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We present a precise and systematic analysis of D → VV decays within the factorization-assisted
topological-amplitude approach, where D denotes the set fD0; Dþ; Dþ

s g and V represents the vector
mesons ρ, K�, ω, and ϕ. Given the limited current experimental data, the factorization-assisted topological-
amplitude approach serves as a available phenomenological framework for predicting charmed meson
decays to both vector mesons. In this framework, incorporating flavor SU(3) symmetry-breaking effects,
we can express nonfactorizable contributions of different modes as a minimal set of universal parameters
globally fitted to experimental data. Utilizing 36 experimental data points for D → VV decays, we
precisely extract ten nonfactorizable parameters associated with the C and E topological diagrams with
χ2=d:o:f: ¼ 8.43. We find that a large strong phase in the longitude E amplitude causes strong destructive
interference with the C longitudinal component, yielding fk > fL, contrary to the naive factorization
predictions. Additionally, for modes processing exclusively by the E diagram, the amplitude hierarchy
jSj < jDj leads to a D-wave branching fraction larger than that of the S wave. This explains recent
observations that contradict S-wave dominance predictions. The predicted branching fractions and
polarizations for 28 decay modes are consistent with existing experimental data. Unobserved modes,
especially those with branching fractions of the order of 10−3–10−2, the D-wave-dominated modes, and
modes exhibiting fk > fL, await measurement by BESIII, STCF, Belle II, and LHCb.

DOI: 10.1103/jq2h-z79r

I. INTRODUCTION

Since 2003, BABAR [1] and Belle [2] have measured
large transverse polarization fractions (∼50%) in
B → ϕK�, respectively, contradicting the fraction expect-
ation of dominant longitude polarization fractions,
fL ¼ 1 −Oðm2

V=m
2
BÞ. Similar anomalies were observed

in other penguin-dominated strangeness-changing decays,
such as Bþ → ωK�þ, Bþ → ρ0K�þ, and Bs → ϕϕ, spark-
ing extensive theoretical interest. Although transverse
polarization fractions in the charm sector are not as heavily
suppressed as in B decays, they still significantly deviate
from naive factorization estimates. For instance, Mark III
Collaboration reported a transverse branching fraction of
BðD0 → K̄�0ρ0ÞT ¼ ð1.6� 0.6Þ%, comparable to the total
branching fraction of BðD0 → K̄�0ρ0Þtot ¼ ð1.59� 0.35Þ%

[3], and partial-wave analysis yields S-, P-, and D-wave
components of ð3.1�0.6Þ%, <3×10−3, and ð2.1�0.6Þ%,
respectively. This hierarchy contradicts the naive prediction
jSj2 > jPj2 > jDj2. Subsequently, BESIII found D-wave
dominance in D0 → K�−ρþ; K̄�0ρ0, ρþρ− and P-wave
dominance in Dþ

s → K̄�0ρþ; K�−ρ0 [4–6]. Additionally,
the D-wave dominance in D0 → ρ0ρ0 was reported by
FOCUS [7], with partial-wave analyses further done
in Ref. [8].
To understand these “polarization anomalies” in

D → VV decays within QCD remains challenging due
to the intermediate charm mass scale mc. Unlike B decays,
where heavy quark expansion (1=mb) enables successful
applications of QCD factorization, perturbative QCD, and
soft-collinear effective theory, the mass mc is not suffi-
ciently large to allow for such an expansion. Early studies
of D → VV decays relied on naive factorization estimates
[9–12], pole-dominance model [13], heavy quark effective
Lagrangian combined with chiral perturbative theory [14],
or model-independent symmetry-based approaches, includ-
ing flavor SU(3) symmetry [9] and broken flavor SU(3)
symmetry models [15]. These studies typically focus on
only a few specific modes. Recent works have extended
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this to systematic analyses of all Cabibbo-favored and
singly Cabibbo-suppressed D0 → VV decays using quark
model with final state interactions (FSIs) [16], and all
D0 → VV decays have been studied in naive factorization
[17]. While abundance data for D → PP and D → PV
decays have enabled systematic phenomenological studies
via topological diagram approach [17,18], the factoriza-
tion-assisted topological-amplitude (FAT) approach
[19,20], and quark model [21],D → VV decays are experi-
mentally more challenging. Consequently, the resulting
scarcity and limited precision of data have prevented their
study within the topological diagram approach. Leveraging
current available data, the FAT approach offers a viable
framework to predict all DðsÞ → VV mode, encompassing
Cabibbo-favored, singly Cabibbo-suppressed, and doubly
Cabibbo-suppressed decays.
The FAT approach builds upon the conventional topo-

logical diagram approach [22,23]. In the topological dia-
gram approach, decay amplitudes are categorized into
distinct topological diagrams according electroweak inter-
actions. As the weak interaction is factorized automatically
from strong interaction due to their distant scales, the QCD
effects including perturbative and nonperturbative contri-
butions (including FSIs) are effectively encapsulated within
these topological amplitudes. Consequently, when these
amplitudes (excluding the common factor GF=

ffiffiffi
2

p
VCKM)

are extracted directly from experimental data, they inher-
ently contain all QCD effects. However, the conventional
topological diagram approach relies on flavor SU(3)
symmetry to reduce the number of free parameters so as
to improve fit quality. It is well established that the SU(3)-
breaking effects can reach 20%–30% in B decays [24,25]
and are expected to be even larger in D decays. This
significant symmetry breaking limits the prediction power
of the conventional diagrammatic approach. The FAT
approach addresses this limitation by incorporating SU(3)-
breaking effects assisted by factorization. Especially, we
factor out the form factors and decay constants from the
topological diagram amplitudes. As a result, the remaining
nonfactorizable contributions become universal across all
decay modes and can be characterized by a minimal set of
free parameters, determined through a global fit to all
available experimental data.
The FAT framework was originally developed for charm

meson decays [19,20,26] and later extended to B-meson
decays by one of us (S.-H. Z.) and collaborators [24,25,27]
(see [28] for a review). It has been applied to D0 − D̄0

mixing [29], K0
S − K0

L asymmetries [30], CP violation in
charm decays [31], and the extraction of the Cabibbo-
Kobayashi-Maskawa (CKM) phase γ from charmless two-
body B decays [32]. Recent extensions include quasi-two-
body B decays [33–36] and D decays [37,38]. Notably, the

FAT approach has successfully explained the “polarization
anomalies” in B → VV decays [27] by predicting reduced
branching fractions and longitudinal polarization fractions
for color-suppressed decays and attributing large transverse
polarization fractions observed in the penguin-dominant
modes to a single transverse amplitude. In this work, we
apply the FAT approach to systematically analyze D → VV
decays. We aim to resolve the polarization anomalies in the
charm sector and provide robust predictions as references
for upcoming experimental measurements.
The remainder of this paper is organized as follows. In

Sec. II, we introduce the theoretical framework. Numerical
results and detailed discussions are presented in Sec. III.
Finally, our conclusions are summarized in Sec. IV.

