the heavier nonet representation. The theoretical calculations are done in the factorization approach with
both W-exchange and W-annihilation amplitudes being neglected. In scheme I, K}, and ay(1450) are excited ¢g
states. Hence, their predictions are not presented here. The f, — ¢ mixing angle 6 is taken to be 30° for scheme I.

Decay Scheme 1 Scheme II Bawa
DT - on" 2.6 x 1073 4.6 x 1073 (2.1 +£0.2) x 1073
- Ozt 6.1% 6.1% (3.6:30)%
- ROk 1.1x 1073 1.1x 1073 (1.0193) x 1073
D° — alK® 4.2 %1073 4.2 %1073 (2.83 £ 0.66)%
- on’ 32 %1075 7.8 x107° (1.84+0.3) x 10~
D — adz* 0 0 (0.86 & 0.23)%
Dt — K%zt 2.19% (1.98 4+ 0.22)%
D’ — Ky nt 2.1 x 1073 (8.8+£1.5)x 1073
- K'n° 2.1x1073 (9.5584) x 1073
- Kt~ 1.1 x107° <4.5 x 1075
Df - K'zn* 29 x 107 (8.1+5.7)x 1074
- KK " 3.1 %1073 (2.8£0.5) x 1073

W-annihilation amplitude. This implies that the tetraquark
picture for light scalars works better than the quark-
antiquark scenario.

Upon an inspection of Table VII, the reader may wonder
(i) why the branching fractions for D — (f, o) P decays in
scheme II are always larger than that in scheme I except for
D° — f,2°, and (ii) why the predicted branching fractions
of D* — ot and DT — K%z are larger than experimental
data, while the corresponding three-body decays agree with
the measurements. For (i), we see from Table IV and also
Eq. (4.1) that the W-emission decay amplitude involving ¢
is suppressed by a factor of cos 8/+/2 in scheme I relative to
that in scheme II, while it is suppressed by a factor of sin @
for the W-emission decay amplitude involving f(980). As
a consequence of our choice of € = 30° the branching
fractions for D — (fy, )P in scheme II are always larger
than scheme I except for D° — fyz% For (ii), it has
something to do with the finite-width effects of ¢ and «
as they are both very broad. We shall see in Sec. VI B that
the extraction of B(D — SP) from the data is affected by
the broad widths of both ¢ and «.

A. W-annihilation amplitude

In the factorization calculations presented in Tables VII
and VIII, we have neglected both W-exchange and
W-annihilation amplitudes. The D} — afz° + adz" mode
recently observed by BESIII [5] proceeds only through
the W-annihilation amplitudes. However, its branching
fraction at a percent level is much larger than the
other two W-annihilation channels D} — wz* and p°z™"
whose branching fractions are (1.92 & 0.30) x 1073 and
(1.9 £ 1.2) x 107, respectively [1]. This implies that
|A(SP)| > |A(VP)|. In other words, the W-annihilation

amplitude plays a more significant role in the SP sector
than in the VP one.

Consider the decay amplitude of D} — ajz* and the
W-annihilation contribution to D} — fyz™ (in scheme II)

1
ADY = adnt) = —=ViV,u(-A + A,
(DY = apr™) 7 Ve a )

A(D? = for Y = ViV i+ ), (6.1)
Following the G-parity argument given in Ref. [57], it is
obvious that the direct W-annihilation process through
c5s - W = ud is allowed in D} — fyz* decay but not
in D} — adz" decay as G(ud) = —, G(apm) =+ and
G(for) = —. This means that short-distance W-annihila-
tion contributions respect the relation A’ = A, contrary to
the naive expectation. Hence, one needs large long-distance
W-annihilation which yields A’ = —A. Since D} — p™p
has the largest branching fraction of (8.9 + 0.8)% among
the CF D] — VP decays [1], it is conceivable that long-
distance contribution from the weak decays D} — pTpn
followed by the resonantlike final-state rescattering of
ptn— a8ﬂ+ (see Fig. 1), which has the same topology
as W-annihilation, may explain the large W-annihilation
rate.’ It is customary to evaluate the final-state rescattering
contribution, Fig. 1, at the hadron level manifested in
Fig. 2. One of the diagrams, namely, the triangle graph in
Fig. 2(b) has been evaluated recently in [78,79]. It yields a

major contribution to Dy — adz" owing to the large

®The hadronic weak decays D — pty/, K**K* and K°K**+
followed by final-state rescattering will also contribute to

DY - an*.
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TABLE VIIL

Branching fractions of various D — SP — P;P,P decays calculated in schemes I and II. For simplicity and

convenience, we have dropped the mass identification for f;(980), a(980) and K{(1430). Data are taken from Tables I and II. In
scheme I, Kj; and a(1450) are excited ¢g states. Hence, their predictions are not presented here. The f, — 6 mixing angle 6 is taken to

be 30° for scheme 1.