II. FACTORIZATION AMPLITUDES FOR
TOPOLOGICAL DIAGRAMS

In this section, we first introduce the decay amplitudes
for D → VV decays in various bases, along with their
expressions within naive factorization. We then proceed to
analyze the three polarization amplitudes under the FAT
framework.

A. Decay amplitude decomposition and naive
factorization

For a D meson with four-momentum pD decaying into
two vector mesons V1ðm1; p1; η�Þ and V2ðm2; p2; ϵ�Þ with
polarization vectors η� and ϵ�, the decay amplitude, based
on Lorentz decomposition, reads

AD→V1V2
¼ iη�μϵ�ν

�
gμνS1−

pDμpDν

m2
D

S2þ iϵμνρσ
pρ
1p

σ
2

p1 ·p2

S3

�
:

ð1Þ

The amplitudes with definite helicity (h ¼ 0;þ;−) are
expressed as

A0¼A½D→V1ðp1;η�0ÞV2ðp2;ϵ�0Þ�¼ i
m2

D

2m1m2

�
S1−

S2
2

�
;

A�¼A½D→V1ðp1;η��ÞV2ðp2;ϵ��Þ�¼ iðS1∓S3Þ: ð2Þ

Within the naive factorization framework, the helicity
amplitudes can be formally expressed as

Ah ¼ GFffiffiffi
2

p VCKMhVh
1jðc̄qÞV−AjDihVh

2jðq̄q0ÞV j0i: ð3Þ

By neglecting m2
i contributions, the three helicity ampli-

tudes are explicitly given by
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A0 ¼ i
GFffiffiffi
2

p VCKMf2m2
DA

DV1

0 ðm2
2Þ;

Aþ ¼ i
GFffiffiffi
2

p VCKMf2m2f−ðmD þm1ÞADV1

1 ðm2
2Þ þ ðmD −m1ÞVDV1ðm2

2Þg;

A− ¼ i
GFffiffiffi
2

p VCKMf2m2f−ðmD þm1ÞADV1

1 ðm2
2Þ − ðmD −m1ÞVDV1ðm2

2Þg; ð4Þ

where ADV1

0 ðm2
2Þ, ADV1

1 ðm2
2Þ, and VDV1ðm2

2Þ denote the
transition form factors, as defined in Refs. [10,39], and f2 is
the decay constant of the emitted vector meson. Given the
m2=mD suppression ofA� relative to theA0 and the A1 and
V cancellation, the amplitudes follow the hierarchy

A0∶A−∶Aþ ¼ 1∶
ΛQCD

mc
∶
�
ΛQCD

mc

�
2

: ð5Þ

In general, decay amplitudes admit several equivalent
representations. Especially, the helicity amplitudes A0;þ;−

relate to the spin amplitudes in the transversity basis
(AL;k;⊥,) as follows:

AL ¼ A0; Ak ¼
Aþ þA−

ffiffiffi
2

p ; A⊥ ¼ Aþ −A−
ffiffiffi
2

p :

ð6Þ

In the transversity basis, the three amplitudes can be further
simplified as

AL ¼ i
GFffiffiffi
2

p VCKMf2m2
DA

DV1

0 ðm2
2Þ;

Ak ¼ −iGFVCKMf2m2ðmD þm1ÞADV1

1 ðm2
2Þ;

A⊥ ¼ iGFVCKMf2m2ðmD −m1ÞVDV1ðm2
2Þ: ð7Þ

As experimental data for D → VV decays are predomi-
nantly presented in terms of partial-wave (S, P, D)
branching fractions, it is necessary to convert the trans-
versity amplitudes into partial-wave amplitudes via

S ¼ 1ffiffiffi
3

p ð−AL þ
ffiffiffi
2

p
AkÞ; P ¼ A⊥;

D ¼ 1ffiffiffi
3

p ð
ffiffiffi
2

p
AL þAkÞ: ð8Þ

Equations (7) and (8) reveal that, in the naive factorization
approach, the polarization amplitude hierarchies satisfy
jAkj2 ≥ jALj2 > jA⊥j2, and jSj2 ≥ jPj2 > jDj2 [17].

B. Polarization amplitudes within the FAT framework

TheD → VV decay is a weak process induced primarily
by the tree-level quark transition c → dðsÞud̄ðs̄Þ. Although
penguin contributions (c → uqq̄ with q ¼ u, d, s) exist,
they are neglected in branching fraction calculations due to
suppression by both small Wilson coefficients and CKM
matrix elements. Based on the weak interaction, the tree-
level topological diagrams for D → V1V2 decays are
conventionally classified into four categories: (a) color-
favored emission diagram T, (b) color-suppressed emis-
sion diagram C, (c) W-exchange diagram E, and (d)
W-annihilation diagram A, which are as illustrated in
Fig. 1. Here, we factorize the weak interaction from strong
interaction, thereby incorporating all perturbative and
nonperturbative QCD corrections into the topological
diagrams. While the conventional topological diagram
approach treats these four topological amplitudes as
unknown parameters fitted under SU(3) symmetry, the
FAT approach explicitly accounts for SU(3)-breaking
effects via factorization. In the following, we analyze
the four topological amplitudes (T, C, E, and A) within the
FAT framework.
First, the T diagram is typically treated as factorizable.

To minimize the number of free parameters, we directly
adopt the naive factorization results, analogous to Eq. (7),

D

V2

V1

D

V2

V1

D

V2

V1

D

V2

V1

(a) (b) (c) (d)

FIG. 1. Topological diagrams for D → V1V2 with the wave line representing a W boson: (a) the color-favored emission diagram T,
(b) the color-suppressed emission diagram C, (c) the W-exchange diagram E, and (d) W-annihilation diagram A.
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including the relevant Wilson coefficients. The T ampli-
tudes for the three polarization states are expressed as

T0 ¼ i
GFffiffiffi
2

p VCKMa1ðμÞm2
Df2A

DV1

0 ðm2
2Þ;

Tk ¼ −iGFVCKMa1ðμÞm2ðmD þm1Þf2ADV1

1 ðm2
2Þ;

T⊥ ¼ iGFVCKMa1ðμÞm2ðmD −m1Þf2VDV1ðm2
2Þ; ð9Þ

where a1ðμÞ ¼ C2ðμÞ þ C1ðμÞ=3 is the effective Wilson
coefficient for four-quark operators. The scale parameter μ,
representing the energy release, is treated as a single free
parameter constrained to be below mc=2. In contrast to the
conventional diagrammatic approach, where describing the
three decay amplitudes requires at least five free parameters
(three magnitudes and two strong phase for T amplitudes)
to be fitted from experimental data, our formulation
introduces only one free parameter, μ, for all T amplitudes.
Furthermore, SU(3)-breaking effects are naturally incorpo-
rated through the use of distinct decay constants and form
factors for different decay modes.
The remaining three diagrams (C, E, and A) are

dominated by nonfactorizable contributions. For the C
diagram, after factorizing out form factor and decay
constant to account for SU(3)-breaking effects, the residual
contribution is expected to be universal across different
processes. We introduce two sets of unknown parameters,

χ0ðk;⊥Þ
C and ϕ0ðk;⊥Þ

C , representing the magnitudes and asso-
ciate strong phases for each polarization amplitude, respec-
tively. These amplitudes are expressed as