D — SP;S— PP, Scheme 1 Scheme II Experiment

Dt — for"s fo o ata 7.6 x 1073 2.2 x 107 (1.56 +0.33) x 10~
D = foK*t; fo - atn” 3.6 x 1077 1.2x107° (44 +£2.6)x107°
Dt = foKT; fo — KtK~ 2.5x 1077 8.4 x 106 (1.23 £0.02) x 1073
DY »>ont, 06— ntn 4.9 x 107 1.7 x 1073 (1.38 £0.12) x 1073
Dt - i7" & - Kgn° 54 %1073 54 %1073 (613) x 1073
Dt - KK &0 —» K- nt 3.7x 107 3.7x107* (6.8737) x 107
D° — fon°; fo > ata 1.6 x 1073 1.4 x 107 (3.7+£0.9) x 1073
D > fon% fo » KTK- 1.1x 107 8.8 x 107° (3.6 £0.6) x 107
DY — foKO; fo — nta” 9.0 x 107° 3.0x 1074 (2.407980) x 1073
D’ - foK% fo - KYK~ 43 x107° 1.4 x107* <1.8x 107

D’ - ain; af - KTK° 1.3x 1073 1.3 %1073 (12+0.8) x 1073
D° > aynt; ay - K~ K° 29 x 107 29x107* (2.6+2.8) x 107
D° > afK™; aj - KTK° 22x 1074 22x 107 (1.47 £0.33) x 1072
D® - adK®; al - KK~ 3.4x 107 3.4 x 107 (6.18 £0.73) x 1073
D° — a3K°; a - na° 1.1 x 1073 1.1x 1073 (2.40 £ 0.56)%
D° - agK*; ay — K~ K° 1.7 x 1073 1.7 x 1073 <22x107*

DY - 61% 6 - nta” 22 x 1073 2.0x 107 (1.224+0.22) x 107
D = for"; fo = KTK™ 2.5 x 1073 5.1x 1073 (1.14 4+ 0.31)%
Df - ai 'z ai® — pato 0 0 (1.46 £ 0.27)%
DT — ay(1450)°z*; a) > KTK~ 1.7 x 107 (4.5779) x 107
Dt - Ki’z" K’ - K~n* 1.38% (1.25 £ 0.06)%
D" - Kzt K - Kgn° 6.0 x 1073 (54+1.8)x 1073
Dt > KK+, K - K=ot 7.6 x 107 (1.82£0.35) x 1072
D° — ay(1450)~7*; a5y — K~K° 6.1 x 107 (5.0+4.0)x 1073
D° > ay(1450)*z~; af — KTK° 1.8 x 1077 (6.4 £5.0) x 107
D® — ao(1450)"K*; ay — K™K <0.6 x 1073

D — Ky xt; Ky~ — K7~ 8.3x107* (5.342080) x 1073
D’ > Ky nt; Ky~ —» K- 2° 42x 107 (48+2.2)x 1073
D’ - K’z Ky’ - K~n* 9.6 x 107 (5.9739) x 1073
D’ - Kitn; Ki — Ko™ 5.4 x107° <2.8x 107

D} — K’z K® - Kt~ 1.3 x 107 (5.0+£3.5)x 107
Df - KK, Ki? > K=" 2.0x 1073 (1.7+£0.3) x 1073

U
0
a %
c C
Df oo
/ < —
5 Ui d
FIG. 1. Long-distance contributions to the W-annihilation

amplitude of Dy — aJnx™ through final-state rescattering of
pn') = agr.

coupling constants for p* — 272" and a) — z%. The
graph in Fig. 2(a) shows the resonant final-state interactions
manifested by the nearby resonance z(1800) whose strong
decay to agz has been seen experimentally [1]. However,
we are not able to have a quantitative statement owing to
the lack of information on its partial width.

Assuming A’ &~ —A, the annihilation amplitude extracted
from the data of Dy — ajn’+abz™ is (in units of
1076 GeV),

|A] =0.91 £ 0.12. (6.2)
Hence, the annihilation amplitude is very sizable in the
SP sector, |A/T|sp ~1/2, contrary to its suppression

033006-14



HADRONIC THREE-BODY D DECAYS MEDIATED BY SCALAR ...

PHYS. REV. D 105, 033006 (2022)

0
0]

o
»}

7(1800)

®

()

(d)

FIG. 2. Manifestation of Fig. 1 at the hadron level: (a) resonant contribution from the nearby resonance z(1800) and (b) the triangle

rescattering diagram.

|A/T|pp ~0.18 in the PP sector [80] and |Ay/Tp|yp ~
0.07 in the VP sector [81].

B. Finite width effects

The finite-width effect is accounted for by the quantity
ng defined by [82,83]

F(D—)RP3 —>P1P2P3)1—\R_>0
F(D—)RP3—)P1P2P3)

= :1 5,
F(D—)RP3—)P1P2P3) +

Mg =

(6.3)

so that the deviation of 7, from unity measures the degree
of departure from the NWA when the resonance width is
finite. It is naively expected that the correction ¢ will be of
order I'y/myp. It is calculable theoretically but depends on
the line shape of the resonance and the approach of
describing weak hadronic decays such as QCD factoriza-
tion and perturbative QCD.

Using the branching fractions of two-body and three-
body D decays calculated in Tables VII and VIII, respec-
tively, in scheme II, the resultant np parameters for scalar
resonances o, k and K produced in the three-body D
decays are summarized in Table IX. We only consider the
D™ decays as the three-body modes listed in Table IX are
not contaminated by the W-annihilation amplitude and
hence the calculated finite width effects are more trust-
worthy. We have also checked explicitly that np — 1
in the narrow width limit as it should be. The 7 parameters
for various resonances produced in the three-body
B decays have been evaluated in [82,83]. Our results for
ng’s in Table IX have similar features as the values

Moy fo(s00) = 2.15£0.05 and 1 (1430 = 0.83 £ 0.04 ob-

tained in B decays.

Note that a priori we do not know if the deviation of 5,
from unity is positive or negative. In general, it depends on
the line shape, mass and width of the resonance. As alluded
to above, the mass and width have a more dominant effect
than the line shape in the case of x(700). As another
example, we found in Ref. [83] that 5, > 1 for the Breit-
Wigner line shape and 77, < 1 when the Gounaris-Sakurai
model [84] is used to describe the line shape of the broad
p(770) resonance. To our knowledge, there is no good
argument favoring one line shape over the other. Therefore,
1K (1430) = 0.985 < 1, for example, is the result of our
particular line shape choice.

When the resonance is sufficiently broad, it is necessary
to take into account the finite-width effects characterized by
the parameter 7. Explicitly [82,83],

B(D — RP) = ngBB(D — RP)xwa
B(D—)RP3—>P1P2P3)

P (6.4
B(R - P,P,) (6.4)

=R

expt

Therefore, the experimental branching fractions B(D —

RP)ywa for DT - ont,&z" and K{'z" decays in

Tables I and VII should have the following corrections:

B(D* —ont): (2.140.2)x 1072 - (3.840.3) x 1073,
B(D* —»&07t): (3.6530)% — (6.7132)%,
B(D* - K x"): (1.9840.22)% — (1.94+0.22)%. (6.5)

TABLE IX. A summary of the 5 parameter for scalar resonances produced in the three-body D decays. The mass and width of

6/f0(500) are taken from Eq. (5.23).

Resonance D — Rhy = hihyhs 'y MeV) [1] mr MeV) [1] I'g/mpg g

c/fy(500) DT - ont - ntaa" 700 £+ 26 563 £ 10 1.243 +0.051 1.850
k/K§(700) Dt - &zt - Kozt 468 + 30 845+ 17 0.554 +0.037 1.873
K{(1430) Dt - Kzt - K- nta* 270 + 80 1425 £+ 50 0.19 +£0.06 0.985
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From Table VII, it is evident that the agreement between
theory and experiment is substantially improved for
Dt = oxt and DT — 2.

If we employ the pole mass and width, m, = 648 +
7MeV and T, =560+32 MeV, respectively, for
k/K(700) and the pole line shape given in Eq. (5.24),
we will be led to the results B(DT — %z") = 8.10%,
B(D* - %zt - K%2%%%) = 1.62 x 10~ and 5, = 8.34.
This implies that the finite-width correction will be unrea-
sonably too large and thus unlikely, as alluded to at the end
of Sec. V E. However, if the Breit-Wigner mass and width
are used instead, we get #, = 1.92 for pole line shape,
which is a more reasonable result. This implies that in this
case, it is the mass and width rather than the line shape that
governs the finite-width correction.

For the case of f;(500), one may wonder what the
correction will be if the Breit-Wigner line shape is used.
According to PDG [1], the Breit-Wigner mass and width of
f0(500) lie in the wide ranges of 400-800 MeV and 100-
800 MeV, respectively. As a result, it is quite difficult to pin
down a specific set of parameters and thereby determine the
finite-width correction. On the contrary, LHCb has deter-
mined its pole mass and width with reasonable accuracy
using the pole line shape [see Eq. (5.23)]. It turns out that
the pole mass and width fall within the above allowed
ranges of the Breit-Wigner mass and width. Therefore, it is
more sensible to use pole mass and width for calculations in
either line shapes.