C0 ¼ i
GFffiffiffi
2

p VCKMχ
0
Ce

iϕ0
Cm2

Df2A
DV1

0 ðm2
2Þ;

Ck ¼ −iGFVCKMχ
k
Ce

iϕk
Cm2ðmD þm1Þf2ADV1

1 ðm2
2Þ;

C⊥ ¼ iGFVCKMχ
⊥
Ce

iϕ⊥
Cm2ðmD −m1Þf2VDV1ðm2

2Þ: ð10Þ

Similarly, for the E diagram, we factorize the relevant
meson decay constants to characterize SU(3)-breaking
effects. The polarized amplitudes are given by

E0 ¼ i
GFffiffiffi
2

p VCKMχ
0
Ee

iϕ0
Em2

DfDf1f2
1

f2ρ
;

Ek ¼ −iGFVCKMχ
k
Ee

iϕk
EmDðm1 þm2ÞfDf1f2

1

f2ρ
;

E⊥ ¼ iGFVCKMχ
⊥
Ee

iϕ⊥
Em2

DfDf1f2
1

f2ρ
; ð11Þ

where the parameters χ0;k;⊥E are dimensionless quantities
normalized to f2ρ.

The A diagram amplitudes follow a parametrization
similar to the E diagram, substituting the parameters

χ0;k;⊥E and ϕ0;k;⊥
E with χ0;k;⊥A and ϕ0;k;⊥

A :

A0 ¼ i
GFffiffiffi
2

p VCKMχ
0
Ae

iϕ0
Am2

DfDf1f2
1

f2ρ
;

Ak ¼ −iGFVCKMχ
k
Ae

iϕk
AmDðm1 þm2ÞfDf1f2

1

f2ρ
;

A⊥ ¼ iGFVCKMχ
⊥
A e

iϕ⊥
Am2

DfDf1f2
1

f2ρ
: ð12Þ

Nevertheless, we neglect the A diagram in later analysis
because its contribution is negligible. Attempting to include
these parameters in our fitting program, we fail to obtain
stable solutions due to the limited precision of current
experimental data.
In total, we have nine magnitudes and nine strong

phases, along with the scale parameter μ, to be fitted
simultaneously to the experimental data. With these fitted
parameters, we can predict the branching fractions and two
out of the three polarization fractions (fL, fk, and f⊥) for
all Dq̄ → VV ðq̄ ¼ ū; d̄; s̄Þ based on the standard defini-
tions as follows:

Γ≡ jpj
8πm2

D

jALj2 þ jAkj2 þ jA⊥j2 þ jĀLj2 þ jĀkj2 þ jĀ⊥j2
2

¼ jpj
8πm2

D

jSj2 þ jPj2 þ jDj2 þ jS̄j2 þ jP̄j2 þ jD̄j2
2

ð13Þ

and

fDL;k;⊥ ¼ ΓL;k;⊥
Γ

¼ jAL;k;⊥j2
jALj2 þ jAkj2 þ jA⊥j2

; ð14Þ

respectively.

TABLE I. MassesmV and decay constant of mesons (in units of
MeV).

Meson Mass Decay constant

D� 1869.66 212.0� 0.7
D0 1864.84 212.0� 0.7
Ds 1968.35 249.9� 0.5
ρ 775.26 223.7� 11.2
ω 782.66 182.4� 9.1
ϕ 1019.46 236.3� 11.8
K�þ 891.67 214.7� 10.7
K�0 895.55 214.7� 10.7
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III. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters

The input parameters are categorized into (i) CKM
matrix elements and Wilson coefficients; (ii) meson masses
and decay constants; and (iii) DðsÞ → V transition form
factors. The CKM matrix elements are taken from the PDG
[40], and the Wilson coefficients, C1ð2ÞðμÞ, for D-meson
decays follow Eqs. (B1) and (B2) in the Appendix in
Ref. [26]. The masses and decay constants of theDmesons
and vector mesons are listed in Table I. Specifically, all
masses andDðsÞ meson decay constants are provided by the
PDG [40]. The decay constants of vector mesons (ρ, ω, ϕ,
and K�) have not been measured experimentally but are
calculated in several theoretical approaches, such as quark
model [41], covariant light front approach [42], light-cone
sum rules [43,44], QCD sum rules [45], etc. Given the
variations among these theoretical results, we adopt the
numerical values shown in Table I and keep a 5%
uncertainty to them.
The transition form factors of D → V are also unmeas-

ured. We adopt values from Ref. [10], calculated at zero
recoil momentum (q2 ¼ 0) in Ref. [39] using relativistic
oscillator wave functions. The corresponding values at
q2 ¼ 0 are presented in Table II and a 10% uncertainty is
assigned to these form factors. Their q2 dependence is
parametrized using the nearest pole dominance form
[10,39] as follows:

Fiðq2Þ ¼
Fið0Þ

1 − q2=m2
pole

; ð15Þ

where Fi represents form factors A0, A1, or V and mpole is
the mass of the corresponding pole state, which are
displayed in Table III from Refs. [10,39]. Specifically,
we use mð0−; d̄cÞ for ADρ;Dω;DsK�

0 and mð0−; s̄cÞ for
ADK�;Dsϕ
0 ; mð1þ; d̄cÞ for ADρ;Dω;DsK�

1 and mð1þ; s̄cÞ for
ADK�;Dsϕ
1 ; and mð1−; d̄cÞ for VDρ;Dω;DsK�

and mð1−; s̄cÞ
for VDK�;Dsϕ.

B. The nonfactorizable parameters

The free parameters in the topological diagram ampli-
tudes defined in Eqs. (9)–(12) consist of 19 parameters:

χ0;k;⊥C , χ0;k;⊥E , and χ0;k;⊥A , along with their associated strong

phases ϕ0;k;⊥
E , ϕ0;k;⊥

C , and ϕ0;k;⊥
A , as well as the factorization

scale μ [appearing in the Wilson coefficients a1ðμÞ of the T
diagram amplitude in Eq. (9)]. In the experimental sector,
the total and partial branching fractions of D → VV have
been measured by BESIII [4–6,46–49], LHCb [50,51],
CLEO-c [8], FOCUS [7], and Mark III Collaborations [3],
where all measurements ofDþ andDþ

s decays are provided
by BESIII. The data used in the global fit are listed in
Tables IV–VI, taken from the PDG [40] and recent BESIII
measurements. In total, 36 data points are available to
constrain the 19 free parameters. However, we observe that
the number of free parameters is too large to be precisely
determined by the limited experimental data, thereby
diminishing the predictive power of the FAT approach.
Given the very small values of χ⊥E found in preliminary

fit, we neglect the parameter χ⊥E and its associated strong
phase ϕ⊥

E . Moreover, as the A diagram amplitude is
typically smaller than that of the E diagram, we ignore
the A diagram contributions entirely. Consequently, by

setting χ⊥E ¼ χ0A¼ χkA¼ χ⊥A ¼0 and ϕ⊥
E ¼ϕ0

A¼ϕk
A¼ϕ⊥

A ¼0,
the number of free parameters is reduced to 11. These
remaining parameters are subsequently determined through
a global fit to 36 experimental data points. The best-fitted
values, together with their corresponding uncertainties, are
list as follows:

μ ¼ 465.14� 0.12 MeV;

χ0C ¼ 0.55� 0.03; ϕ0
C ¼ 0.87� 0.10;

χkC ¼ 0.45� 0.03; ϕk
C ¼ 0.77� 0.11;

χ⊥C ¼ 0.37� 0.02; ϕ⊥
C ¼ 0.36� 0.04;

χ0E ¼ 0.24� 0.07; ϕ0
E ¼ 2.23� 0.30;

χkE ¼ 0.25� 0.03; ϕk
E ¼ 0.23� 0.21; ð16Þ

with χ2=d:o:f: ¼ 8.43. These obtained nonfactorizable
parameters are highly precise, with the exception of the

strong phase ϕk
E. This large uncertainty arises because the E

amplitude always appears alongside the T or C amplitude,
and the transverse polarization branching fraction is smaller
than that of longitude polarization. Consequently, no
sufficiently precise data involving the E amplitude exist

to constrain the strong phase ϕk
E.

At the factorization scale μ ¼ 465.14 MeV, the Wilson
coefficient is a1 ¼ −0.47 in the T amplitude, which
corresponds to the factorizable contribution of the T

TABLE II. Form factors at zero recoil momentum for D → V
transitions [10].

VD→ρ VD→K�
VDs→K�

VD→ω VDs→ϕ

Vð0Þ 1.225 1.226 1.250 1.236 1.319
AD→ρ
0

AD→K�
0 ADs→K�

0
AD→ω
0 ADs→ϕ

0

A0ð0Þ 0.669 0.733 0.634 0.669 0.700
AD→ρ
1

AD→K�
1 ADs→K�

1
AD→ω
1 ADs→ϕ

1

A1ð0Þ 0.775 0.880 0.717 0.772 0.820

TABLE III. Values of pole masses used in Eq. (15) (in units of
GeV).

Current mð0−Þ mð1−Þ mð0þÞ mð1þÞ
d̄c 1.87 2.01 2.47 2.42
s̄c 1.97 2.11 2.60 2.53
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diagram. We find the hierarchies jC0j > jT0j > jE0j and
jTkð⊥Þj ∼ jCkð⊥Þj > jEkð⊥Þj. This indicates that the non-
factorizable contribution of the C diagram is comparable
to the factorizable contributions of the T diagram. This
suggests the potential need to include nonfactorizable
contributions for the T diagram by inducing five additional

parameters χ0;k;⊥T and strong phases ϕk;⊥
T . However,

obtaining reliable results for such a large number of
parameters is difficult given the limited experimental data.
Using the specific decay modes D0 → K̄�−ρþ and D0 →

ρ0K̄�0 as examples, we examine the hierarchies of polari-
zation components (0, k, and ⊥) and partial-wave con-
tributions (S, P, and D) in the T, C, and E amplitudes:

jT0
D0→K�−ρþj∶jT

k
D0→K�−ρþj∶jT⊥

D0→K�−ρþj ¼ 1∶0.97∶0.50;

jC0
D0→ρ0K̄�0 j∶jCk

D0→ρ0K̄�0 j∶jC⊥
D0→ρ0K̄�0 j ¼ 1∶0.81∶0.47;

jE0
D0→K�−ρþj∶jE

k
D0→K�−ρþj ¼ 1∶1.31 ð17Þ

and

jTS
D0→K�−ρþj∶jTP

D0→K�−ρþj∶jTD
D0→K�−ρþj ¼ 1∶0.37∶0.19;

jCS
D0→ρ0K̄�0 j∶jCP

D0→ρ0K̄�0 j∶jCD
D0→ρ0K̄�0 j ¼ 1∶0.37∶0.28;

jES
D0→K�−ρþj∶jED

D0→K�−ρþj ¼ 1∶1.36; ð18Þ

respectively.
The hierarchies in Eq. (17) indicate that the polarization

amplitudes satisfy jA0j > jAkj > jA⊥j for the T amplitude
and, particularly, for the C amplitude. This differs from the
naive factorization prediction, jAkj ≥ jA0j > jA⊥j. This
discrepancy arises because the C diagram contribution is
primarily nonfactorizable, which cannot be accurately
calculated within the naive factorization approach. Our
result implies that the longitudinal polarization fL remains
dominant in decay modes not involving the E amplitude.
For decays involving interference between T and E, or C

TABLE IV. Total and partial-wave (S, P, and D) branching fractions for Cabibbo-favored D → VV decays, given in units of
percentage. Our theoretical predictions, denoted as BFAT, including uncertainties arising from the fitted parameters, form factors, and
decay constants, respectively, are compared with experimental data, Bexp. The second column indicates the topological diagram
amplitudes, T, C, E, and A, contributing to each mode.

Modes Amplitudes Bexp BFAT

D → V1V2 V�
csVud

D0 → K�−ρþ T þ E 6.5� 2.5 4.23� 0.82� 0.50� 0.28
D0 → K�−ρþðSÞ 1.4� 0.4 2.07� 0.51� 0.36� 0.30
D0 → K�−ρþðPÞ 0.9� 0.2 0.46� 0.02� 0.09� 0.05
D0 → K�−ρþðDÞ 2.9� 0.8 1.70� 0.50� 0.34� 0.20

D0 → ρ0K̄�0 1ffiffi
2

p ðC − EÞ 1.52� 0.08 1.65� 0.40� 0.22� 0.17

D0 → ρ0K̄�0ðSÞ 0.8� 0.12 0.68� 0.23� 0.16� 0.09
D0 → ρ0K̄�0ðPÞ 0.28� 0.03 0.25� 0.02� 0.05� 0.03
D0 → ρ0K̄�0ðDÞ 0.98� 0.1 0.72� 0.27� 0.12� 0.10

D0 → ωK̄�0 1ffiffi
2

p ðCþ EÞ 1.1� 0.5 3.63� 0.43� 0.34� 0.44

D0 → ωK̄�0ðSÞ 3.01� 0.40� 0.33� 0.35
D0 → ωK̄�0ðPÞ 0.25� 0.02� 0.05� 0.02
D0 → ωK̄�0ðDÞ 0.37� 0.18� 0.04� 0.08

Dþ → K̄�0ρþ T þ C 6.23� 0.27 6.32� 1.05� 0.66� 0.45
Dþ → K̄�0ρþðSÞ 6.05� 0.30 5.61� 0.99� 0.57� 0.40
Dþ → K̄�0ρþðPÞ 0.173� 0.026 0.16� 0.03� 0.03� 0.01
Dþ → K̄�0ρþðDÞ 0.55� 0.29� 0.23� 0.05