VII. CONCLUSIONS

In this work we have examined the quasi-two-body
D — SP decays and the three-body D decays proceeding
through intermediate scalar resonances. Our main results
are the following:

(i) Inthe D — SP; — P,P,P;decays, we cannotextract

the two-body branching fractions B(D — SP) for
S = f1(980) and ay(980) due to the lack of infor-
mation of B(S — P, P,) [except for ay(980) — 7.
For § = «k/K;(700) and o/f,(500), the extracted
two-body branching fractions are subject to large
finite-width effects owing to their broad widths.
Hence, for light scalars it is more sensible to study
B(D —» SP — P P,P) directly and compare with
experiment.

(ii) We have considered the two-quark (scheme I) and
four-quark (scheme II) descriptions of the light
scalar mesons with masses below or close to
1 GeV. Recent BESIII measurements of semilep-
tonic charm decays favor the SU(3) nonet tetraquark
description of the f((500), f¢(980) and a((980)
produced in charmed meson decay. In Table VIII we
have calculated D — SP; — PP, P5 in schemes I
and IL. It is evident that scheme II agrees better with
experiment for decays such as D™ — fyz" followed

(iii)

@iv)

)

(vi)

(vii)

(viii)

033006-16

by fo — n"x~ and DT — f K" followed by f, —
ztr~ or fy » K"K~. This again favors the tetra-
quark structure for light scalars. The predicted rates
for D° = fyP,ayP are generally smaller than ex-
perimental data by one order of magnitude, presum-
ably implying the importance of W-exchange.

The three-body decay modes D+ — k%(—=K¢7°)z*,
Dt - Ki{(—»K z")zt and DT - Kj(—-Ksa)z*
are ideal for testing the validity of the factorization
approach as they are free of W-annihilation contri-
butions. 7 and C’ amplitudes contribute construc-
tively, contrary to the Cabibbo-allowed D+ — K%z
decay where the interference between external and
internal W-emission is destructive.

Denoting the primed amplitudes 7" and C’ for the
case when the emitted meson is a scalar meson, it is
naively expected that 7/ = C’ = 0 for the neutral
scalars o, fy and a), |T'| < |T| and |C'| < |C] for
the charged aq and |T’| < |T| and |C'| < |C]| for the k
and K{(1430). Beyond the factorization approxima-
tion, contributions proportional to the scalar decay
constant fg can be produced from vertex and hard
spectator-scattering corrections for the above-
mentioned neutral scalars.

We have studied the flavor operators a; ,(MM,) for
MM, = SP and PS within the framework of
QCD factorization. Notice that a;(PS) and a;(SP)
are very different as the former does not receive
factorizable contributions. While a,; ,(SP) are sim-
ilar for any light and heavy scalar mesons, a;(PS)
and a,(PS) vary from neutral to the charged ones as
shown in Table VI. The flavor operators a; (7ag )
are much greater than a, ,(7a). In general, a, ,(PS)
become larger when the vector decay constants
become smaller.

For f((980) and a((980), we use the Flatté line
shape to describe both of them to take into account
the threshold and coupled channel effects. For the
very broad ¢/ f(500), we follow LHCb to employ a
simple pole description.

The annihilation amplitude inferred from the meas-
urement of D — ag 7%+ — nat92%7 is given by
|A] = (0.91 +0.12) x 107 GeV. It is very sizable
in the SP sector, |A/T|gp ~1/2, contrary to its
suppression in the PP sector with |A/T|pp ~ 0.18.
Since ¢ and « are very broad, we have considered
their finite-width effects characterized by the param-
eter ng, whose deviation from unity measures
the degree of departure from the NWA when the
resonance width is finite. We find 7, and 7, to be
of order 1.85-1.87. The experimental branching
fractions B(D* — on") and B(D™ — k°z") should
then read (3.840.3)x 107 and (6.77]%)%,
respectively.
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(ix) For each scalar nonet (lighter and heavier one) we
have 15 unknown parameters for the 8 topological
amplitudes T, C, E, A and T',C’, E’, A’. However,
there are only 14 independent data to fit. Moreover,
since we need to introduce appropriate energy-
dependent line shapes for the scalar mesons, it is
not conceivable to extract the topological amplitudes
from three-body decays as the decay rates cannot be
factorized into the topological amplitude squared
and the phase space factor.
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