Dþ
s → ϕρþ T 3.98� 0.39 4.55� 0.19� 0.58� 0.46

Dþ
s → ϕρþðSÞ 3.32� 0.35 3.85� 0.16� 0.55� 0.38

Dþ
s → ϕρþðPÞ 0.63� 0.13 0.53� 0.02� 0.11� 0.05

Dþ
s → ϕρþðDÞ 0.17� 0.01� 0.12� 0.02

Dþ
s → K�þK̄�0 Cþ A 5.93� 0.88 5.07� 0.36� 0.67� 0.51

Dþ
s → K�þK̄�0ðSÞ 5.01� 0.92 4.12� 0.34� 0.58� 0.41

Dþ
s → K�þK̄�0ðPÞ 1.10� 0.19 0.56� 0.06� 0.11� 0.06

Dþ
s → K�þK̄�0ðDÞ 0.65� 0.16 0.40� 0.11� 0.20� 0.04
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and E amplitudes, the strong phases ϕ0;k
E;C determine the

interference pattern, potentially resulting in fL < fk.
Regarding partial-wave amplitudes, Eq. (18) shows that

jSj > jP > jDj for the T and C diagrams. Thus, the S-wave
contribution is dominant. This is attributed to the definition
in Eq. (8), where A0 and Ak exhibit constructive interfer-
ence for the S-wave amplitude but destructive interference
for theDwave. However, the hierarchy is reversed for the E
diagram (e.g., jSj < jDj) due to the large strong phase

difference jϕ0
E − ϕk

Ej. The hierarchy of jSj < jDj for E
amplitudes can lead to a larger D-wave branching fraction
than that of the S wave in the decays involving the E
diagram, contrary to the naive factorization prediction of
S-wave dominance.

C. Branching fractions of D → VV decays

Our numerical predictions for the branching fractions of
28 decay modes ofDmeson are collected in Tables IV–VII,

organized by decay type: Cabibbo-favored (CF, Table IV),
singly Cabibbo-suppressed (SCS, Tables V and VI), and
doubly Cabibbo-suppressed (DCS, Table VII). In each
table, the first column lists the decay modes, followed by
the total branching fraction and its partial-wave compo-
nents (S waves, P waves, and D waves). The second
column identifies the relevant topological diagram ampli-
tudes (T, C, E, and A) for the convenience of the
subsequent discussion. The theoretical results, denoted
as “BFAT,” appear in the final column. The quoted uncer-
tainties correspond to (i) variations in the nonperturbative
parameters of Eq. (16); (ii) a 10% variation in the form
factors; and (iii) a 5% variation in the unmeasured decay
constants. Among these, the form factor uncertainty domi-
nates. For comparison, we also list the experimental data
(“Bexp”), which constitute the dataset used in our global
fit. We explicitly exclude the D0 → K̄�0K�0 channel from
the fit. Including this mode would result in a χ2 contribu-
tion of approximately 484 from this single mode alone,

TABLE V. The same as Table IV for singly Cabibbo-suppressed D0 → VV decays in units of 10−3.

Modes Amplitudes Bexp BFAT

D → V1V2 V�
cdVud or V�

csVus

D0 → ρ−ρþ T þ E 7.81� 1.14 2.67� 0.54� 0.30� 0.21
D0 → ρ−ρþðSÞ 1.20� 0.40 1.08� 0.31� 0.18� 0.13
D0 → ρ−ρþðPÞ 1.80� 0.30 0.39� 0.02� 0.08� 0.04
D0 → ρ−ρþðDÞ 3.30� 0.50 1.20� 0.35� 0.21� 0.09

D0 → ρ0ρ0 1
2
ðE − CÞ 1.33� 0.35 0.49� 0.13� 0.07� 0.04

D0 → ρ0ρ0ðSÞ 0.18� 0.13 0.18� 0.07� 0.04� 0.03
D0 → ρ0ρ0ðPÞ 0.53� 0.13 0.061� 0.006� 0.012� 0.006
D0 → ρ0ρ0ðDÞ 0.62� 0.3 0.26� 0.09� 0.04� 0.02

D0 → K�−K�þ T þ E 1.58� 0.28� 0.19� 0.19
D0 → K�−K�þðSÞ 0.85� 0.19� 0.15� 0.08
D0 → K�−K�þðPÞ 0.22� 0.01� 0.04� 0.02
D0 → K�−K�þðDÞ 0.52� 0.16� 0.12� 0.13

D0 → ρ0ϕ 1ffiffi
2

p C 1.56� 0.13 1.13� 0.08� 0.14� 0.11

D0 → ρ0ϕðSÞ 1.40� 0.10 0.92� 0.08� 0.13� 0.09
D0 → ρ0ϕðPÞ 0.081� 0.039 0.149� 0.015� 0.030� 0.015
D0 → ρ0ϕðDÞ 0.085� 0.028 0.053� 0.019� 0.032� 0.005

D0 → ωϕ 1ffiffi
2

p C 0.648� 0.104 1.066� 0.074� 0.135� 0.107

D0 → ωϕðSÞ 0.873� 0.073� 0.124� 0.087
D0 → ωϕðPÞ 0.141� 0.014� 0.028� 0.014
D0 → ωϕðDÞ 0.051� 0.018� 0.031� 0.005

D0 → ωρ0 −E 0.77� 0.19� 0.08� 0.08
D0 → ωρ0ðSÞ 0.35� 0.14� 0.08� 0.03
D0 → ωρ0ðPÞ 0.0019� 0.0002� 0.0027� 0.0014
D0 → ωρ0ðDÞ 0.42� 0.17� 0.02� 0.07

D0 → ωω 1
2
ðCþ EÞ 0.71� 0.09� 0.07� 0.10

D0 → ωωðSÞ 0.58� 0.08� 0.06� 0.08
D0 → ωωðPÞ 0.041� 0.004� 0.008� 0.004
D0 → ωωðDÞ 0.09� 0.041� 0.01� 0.02
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significantly compromising the global fit quality. This
discrepancy arises because, at the quark level, the decay
amplitude is governed by the E diagram with a CKM
structure of V�

cdVud þ V�
csVus. Because of the unitarity of

the CKM matrix, these two terms undergo significant
cancellation, leading to a theoretically suppressed branch-
ing fraction that falls well short of the experimental
measurement BðD0 → K̄�0K�0Þ ¼ ð0.88� 0.04Þ × 10−3

[40]. With more precise data becoming available in the
future, we will be able to incorporate additional SU(3)-
breaking effects. For instance, by introducing two distinct
sets of parameters for E amplitude (e.g., χEq ; χEs and ϕE

q ;ϕE
s ),

we can differentiate between strongly produced light-
quark pair (uū or dd̄) or strange quarks (ss̄), as applied

to D → PP [26] and D → PV [19,20]. Consequently,
the amplitude Ei ∝ V�

cdVudχ
i
sϕ

i
s þ V�

csVusχ
i
qϕ

i
q (with

i ¼ 0; k;⊥) will no longer be canceled due to the
differences between χEq ; χEs and ϕE

q ;ϕE
s , potentially explain-

ing the current experimental data.
A comparison of the values in the last two columns

indicates that our results are consistent with the measured
CF and SCS modes within uncertainties, with the exception
of the P-wave branching fractions for Dþ

s → K�0ρþ and
D0 → ρ−ρþ decays. These two modes contribute signifi-
cantly to the total χ2, yielding values of approximately 45
for Dþ

s → K�0ρþ and 22 for D0 → ρ−ρþ. Since the E⊥ is
not included in our analysis, these two modes receive
contributions only from the T diagram, corresponding to

TABLE VI. The same as Table IV for singly Cabibbo-suppressed Dþ
ðsÞ → VV decays in units of 10−3.

Modes Amplitudes Bexp BFAT

D → V1V2 V�
cdVud or V�

csVus

Dþ → ρ0ρþ − 1ffiffi
2

p ðT þ CÞ 1.81� 0.30� 0.26� 0.18

Dþ → ρ0ρþðSÞ 1.53� 0.27� 0.22� 0.15
Dþ → ρ0ρþðPÞ 0.07� 0.01� 0.01� 0.01
Dþ → ρ0ρþðDÞ 0.21� 0.10� 0.09� 0.02

Dþ → K̄�0K�þ T 4.22� 0.18� 0.53� 0.42
Dþ → K̄�0K�þðSÞ 3.61� 0.15� 0.52� 0.36
Dþ → K̄�0K�þðPÞ 0.54� 0.02� 0.11� 0.05
Dþ → K̄�0K�þðDÞ 0.060� 0.003� 0.065� 0.006

Dþ → ωρþ 1ffiffi
2

p ðT þ Cþ 2AÞ 1.52� 0.24� 0.16� 0.12

Dþ → ωρþðSÞ 1.27� 0.21� 0.14� 0.10
Dþ → ωρþðPÞ 0.10� 0.02� 0.04� 0.02
Dþ → ωρþðDÞ 0.15� 0.07� 0.05� 0.01

Dþ → ρþϕ C 5.88� 0.41� 0.74� 0.59
Dþ → ρþϕðSÞ 4.82� 0.40� 0.69� 0.48
Dþ → ρþϕðPÞ 0.78� 0.08� 0.16� 0.08
Dþ → ρþϕðDÞ 0.28� 0.10� 0.17� 0.03

Dþ
s → K�0ρþ T þ A 3.95� 0.39 2.63� 0.11� 0.33� 0.26

Dþ
s → K�0ρþðSÞ 1.41� 0.24 2.06� 0.09� 0.29� 0.21

Dþ
s → K�0ρþðPÞ 2.53� 0.31 0.43� 0.02� 0.09� 0.04

Dþ
s → K�0ρþðDÞ 0.138� 0.006� 0.080� 0.014

Dþ
s → K�þρ0 1ffiffi

2
p ðA − CÞ 1.46� 0.11� 0.20� 0.15

Dþ
s → K�þρ0ðSÞ 1.17� 0.09� 0.17� 0.12

Dþ
s → K�þρ0ðPÞ 0.42� 0.17 0.14� 0.01� 0.03� 0.01

Dþ
s → K�þρ0ðDÞ 0.16� 0.04� 0.07� 0.02

Dþ
s → K�þω 1ffiffi

2
p ðCþ AÞ 0.98� 0.07� 0.13� 0.10

Dþ
s → K�þωðSÞ 0.78� 0.06� 0.11� 0.08

Dþ
s → K�þωðPÞ 0.09� 0.01� 0.02� 0.01

Dþ
s → K�þωðDÞ 0.10� 0.03� 0.05� 0.01

Dþ
s → ϕK�þ T þ Cþ A 1.26� 0.20� 0.15� 0.10

Dþ
s → ϕK�þðSÞ 1.11� 0.19� 0.13� 0.09

Dþ
s → ϕK�þðPÞ 0.04� 0.01� 0.01� 0.01

Dþ
s → ϕK�þðDÞ 0.10� 0.05� 0.05� 0.01
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predictions made using naive factorization. Additionally,
pure annihilation processes, Dþ

s → ρþω, Dþ → K̄�0K�þ,
and Dþ

s → K�þρ0, mediated exclusively by the A diagram
are excluded from our predictions due to the neglect of A
diagram contribution. Kinematically forbidden decays,
D0 → K̄�0ϕ; K�0ϕ;ϕϕ and Dþ → K�þϕ, are also omitted.
Predictions for unmeasured decay modes in the FAT
approach remain to be tested against future experimen-
tal data.
In the following, we analyze the branching fraction

values of specific modes listed in Tables IV–VII. The total
branching fractions of these modes are dominated by
contributions from the T and C diagrams. The partial-
wave results are discussed explicitly for each mode.
We begin with modes where the D-wave branching

fraction exceeds the S-wave, such as D0 → ρ0K̄�0,
D0 → ρ0ρ0, and D0 → K�0ρ0, which involve the ampli-
tudes 1ffiffi

2
p ðC − EÞ, as well as D0 → ωρ0 involving the E

amplitude. In these decays, the C and the E amplitudes
interfere destructively for both the S-wave and the D-wave
branching fractions. Because the D-wave amplitude for the
E diagram is significantly larger than that for the C
diagram, the combined D-wave term 1ffiffi

2
p ðC − EÞ approx-

imates − 1ffiffi
2

p E. Conversely, strong destructive interference

in the S-wave amplitude suppresses its branching fraction,
which is slightly smaller than that of the D wave. It is
obvious that D0 → ωρ0, dominated by the E amplitude,
follows the hierarchy jSj < jDj, yielding a larger D-wave
branching fraction.
The situation is reversed for the modes D0 → ωK̄�0,

D0 → ωω, and D0 → K�0ω characterized by 1ffiffi
2

p ðCþ EÞ
contributions, where the interference pattern is opposite.
Specifically, constructive interference between the C and E
amplitudes enhances the S-wave branching fractions,
whereas destructive interference suppresses the D-wave
component. These results are consistent with the naive
factorization predictions, in which the S-wave component
is dominant.
The third category of decay modes involving the E

amplitude comprises those governed by T þ E amplitudes,
including D0 → K�−ρþ, D0 → ρ−ρþ, D0 → K�−K�þ, and
D0 → ρ−K�þ. Here, destructive interference between the T
and E amplitudes in the S wave and constructive interfer-
ence in the D wave result in comparable S-wave and
D-wave branching fractions. Finally, the remaining decays
precessing through T, C, or T þ C diagrams exhibit a
dominant S-wave branching fraction.
As noted in Ref. [17], D0 → ρ0ϕ and D0 → ωϕ are

expected to have identical branching fractions (both total
and partial wave) as they share the same C topological
amplitude. It is necessary to consider that final state
rescattering (e.g., via D0 → K�þK�−) can contribute differ-
ently to these two modes [16]. In the FAT approach, the
nonfactorizable parameters χC and ϕC effectively incorpo-
rate such FSIs. However, the SU(3)-breaking effects
(specifically, those from the form factors AD0→ρ and
AD0→ω, VD0→ρ and VD0→ω) are insufficient to account for
the differing central values of total branching fractions for
D0 → ρ0ϕ and D0 → ωϕ. Nevertheless, within uncertain-
ties, particularly given the large form factor errors, the
branching fractions predicted by the FAT approach for both
decays are consistent with experimental measurements.
The P- and D-wave fractions of D0 → ρ0ϕ are also
consistent with experimental data and align with the
FSIs predictions of P-wave component in Ref. [16]. The
partial-wave components of D0 → ωϕ, however, await
precise measurement by future experiments.

D. Polarization fractions of D → VV decays

Based on the fitted parameters in Eq. (16), we calculated
the polarization fractions fL and fk forD → VV decays, as

TABLE VII. The same as Table IV for doubly Cabibbo-sup-
pressed D → VV decays in units of 10−4.

Modes Amplitudes BFAT

D → V1V2 V�
cdVus

D0 → ρ−K�þ T þ E 1.24� 0.23� 0.14� 0.13
D0 → ρ−K�þðSÞ 0.55� 0.14� 0.09� 0.06
D0 → ρ−K�þðPÞ 0.23� 0.01� 0.05� 0.02
D0 → ρ−K�þðDÞ 0.46� 0.14� 0.09� 0.07

D0 → K�0ρ0 1ffiffi
2

p ðC − EÞ 0.47� 0.11� 0.06� 0.05

D0 → K�0ρ0ðSÞ 0.19� 0.07� 0.04� 0.03
D0 → K�0ρ0ðPÞ 0.07� 0.01� 0.01� 0.01
D0 → K�0ρ0ðDÞ 0.20� 0.08� 0.04� 0.03

D0 → K�0ω 1ffiffi
2

p ðCþ EÞ 1.03� 0.12� 0.10� 0.12

D0 → K�0ωðSÞ 0.86� 0.12� 0.09� 0.10
D0 → K�0ωðPÞ 0.07� 0.01� 0.01� 0.01
D0 → K�0ωðDÞ 0.11� 0.05� 0.01� 0.02

Dþ → K�0ρþ Cþ A 3.17� 0.22� 0.41� 0.32
Dþ → K�0ρþðSÞ 2.59� 0.21� 0.37� 0.26
Dþ → K�0ρþðPÞ 0.37� 0.04� 0.07� 0.04
Dþ → K�0ρþðDÞ 0.21� 0.06� 0.11� 0.02

Dþ → ρ0K�þ 1ffiffi
2

p ðA − TÞ 1.50� 0.06� 0.18� 0.15

Dþ → ρ0K�þðSÞ 1.17� 0.05� 0.17� 0.12
Dþ → ρ0K�þðPÞ 0.29� 0.01� 0.06� 0.03
Dþ → ρ0K�þðDÞ 0.037� 0.002� 0.030� 0.004

Dþ → ωK�þ 1ffiffi
2

p ðT þ AÞ 1.47� 0.06� 0.18� 0.15

Dþ → ωK�þðSÞ 1.15� 0.05� 0.16� 0.11
Dþ → ωK�þðPÞ 0.29� 0.01� 0.06� 0.03
Dþ → ωK�þðDÞ 0.036� 0.002� 0.029� 0.004

Dþ
s → K�0K�þ T þ C 0.82� 0.13� 0.12� 0.08

Dþ
s → K�0K�þðSÞ 0.70� 0.12� 0.10� 0.07

Dþ
s → K�0K�þðPÞ 0.037� 0.007� 0.007� 0.004

Dþ
s → K�0K�þðDÞ 0.08� 0.04� 0.04� 0.01
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listed in Table VIII. The values for fL and fk, accompanied
by their uncertainties summed in quadrature, appear in the
table’s last two columns, respectively. For clarity in the
following discussion, we categorize the 28 decay modes
into three groups: those governed exclusively by T, C, or
T þ C diagrams; those dominated by T þ E contributions;
and those proceeding through C and E diagrams.
According to Eq. (17), for the first category of decay

modes mediated by C or T þ C diagrams, their polarization
fractions follow the same hierarchy as the nonfactorizable

parameters, i.e., χ0C > χkC, which implies fL > fk. In
contrast, for modes proceeding only via the T diagram,
the longitudinal polarization fL is comparable to or smaller
than fk, as observed in the Dþ → K̄�0K�þ decay, based on
the naive factorization framework.
For the second category of decay modes, where inter-

ference occurs between the T and the E amplitudes, their
polarization fractions are governed by the strong phase

differences between the corresponding helicity amplitudes,
T0;k and E0;k. According to Eq. (16), the strong phase
difference between the T0 and E0 amplitudes is less than
π=2, leading to constructive interference that enhances fL.
Conversely, the strong phase difference between the Tk and
Ek amplitudes exceeds π=2, resulting in destructive inter-
ference that suppresses fk. Consequently, the significant
interference between the nonfactorizable E diagram and the
T diagram drives the longitudinal polarization fL to
approximately 80%.
Finally, we turn to the third category of modes involving

interference between the C and E amplitudes. Given that
the strong phase difference satisfy ϕ0

E − ϕ0
C > π=2 while

ϕk
E − ϕk

C < π=2, we observe destructive interference in the
longitudinal component and constructive interference in the
transverse component for decays with Cþ E contributions.
Consequently, fL is suppressed while fk is enhanced,
yielding fk > fL. This hierarchy also holds for the
D0 → ωρ0 decay, which is governed exclusively by the
E amplitude. In contrast, for modes dominated by C − E
interference, fL is enhanced and fk is suppressed, resulting
in a dominant longitudinal polarization of fL ∼ 70%.
Notably, our prediction for the longitudinal polarization
fL in D0 → ρ0ρ0 decay agrees well with the experimental
measurement of ð71� 4� 2Þ% reported by the FOCUS
Collaboration [7]. In contrast, our result for D0 → K�−K�þ
deviates from the experimental value of fL ¼ 0.468�
0.046� 0.011 [52] by 3.8σ. This discrepancy is expected
to be resolved by incorporating the nonfactorizable con-
tribution into the T amplitude.

E. D0 − D̄0 mixing parameter y in D → VV decays

D0 − D̄0 mixing is conventionally characterized
by the parameters x≡ Δm=Γ and y≡ ΔΓ=2Γ, where
Δm ¼ m1 −m2 and ΔΓ ¼ Γ1 − Γ2 denote the mass and
width differences of the mass eigenstatesD1;2, respectively,
and Γ ¼ ðΓ1 þ Γ2Þ=2 is the average width. Assuming CP
conservation, the mass eigenstates D1;2 coincide with the
CP eigenstates jD�i ¼ ðjD0i � jD̄0iÞ= ffiffiffi

2
p

. Then, the
parameter y can be formulated as [29]

y ¼ 1

Γ

X
n

ηCPðnÞρnRe½AðD0 → nÞA�ðD0 → n̄Þ� ð19Þ

or as [17]

y ¼
X
n

ηCKMðnÞηCPðnÞ cos δn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðD0 → nÞBðD0 → n̄Þ

q
;

ð20Þ

where ρn is the phase-space factor for the decay into the
final state n. For D → VV decays, the CP eigenvalue is
given by ηCPðnÞ ¼ ð−1ÞL, where L represents the relative

TABLE VIII. The polarization fractions of D → V1V2 decays
in units of percentage.

Modes Amplitudes fL fk

D0 → ρ0ϕ 1ffiffi
2

p C 48.57� 7.25 38.22� 7.04

D0 → ωϕ 1ffiffi
2

p C 48.58� 7.25 38.14� 7.04

Dþ → K̄�0ρþ T þ C 60.68� 9.29 36.75� 9.23
Dþ → ρ0ρþ − 1ffiffi

2
p ðT þ CÞ 64.57� 9.59 31.35� 9.35

Dþ → K̄�0K�þ T 39.91� 6.18 47.18� 6.36
Dþ → ωρþ 1ffiffi

2
p ðT þ CÞ 60.08� 8.96 33.15� 8.47

Dþ → ρþϕ C 48.71� 7.25 38.07� 7.03
Dþ → K�0ρþ C 53.33� 7.25 35.13� 6.88
Dþ → ρ0K�þ 1ffiffi

2
p T 40.65� 6.02 39.69� 5.98

Dþ → ωK�þ 1ffiffi
2

p T 40.65� 6.02 39.61� 5.98

Dþ
s → ϕρþ T 47.67� 6.42 40.68� 6.26

Dþ
s → K�þK̄�0 C 55.70� 7.19 33.28� 6.74

Dþ
s → K�0ρþ T 48.67� 6.25 34.82� 5.78

Dþ
s → K�þρ0 1ffiffi

2
p C 61.35� 6.92 29.34� 6.37

Dþ
s → K�þω 1ffiffi

2
p C 60.97� 6.95 29.61� 6.40

Dþ
s → ϕK�þ T þ C 59.79� 9.50 36.91� 9.42

Dþ
s → K�0K�þ T þ C 61.69� 9.90 33.83� 9.70

D0 → K�−ρþ T þ E 84.80� 5.76 4.39� 4.51
D0 → ρ−ρþ T þ E 83.19� 5.22 2.16� 2.90
D0 → K�−K�þ T þ E 79.05� 7.16 7.35� 5.93
D0 → ρ−K�þ T þ E 77.69� 6.33 3.75� 3.82

D0 → ρ0K̄�0 1ffiffi
2

p ðC − EÞ 72.23� 10.23 12.57� 8.88

D0 → ρ0ρ0 1
2
ðE − CÞ 77.43� 9.46 10.32� 8.13

D0 → K�0ρ0 1ffiffi
2

p ðC − EÞ 72.23� 10.23 12.57� 8.88

D0 → ωK̄�0 1ffiffi
2

p ðCþ EÞ 41.36� 7.98 51.82� 7.79

D0 → ωω 1
2
ðCþ EÞ 45.43� 8.32 48.87� 8.06

D0 → K�0ω 1ffiffi
2

p ðCþ EÞ 41.36� 7.98 51.82� 7.79

D0 → ωρ0 E 38.16� 14.21 61.59� 14.18
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orbital angular momentum between the two vector mesons.
The CKM factor is defined as ηCKM ¼ ð−1Þns , where ns
denotes the number of s and s̄ quarks in the final state. The
parameter δn corresponds to the strong phase difference
between the D0 → n and D̄0 → n amplitudes.
Using the fitted parameters given in Eq. (16), we

calculate the mixing parameter y for D → VV decays
via Eq. (20). The results for the individual S-, P-, and
D-wave contributions, denoted as yS;P;D, yield

yVV;S ¼ ð1.08� 0.09Þ%;

yVV;P ¼ ð−0.22� 0.02Þ%;

yVV;D ¼ ð0.55� 0.08Þ%; ð21Þ

where the uncertainties are obtained by summing those from
the nonfactorizable parameters, form factors, and decay
constants in quadrature. Compared to the naive factorization
predictions in Ref. [17], our results for yVV;S;P and yVV;D in
Eq. (21) are larger by one and 2 orders of magnitude,
respectively. Notably, the predictions for yVV;S;P;D in
Ref. [17] are substantially modified when experimental data
for measured modes are included, alongside naive factori-
zation predictions for the unmeasured ones. In this case, their
values of yVV;P ¼ −0.0958% and yVV;D ¼ 0.361% are in
much better agreement with our results.
Regarding the longitudinal component yL, Ref. [29]

evaluated it using the nonfactorizable parameters χCV;ϕ
C
V

and χEqðsÞ; χ
E
qðsÞ fitted to data of D → PV decays as an

approximation. Their result, yVV;L¼ð−0.42�0.34Þ×10−3,
is significantly smaller than our value of yVV;L ¼
ð1.21� 0.12Þ%, primarily due to the different nonfactoriz-
able parameters employed.

IV. CONCLUSION

Within the FAT framework, we perform a systematical
analysis of D → VV decays. Four types of topological
diagrams, T, C, E, and A, contribute to these decays
through weak interactions. The T amplitude is calculated
using naive factorization. However, the nonfactorizable C
and E amplitudes are described by only two sets of

universal parameters, χ0;k;⊥C ;ϕ0;k;⊥
C and χ0;kE ;ϕ0;k

E , respec-
tively, for all D → VV modes after form factors and decay
constants are factored out. This demonstrates that SU(3)-
breaking effects are naturally incorporated in the FAT
approach, which keeps the number of free parameters
minimal. Specifically, these parameters characterizing the

nonfactorizable contributions of the C and E amplitudes,
together with the factorization scale μ of the Wilson
coefficient a1ðμÞ for T amplitude, constitute 11 free
parameters fitted globally to 36 experimental data points.
The obtained nonfactorizable parameters are determined

with high precision, except for ϕk
E.

The fitted parameters yield topological-amplitude hier-
archies of jC0j> jT0j> jE0j and jTkð⊥Þj∼ jCkð⊥Þj> jEkð⊥Þj,
indicating that the nonfactorizable C contribution is com-
parable to the factorizable T contributions. Polarization
amplitudes follow jA0j > jAkj > jA⊥j for the T and C
amplitudes, contrary to the naive factorization prediction.
Thus, the longitudinal polarization fL dominates in modes
governed by the T or C amplitudes. However, in decays

with T and E, or C and E interference, strong phases ϕ0;k
E;C

can possibly resulting in fL < fk. Finally, the partial-wave
hierarchy jSj < jDj yields a dominant D-wave branching
fraction in E diagram mediated decays, contrary to the
naive S-wave dominance prediction.
With the fitted nonfactorizable parameters, we predict

the branching fractions and polarization fractions for 28
decay modes ofD → VV. Our results are in agreement with
the current experimental data within uncertainties. For
modes involving the C − E amplitudes, such as
D0 → ρ0K̄�0, and modes governed by E, like D0 → ωρ0,
the S-wave branching fractions are slightly smaller than
those of the D wave. This is contrary to naive factorization
estimations but agrees with current observations. The
polarization fractions fL ofD0 → ρ0ρ0 is in well agreement
with the experimental data. Predictions for unobserved
decay modes await for test by upcoming experimental
studies, especially those with branching fractions on the
order of 10−3–10−2, the D-wave-dominated modes, and
modes exhibiting fk > fL. We also calculate the D0 − D̄0

mixing parameters yS;P;D and yL, which are of the order
of 10−3–10−2.
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